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Abstract

Platelet proteomic studies suggest that platelets express over 1,000 proteins, most of
which have no known function in platelets. This thesis investigates two such proteins, a-
synuclein and Programmed Death Ligand 1 (PD-L1), and their roles in essential platelet

functions and associated pathological processes.

Granular secretion is critical for platelet function, contributing not only to haemostasis, but
also wound healing and inflammation. The release of granule contents requires the
assembly of the Soluble N-ethyl maleimide-sensitive factor (NSF) Attachment Protein
Receptor (SNARE) complex. In neurons, a-synuclein is known to regulate granule
secretion by facilitating the SNARE complex assembly. Platelet proteomic studies suggest
that a-synuclein is highly expressed in platelets, but its function(s) remain unknown. In
human platelets, we demonstrate that a-synuclein co-localises with VAMP8, SNAP23, and
STX11. Immunoprecipitation shows a significant increase in interaction between a-
synuclein and VAMP8/STX11 and STX4 following thrombin stimulation. In a-synuclein
knockout mice, we show that a-synuclein facilitates haemostasis, granule secretion, and
the immune response to endotoxemia. These mice exhibit a bleeding tendency and
prolonged activated partial thromboplastin time (APTT), mirroring in vitro aggregation
defects. a-synuclein deletion resulted in poorer outcomes following acute endotoxemia.
These findings suggest that a-synuclein regulates platelet secretion by facilitating SNARE

complex formation.

In this thesis, we present evidence that PD-L1 is abundantly expressed in platelets. Whilst
PD-L1 is recognised as an immunomodulator, recent studies revealed that PD-L1 deletion
inhibits platelet function. We generated the first platelet-specific PD-L1 knockout mouse,
which exhibited reduced platelet aggregation in vitro. This reduction was accompanied by
a significant decrease in platelet activation and secretion. In humans, PD-L1 inhibitors
significantly reduced platelet aggregation. Flow cytometric analysis showed that patients
with myeloproliferative neoplasms (MPN) have a significantly higher percentage of PD-L1
positive platelets compared to healthy donors. Additionally, incubation of healthy donor
platelets with interferon-gamma (IFN-y) significantly increased PD-L1 expression, a result
confirmed by plasma swap experiments where healthy donor platelets upregulated PD-L1
expression after incubation with plasma from MPN patients. These findings suggest that
PD-L1 plays a role in platelet activation and can be induced by plasma factors such as
IFN-y.
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Chapter 1. Introduction

1.1.Platelet overview

Platelets (thrombocytes) were first discovered by Giulio Bizzozero in 1882. Platelets
are unique in that they are anucleate with an average diameter of 2-3um (Ribatti and
Crivellato, 2007). A normal platelet count ranges from 150,000-to 350,000 platelets
per millilitre of blood in healthy humans, with approximately 2/3 of platelets in
circulation and the remaining stored in the spleen (Frojmovic and Milton, 1982). The
platelet plasma membrane is composed of a phospholipid bilayer expressing multiple
surface markers interspersed with lipid rafts, aiding in signalling and intracellular
trafficking (Blair and Flaumenhatft, 2009).

Platelets play a key role in haemostasis and thrombosis but are also increasingly
recognised to play important roles in inflammation and immune response. Platelet
activation is a key step in the process of haemostasis and thrombosis. Platelets adhere
rapidly to sites of injury, forming aggregates necessary for forming a platelet plug
causing the cessation of blood loss. This process relies on strictly controlled signalling
and secretion of molecules from the platelets themselves, which have been observed
to both recruit, and stimulate, platelets by autocrine and paracrine mechanisms.
Platelets’ high sensitivity to disease states, have made them one of the most
accessible markers for multiple pathologies, due to the amount of platelet interactions
with leukocytes and endothelial cells They are also known as an important

inflammatory marker (Cerletti et al., 2012).

Secretion is the most far-reaching product of platelet activation. As such, it accounts
for many of the functions of the platelets involvement in immune regulation, platelet
recruitment and wound healing. Although much research has been undertaken on the
platelet secretion machinery, the full mechanism is yet to be elucidated. Aberrations
in secretion can cause a spectrum of pathologies ranging from bleeding to excessive
clotting. Inherited Platelet Secretion Disorders (IPSDs) encompass a group of
coagulopathies that can be classified into various categories based on their underlying
mechanisms (Mumford et al., 2015). Due to coagulopathies playing a pivotal role in
cardiovascular disease (CVD), understanding the underlying platelet secretion

mechanisms is of utmost importance (Jennings, 2009a, Fisch et al., 2013).
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1.2.The role of platelets

Although primarily recognised for their role in haemostasis and thrombosis, platelets
contribute to immune function, wound healing, and inflammation. Platelets have been
shown to be involved in several disease states such as atherosclerosis and tumour
progression (Holinstat, 2017, Menter et al., 2014). Platelets also drive various physio-
pathological processes, due to a variety of chemokines stored in their granules (Blair
and Flaumenhaft, 2009). The granular contents give platelets a unique role in
communicating and modulating the function of the surrounding cells, including
endothelial and immune cells (Semple et al., 2011). Platelets are known to play a role
in immune surveillance due to their capability to engulf both bacteria and viruses,
release anti-microbial and anti-fungal proteins, produce reactive oxygen species
(ROS), and modulate the production of inflammatory cytokines (Yeaman, 2010, Ali et
al., 2015, Portier and Campbell, 2021).

Platelets are also heavily involved in wound healing and the resolution of inflammation.
This is due to the vast number of cytokines and chemokines released from their
granules (Cognasse et al., 2019). Examples of these include platelet-derived growth
factor (PDGF), insulin-like growth factor-1 (IGF-1), vascular endothelial growth factor
(VEGF), and connective tissue growth factor (CTGF) (Karina et al.,, 2019).
Angiogenesis is key for embryonic development and wound healing however, when
dysregulated, can be a factor in many pathogeneses. The secretion of epithelial
growth factors and CD40 ligand (CD40L) can stimulate the growth of new epithelial
cells and the migration of these cells for the healing of sites of injury. The storage and
release of inhibitors of vessel growth are also an important function of the platelet, to

effectively modulate response (ltaliano et al., 2008a, Nurden, 2011).
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1.2.1. Haemostasis and Thrombosis

Haemostasis is the body’s normal response to blood vessel injury and bleeding, to
prevent exsanguination while maintaining blood fluidity within the vascular system
(Rasche, 2001). Thrombosis, on the other hand, is the formation of thrombi within a
blood vessel preventing normal blood flow and is associated with the excessive
activation of haemostasis in the absence of bleeding. Due to the importance of
haemostasis, and the potential for deleterious effects of thrombosis, platelets must be
stringently regulated with multiple controlling mechanisms. Activation is a key step in
the regulation and function of platelets, which is achieved in 3 sequential events:
adhesion, secretion, and aggregation. First, platelets adhere to the newly exposed
extracellular matrix proteins, namely, collagen fibres, von Willebrand factor (vWF), and
fibronectin. Once activated, platelets secrete a plethora of molecules, which amplify
and regulate the growth of the platelet plug. Additionally this stimulates the recruitment
of platelets to the platelet plug, the exposure of binding sites, and the release of
fibrinogen, allowing the capture of red blood cells, leukocytes and the recruitment of
more platelets; creating a mesh like structure that stabilises a thrombus over the injury

site to maintain vessel integrity (Golebiewska and Poole, 2015).

1.2.2. Immune function

Alongside the haemostatic function at the site of injury, platelets play a critical role in
recruiting and activating the immune system (Sonmez and Sonmez, 2017). This
recruitment relies, at least in part, on platelet secretion via the release of bioactive
amines from dense granules, such as histamine and serotonin which mediate
inflammation and recruitment of leukocytes. The release of many chemokines and
cytokines from a-granules, such as chemokine ligand 1 (CXCL-1) and chemokine
ligand 2 (CCL-2), recruit lymphocytes. Platelets also release microbicidal proteins
such as kinocidins and defensins to aid in innate immunity (Ali et al., 2015, Yeaman,
2010). In addition to these granular cargo, platelets are able to detect pathogens
through Toll-like receptor 1 (TLR1) to 7 and Triggering Receptor Expressed On
Myeloid Cells 1 (TREML1) present on their plasma membrane, and enhance antigen
presentation of B cells through the CD40L (Ghasemzadeh and Hosseini, 2013). Upon
platelet activation, P-selectin is expressed on their surface, the presence of P-selectin

is an important modulator of platelet-leukocyte interactions such as adhesion,
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immobilisation, and cell recruitment, due to its interaction with P-selectin glycoprotein
ligand-1 (PSGL1) on monocytes (Freedman and Loscalzo, 2002, Han et al., 2020a).
Platelets also express other immune checkpoint receptors on their membrane, which
they upregulate after activation such as programmed death-ligand 1 (PD-L1) (Guo et
al., 2022).

1.3.Platelet production

The formation and release of platelets into the bloodstream is a cumulative process
driven by an intricate series of remodelling events and orchestrated by transcription
factors and cytokine signalling called thrombopoiesis. This process takes place in the
bone marrow, particularly in the bones of ilium and sternum (Kaushansky, 2005).
Platelets are formed in the bone marrow by the precursor cells, megakaryocytes
(MKs), with each MK producing between 5000 and 10000 platelets in its lifetime (Wang
and Zheng, 2016). In an average day, a healthy adult can produce one-hundred billion
platelets, with the old cells being phagocytosed in the spleen and liver (Ghoshal and
Bhattacharyya, 2014). Once the MKs mature, they move to sinusoids and extend
proplatelets, which then shed platelets into the bloodstream and can circulate for up
to 9 days (Pluthero and Kahr, 2016). Thrombopoietin (TPO) is a glycoprotein hormone
primarily produced in the liver and kidneys and is responsible for the regulation of
platelet production (Kaushansky, 2006). TPO regulates the differentiation of MKs via
binding to the mpl receptor (CD 110). Thrombopoiesis is a constant process in healthy
humans starting in the foetus, until death. Studies have identified platelets in
circulation in the embryonic bloodstream as early as day 10 in murine embryos, and
MKs as early as day 7, similar to erythrocyte progenitors (Margraf et al., 2019). In the
human foetus, megakaryopoiesis is observed as early as 5 weeks gestation in the yolk
sac, and 10 weeks in the liver and spleen. In the second half of foetal life, the transition
to bone marrow becomes the main site for megakaryopoiesis, which is the process of
developing haemopoietic stem cells, this process continues here for the remainder of
life (Margraf et al., 2019).

Additionally, the lungs have been identified as a site of platelet biogenesis, and storage
for many hematopoietic stem cells as early as 1937. In 2017, this was arguably
guantified as a main site for thrombopoiesis; however, this is still debated (Lefrancais
et al.,, 2017, Asquith et al., 2024). With all biological processes, the opportunity for

aberrations in platelet development is present. There are several inherited platelet
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function disorders that result in a broad spectrum of pathologies. One of these groups
is the inherited platelet disorders (IPDs), which includes disorders such as &-storage
pool disease and Grey Platelet Syndrome, which occur when the biogenesis of the
platelet is disrupted, both of which have been shown to exhibit a bleeding phenotype,

highlighting the importance of platelet secretion (Nurden and Nurden, 2007).

Platelets are removed at the end of their lifespan in the liver through the interaction of
desialyted surface proteins on aged platelets with Ashwell-morrell receptors (Grewal,
2010). This interaction in turn induces the transcription and translation of hepatic TPO
to regulate platelet production (Grozovsky et al., 2015). Platelets then undergo
programmed cell death, which is primarily characterised by mitochondrial membrane
depolarisation, alongside the release of cytochrome C. Following this,
phosphatidylserine is exposed on the platelet surface causing cellular blebbing and
fragmentation of the cell (Gyulkhandanyan et al., 2013).

1.3.1. Platelet haemostatic response

Blood platelets circulate the blood stream in a quiescent state monitoring the integrity
of the vessel walls, until a blood vessel experiences an insult and the subendothelial
matrix is exposed. The subendothelial matrix of blood vessels is comprised of multiple
proteins, which interact with receptors on the platelet surface resulting in platelet
adhesion and activation as shown in (Table 1). When collagen comes into contact with
glycoprotein VI (GPVI), and the newly exposed vVWF comes into contact with
glycoprotein 1b-IX-V (GPIb-1X-V), this causes rolling, adhesion, tethering and
activation, followed by aggregation of platelets ending in thrombus formation
(Jennings, 2009b, Surin et al., 2008). The shear stress within the vessel affects
whether collagen or VWF drives platelet adhesion (McGrath et al., 2010). For high
shear stress such as in the small arteries and arterioles, platelets interact with the
collagen-bound vWF through the GPIb-IX-V complex and activate platelets by binding
to GPVI. Under lower shear stress conditions found in the veins, platelets bind to the
collagen via GPla/lla (a231) if primarily activated through GPIb-1X-V, which allows for
activation by GPVI interacting with collagen (Shida et al., 2014, Shida et al., 2019,
Ruggeri et al., 2006, Rana et al.,, 2019). While GPVI and GPIb-IX-V can bind to
collagen and vVWF without activation, forming the initial platelet monolayer, activation
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is required to expose the binding sites of a2B1 for further thrombus formation
(Konstantinides et al., 2006). Platelet activation is primarily associated with the
initiation of outside-inside signalling pathways and is characterised by rapid changes
in platelet morphology relying primarily on a large number of surface receptors (Table
1) (Yun et al., 2016).

adhesion/ aggregation/
rolling activation thrombus formation
ﬁ ‘ £'$
blood flow N \
) Wl e !
G‘ @ .e/{se ‘ . 4
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% R GPIb-V-IX “ allb3 @ granule VWE B fibrinogen

GPVI activated GPCR SOOOOEC collagen
: N/ S i 9

Figure 1-1. Platelet adhesion and shape change. Platelets circulate at the periphery of the lumen, once a site of
insult is created, the underlying tissue is exposed. Platelet activation begins by rolling across the surface of the
collagen and vWF, the GPVI and GPIb-1X-V are then in close enough proximity to bind more firmly to the tissue
causing adhesion and activation of the platelets. The platelets can then secrete multiple molecules to recruit
more platelets and to bind with each other forming a platelet plug, and thrombus. From (Gitz, 2013).
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Table 1. Platelet receptors involved in adhesion, and aggregation.

GPIb-I1X-V Platelet VWF, Thrombin P- (Nurden and Caen,

complex surface selectin, TSP1 1975)

GPVI Plasma Collagen, laminin (Jung and Moroi,
membrane 2008)

az2p1 Plasma Collagen (Nieswandt et al.,
membrane 2001)

a5p1 Plasma Fibronectin (McCarty et al.,
membrane 2004)

a6B1 Plasma Laminin (Schaff et al., 2013)
membrane

a5p3 Plasma Vitronectin, fibrin, VWF, | (Gawaz et al., 1997)
membrane osteopontin

a2bp3 Plasma Fibrinogen, fibrin, vWF, | (Du et al., 1991)
membrane TSP1

CD148 Platelet Thrombospondin-1 (Senis et al., 2009)
surface (Takahashi et al.,

2012)

CLEC-2 Plasma Podoplanin, Hemin (May et al., 2009)

membrane

Following platelet adhesion and activation, the subendothelial matrix will no longer be
exposed to the circulating platelets due to the obscuration of bound platelets, therefore
an amplification phase is required for further cell recruitment. This amplification phase
is highly regulated and is reliant on multiple receptors that bind to soluble mediators
from neighbouring cells as well as platelets themselves which form the platelet plug
and thrombus (Table 2).

receptors are utilised to assist in platelet activation and platelet recruitment, which in

During this amplification phase, the majority of platelet

turn increases the thrombus size.
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Table 2. Platelet receptors involved in the amplification phase of thrombus formation.

P2Y1 Adenosine diphosphate | (Abbracchio et al.,
(ADP) 2006)
P2Y12 ADP (Kunapuli et al.,
2003b)
PAR1 Thrombin (Covic et al., 2000)
PAR4 Thrombin (Covic et al., 2000)
Thromboxane A 2 receptor Thromboxane Az (Paul et al., 1999)
(TP)
PGE2 Receptor (EP3) Prostaglandin E2 (An et al., 1994)
(PGE2)
PAF receptor Platelet activating factor | (Doebber et al.,
1985)
Lysophosphatidic acid Lysophosphatidic acid (Gueguen et al.,
receptor 1999)
Chemokine receptor Chemokines (Clemetson et al.,
2000)
V1a Vasopressin receptor vasopressin (Launay et al., 1987)
A2a adenosine receptor Adenosine (Varani et al., 1999)
B2 adrenergic receptor Epinephrine (Kobilka et al., 1987)
Serotonin receptor Serotonin (Mercado and Kilic,
2010)
Dopamine receptor Dopamine (Ricci et al., 2001)
P2X1 Adenosine triphosphate | (Mahaut-Smith et al.,
(ATP) 2004)
c-mpl TPO (Gurney et al., 1994)
Leptin receptor Leptin (Nakata et al., 1999)
Insulin receptor Insulin (Falcon et al., 1988)
PDGF receptor PDGF (Hart et al., 1990)

The final phase of haemostasis is the stabilisation of the thrombus, where platelets
form direct and indirect bridges (Cosemans et al., 2013). This tight formation of cells
allows for a much more powerful paracrine signalling between the platelets, facilitated
by the formation of a fibrin mesh that restricts the diffusion of plasma factors and
prevents the premature fibrinolysis. (Rivera et al., 2009). This tightly packed area of
the thrombus is termed the core region, and it can be characterised by a high
concentration of thrombin, and low solute transport (Figure 1-2). The core region is
surrounded by the shell region, which is comprised of loosely adherent platelets with
high solute transport and lower concentrations of thrombin (Welsh et al., 2014). The

shell region is key for the downregulation of platelet activation, requiring the use of
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different receptors (Table 3) (Swieringa et al., 2016, Ahmed et al., 2020). Failure in the
downregulation of platelet agonists and recruitment in the shell region may result in

total occlusion of the vessel.

;.L.[\TQ/L o o/ o/ o ®

Endothelial cells

Shell Region

Thrombus core

Figure 1-2. Structure of the thrombus in-vivo. The outer shell of the thrombus (red) exhibits platelets with lower
concentration of soluble agonists, and smaller amount of fibrin. The thrombus core (purple) has significantly
higher platelet activation markers and thrombin generation, it is also more tightly packed together with a fibrin
mesh.(Biorender)
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Table 3. Platelet receptors with known ligands in the stabilisation phase and negative platelet activators.

Ephrin receptor Ephrin Stabilisation (Rivera et al.,
(Ephr) 2009)
P-selectin PSGL-1, GPIb, | Stabilisation (Merten and
TF Thiagarajan,
2000)
CD36 TSP1, oxLDL, Stabilisation (Golebiewska
VLDL and Poole, 2015)
TREM-like Fibrinogen Stabilisation (Jessica et al.,
transcript 1 (TLT-1) 2018, Noé et al.,
2010)
VPAC1 PACAP Negative (Noé et al., 2010)
regulation
CD31 PECAM-1, Negative (Savchenko et
Collagen regulation al., 2014)
PGl2 receptor Prostaglandin Negative (Yui et al., 1988)
12 (PGI2) regulation
PGD: receptor Prostaglandin Negative (Nishizawa et al.,
D2 (PGD>) regulation 1975)
PGE:2 receptor PGE:2 Negative (Yamashita and
regulation Asada, 2008)

1.3.2. Platelet activation by collagen

Collagen is a key component of the extracellular matrix, present ubiquitously in the
connective tissues. There are 28 variants of collagen, with type | collagen being the
most abundant, comprising 90% of the total collagen (Ricard-Blum, 2011, Myllyharju
and Kivirikko, 2001). Within the blood vessel, type | and Ill collagen are the major
constituents, the ratios of these vary with growth and different diseases, such as
ischemic heart disease (Xu and Shi, 2014). Both Type | and Il are fibrillar collagens,
which means they usually exist in bundles with more than one type and bind to multiple
other matrix components. However, these can be broken down into their monomeric
forms by peptidases. Collagen is comprised of a triple helix of three fibrils, the different
fibrils present define the type of collagen that is observed. In the case of type |, itis
comprised of 1 au fibril and 2 azfibrils, while type Il collagen is comprised of 3 aa fibrils
(Shoulders and Raines, 2009).
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Collagen has been found to bind to several receptors on the platelet surface, however,
the azB1 integrin and immunoglobulin superfamily member GPVI are the most notable
(Nieswandt et al., 2001). Collagen interacts with azf1 in suspension but requires cross-
linking or immobilisation to a surface at sufficient densities to stimulate platelet
activation. GPVI binds to the GPO motif on collagen, however, due to the low affinity
of the binding motif and its relatively low frequency on monomeric collagen, it is not
able to adhere to platelets. The binding strength increases proportionally with the GPO
motif count (Smethurst et al., 2007). Interestingly, it has been shown that when
platelets bind with a singular GPO triplet, no activation occurs. However, when
platelets bind with two or more GPO triplet’s, platelet activation is observed (Smethurst
et al., 2007). Additionally, confirmation of GPVI activation and binding was observed
with the use of collagen-related peptide cross-linked (CRP-XL), which was able to
induce platelet activation in the presence of azB1 blocking antibodies (Morton et al.,
1995). The synthesis of a CRP-XL was created by inserting the GFOGER sequence
into a a2B1 and GPVI inactive backbone of GPP; importantly showing the peptide was
able to mediate adhesion through azB1 (Knight et al., 1999, Knight et al., 2000).

GPVI is the major signalling receptor for collagen on platelets; it is in complex with Fc
receptor y-chain (FCRy) on the platelet membrane and is responsible for collagen-
induced platelet activation through the tyrosine phosphorylation cascade by Src-family
kinases (Figure 1-3). GPVI contains 4 distinct regions, an Ig region, the mucin-like
region, the transmembrane region, and the cytosolic region. GPVI is composed of two
Ig domains, which are linked to a mucin-rich region, leading into the transmembrane
region and the cytosolic tail. This transmembrane region has an arginine group which
allows the association with FcRy through the formation of a salt bridge. When collagen
binds to GPVI alone, there is no observed signalling activity, however when interacting
with FcRy containing the immunoreceptor tyrosine-based activation motif (ITAMS),
further signalling observed as confirmed by FcRy deficient platelets (Boulaftali et al.,
2014, Poole et al., 1997). The cytosolic tail of GPVI contains a proline-rich motif that
binds to Src homology 3 (SH3) domains of Fyn and Lyn (Suzuki-Inoue et al., 2002,
Nieswandt and Watson, 2003). This linking of GPVI to the SH3 domain and FcRy
brings these together spatially, allowing for the phosphorylation of the ITAM to take
place and initialising the Src/SYK signalling cascade (Figure 1-3) (Turner et al., 2000).

The activation of spleen tyrosine kinase (Syk) triggers a signalling cascade which in

30



turn activates phosphoinositide 3-kinase (PI3-K), nuclear factor of activated T cells
(NFAT) and mitogen activated protein kinase (MAPK) pathways inducing the release
of ADP from dense granules, by PLCy2, it also causes the release of TxA2 by

increasing intracellular calcium (Ca?*) levels (Makhoul et al., 2020).

LAT

Fyn/Lyn
Syk

PLCy2

PI{—\

4P, ——»4Ca”™

Figure 1-3. Collagen signalling mechanism. Collagen binds to GPVI and its homo-dimeric receptor FcRy, triggering
a signalling cascade initiated by tyrosine phosphorylation of the immunoreceptor tyrosine-based activation motif
(ITAM) which is located on the tail of FcRy. This phosphorylation causes recruitment and activation of the tyrosine
kinase Syk, which phosphorylates and activates additional proteins such as LAT and PI3K which activates PLCy2,
increasing cytosolic IP3 levels, causing Ca?* release from the storage pool. Figure created using biorender.com.
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1.3.3. Platelet activation by thrombin

Thrombin is a multifunctional serine protease generated in the liver and secreted into
the circulation in an inactive zymogen form (prothrombin). This can then be converted
to thrombin by prothrombinase in response to injury. Thrombin is the final enzyme in
the coagulation cascade with a primary function of cleaving fibrinogen into fibrin, it also
is a potent platelet activator through binding to GPIb-IX-V and the cleaving of G
protein-coupled Protease-activated receptors (PARS) at the N-terminal. Thrombin also
enhances platelet adhesion by inactivating von Willebrand factor-cleaving protease
(ADAMTS13) (a disintegrin and metalloprotease with thrombospondin typel motif).
Alongside its procoagulant role, thrombin also activates protein C, which degrades
factor Vllla and FVa. Thrombin also binds to endothelial protein C receptor (EPCR)
which cleaves PARL1, resulting in downstream signalling (Schuepbach et al., 2012).
PAR1 is also cleaved by the interaction of thrombin with the highly negatively charged
C-terminal tail of GPIba, causing the reorientation of the protease exosite 1 resulting
in the cleavage of the PAR1 exodomain (De Candia et al., 2001, Acquasaliente et al.,
2022).

There are 4 members of the mammalian PAR family, PAR-1 and 4 in humans, and
PAR-3 and 4 in mice (Estevez et al., 2014). PARs are irreversibly activated through
proteolytic cleavage by thrombin; PARL1 is cleaved by thrombin only at R41 and PAR4
only cleaved at R47. When cleaved, the PAR becomes irreversibly activated, this
cleavage results in a conformational change in the protein and alters affinity to
intracellular G proteins (Macfarlane et al., 2001). Cleavage at specific sites results in
different cellular responses, termed “biased signalling”; this is how PARs are able to
induce protease-specific responses (Russo et al., 2009). PAR1 and 2 bind to multiple
heteromeric G-protein subtypes, such as G1, Gq and G12/13, whereas PAR4 only
binds to the latter three, and PAR3 is not believed to signal autonomously in platelets
(Nakanishi-Matsui et al., 2000, Russo et al., 2009). The activation of the G-protein
subtypes triggers a large signalling cascade, which can cause multiple cellular effects
on the platelet including shape change, adhesion, secretion and activation. The
interaction of Gq with Phospholipase C Beta (PLCB) causes downstream
phosphorylation of both DAG and IP3, which can both induce the release of Ca?* into
the cytosol or phosphorylate Protein kinase C (PKC), which can induce dense granule

secretion (Konopatskaya et al., 2011, Steinhoff et al., 2005).
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Figure 1-4. Signalling cascade when Thrombin cleaves PAR1 and PARA4 in platelets. Thrombin activates Gq G13
and Gi via the PAR receptors, Gq activate PLCf which hydrolyses Phosphatidylinoitol phosphate to diacylglycerol
(DAG) and inositol trisphosphate (IP3) leading to PKC activation and the increased intracellular Ca?* this pathway
is also able to activate MAPKSs to induce TxA:z synthesis. Activation of G13 has been shows to activate RhoGTPase
and exchange factors, activating the Rho/ROCK pathway to initiate shape change and secretion. When activated
Gi results in PKG activation and inhibition of Adenyl cyclase (AC) which inhibits platelet inhibition, it also induces
to TxA2 synthesis. Figure created using biorender.com.

Thrombin also activates factors V, VI, and Xl, which have a multitude of roles
including further formation of thrombin on the cell surface, and the prevention of
fibrinolysis. Thrombin also cleaves fibrinogen to fibrin, whilst activating factor XIlll,
enabling cross-linking of fibrin monomers creating a mesh like structure which
stabilises the clot. Alongside this pro-coagulant role, thrombin is also able to mediate
coagulation through its interaction with thrombomodulin on the endothelial cells of the

blood vessel, which leads to fibrinolysis (De Candia, 2012).

A model of thrombus structure separates the structure into two parts, the core and the
shell, in this model platelets are observed to have a non-uniform activation pattern
dependant on their location within a thrombus (Hechler et al., 2010). They showed 2

distinct populations within the thrombi, the “core” of stable p-selectin expressing
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platelets exhibiting higher thrombin dependency, and a more porous “shell” containing
a much lower p-selectin expression, and to be dependent on ADP signalling with P2Y 12

which was a smaller region with more efflux of granules observed (Stalker et al., 2013).

1.3.4. Platelet activation by thromboxane A2

Thromboxane Az (TxAz) serves as a positive feedback mediator following platelet
activation. TxAz is known as an eicosanoid, a family of lipids which are metabolised
from arachidonic acid (AA). Due to the short half-life of around 30 seconds, it acts in
an autocrine or paracrine manner to activate platelets directly adjacent (Nakahata,
2008). Initially, TxA2 was characterised as being released from platelets, however, it
has since been elucidated to be released from other cell types such as macrophages,
neutrophils and endothelial cells (Touchberry et al., 2014). TxAz is also known to be a
vasoconstrictor when activated during tissue injury and inflammation; working
agonistically to prostacyclin (PGI2) (Cheng et al., 2002). In platelets, the production of
TxA:2 starts by the cleavage of AA from the phospholipid membrane, by phospholipase
A2. This then is processed by Cyclooxygenase 1 (COX -1) into prostaglandin H2
(PGH2), and then converted to TxA2, by TxAz synthase. This process is slightly
different in endothelial cells during cases of inflammation due to the presence of COX-
2, which processes AA into prostacyclin (PGlz), a major vasoactive prostanoid,
mediating vasodilation and platelet inhibition (Smyth, 2010).

34



TxA2
TP

e

Giz/13 Gq
RhoGEF PLCB
RhoA/ROCK IP; Y DAG

v !

MLC-P <— (1Ca* ) PKC

- !

Shape Change Aggregation/Secretion

Figure 1-5. Signalling pathway induced via Thromboxane prostanoid (TP) receptor. When TxA2 binds to TP two
pathways are activated, the activation of Gq stimulates the upregulation of CA2+ within the cytosol of the platelet,
increasing aggregation, it also acts upon G213 inducing the activation of the Rho/ROCK signalling pathway which
results in the movement of actin throughout the platelet causing shape change. Figure created using
biorender.com.

While key for the function of platelets, TxA2 has been linked with multiple disease
states such as acute myocardial ischemia, where TxA2 synthesis is increased. Most
pathologies are related to vessel occlusion such as myocardial Infarction and
atherosclerosis, however, TxA2 has also been observed to contribute to the
pathogenesis of other inflammatory illnesses such as asthma, rhinitis, and atopic
dermatitis. In multiple cases, the use of a COX-1 inhibitor such as aspirin is often used

as a prophylaxis against vascular thrombotic events (Khan et al., 2019).
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1.3.5. Platelet activation by ADP

ADP is a small molecule that is actively released from platelet dense granules; it is
also passively released from damaged erythrocytes and endothelial cells. ADP is
involved in further amplification of platelet activation, commonly known as secondary
aggregation. Through the use of different agonists and antagonists, it was shown that
there are two receptors for ADP on platelets, one that inhibits cyclic adenosine
3’,5’monophosphate (cAMP) synthesis, and another that activates Phospholipase C
and induces shape change (Daniel et al., 1998). The release of ADP forms a positive
feedback loop through its binding to the two G Protein-coupled Receptors (GPCRS),
P2Y1 and P2Y12 (Remijn et al., 2002). When binding with the latter receptor, it has
been found that TxAz generation is increased (van der Meijden et al., 2005, Shankar
et al., 2006). The activation of the Gg-coupled P2Y1 receptor by ADP causes PLCf
activation, which hydrolyses phosphatidylinositol 4,5 trisphosphate (PIP2) to generate
the second messengers; inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol
(DAG). The latter in turn releases intracellular calcium stores and activates classical
and novel isoforms of protein kinase C (PKC). There are no P2Y1 inhibitors used in
clinical practice, due to the receptor being expressed by many different tissues,
meaning that these drugs could have multiple off-target effects (Kunapuli et al.,
2003a).

P2Y12is the predominant receptor in ADP stimulated activation of GP llb/llla, which
results in TxA2 production and prolongs platelet aggregation. The action of ADP P2Y 12
receptor also inhibits adenyl cyclase, thus decreasing the formation of cAMP in
platelets, an important regulator of platelet activity which inhibits platelet aggregation
(Noé et al., 2010). ADP can be inhibited by the release of endothelium derived PGl2
and nitric oxide (NO), these both raise platelet cCAMP and guanosine 3',5'-cyclic
monophosphate (cGMP) levels, which hydrolyse ADP into inactive Adenosine

monophosphate (AMP).

36



Clinically, the P2Y12 inhibitors - clopidogrel and ticagrelor, have been used as
antiplatelet therapies in patients with cardiovascular and cerebrovascular disease.
However, their mechanism involves the generation of a reactive metabolite which has
an irreversible effect on P2Y12. The metabolite generation itself also comes with the
downside of a slow onset. Due to these factors, research into new P2Y12 inhibitors is
currently ongoing (Bennett, 2001). One new inhibitor, prasugrel, has been shown to
have a greater and more rapid inhibition on platelet function, but still has a slower than
desired onset (Golino, 2013).
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Figure 1-6. P2Y1 and P2Y12 signalling pathways. ADP binds with both P2Y1and P2Y12 The former pathway P2Y1
interacts with Gg stimulating the activation of PLC, which converts PIP2 into DAG and IPs. IPz then binds to IP3R
on the Ca?* pool, causing a pore to open inducing calcium efflux into the cytosol. This interacts with ERK1/2 causing
interactions with TxAz which stimulates aggregation. P2Y12 interacts with Gs activating PI3K and reducing levels
of cAMP by inhibiting adenyl cyclase. The activation if the PI3K pathways leads to fibrinogen receptor activation,
increasing platelet aggregation. Created with biorender.com.
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1.4.Shape change

Inactivated platelets circulate in a small discoid conformation, protecting the cells from
getting sheared in the bloodstream (Ghoshal and Bhattacharyya, 2014). When
activated, platelets undergo a rapid reorganisation of the cytoskeleton, forming a
spheroidal shape with pseudopodial protrusions, this confirmation assists the platelet
in its role in haemostasis (Warren, 1971, Aslan et al., 2012). The cytoskeleton of
platelets comprises three main components: spectrin-based membrane skeleton, actin
cytoskeleton, and the marginal microtubule coil. Each component of the cytoskeleton
has a specific and specialised role within the platelet morphology. The membrane
skeleton is formed primarily of spectrin and filamin, this is linked to the plasma
membrane by GPIb-IX-V, giving structural integrity and flexibility (Hartwig and DeSisto,
1991). In a resting state, the microtubule coil forms a marginal band on the inner
periphery to give the platelet its discoid shape. However, studies show that the
marginal band is not required for the shape change process, only the maintenance of
the resting shape (Patel-Hett et al., 2008).

Actin is the most abundant protein in platelets, making up over 10% of the protein
content of the cell (Bearer et al.,, 2002). In resting platelets, cross linked F-actin
associates with the spectrin based membrane skeleton, aiding its function. For platelet
shape change to occur, the actin filaments must fragment. Following this
fragmentation of actin filaments, they are reassembled creating lamellipodia and
filopodia emanating out from the cells resulting in a much larger surface area (Shin et
al., 2017). The shape change is largely mediated by gelsolin, adducin, and myosin
light chain (MLC) phosphorylation, controlled through Ca?* and Rho/Rho-kinase-
mediated regulation of myosin phosphatase (Bauer et al., 1999). When activated
though GPCR, ITAM receptor, or other ligands, Myosin light chain kinase (MLCK) is
activated through PLC signalling pathways. Thromboxane receptor and PAR
activation result in activation of myosin light chain phosphatase (MLCP) through the
Gi3 cascade including Rho-ROCK signalling. Both result in MLC phosphorylation
which then interacts with the actin filaments to generate the contractile forces required

to remodel the platelet membrane.
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1.5. Platelet aggregation

Platelet aggregation is the process by which platelets adhere to each other at the site
of vascular injury. This process has 3 distinct mechanisms by which it occurs,
depending on shear conditions (Frojmovic, 1998). Fibrinogen interacts with allbf33,
VWEF, and fibronectin, all of which have been found to mediate platelet-platelet
interactions, with the former most ubiquitous mechanism. This process involves the
binding of the surface bound integrin allb3 to fibrinogen between multiple platelets
forming a bridge between them. Integrin allbB3 is the most abundant heterodimeric
receptor on the platelet surface that plays a critical role in haemostasis due to its role
of bidirectional communication. Bidirectional signalling allows platelets to regulate and
respond to external conditions, these complexes are comprised of two noncovalently
bound subunits a and B (Bennett et al., 2009). allbB3 is maintained in a low energy
state where the external domain is in a closed conformation, for this to open, inside-
out signalling must occur; through the binding of c-Src to the cytoplasmic tail of the 33
integrin via the RGT motif on the SH3 domain (Durrant et al., 2017). Once this binding
occurs, the integrin forms a conformation which allows it to bind to other ligands (such
as fibrinogen) with a high affinity. Integrin clustering is required for the full activation of
c-Src: this process involves the movement of integrins into proximity, which allows
trans-autophosphorylation. Syk is a tyrosine kinase which binds to ITAMs; there are
three ITAM receptors in human platelets: FcRy, which associates with GPVI, C-type
lectin-like 2 (CLEC-2, for the glycoprotein podoplanin, and FcyRIla which interacts with
and allows for crosstalk with immune cells (Arman and Krauel, 2015). Syk can interact
directly with the SH2 domain on the cytoplasmic tail of B3, unlike ITAM binding, this is
independent on the phosphorylation of the B3 domain. Syk can also associate with
FcyRlla through ITAM which has been hypothesised to be the typical mechanism for
Syk activation of allbBf3 (Boylan et al., 2008).
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1.6.Granular secretion

Once activated, platelets secrete over 300 active substances from their intracellular
granules, with the 3 categories having specific contents and functions; these include
adhesive proteins, growth factors, chemokines, and cytokines (Golebiewska and
Poole, 2015, Manne et al., 2017). Platelet secretion affects multiple target cells
including themselves, via autocrine signalling, this allows for the controlled
orchestration of haemostasis and thrombosis alongside other functions. Platelets have
a large amount of invaginated membrane structures throughout the membrane system
called the open canalicular system (OCS); it is believed that these structures have
three functions: to aid in granule secretion, give entry of external elements into the
platelet, and for increasing membrane volume aiding in platelet spreading facilitation
the formation of filopodia (Selvadurai and Hamilton, 2018, Chung et al., 2021).

The exact mechanism for the cargo release from granules is still poorly understood,
there are currently three models with evidence supporting each. Jack-in-the-box
mechanism, actin-driven granule constriction and channel-mediated granule swelling.
Both jack—in-the-box and actin-driven granule constriction were initially identified in
epithelial cells; however, channel-mediated granule swelling was initially seen in
procoagulant platelets (Han et al., 2017, Erent et al., 2007, Agbani et al., 2018). The
lattermost mechanism relies on the granule swelling prior to fusion due to water influx
from the cytosol mediated by aquaporin-1 channels (Agbani et al., 2018). Actin-driven
granule constriction has been well defined in other cell types; however, it is debated
whether this mechanism is utilised in platelets. The actin cytoskeleton has been shown
to interact with Soluble NSF (N-ethylmaleimide-sensitive factor) Attachment Protein
Receptor (SNARE) proteins to assist in a-granule secretion (Rosado et al., 2000,
Woronowicz et al., 2010). Interestingly a motif throughout all three mechanisms is the
involvement of the SNARE complex for the binding of granules to the platelet

membrane.
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1.6.1. a-granules

a-granules are the most abundant granule within platelets, composing approximately
10% of the total platelet volume. In mature human platelets, a-granules are between
200-500 nm in diameter (Flaumenhaft, 2011). These granules differ from dense
granules by their size, granularity and constituents; however, it is believed that there
are multiple subtypes of a-granules which are differentially regulated and released
(Italiano et al., 2008a). The overall data suggests that the a-granule is structured as a
condensed and dehydrated matrix which must be decondensed during the exocytosis
event (Wencel-Drake et al., 1985, van Nispen tot Pannerden et al., 2010). a- granules
contain over 200 different polypeptides and cytokines such as vVWF, platelet factor IV
(PF4) and fibrinogen, which propagate activation and assist in thrombus formation
(Table 4). Thrombospondin-1 (TSP-1) is highly concentrated in a-granules; when
released this acts upon the thrombus binding to CD36 on the surface, stabilising by
forming crosslinking platelets, (Kuijpers et al., 2014). With this CD36 binding, the
cAMP PKA signalling cascade is inhibited through a tyrosine kinase signalling pathway
via the phosphorylation of the Src kinases, mitogen-activated protein kinase 14 (P38)
and c-Jun N-terminal kinases (JNK) (Roberts et al., 2010). P-selectin is a
transmembrane protein that is specific to the a-granule, upon platelet activation it is
translocated to the plasma membrane of the platelet, where it functions as a receptor
for monocytes and neutrophils (Koedam et al., 1992). Platelet granule exocytosis is a
regulated secretion event, the release rate and amount of granules involved is
dependent on the strength of stimulation observed (Jonnalagadda et al., 2012). This
has been confirmed by the observation of granules stimulated with varying
concentrations of agonist, where lower concentrations initiated the release of
individual granules, and higher concentrations resulted in the formation of multi-
granular compartments (Eckly et al., 2016). It has also been found that with higher
concentrations of agonists, the granules are more likely to fuse with the open
canalicular system (OCS), however, this was not observed in other literature
(Pokrovskaya et al., 2020). The speed of content release is believed to be affected by
the length of the “neck” of the granule which was found to vary greatly (Pokrovskaya
et al., 2018). There has been debate regarding receptor-dependent cargo release;
however, a study by van Holten et al. (2014) observed that the stimulation of platelets

using different receptors released statistically similar components and concentrations.
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Table 4. Key components of a-granules and their functions.

Albumin Transport (Mikhailidis and
Ganotakis, 1996)
Fibrinogen Processed to form fibrin, | (Alshehri et al.,
platelet adhesion 2015)
Fibronectin Platelet adhesion (McCarty et al,
2004)
Vitronectin Enhances platelet | (Gawaz et al., 1997)
adhesion
Osteonectin Enhances collagen | (Kelm et al., 1994)
binding
Calcitonin Calcium regulation (Austin and Heath I,
1981)
Von Willebrand Factor Platelet binding and | (Bennett et al,
activation 2009)
Thrombospondin-1 Mediates Cell-cell | (Chen et al., 2000)
interaction binds platelets
P-selectin Mediates the interaction | (André, P. 2004)
of activated platelets with
leukocytes

1.6.2. Dense Granules

Dense granules are smaller in both number and size than a- granules, with 3-8 per
platelet with an approximate diameter of 150 nm. They also appear much more
granular than their counterparts (White, 1998). These granules are unique to platelets,
and are a subtype of lysosome-related organelle (LROs), which are usually observed
in cytotoxic T-cells (Ambrosio and Di Pietro, 2017). Dense granules contain a range
of small molecules that are required for effective haemostasis (Table 5); defects in
dense granules in platelets cause haemorrhagic disorders (Chen et al., 2018, Wei
and Li, 2013). A study by Jonnalagadda and colleagues indicates that the release of
dense granules is significantly faster than a- granules and is more sensitive to agonists
(Jonnalagadda et al., 2012). Small molecules released act on circulating platelets,
contributing to positive feedback sustaining aggregation (Golebiewska and Poole,
2015).
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Table 5. Key components of dense granules and their functions.

Serotonin (5- | Vasoconstrictor (Duerschmied and

HT) Bode, 2009)

Histamine Vasodilation (Kilbourne and

Winneker, 2001)

ATP Provides energy (Heemskerk et al., 2002)

ADP Stimulates Secondary | (Makhoul et al., 2020)
aggregation

Calcium Thrombus formation (Furie and Furie, 2008)

Magnesium Platelet inhibition (Ravn et al., 1996)

Glutamate Increase platelet membrane | (Karolczak et al., 2017)
fluidity

1.6.3. Lysosomes

Lysosomes are the third form of granule within the platelet, and they contain
predominantly acid hydrolases (cathepsins, hexosaminidase, [(-galactosidase,
arylsulfatase, B-glucuronidase and acid phosphatase), alongside CD63 and
lysosomal-associated membrane protein (LAMP)-1/2 (Israels and McMillan-Ward,
2005). The function of platelet lysosomes in vivo is poorly characterised, however, it
has been speculated to have extracellular functions in receptor cleavage, fibrinolysis
and degradation of extracellular matrix components (Heijnen and Van Der Sluijs,
2015). Platelets also can engulf bacteria and has been shown that the lysosomes have
a role in the digestion of the phagocytic components they produce. The exocytosis of
lysosome contents is slow and requires a higher stimulation threshold than that of both

a- and dense- granules (Jonnalagadda et al., 2012).
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Table 6. Key components of Lysosomes, and their functions

Cathepsin D Protein degradation (Tsukuba et al., 2000)
Cathepsin E Protein degradation (Tsukuba et al., 2000)
Carboxypeptidase A Cleaves peptide bonds | (Van Oost, 1986)
Carboxypeptidase B Cleaves single amino | (Van Oost, 1986)
acids off proteins
Proline Cleaves C-Terminals | (Van Oost, 1986)
carboxypeptidase off proteins
B-N-axetyl-d- Breakdown of | (Van Oost, 1986)
hexosaminidase glycoproteins
B-D-Glucuronidase Catalyses breakdown | (Van Oost, 1986)
of B-D-glucuronic acid
residues from
glycosaminoglycans
B-D-galactosidase Hydrolyses B- | (Van Oost, 1986)
galactosides
CD63 Mediate Signal | (Heijnen and Van Der Sluijs,
transduction 2015)
LAMP 1/2 Provide selectins with | (Erbe et al., 1993)
carbohydrate ligands

1.6.4. T-granules

T-granules were identified recently in 2012 and were characterised by an electron-
dense tubular morphology (Thon et al., 2012, van Nispen tot Pannerden et al., 2010).
They were observed to contain large amounts of toll-like receptor 9 (TLR9), VAMP-7,
and VAMP-8. Interestingly T-granules are also characterised to contain protein
disulphide-isomerase (PDI), which is localised to the dense tubular system (DTS); this
(alongside other studies) shows that T-granules belong to a reticular membrane
network as opposed to being a granule (van Nispen tot Pannerden et al., 2009).
Multiple studies have shown the release of PDI from activated platelets, but the direct
fusion of the DTS to the cell surface has not been observed (Essex et al., 1995, Cho
et al., 2008).
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1.6.5. The Soluble NSF (N-ethylmaleimide-sensitive factor) Attachment Protein
Receptor (SNARE) complex

The lipid bilayer structure of the cell membrane is stabilised by hydrophobic acyl
chains separated by hydrophilic head groups, due to this repulsion the process of
membrane fusion has a large energy barrier. This makes spontaneous membrane
fusion either very slow or not possible, necessitating the use of fusion machinery
proteins known as the SNARE proteins. The SNARE proteins are a super family
comprising of more than 60 members, all of which contain a conserved coiled-coil
stretch of amino acids termed the SNARE motif (Fasshauer et al., 1998). Advances in
proteomic analysis, along with the use of knockout models, led to the delineation of
this superfamily into v- and t- SNARES in relation to their interaction with the vesicle
or target membrane (Hong, 2005, Rothman, 1994). Further elucidation of these
proteins and their mechanism of action resulted in the additional classification of R,
Qa, Qb and Qc, the SNAREs are delineated by the presentation of amino acids at the
ionic “central” 0 Layer with R presenting arginine and Q presenting glutamine (Yoon
and Munson, 2018). A layer is defined as a full a-helical turn where the centre “0” layer
is where 1 arginine and 3 glutamine residues form a polar centre, at contrast the
otherwise hydrophobic SNARE bundle, the layers are then numbered in a positive
direction towards the C-terminus and a negative towards the N- Domain (Fasshauer
et al., 1998). The further classification of Q-a, -b, -c is dependent on the location of the
SNARE within the four-helix bundle. Although not mutually exclusive, R-SNAREs are
V-SNARES and Q-SNARES are usually t-SNARES.
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Figure 1-7. parameters delineating Q- R-SNARE quantification.(a) known SNARE complex proteins and their
amino-acids presented at each layer of the complex. (b) structural diagram of the SNARE complex (Fasshauer et

al., 1998).

The interaction of the SNARE motifs on both R and Q SNARE families form a highly

stable four-helix bundle called the trans-SNARE complex; this complex drives the

vesicle and target membranes together. The process of membrane fusion can be

delineated into 4 steps: tethering, docking, priming and fusion with target and
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membrane mixing (Bonifacino and Glick, 2004, Ramakrishnan et al., 2012, Jahn et al.,
2003) (Figure 1-8). To achieve this, the assembly of the complex starts at the N-
terminus and proceeds through 16 layers past the O layer to the C-terminus in a
zippering mechanism (Weber et al., 1998). This “zippering” begins with the unzipping
of the linker regions, followed by the carboxyl-terminal and finally the SNARE portion.
The zippering of the SNARE complex is energetically favourable, with an estimated
release of 65 ksT, this additional energy generated by the assembly of the trans-
SNARE complex is then used to drive the lipid bilayer fusion (Gao et al., 2012).
Following the completion of the SNARE complex zippering it becomes a cis-complex
within the target membrane; the Synaptosomal-Associated Protein (SNAP) proteins
with ATPase NSF (N-ethylmaleimide-sensitive factor) can then dissociate the cis-

SNARE complex to be reused within the cell.

This mechanism is similar in multiple cell types; however, it has been observed to be
differentially controlled depending on the spaciotemporal activity of the cell, and the
cell type itself. Initially, it was thought that N-terminal domains of the SNARE proteins
did not affect the specificity of fusion between membranes, however, in later research
this was contested (Paumet et al., 2004, Koike and Jahn, 2019). Research also shows
that the N-terminal is instrumental in the selective recruitment of tethering factors,
which is required to maintain specificity of membrane fusion. Additionally, initial
tethering selection SNARE proteins have been observed to bind in specific
combinations, further aiding accurate delivery and trafficking (Jahn and Scheller, 20086,
Fasshauer et al., 1998, Koike and Jahn, 2019, Reales et al., 2011).
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Figure 1-8.Structure and function of the SNARE complex. The current model of the SNARE complex is comprised
of 4 alpha-helices, comprising the v-SNARE synaptobrevin, t-SNARE Syntaxin, and a soluble component in the
form of SNAP-25. (A) The stepwise process of vesicle binding with the membrane during secretion followed by the
recycling of SNARE components back into the cytosol, vesicles travel towards the target membrane, once in close
proximity, if phosphorylation occurs the trans-SNARE complex is formed between the v-SNARE, t-SNARE and
SNAP proteins. This pulls the membranes closer together, and causes vesicle fusion to the membrane, NSF and
a-SNAP then binds to this complex, which leads to the ATP-driven SNARE complex dissociation, causing v-SNARE
recycling (B).
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1.6.6. Vesicle-associated membrane proteins (VAMP)

The V-SNAREs (vesicle-associated membrane proteins (VAMPSs) are a family of 7
members, VAMP1-5, 7, and -8. Each VAMP has been characterised to have a specific
role, however, the true extent of their localisation and full role remains unknown (Table
7). A recurring theme between all 7 VAMPs is that they reside in post-Golgi vesicular
compartments and mediate vesicle fusing. The members of the VAMP family which
have been observed in platelets are VAMP 2, 3, 7, and 8, with the lattermost two
having shown to be the most important in the context of granule release. This was due
to the observation that the deletion of VAMP2 and 3 combined with VAMP 8 deletion
is cumulatively worse than each deletion on its own, but VAMP 2,3 deletion had little
effect when VAMP7 and 8 were present. These data suggest that VAMP 8 is the
dominant (but not exclusive) VAMP responsible for the control of platelet secretion
(Ren et al., 2007, Joshi et al., 2018, Feng et al., 2002).

VAMP3 was first identified in human platelets in 1999, and has been shown to interact
with SNAP-23 and Syntaxin (STX) 2 within platelets; it is highly homologous to VAMP-
1 and -2 making it a member of the “brevin” family (Feng et al., 2002, Bernstein and
Whiteheart, 1999). However, it was later observed that the platelets of VAMP2/3
knockout mice had unimpaired secretion; suggesting they were either not absolutely
required or were part of a redundant mechanism. VAMP7 was first identified to be
involved with exocytosis within epithelial cells, unlike VAMP-2, -3 and -8, it contains
an N-terminal extension called the longin domain (Martinez-Arca et al., 2000). The
longin domains have been shown to be involved with membrane trafficking and
regulation of the SNARE complex formation, they achieve this regulation by folding
back onto the fusion inducing SNARE coiled-coil domain, inhibiting membrane fusion
(Vivona et al., 2010). VAMPS8 was originally identified to be involved with the fusion
between early and late endosomes, resulting it being named “endobrevin” (Antonin et
al., 2000a). Initially, VAMP8 was thought to only interact with STX-7, -8, and vesicle
transport through interaction with t-SNAREs homolog 1B (VTI1b) to form endosomal
fusion complex, but has since been observed to also bind to SNAP-23 and STX-11 in
platelet exocytosis of dense- and a-granules alongside lysosomes (Ye et al., 2012,
Antonin et al., 2000b, Diao et al., 2015). There is a ranked redundancy observed with
VAMPs within platelets, with VAMP-8 being the most important for secretion, followed
by VAMP-7 with VAMP-2 and -3 providing only a minor role. Interestingly, in VAMP-7
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knockout mice, platelets displayed a defective spreading phenotype. VAMP7 also

localises differentially to VAMPS8, suggesting it has a separate unelucidated role
(Sharda and Flaumenhatft, 2018). Similarly to VAMP7, VAMP3 has been associated

with a separate role within the platelets, linked with endocytosis of viral particles and

resultant activation (Banerjee et al., 2020).

Table 7. VAMP family and their roles within the body.

1/ synaptobrevins Regulate Neurons  within | (Liu et al.,
neurotransmitter release | the brain skeletal | 2011b)

muscle,

2 [ synaptobrevins Regulate Neurons  within | (Yan et al.,
neurotransmitter release | the brain 2022)

3/ cellubrevin Exocytosis of secretiory | Ubiquitous (Ligeon et
granules, integrin | platelet a-granule | al., 2014)
trafficking

4 Transport from  the | Trans-golgi (Tran et al.,
Golgi, within the cell network 2007, Zeng

Ubiquitous et al., 2003)

5 Constitutive exocytosis | Muscle cells (Zeng et al.,

2003)
7/ synaptobrevin-like | Constitutive exocytosis | Ubiquitous (Vivona et
-protein 1 (SYBL-1) secretionary al., 2010)
granules and
endosomes

8 / endobrevin Both endocytosis and | Early endosomes, | (Ren et al.,
exocytosis pancreatic acinar | 2007)
fusion of | cells, platelets.
autophagosomes  with | Ubiquitous
endosomes and
lysosomes
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1.6.7. Syntaxins

The t-SNARE (Q-SNARE) component of the SNARE complex resides on the target
membrane and mediates fusion, the t-SNAREs present in human platelets are
syntaxin-2, -3, -4, -7, -8 and -11 (STX). Different STX bind with certain SNAPs and
v-SNARES, due to the association of different VAMPS with alternate structures, which
dictates what cargo is released (Yu et al., 2013). Syntaxins are comprised of 3 main
domains, the N-terminal regulatory Domain, the SNARE domain and the C-terminal
transmembrane domain. STX-11, unlike most STX members, lacks a trans-membrane
domain (TMD), which makes STX-11 functionally reliant on a lipidic membrane anchor
associated with the platelet membrane cholesterol-dependent lipid rafts through
palmitoylation of C-terminal cysteine (Zhang et al., 2018, Dieckmann et al., 2015b).
The Habc domain is the N-terminal regulatory domain present on syntaxin, it forms a
three-helix bundle that has the ability to fold back on itself, resulting in the closed
conformation of the protein (Margittai et al., 2003). Syntaxins bind with synaptogamin
in a calcium-dependent manner, through interaction with voltage dependent calcium
and potassium channels within the SNARE domain (Chapman, 2002). Between the C
terminal transmembrane domain and the SNARE domain lies a linker region; the linker
region of the STX protein is required for force transmission from the zippering action
of the SNARE complex to the membrane, triggering membrane fusion (Jahn and
Fasshauer, 2012).

Several reports show that VAMP-8 is a key regulator for dense granule secretion and
can form a complex with STX-11 in platelets ((Golebiewska et al., 2015). Knockout
studies have shown that STX-8 deficient mice lack only dense granule secretion,
whereas STX-11 knockout significantly reduces secretion of all a- and dense granules,
with a moderate reduction of lysosomal secretion. Knockout studies of STX -2 and -4
yielded no difference from wild-type (Ye et al., 2012, Sepulveda et al., 2013). The
SNARE complex and secretion pathway in platelets was initially assumed to use the
same mechanism as that observed in other cell types such as neurons and parotid
cells, however, recent research found the secretion mechanism in platelets is similar
to Natural Killer (NK) cells. Unlike many other cell types such as pancreatic and parotid
cells which rely heavily on STX-2 and -4, platelet secretion mechanisms rely heavily

on STX-11 which is unique to blood cell lineage exocytosis mechanisms. Unlike NK
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cells, platelets secretion regulation has been linked to rely more on Rab27b, similarly
to some neural cells. Although the proteins may differ from those in other cell types

the stepwise mechanism remains the consistent (Tang, 2015).

1.6.8. Synaptosomal-Associated Protein (SNAP)

Synaptosomal-associated proteins (SNAPs) are anchored to the cytosolic face of
membranes, they do not have a transmembrane domain (Chapman et al., 1994). The
SNAP family consists of 4 members, SNAP-25, -23, -29 and -47, however, only SNAP
-25 and -23 are involved in regulation of exocytosis. The most highly characterised
member is SNAP-25, which is key for the release of neurotransmitters from the
synapse. SNAP-23 is found more ubiquitously and is studied particularly in platelet
biology (Kadkova et al., 2019). The SNAP proteins provide two of the four a-helices
present in the SNARE complex and are required for the docking and fusion phase of
granule secretion. Studies have shown that SNAP-23 and -25 can partially
compensate if the other is not present, however other members of the family lack this
compensatory mechanism (Delgado-Martinez et al., 2007). Once granule exocytosis
has completed, SNAP proteins have been shown to have the capability to disassemble
the SNARE complex for further exocytotic events (Soéllner et al., 1993). It has also
been shown that nitric oxide inhibition of granule secretion is in a part due to the
reversible inhibition of these SNAP proteins (Morrell et al., 2005). SNAP-23 has also

been shown to be essential for platelet development (Cardenas et al., 2021).

1.6.9. The functional SNARE complex in platelets

Using loss-of-function studies, it has been identified that the predominant SNARE
complex triad utilised in platelets is highly likely to be the STX-11, VAMP8 and
SNAP23 mechanism regulated by RAB27b, Syntaxin binding protein 2 (munc18b) and
unc-13 homolog D (muncl3-4). However, this is contested due to the incomplete
ablation of secretion with the removal of one of any of its members; this is highlighted
by the interaction of STX-11 with vesicle transport through interaction with t-SNAREs
1B (VTI1b) (Offenhduser et al., 2011). VTI1b is also expressed in platelets and is
known to regulate endosome and lysosome fusion in macrophages. Studies also show
that the interaction of STX11 with VTI1b and STX8 contribute to the secretion of dense
granules and reduced embolization rates (Golebiewska et al., 2015, Ren et al., 2007).
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It is known that multiple members of the SNARE complex bind promiscuously to other
members of the SNARE complex, which may explain the redundant binding observed
in platelets which are present due to their aforementioned differential roles within the
cell (Banerjee et al., 2020, Ren et al., 2007). The SNARE proteins are closely
associated with the actin cytoskeleton, and it can modulate the response (Morales et
al., 2000). Latrunculin A (LatA) is a toxin which has been shown to depolymerise actin
filaments, which, when added to platelets inhibits a-granule release; highlighting the
importance of actin reorganisation. Filamin A has been observed to interact with
STX11 and SNAP23 to propagate granule release (Flaumenhatft et al., 2005, Golla et
al., 2022, Fujiwara et al., 2018, Woronowicz et al., 2010). The SNARE complex has
also been observed to interact with multiple other proteins within the platelet such as
gelsolin, actin-related protein 2 (ARP2)/3 and WASP family member 1 (WASF1) (Hong
et al., 2015, Poulter et al., 2015).

1.6.10. Associated proteins and regulation

The regulation of secretion is key for cellular function. To achieve this, multiple
mechanisms are in place to regulate secretion; the first of which is the resting inactive
state of the SNARE proteins. Alongside this, there are multiple mechanisms involved
in the regulation of secretion, such as the localisation of SNARE proteins to district
membranes, requiring movement along the cytoskeleton, inhibitory domains present
on the proteins (Habc domain), and regulatory molecules. These associated proteins
are involved with the modulation of SNARE function, affecting the biological specificity
and activity (Table 8).

In Munc13-4 knockout mice, platelets exhibited highly impaired capacity for exocytosis
of all granule types. This is analogous to familial hemophagocytic lymphohistiocytosis
type 3 (FHL3) in humans that is caused by a mutation in the UNC13D gene which
encodes the Munc13-4 protein (Crozat et al., 2007, Meeths et al., 2011). Munc13-4 is
an effector of Rab27b, Rab27 is a Ras-like small GTPase known to regulate
intracellular membrane traffic (Hutagalung and Novick, 2011). Rab27A and Rab27B
are widely expressed in various tissues, and both interact with the same effectors,
however, they have been shown to perform different roles, even within the same cell
type (Ostrowski et al., 2010). Rab27b has been found on the membrane of dense
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granules and is thought to promote maotility or enhance tethering and fusion with the
platelet membrane (Tolmachova et al., 2007, Seabra and Coudrier, 2004, Fukuda,
2006). In knockout studies of Rab27b mice, secretion of dense granules was
significantly decreased and the amount of granules moderately declined (Feng et al.,
2014). Munc13-4 also contains the MUN domain that is involved in vesicle priming,
the C2 domain in the N-terminal binds to the plasma membrane in a Ca?* manner

facilitating tethering of granules (Boswell et al., 2012).

Platelets express all homologs of Munc18, (-1, -2 and -3) the Munc18 protein binds to
syntaxins to form a tight complex basally, termed the “closed” form; this makes it
unavailable for other SNARES (Dulubova et al., 1999). To transition to an “open”
conformation, interactions between Muncl18 and -13 are required, which makes the
SNARE domain of STX favour VAMP and SNAP proteins instead (Ma et al., 2011,
Zhang and Hughson, 2021, Yu et al., 2013). Munc18-2 knockout mice saw a significant
reduction in granule release, and a resultant haemostatic defect that was not observed
in munc18-1 or -3 knockouts. Munc18-3 has also been observed to interact with STX4

to keep it in a closed state (Houng et al., 2003, Reed et al., 1999).

Tomosyn (STX-BP5) was first discovered as an STX1 binding protein from rat cerebral
tissue, and was found to co-localise with STX1 in synapse-forming regions (Zhu et al.,
2014b). STX-BP5 has since been observed to be expressed in many other tissues,
and mutations cause thrombotic risk factors (Smith et al., 2011). Furthermore, STX-
BP5 knockout models exhibited a significant bleeding phenotype coupled with a
significant decrease in a-granule and lysosome release, coupled with mispackaging
of granules due to changes in protein content amounts. Whilst platelets exhibited
reduced secretion capabilities of VWF and histamine, secretion of these factors from

endothelial cells was increased (Zhu et al., 2014a).

Vacuolar protein sorting-associated protein 33 (VPS33) is a spliceosomal (SM)
protein, and is a subunit of the HOPS (homotypic fusion and protein sorting) and
CORVET (class C Core Vacuole/endosome tethering) structures, which are key in
regulating endocytic traffic (Lo et al., 2005, Lopez-Berges et al., 2017). Like the Munc
proteins, VPS33 is involved in intracellular vesicle trafficking, bringing them close
together facilitating zippering from the amino-terminal ends. When mutated in patients
with ARC syndrome (arthrogryposis, renal dysfunction, and cholestasis), platelets
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have reduced aggregation, and have an absence of a-granules (Weyand et al., 2016).
Interestingly, VPS33 is not present in platelets, only their progenitor MK cells further
highlighting the heterogeneity of the SNARE complex in different cell types, even as
closely related as platelets and MK (Lo et al., 2005). The HOPS complex in
conjunction with RAB proteins have been proposed to target membranes from long
distances to assist in quality control and aid in granule movement, these have also
been referred to as SNARE Chaperones (Zhang and Hughson, 2021). Another protein
which has been associated in SNARE chaperoning is a-synuclein through interactions
with SNAP-25 and Munc13/18 (Sharma et al., 2011, Yoo et al., 2023).

Table 8. Known SNARE complex regulatory proteins in platelets.

Munc18-1 Regulating syntaxin (Gerber et al., 2008)
availability
Munc13-4 Ca®* sensor at rate- | (Boswell et al., 2012)

limiting priming steps in
granule exocytosis
RAB-27a+b tethering secretory | (Elstak et al., 2011)
lysosomes at the plasma
membrane

STXBP5 (tomosyn-1) Regulate binding with | (Zhu et al., 2014a)
STX4an1l
Complexin controls the transfer of | (Trimbuch and
the force generated by | Rosenmund, 2016)
SNARE complex
assembly to the fusing
membranes
synaptotagmin (SYTS) mediates vesicle | (Malsam et al., 2012)
docking and displacing
complexin

Multisubunit  tethering | Regulation of tethering | (Baker and Hughson,
complexes (MTC)s 2016)

VTI1lb Late endosome | (Offenhduser et al.,
homotypic fusion 2011)

Muncl8-2 (STX-BP2) directs SNARE fusion | (Misura et al., 2000)
activity in a spatial and
temporal manner
VPS33 Intracellular vesicle | (Lo et al., 2005)
trafficking and a-granule
development
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1.7.The synuclein family

The synuclein family is a group of proteins originally isolated from neural cells in 1988
by Maroteaux et al. (1988), due to its localisation to the nuclear envelope of neurons
they were named synuclein. Simultaneously, a-synuclein was identified as the non-
amyloid-B component (NAC) found in amyloid plaques (Siddiqui et al., 2016). There
are three distinct protein groups within the synuclein family: a-, -, and y-, all of which
have been identified in human, murine and bovine models (George et al., 1995). The
synuclein family was later recategorised as phosphoneuroproteins, and they are
encoded for by SNCA, SNCB, and SNCG respectively in the location chromosome
4021.3—922 (Shibasaki et al., 1995). All 3 genes are composed of 5 coding exons and
three 5’ exons, the former of which are all well conserved SCNA contains alternative
splice sites at exons 1 and 2, and 4 and 6, this, however, is not observed in SNCB,
and SNCG. Rat coding DNA for the synucleins: SYN1 (a), SYN2 (), and SYN3(y)
also have been observed to have similar splice variants as SNCA. Both human and
rodent sequences are very similar, only differing in a few amino acids throughout the
length of the protein resulting in an 86.7%, 98.5%, and 87.7% homology (Touchman
et al., 2001).

Synucleins are small with a calculated molecular mass of around 14KDa, although
testing shows that a-synuclein in particular can aggregate together tetramerically
causing it to appear as 56KDa (Lashuel et al., 2013). All human synuclein proteins
have a highly conserved amino-terminal with variable number of 11-residue repeats
and a less-conserved carboxyl terminal, B-synucleins have a deletion of 11 amino
acids within their repeat domain in comparison to a- and y- variants. The residue
repeats forms the “KTKEGV” repeat motif, a d apolipoprotein-like class-A2 helix; this
motif mediates binding to phospholipid vesicles and normal tetramerization of the
proteins. (Perrin et al., 2000, Dettmer et al., 2015). Through proteomic analysis it was
revealed that a-synuclein is the only member of the synuclein family present in
platelets (Burkhart et al., 2012, Stefaniuk et al., 2018).
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1.7.1. a- synuclein

a-synuclein is the most highly characterised of the synuclein family, and is found in
several tissues throughout the body, however, is primarily found in neural tissue,
making up 1% of all proteins in the cytosol of brain cells. Many other cell types in the
periphery express a-synuclein, such as polymorphonuclear neutrophils (PMNs), red
blood cells (RBCs) and platelets, with platelets having the highest concentration per
mg of cellular protein at 264 + 36 ng (Barbour et al., 2008, Hashimoto et al., 1997). a-
synuclein is encoded by the SNCA gene, which consists of 6 exons ranging in size
from 42 to 1110 base pairs. The predominant form is the full length protein, however,
other shorter isoforms have also been observed (Venda et al., 2010). Most notably, in
neurons it has been shown that a-synuclein regulated neurotransmitter release and

the transport of synaptic vesicles (Cabin et al., 2002).

a-synuclein is comprised of three domains: N-terminal lipid-binding a-helix, amyloid-
binding central domain (NAC) and C-terminal acidic tail (Figure 1-9). It can present as
an a-helix when in association with phospholipids, or unfolded when in the cytosol
similarly to its presentation in neural cells (Ahn et al., 2002, Stefaniuk et al., 2022).
The N-terminal domain is positively charged with seven 11-AA repeats, each with a
highly conserved KTKEGV hexameric motif (Sode, 2007). The NAC domain is
composed of non-polar side-chains and is found in the centre of a-synuclein, which is
involved with fibril formation and the aggregation of a-synuclein (Rajagopalan and
Andersen, 2001). The C-terminal domain is a highly acidic tail of 43-AA presented in
a random coil structure which is easily manipulated by changes in the pH. Further
investigation into the structure of a-synuclein shows that it is a natively unfolded
protein in the IDPs family; it is characterised by low hydrophobicity, low complexity
and high net charge (Lee et al., 2007).
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C terminal calcium binding
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___N_fi(_i region
(AA 61-95)

Figure 1-9. Ribbon Diagram of the Structure of a monomer of a-synuclein. The N terminal is an amphipathic alpha-
helix separated into 2 regions, AA 1-60 incvolved with nenbrane binding, and AA 61-95, which is involved in
regulation of a-synuclein function. The C terminal AA 96-140 is involved with Ca?* binding and chaperoning roles.
Pink regions highlighted are common point mutations, which have been heavily associated with Parkinsons disease
(RCSB PDB).

In vitro studies have shown that a-synuclein preferably binds to small unilamellar- or
large unilamellar- vesicles, with a diameter ranging from 10nm to 1um, but will bind
with larger membranes (Pfefferkorn et al., 2012, Wang et al., 2010a). This is mediated
by the aforementioned N-terminal due to its lysine rich structure containing multiple
class A2 lipid-binding helices, it is suggested to bind to anionic lipids electrostatically
(Perrin et al., 2000). This is concordant with findings that a-synuclein preferably binds
to specific acidic head groups; phosphatidylethanolamine, phosphatidic acid (PA),
phosphatidylinositol, and ganglioside opposed to phosphatidylserine or
phosphatidylglycerol (Pfefferkorn et al., 2012). Binding of a-synuclein to membranes
was shown to coincide with a significant increase in a-helix content; the transition
occurs when a-synuclein inserts into hydrophobic acyl chains; taken with previous
data, this indicates that a-synuclein has a preference for interacting with membranes
containing unsaturated fatty acids with small anionic head groups and high curvature
(Wang et al., 2010a). Interestingly, when binding with different membranes the
formation of a-helices was different; when binding to sodium dodecyl sulfate (SDS)
micelles, two anti-parallel helices (Val3- Val37 and Lys45-Thr92) were observed,
whereas when binding to a lipid bilayer a single curved a-helix containing residues 1-
90 was formed (Jao et al.,, 2008, Ulmer et al., 2005). There are two known

mechanisms by which a-synuclein binds to membranes, termed binding mode SL1
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and SL2, these are dependent on the lipid to protein stoichiometry. When high enough,
SL1 is preferential, binding with the first 22AA residues, otherwise, SL2 is used which

involves binding with the first 97 residues (Bodner et al., 2009a).

a-synuclein was found to be loosely associated with the plasma membrane, organelles
and a-granules within platelets (Figure 1-8), as well as extracellular platelet-derived
macrovesicles (Xiao et al., 2014, Tashkandi et al., 2016, Abeliovich and Gitler, 2016).
While a-synuclein’s role in neurotransmission has been extensively studied, its role(s)
in platelets remains largely unknown; a study by Park et al., (2002) indicates a negative
regulation on calcium dependent a-granule release preventing degranulation. Due to
the increased blood plasma levels of a-synuclein following storage and some disease
states multiple studies have focused on the effects of exogeneous a-synuclein. These
studies show that exogeneous a-synuclein prevents the release of von-Willebrand
factor from weibel-palade cells, and that a-synuclein inhibits the PAR1 induced
expression of P-selectin (Kim et al., 2010, Acquasaliente et al., 2022). Interestingly,
studies have also shown that patients with Parkinson’s disease (PD) exhibit platelets
with an abnormal morphology; being larger with a more pronounced OCS, and that
are less sensitive to stimulation with both thrombin and ADP, resulting in a decreased
risk of ischemic stroke and blood clots (Sharma et al., 1991, Pei and Maitta, 2019,

Chang et al., 2020).

Further Investigations of PD patients show an inflammation and immune dysfunction;
it has been shown that microglial cells may become activated by a-synuclein
aggregate secretion, as well as activation of the innate immune response (Roodveldt
et al., 2008, Koger et al.,, 2013, Factor et al., 1994). Interestingly, studies have
suggested that a-synuclein may regulate both B and T cell related responses. A study
by Xiao et al. (2014) showed that a-synuclein”- mice significantly inhibit B cell
lymphopoiesis and IgG production (Kim et al., 2004, Shin et al., 2000). Alongside
aberrations in platelet function observed in PD patients, using a-synuclein
overexpression or a-synuclein knockout mouse models, it was observed that the
protein plays an important role in maturation and function of multiple haemopoietic
lineages (Xiao et al., 2014, Shameli et al., 2016, Tashkandi et al., 2018, Tashkandi et
al., 2016).
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Table 9. Elucidated roles of a-syn within the body.

Suppression of | Protein kinase | Deactivation of | Protection of (Sugeno et
apoptosis C NFkB cell al., 2008)
Regulation of GPCR in the Increase Diabetes (Rodriguez-
glucose level pancreas glucose update, | resistance Araujo et
inhibit insulin al., 2015)
secretion
Chaperone Presynaptic Maintenance of | Correct SNARE | (Burré et
SNARE/Vesicle | membrane SNARE complex al., 2010,
complex during | assembly Smith et
assemble al., 2020)
Membrane phospholipids | Acidic head Remodeling of | (Bodner et
remodelling group bindsto | the vesicle al., 2009b)
the a-synuclein | membrane

1.7.2. a-synuclein in disease

The structure of a-synuclein has been shown to be present in different conformations,
in patients with synucleinopathies. They can arrange into oligomers, protofibrils and
fibrils which are mostly detected in Lewy bodies. In PD it has been observed that these
conformations can result in lipid dysregulation resulting in oxidative stress,
interestingly it was also observed that platelet activating factor-acetylhydrolase (PAH-
AH) activity was significantly decreased in PD patients (Seet et al., 2010). Although
platelet count is normal in most cases, small subsets of patients do exhibit platelet
abnormalities. When interrogated, it was observed that 32% of patients with a platelet
abnormality, 9.4% of patients also presented with thrombocytopenia, 11% with
prolonged Bleeding time, 18% with prolonged closure time of Platelet function
analyser-100 (Chou et al., 2022)(Figure 1-10).
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Figure 1-10. Biomedical assessment of patients with Parkinson’s disease. The number and percentage of patients
with thrombocytopenia, prolonged closure time of platelet function analyzer 100 (CT of PFA-100), and/or prolonged
bleeding time (BT) in 106 patients with Parkinson’s disease.

There are characterised point mutations within the SNCA gene at A30P, E46K and
A53T encoding for a-synuclein that are heavily associated with familial autosomal-
dominant forms of PD (Hardy et al., 2009, Nalls et al., 2011, Polymeropoulos et al.,
1997). In families with the A53T mutation, 85% of affected individuals show clinical
features that are more progressive with earlier onset than sporadic PD. The global
structure of a-synuclein was not observed to be affected by these mutations, however,
NMR spectroscopy revealed the mutation of A30P strongly reduced the propensity for
N-terminal helical structure formation (Bussell and Eliezer, 2001, Li et al., 2002b,
Greenbaum et al., 2005). The A53T mutation reportedly results in a lightly increased
propensity for extended conformations, although this was limited to a small region
around the mutation itself (Bussell and Eliezer, 2001). While the E46K mutation

resulted in slight changes in monomeric conformation, it enhanced the contacts in the
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N- and C- termini, reportedly modifying the long-range transient structure of the
protein, however this is contested (Bertoncini et al., 2005, Sung and Eliezer, 2007). All
three mutations resulted in accelerated a-synuclein aggregation, with the A30P
mutation promoting oligomer formation and the A53T and E46K mutations promoting
fibrilization; showing that the modest changes to the primary structure have much

larger effects on the secondary structure to promote its aggregation.

Utilising both transgenic mice and flies for the a-synuclein mutants A30P and A53T
motor deficits, neuronal inclusions and extracellular a-synuclein deposits similar to PD
have been observed (Feany and Bender, 2000, Masliah et al., 2000). Furthermore, in
vitro studies of co-cultured over- and under-expressing a-synuclein dopaminergic cells
show direct neuron-to-neuron transmission of a-synuclein aggregates forming Lewy-

like inclusions (Desplats et al., 2009).

1.7.3. The Role of a- synuclein in the SNARE complex

A number of studies have indicated the interaction between a-synuclein and the
SNARE complex in neurons such as with VAMPS8 and -2, however, this has not been
assessed within the context of platelet secretion (Burré, 2015, Burré et al., 2010).
Throughout human tissue studies, a-synuclein has been linked to multiple interaction
partners, notably with multiple SNARE protein members, although this does not
discriminate upon cell-type (Figure 1-11). The standard conformation of a-synuclein in
the cytosol is the full-length disordered strands, however, other conformations have
been observed such as oligomeric a-synuclein (O-a-syn) which have been observed
to affect its functionality. In red blood cells, O-a-syn is often upregulated; these
different conformations may have an effect on its function, PD patients with
particularly upregulated O-a-syn induced an inflammatory phenotype (Daniele et al.,
2018, Liu et al., 2022).
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Figure 1-11. String analysis of a-synuclein protein interactions in homo sapiens. Limited to 20 interactions, SNARE

proteins circled in red (String-db).

The SNARE regulatory protein Munc18-1 and a-synuclein have been shown to interact
with each other in neurons, with Munc18-1 preforming a chaperoning role (Chai et al.,
2016). Studies have shown that a complex chaperoning system is present for SNARE
complex formation, and the interactions of a-synuclein with VAMP2, and ,8, alongside
membrane bound proteins which also perform a regulatory effect on Syntaxin proteins
(Deshpande and Rodal, 2016, Hawk et al., 2019). Further studies utilising
overexpression models demonstrate an inhibition to neurotransmission, with in vitro
studies corroborating this (Lai et al., 2014, Nemani et al., 2010). However, this was
refuted in later research, showing that inhibition of neurotransmission only occurs with
a-synuclein aggregation after binding with VAMP2, and unaggregated a-synuclein
binding can have up to a 10-fold increase in binding activity (Choi et al., 2013). In
concordance with this, using a single-vesicle-to-supported bilayer assay, it was shown
that the vesicle docking was significantly higher with increased concentrations of a-
synuclein (Hawk et al., 2019). It was proposed that a-synuclein binds to the VAMP

protein on the vesicle and binds to the target membrane or Munc protein to facilitate
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chaperoning, this can then be inhibited by the oligomerisation of a-synuclein in
significantly increased concentrations or mutations (Figure 1-12) (Hawk et al., 2019,
Lou et al., 2017).

Enhancement Model

m VAMP2
m SNAP-25
m Syntaxin-1A
= a-synuclein
#==0 Phospholipid

Vesicle Docking
and Fusion

il

Figure 1-12. proposed a-synuclein interaction within the SNARE complex in neurons. The interaction
of the C-terminus with VAMP?2 facilitates chaperoning of vesicles and draws it to a proximity where
the SNARE complex can dock and fuse the vesicle to the membrane. If a-synuclein oligomerises it
binds as normal with VAMP2, and to the membrane but due to competitive inhibition is unable to
chaperone the vesicle towards the target membrane.
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1.7.4. Post translational modifications of a-synuclein.

a-synuclein undergoes multiple post-translational modifications (PTMs) all of which
have an effect on the structure and role of the protein; from increased membrane
binding to pathological processes, such as aggregations, Lewy body formation and
neurotoxicity (Okochi et al., 2000). PTMs observed on a-synuclein include
phosphorylation, ubiquitination, nitration, truncation, and O-GIcNAcylation, however,

many of their functions have not been characterized (Zhang et al., 2019).

Phosphorylation is the best studied a-synuclein PTM, and the addition of a phosphate
group to serinel29 and -87 are a key indicator of synucleinopathies within the brain.
These modifications have been shown to promote the formation of cytoplasmic
inclusions in some cells. Interestingly, in dementia with Lewy body brains, 90% of the
insoluble a-synuclein is phosphorylated at S129, compared to only 4% of soluble
cytosolic a-synuclein (Anderson et al., 2006). Furthermore, it has been reported that
a-synuclein can be phosphorylated at tyrosine -125, -133 and -135, with no apparent

impact on its function (Burai et al., 2015).

The second most common PTM in a-synuclein is ubiquitination, mainly at the lysine
residues K6 -10 and -12, The ubiquitination at these sites has shown to influence a-
synuclein localisation and its degradation. Ubiquitination at K46 and -6 is a common
modification, which targets them for proteasomal degradation within the cell by
ubiquitin-specific proteases such as USP30,-33 -8 and -15 (Wang et al., 2022).
Alongside this, a-synuclein can be ubiquitinated at sites K6 and -23; this has been
shown to inhibit fibre formation, whereas ubiquitination at K96 both inhibits fibre
formation and the structure of fibres created, causing them to not lie parallel to one
another (Nonaka et al., 2005, Lee et al., 2008, Moon et al., 2020). Interestingly, recent
studies have shown that, in PD patients, the polyubiquitination of a-synuclein at K6 -
27 -29 and -33 is highly prevalent in the Lewy bodies, and as such have been termed
atypical ubiquitination and have been shown to be crucial for the development of PD
(Buneeva and Medvedev, 2022).

Nitration of a-synuclein at tyrosine residue 39 (Y39) is linked to accelerating the
oligomerisation of a-synuclein, alongside increased rates of apoptosis due to
mitochondrial impairment (Jones, 2012, Danielson et al., 2009). Interestingly, when
Y39 is not available for nitration the formation of dimers is highly favoured. Common
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mutants of a-synuclein have mutations at Y125F, Y133f and Y136F which can
crosslink easily with Y39 nitration forming a highly helical structure forming oligomers
(Burai et al., 2015, Kaylor et al., 2005). Concentration of nitrated a-synuclein at
residues Y39, -125, -133, and 136 found in Lewy bodies, which has been associated
with the elevated levels of oxidative stress present in these diseases (Giasson et al.,
2000, Liu et al., 2011a). Alongside this, truncation of the C-terminals from residues
109-140 are frequently observed in Lewy bodies, and have been shown to affect the
organisation of a-synuclein into fibrils (lyer et al., 2017). There are two commonly
observed C-terminal truncations, 109-140 truncation and 103-140, both increasing the
pH threshold value for autocatalytic activity, making them more susceptible to
aggregate. Both C- truncated variants were seen to be more likely to form protofibrils,
in the presence of vesicles, but the 103-140 truncated variants alone had the capacity
to convert into mature fibrils and aggregate further (van der Wateren et al., 2018). The
truncation of the C terminal at both lengths, causes the release of the long- range
interactions between the N and C terminal, (Zhang et al., 2022, Sorrentino and
Giasson, 2020).

The final PTM that is often seen in a-synuclein is O-GIcNAcylation; the role of this
modification is debated, with studies showing both inhibition and propagation of a-
synuclein oligomerization depending on the site (Wu et al., 2020, Balana et al., 2023,
Levine et al., 2019). O-GIcNAcylation is the addition of monosaccharide N-
acetylglucosamine to the side chain of the serine or threonine residues; currently there
have been 9 identified sites of O-GlcNAcylation in a-synuclein, five of which are
located in the NAC region (Alfaro et al., 2012, Wang et al., 2010b). Studies have shown
that O-GlcNAcylation may have an effect on the interaction of a-synuclein with many
proteins, however it has not been observed to have an effect on its ability to bind to
phospholipid membranes (Balana et al., 2023). Interestingly, the current Pan O-
GIcNAc antibodies RL2 and CTD110.6 do not recognise the modification on a-
synuclein, which inhibits further interrogation of O-GIcNAcylation on the protein
(Levine et al., 2019). Due to the role of PTMS and their prevalence in disease states,
particularly Lewy bodies, most PTMs have not been characterized in normal a-

synuclein function.
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1.7.5. The current roles of a-synuclein in platelets

Little is known of the function of a-synuclein in platelets, since the first observation in
2002. Initial studies have shown that extracellular recombinant a-synuclein can have
an inhibitory effect on platelets, reducing the PF4 release from a-granules, but not
affecting Ca?* levels, which is ameliorated by removal of either the C- or N-terminals
of the protein (Ling et al., 2022, Park et al., 2002). The inhibitory effect was linked to
the blocking of thrombin cleaving GPIba Exosite 2, and therefore inhibiting the
cleavage of PAR1 (Acquasaliente et al., 2022). Interestingly, although some studies
have linked extracellular a-synuclein to the downregulation of platelet secretion, other
studies contest this and observe a bleeding phenotype in a-syn’ mice; it has also
been observed that a-synuclein may interact with Cysteine string protein in its role
(Smith et al., 2020, Acquasaliente et al., 2022). This has been further contested with
a study showing that, although a-synuclein is present in platelets with high abundance,
knockout models did not present a bleeding phenotype (Smith et al., 2023).
Interestingly this study also showed that there was a significant decrease in platelet
activation when stimulated with convulxin, with modest decreases at high dosages of
CRP and U46619. Overall, there is little known regarding the role of a-synuclein in
platelets, currently, there is a single published study which shows no bleeding defect,
but a potential defect in platelet activation and a-granule secretion (Smith et al., 2023).
Due to previous studies in different cell types, it is assumed that a-synuclein interacts
with the SNARE complex (Smith et al., 2020, Hawk et al., 2019, Burré, 2015).
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1.8.Thesis Aims

The aims of this thesis are to Investigate the role of a-synuclein in human platelets in
vitro, initially using a pharmacological inhibitor on platelet function, and its effect on
platelet activation and secretion. Next will be to assess the effects of a-synuclein
knockout on platelet form and function in mouse models, using LTA, Flow cytometry
and immunofluorescent techniques. Additionally, we sought to elucidate the
interactions of a-synuclein in platelets through Immunofluorescence and

Immunoprecipitation.

We hypothesise that a-synuclein interacts with SNARE complex proteins to facilitate
the formation of the functional complex. Inhibiting the function of a -synuclein will
decrease platelet functionality through the reduction of granule release. In a-

synuclein knockout mice there will be a significant bleeding phenotype.

Finally, to distinguish the role of PD-L1 on platelet function, through the use of
pharmacological inhibitors, knockout mice and MPN patients over-expressing PD-L1.
The creation of a PD-L1 mouse will be a key goal to assess the effect of platelet

derived PD-L1 in disease states such as endotoxemia. And here!

We hypothesise that the reduction of PD-L1 will result in a mouse colony that
exhibits a hypersensitive immune response. We also expect to see a reduced
aggregation capability in the knockout and inhibited population, conversely to the

increased expression profile observed in the over-expressing population.
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Chapter 2. Materials and Methods

2.1.Animal handling and breeding of a-synuclein knockout mice.
The initial breeding of a-synuclein included a knockout mouse kindly supplied by
Professor Vladimir Buchman (Cardiff University) and crossed with C57BL/6J mice
from the Jackson laboratory. Heterozygous mice were then bred resulting in knockout,
WT and heterozygous offspring. Mice were only weaned from their mothers within 30
days and biopsies of the ear were taken for the dual purpose of identification and
genotyping. The mice were allowed to age until large enough for experiments, usually
around the age of 3 months. All procedures were approved by the UK Home Office
under the Animals (Scientific Procedures) Act 1986. Mice were sacrificed using a CO:2

chamber (Clinipath, UK) to reduce the chance of platelet activation which cervical
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2.2.Preparation of Platelet-Rich Plasma

2.2.1. Human

Platelets were isolated from whole blood, obtained from healthy volunteers in
accordance with the University of Hull regulations (HYMS Ethics 1501 for healthy
controls). Before donation, it was confirmed that no anti-coagulants or anti-platelet
drugs had been administered for 14 days prior, due to the COVID-19 pandemic, a 28-
day period after all vaccinations were also implemented. For the study of platelets,
whole blood was drawn using a 21-gauge butterfly needle into vacutainers, either 1:5
(v/v) Anti-coagulant Citrate Dextrose solution (ACD) (29.9mM sodium citrate, 72mM
sodium chloride 2.9mM citric acid 114mM glucose, pH6.4) or 1:10 (v/v) sodium citrate
(109 mM tri-sodium citrate, pH 7.4). The whole blood/anti-coagulant mixture was then
transferred into 15ml polystyrene tubes, with no more than 10mL per tube and
centrifuged (Eppendorf 5810R) at 190g for 15 minutes with no brake separating
plasma from red blood cells (Figure 2-1). Plasma was then transferred into another

15mL polystyrene tube.

Plasma
Whole Centrifugation
Blood Buffy Coat
Red Blood
Cells

Figure 2-1. Diagram of whole blood components after centrifuging.
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2.2.2. Murine blood

Murine blood was collected from CO2 narcosis sacrificed mice by direct cardiac
puncture into a syringe with 1:20 (v/v) Tri-Sodium Citrate (109mM) or a heparin and
D-Phenylalanyl-L-prolyl-L-arginine chloromethyl ketone (PPACK) dihydrochloride
mixture (4U/mL 150 yM/L). The blood was gently mixed and 150uL Modified Tyrodes
buffer was added before centrifugation at 90g for 5 minutes at 37°C. The plasma was
removed into a 1.5mL polystyrene tube, 150uL was added back to the whole blood,

mixed and centrifuged again with the plasma fraction added to the polystyrene tube.

2.3.Preparation of Washed platelets
2.3.1. Human

Preparation of washed platelets continues from section 2.2.1 adding 1:50 (v/v) 0.3M
citric acid, to PRP in the polystyrene tube to lower the pH to 6.4 before centrifugation
at 800g for 12 minutes with brake. For some experiments, 0.2uM indomethacin,
tirofiban (0.5ug/mL) and/or apyrase (2U/mL) were also added. Indomethacin is a COX
(1/2) inhibitor, and apyrase attenuates platelet activation through the degradation of
ADP to AMP, whereas tirofiban inhibits GP llb/llla receptors by mincing the RGD
sequence and blocking the binding pocket. The platelet-poor plasma was discarded,
and the platelet pellet was resuspended in wash buffer (Table 30). The platelet solution
was then centrifuged a second time at 800g for 12 minutes with brakes, and the
supernatant wash buffer was removed. The newly washed platelet pellet was then
resuspended in Modified Tyrode’s buffer (20mM HEPES 134mM NaCl 2mM KCI
0.34mM Na2HPO4.12H20 12mM NaHCOs 1mM MgCl2 5mM glucose, pH 7.4) for

counting.

2.3.2. Murine blood

Preparation of washed murine platelets continues from section 2.2.2 by adding 1:100
0.3 M citric acid to the PRP and centrifuging at 800g for 5 minutes at 37°C. The
supernatant was discarded, and the pellet resuspended in 250uL Modified Tyrode’s
buffer, for counting.

Sodium citrate was used for washed platelet experiments, as it suppresses unwanted
platelet activation by binding the free calcium which is a necessary co-factor for
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multiple steps in the clotting cascade. The addition of citric acid and dextrose in this
anticoagulant is for pH regulation and maintaining isotonicity. The addition of 0.3M

citric acid was used to lower the pH of PRP which also inhibited platelet activation.

2.3.3. Platelet count and adjustment

Platelet count must be kept consistent between donors for comparable results, for this
2.5uL of platelet mix was added to 10mL of ISOTON™ (Beckman coulter) and inverted
to ensure a homogeneous mixture. This solution was then analysed by a Z1 coulter
counter (Beckman coulter) set to count events between the sizes of 1.79um and

3.85um. The counter provides a count of platelets per mL with a simple calculation:

o Platelet count
Dilution volume = ————— 1
Desired count

Platelet concentration was adjusted using modified Tyrode’s buffer and left to rest for
30 minutes at 37°C. to examine platelet aggregation, Platelets were adjusted to a
concentration of 3.0x108/ml, and for immune-blotting platelets were adjusted to
1.0x10° platelets per mL. This procedure was also conducted on PRP using the same
methodology, for aggregation platelets were adjusted to the same 3.0x108, for flow
cytometric analysis platelets were adjusted to 3.0x10".

2.4.Light Transmission aggregometry (washed platelets)
Light Transmission aggregometry (LTA) was developed in 1962 by Gustav born, it
relies on the changes of light scattering through the platelet suspension to analyse
platelet function (Born, 1962). When unstimulated in stirring conditions, platelets form
a uniformly opaque solution, (0% aggregation) when agonist is added, platelets clump
together causing the solution to become more transparent. As more platelets are
activated more platelet clusters are made which increases the amount of light that can
pass through the sample tube. A tube containing modified Tyrodes buffer only was

used as the 100% aggregation control (Figure 2-2).
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Figure 2-2. Explanatory diagram of aggregation curve generated by LTA. a) resting platelets in glass cuvette b)
soon after the addition of agonist, platelets rapidly change shape, this results in the LTA trace. c) platelets
aggregate together causing them to become less turbid in the buffer, this increased transmissibility so then
converted into an aggregation.

LTA was conducted on both murine and human-washed platelets, diluted to a
concentration of 3.0x10% /mL stirred at 1000rpm at 37°C. Platelets were then
stimulated with varying concentrations of different agonists; thrombin, U41669 and
collagen in washed platelets. When stimulating PRP, CRP-XL, TRAP-6 and ADP were
used, this was to circumvent the interaction of collagen and thrombin with other

constituent parts of the PRP.

2.5.Inhibition of a-synuclein with pharmacological agents
The inhibition of a-synuclein has been investigated in neuronal cells, due to its
hallmark involvement with multiple neurodegenerative disorders. This has lead to the
identification of the drug-like phenyl-sulfonamide compound ELN484228, through
computational and experimental techniques, by Toth et al. (2014). There were 8
binding pockets (BP) identified, ELN484228 binds to BP 1, the Toth et al. (2014)
study demonstrates that ELN484228 has a protective role in cellular models of a-
synuclein mediated vesicular dysfunction (E46k cells). It was also shown that
different conformations of a-synuclein express differential open BPs, to which

differential small molecules could be used.

73



2.6.DNA extraction

2.6.1. Guanidinium thiocyanate method

Tissue samples were acquired and homogenized with 1mL guanidinium thiocyanate
in a Dounce homogenizer, this was then transferred to a 1.5mL polystyrene tube left
at room temperature for 5 minutes. 200uL of chloroform was added and the solution
vortexed before being left to rest for 15 minutes at room temperature. This solution
was then centrifuged at 12000g at 4°C for 15 minutes, and placed on ice, the aqueous
phase was removed and stored in a new 1.5 mL tube. It was key that all aqueous
phase was removed from the interphase, this was due to the prior phase containing
RNA and the latter DNA. 0.3mL of 100% ethanol was added to this mixture, which was
then inverted to mix, this was then rested at room temperature for 2-3 minutes. After
the rest, the sample was centrifuged at 2000g for 5 minutes at 4°C to pellet the DNA.
The Phenol-ethanol supernatant was removed and stored at -80°C.

The DNA pellet needed to be washed to remove all protein and RNA contaminants,
1mL of citrate/ethanol solution (0.1M sodium citrate in 10% ethanol, pH=8.5) was
added to the DNA pellet and incubated at room temperature for half an hour, being
inverted gently every 5 minutes. This mixture was then centrifuged for 5 minutes at
4°C, and the supernatant was removed and discarded. This was then repeated to
ensure the DNA sample was clean, after this second repeat 1.5mL of 75% Ethanol
was added to the pellet and incubated for 20 minutes, gently inverting every 5 minutes.
The solution was then centrifuged at 2000g for 5 minutes at 4°C and the supernatant

removed and discarded.

To resuspend the DNA, 0.3-0.6mL of 8mM NaOH per 50-70mg of initial tissue was
added, this was then ensured that all DNA was dissolved then centrifuged at 120009
for 10 minutes at 4°C to remove any insoluble material. The supernatant containing
the DNA was then transferred into a new tube, and pH adjusted to 7.4 by addition of
HEPES and 1mM EDTA, which allowed the long-term storage of DNA at 4°C.

2.6.2. TRIzol® method
Tissue samples were homogenised in a Dounce homogenizer in the presence of

TRIzol® reagent and left for 5 minutes at room temperature. After incubating, 200uL
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chloroform was added, vortexed and left to incubate at room temperature. The mixture
was then centrifuged at 12,0009 for 15 minutes at 4°C and placed on ice, the aqueous
phase containing RNA was then aliquoted into a new tube, the removal of all aqueous
phase is critical for the quality of the DNA. Ethanol was added (0.3mL per 1mL TRI
reagent) the sample was then inverted repeatedly to mix; the samples were then
incubated for 2-3 minutes at room temperature before centrifugation at 2000g for 5
minutes at 4°C to pellet the DNA. The phenol-ethanol supernatant was removed and

stored in another tube at -70°C.

To wash the DNA, 1mL of sodium citrate/ethanol (0.1M sodium citrate 10% ethanol,
pH8.5) was added to the pellet and incubated for 30 minutes at room temperature,
inverted every 5 minutes. After incubation, the mixture was centrifuged at 2000g for 5
minutes at 4°C, the incubation with sodium citrate and centrifuged was repeated twice.
Ethanol was then added (75% in water) (v/v) for 15 minutes with gentle inversion every
5 minutes, before centrifuging at 2000g for 5 minutes at 4°C the supernatant was then

removed and discarded, and DNA pellet was left to air dry for 5-10 minutes.

The pellet then was resuspended in 0.5mL of 8mM NaOH per 60mg of tissue, this
was then centrifuged at 120009 for 10 minutes at 4°C and supernatant transferred to
a new tube to remove any insoluble material. For long-term storage the pH was
adjusted to pH7.4 using HEPES and 1mM EDTA added.

2.6.3. Kapa

For DNA extraction KAPA EXPRESS EXTRACT (KK7103 Merck, Germany) was used
throughout using a modified version of the manufacturer’s instructions. The Biopsies
from each mouse were added to the extraction mix (44uL Nuclease-Free Water
(fisher), 5uL Extraction buffer, 1uL extraction enzyme). This mixture was then vortexed
and added into the thermocycler, the lid was set at a constant 105°C to prevent
condensation on the top of the tube, the reaction mixture was then heated to 75°C for
15 minutes, followed by a step of 95°C for 5 minutes, before holding at 4°C. The DNA
extraction solution was then spun in a bench top microfuge for 20 seconds to ensure

all debris was at the bottom of the tube.

While the Phenol and TRIzol® methods yielded larger volumes of pure DNA, they

were too time consuming to repeat on the volume of samples that would be required
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to genotype the colony on a weekly basis, therefore the KAPA system was chosen,
this also came with the benefit of the reaction being contained to a single tube and no

need for hazardous chemicals.

2.7.Genotyping

2.7.1. PCR Methodology for a-synuclein Knockout mice

For all Genotyping experiments, KAPA2G fast genotyping mix (Merck, Germany) was
used, alongside Nuclease-Free Water (fisher) in a 5prime (Techne, UK) thermocycler.
A modified version of the manufacturer’s instructions was used. The program used
started with an initial denaturing step at 94°C for 2 minutes followed by 30 cycles of a
30-second denaturation step at 94°C, a 30-annealing step at 61°C a 30 second and
45-second extension step at 72°C, this was followed by a 5-minute final extension at
72°C. Two reactions were required to ascertain the genotype of the mice, the Wild-
type wused the following primers: aS-ups (common upstream primer)
CAGCTCAAGTTCAGCCACGA and AKoC2 (WT  downstream  primer)
AAGGAAAGCCGAGTGATGTAC, and the knockout reaction: aS-ups (common
upstream primer) CAGCTCAAGTTCAGCCACGA NeoA (knock-out downstream
primer) ATGGAAGGATTGGAGCTACG. Wild-type reactions form a product of 520 bp,
and the knockout reaction of 470 bp (Ninkina et al., 2015). All primers were purchased

from Eurofins (Grimsby UK).

Table 10. PCR component volumes for genotyping

dH20 7

KAPA reagent 10
Forward primer 1 (10pM)
Reverse primer 1 (10pM)
DNA 1

The PCR product was loaded into a 1.2% Agarose Gel prepared by adding 1.8g of
agarose to 150mL tris-acetate-ethylenediamine tetra acetic acid (TAE) and heating
while mixing gently. Once the agarose was fully dissolved into the mixture 1:20000

(v/v) Ethidium Bromide was added, and the mixture transferred into the cell cast. Once
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cooled the gel was submerged in TAE buffer and 15uL of sample was added per well,
alongside 3ul 100 bp DNA Ladder (New England Biolabs) and run at 100V for 30
minutes to separate the bands. The gel was then imaged in a Versadoc (Biorad
California, USA), the optimise exposure setting was used to generate 15 images

between 5- and 20-seconds exposure, and the optimal exposure was chosen.

Gel electrophoresis is the movement of the charged DNA fragments through the gel
media, with increased agarose the resistance for larger DNA fragments is increased
which yields greater separation for smaller DNA fragments. Ethidium bromide (EtBr)
is a non-radioactive marker for visualising nucleic acid bands in electrophoresis, it
fluoresces with a wavelength of 605nm when exposed to ultraviolet light with its
intensity increasing 20-fold after binding to DNA. It is believed that the movement of
the hydrophobic environment between the base pairs of DNA and EtBr is the cause of
the increased fluorescence (Sharp et al., 1973, Olmsted and Kearns, 1977). Ethidium
bromide intercalates into the DNA between the base pairs of the DNA, while this

changes the weight of the DNA it can be ignored as it binds to all DNA fragments

equally.
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Figure 2-3. a-synuclein knockout generation (Ninkina et al., 2015).

2.8.Protein concentration assay
Aliquots of samples that were prepared for blotting were subjected to the Bio-Rad DC
Protein Assay was used for quantification of solubilized protein; this kit is based on the

lowry assay (Lowry et al., 1951). This assay relies on the interaction between protein
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and copper tartrate within an alkaline medium including folin reagent. The protein first
reacts with the copper and subsequently results in the reduction of the folin reagent,
this reduction causes a characteristic blue colour with a maximum absorbance at
750nm, this change can then be measured by a photo spectrometer. The working
reagent was made by mixing 20uL of reagent S to 1mL of reagent A, this working
reagent was used within 7 days of mixing. A protein standard was then prepared in
PBS with doubling dilution from 2.0mg/mL to 0.0625mg/mL BSA, 160uL of Standards
were added in triplicate to the plate and 40uL dye reagent added. Once all samples
were added 200uL of reagent B was added into each plate and agitated for 10
seconds; If bubbles formed at any point, they were popped using a clean dry pipette
tip and left to incubate at room temperature for 20 minutes. After incubation the plate

was read using a TEKAN plate reader set to 750nm.
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Figure 2-4. Layout of a 96-well-plate for a typical Protein concentration assay. Protein standards (pink) samples
in triplicate (orange).
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A standard curve was generated from the standards, giving a line equation to which
the sample absorbances could be input yielding an accurate protein concentration. If

the standard curve R value was less than 0.95 the experiment was repeated.

2.9.Western blotting
Washed platelets (1X10° plt/mL) were treated with agonists at 37°C with stirring.
Reactions were stopped by the addition of an equal volume of ice cold Laemmli buffer.
Lysates were separated by SDS-PAGE (sodium dodecyl sulphate—polyacrylamide gel
electrophoresis). SDS-Page is a discontinuous electrophoretic system developed by
Ulrich K. Laemmli, used for separating proteins (Laemmli, 1970). SDS-PAGE
separates out proteins based on their size and charge; the Stacking gel is used to aid
in protein sorting with larger molecules at the top and smaller at the bottom. The
Resolving gel has a higher pH and smaller pores (due to the higher acrylamide
concentration) This higher pH places a greater negative charge on glycine anions. The
SDS in the gel creates a charge to mass ratio that is equal for all proteins which allows
for the sorting of proteins by size alone (Shapiro et al., 1967). Upon application of an
electrical current the negatively charged proteins move through the polyacrylamide
towards the anode. In gels with a higher acrylamide percentage the pores are smaller,
allowing for greater separation of smaller proteins, initially a 10% gel was used

however a 12% gel was found to give better separation and used henceforth.

The proteins were then transferred to a Polyvinylidene fluoride or polyvinylidene
difluoride (PVDF) membrane with a pore size of 0.45um using the trans-blot turbo
transfer system (Bio-Rad) 10-minute transfer. Semi-dry transfer was used over
traditional due to its improved speed; this is achieved by passing current directly
through the gel, instead of around it, allowing for a higher overall current. Membranes
were then blocked with 5% BSA in TBS for 60 minutes at room temperature on a plate
rocker. Blocked membranes were then incubated with primary antibody at 4°C on a
plate rocker overnight. Probed membranes were incubated with HRP conjugated
secondary antibody for 60 minutes at room temperature with rocking. The membranes
were then washed 4 times with 0.1%TBST for 5 minutes each to ensure all unbound

secondary is removed before imaging.
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2.10. Sample Preparation

Table 11. Antibodies used for Western blot analysis

Alpha synuclein ser129 1:1000 Santacruz Sc-135638
Alpha synuclein total (D- | 1:1000 Santacruz Sc-515879
10)

Alpha synuclein total 1:1000 Cell signalling 51510T
VAMP8 1:1000 Cell signalling 13060
VAMP7 1:1000 Cell signalling 14811
VAMP2 1:1000 Santacruz Sc-569706
Syntaxin 11 (A-4) 1:1000 Santacruz Sc-377121
Syntaxin 4 1:1000 Santacruz Sc-101301
SNAP23 (F-1) 1:1000 Santacruz Sc-373743

2.10.1. Subcellular fractionation analysis

To elucidate whether a-synuclein differentially associates from the cytosol to the
membrane following platelet activation, samples were stimulated with 0.1U Thrombin
for varying timepoints before the addition of 1:1 Ice cold subcellular fractionation
buffer. These samples were then subjectto 5 cycles of snap freezing in Liquid nitrogen
and thawing to lyse all cells. Samples were then centrifuged at 5000g for 10 minutes
at 4°to remove non lysed cells. Following this platelet lysates were decanted into
polycarbonate ultracentrifuge tubes and spun at 100,000g for 60 minutes at 4°C. After
ultracentrifugation the supernatant was aspirated and placed in a separate tube, the
remaining pellet was then resuspended in 100uL fractionation buffer. Protein
concentrations were then matched to the supernatant and run on SDS-PAGE for
Western blotting, following which, STX4 was used as a pellet positive control and

PLCy as a positive control for supernatant.

2.10.2. Preparation of Western Blot Gel

For all gels used the Mini-PROTEAN® Tetra Hand-cast System (BIO-RAD, USA) was
used, the reagents for the resolving gel (Table 12) in a 50mL tube and mixed, 8mL
was added to the cast and 1mL of Methanol added gently on top to ensure resolving
gel was flat and remove all bubbles. This was then left to set for 1 hour before the
removal of the methanol. The stacking gel (Table 13) was then mixed in a separate
tube before addition to the cast, and the comb inserted, and left to set for a further 30

minutes.
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Table 12. Components of different percentage acrylamide resolving gels Gel bufferl components as in Table 37.

dH20 6.48 mL 5.38 mL 3.25 mL
30% Acrylamide/BIS | 5.3 mL 6.4 mL 8 mL
Gel Buffer 1 4 mL 4 mL 4 mL
TEMED 100 pL 100 pL 100 pL
10% Ammonium | 5.3 pL 5.3 uL 5.3puL
Persulphate (APS)

Table 13. Components of Stacking Gel, Gel buffer2 components as in Table 38.

dH20 4.87 mL
30% Acrylamide/BIS | 750 mL
Gel Buffer 2 1.87 mL
TEMED 100 pL
10% APS 10 pL
2.10.3. Chemiluminescent imaging

Probed membranes with HRP conjugated secondary antibody were incubated in
Enhanced Chemiluminescence Reagent (ECL 1+2) (Table 41) for 5 minutes and
imaged in a Chemi doc (Bio-Rad) for up to 150 seconds. The oxidation of luminol by
peroxide within the ECL reagent results in creation of an excited state product called
3-aminophthalate. This product decays to a lower energy state by releasing photons
of light. A colorimetric image of the membrane was taken and merged with the
chemiluminescent image on image lab (Bio-Rad). The Chemi-doc was used due to its
utilisation of a Charge-coupled device (CCD) sensor allowing for imaging of both HRP

and colorimetric methods.

2.10.3.1. X-ray film
X-ray film utilises the same mechanism for chemiluminescence as the Chemi doc,
however, instead of utilising a CCD for digital image production, X-ray photo film was
used. X-ray film visualisation was conducted in a dark room at all times. The film was

placed directly on top of the membrane and sealed inside a cassette for 5 minutes.
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Due to the close proximity and length of exposure, this method is able to resolve much
fainter bands than the CCD method. The film was then placed in a developer (KODAK)
and agitated constantly until bands became visible. At this point the film was
immediately removed and placed into the fixative (KODAK) for 15 seconds, before
rinsing in dH20 and hanging to dry. Once dry the films could then be imported to the

computer using a scanner at 600dpi.

2.10.4. Fluorescent western blot Imaging

Western blot membranes were stained with fluorescent secondary antibodies with
either 680 or 800nm conjugated fluorophores in the dark for 1 hour while being
agitated. Membranes were visualized using an odyssey CLx (LICOR Cambridge, UK),
Using this imaging system allowed for the imaging and delineation of 2 separate bands
simultaneously due to the different fluorophores. Images were stored and analysed in
image studio (LICOR).

2.11. Immunoprecipitation
Immunoprecipitation was used for assessing protein complexes. Washed platelets
(1.0x10° plt/mL) were treated with agonists at 37°C with stirring in the presence of
tirofiban to inhibit aggregation. Reactions were stopped by the addition of an equal
volume of ice-cold sample buffer supplemented with phosphatase inhibitors (Roche)
and put on ice. The samples were then precleared using protein A Sepharose beads
(LIFE, UK) 1:20 and rotated at 4°C for 1 hour, pipette tips were cut to ensure beads
were able to be pipetted. Preclearing was used to reduce the non-specific binding and
background, therefore, increasing the efficiency of the IP. The mixture was then
centrifuged at 9000g for 30 seconds at 4°C and the supernatant removed to a new
tube. Antibody was then added to the sample 1:50 and left to rotate overnight at 4°C,
Sepharose beads were then added to the sample/antibody mixture and left to rotate
for a further 3 hours at 4°C. addition of the antibody only at the beginning, and later
addition of the beads was chosen due to its ability to yield higher volumes of pure
protein and ensure binding of antibody to the protein and no other antibody/bead

constructs (Bonifacino et al., 2016).
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Substrate ‘ Light

Protein

Figure 2-5. Diagram of Chemiluminescent Western blot mechanism. Proteins attach to the PVDF membrane, the
Primary antibody (orange) binds specifically to these proteins, a secondary antibody is then added which binds
specifically to the primary. These secondary antibodies are conjugated to HRP, when ECL is added the HRP
catalyses the reaction emitting light as a by-product which is then observed.

After incubation with beads, the mixture was centrifuged at 90009 for 3 minutes at 4°C
and supernatant removed, this was stored and tested for depletion of the target
protein. The pellet was then washed in lysis buffer 3 times before resuspension in
30uL 3x Laemmli buffer to elute the bound protein from the beads. This mixture was
then heated for 5 minutes at 70°C to assist in elution and then frozen at -20°C before
thawing in a heat block at 80°C for 5 minutes. With the protein eluted from the beads
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the mixture was spun in a benchtop microfuge and the supernatant was added to the
SDS-PAGE gel as in (Section 1.9).

Alongside the samples with antibody, a lysate was incubated with the corresponding
IgG, which was used as a control to estimate that the proteins stained in the

experiment result are due to the specific interaction with the antibody.

| @ Proteins
@ Protein complex

\\(/ Antibody

‘ Protein A/G bead

Figure 2-6. Schematic diagram of Immunoprecipitation. Antibody for the protein of interest is added and
incubated overnight at 4°c while being rotated, Protein A/G beads are added these beads bind to the primary
antibody aggregating them together forming a protein/bead complex the sample is then centrifuged causing the
bound proteins to pellet at the bottom of the tube, allowing for the purification of protein after the removal of
supernatant.

2.11.1. Coomassie Staining

To prepare samples for mass spectroscopy IP purified samples were run through
SDS-PAGE and the gels were stained using Coomassie g250 staining solution for 45
minutes. Coomassie forms a strong noncovalent complex with the carboxyl group of
the protein and the amino group through electrostatic interactions. Due to the strong
bond, the unbound reagent can be washed off leaving the bound complex remaining
allowing for clear colorimetric visualisation of the proteins present on the gel. After
incubation, the gel was rinsed in distilled water before adding the de-staining solution
on a rocker at room temperature. This solution was drained and fresh solution added
twice in the first 2 hours before leaving to de-stain overnight in fresh de-staining
solution. After cleaning, the gels could then be stored in acetic acid or bands of interest

cut out and proteins digested then snap frozen and stored at -80°C.
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2.12. Microscopy
Microscopy was completed on a Zeiss Axio Observer fluorescence microscope. For
imaging through samples requiring multiple focal planes the apotome 2.0 module was
used. The apotome functions by projecting a grid structure into the focal plane of the
specimen and moves to different positions and acquiring an image at each position.
These images are then processed together allowing for emitted light emanating from
outside the focal plane to be removed which increases the resolution of the image and

allows for 3D structural imaging in Z stacks.

2.12.1. Static platelet adhesion assay

Coverslips were incubated with either 100uL: 100ug/mL collagen diluted in dH20,
200uL 100pg/mL fibrinogen, 200uL 3ug/mL CRP-XL, or 5 mg/mL fatty acid-free
denatured BSA. All cover slips were incubated overnight at 4°C to allow sufficient time
for matrix binding, BSA was used as a negative control. After the sides were

functionalized, they were washed with PBS to remove excess protein.

Washed platelets as prepared in (Section 2.3.2) with concentration adjusted to 2.0x107
through addition of modified Tyrode’s buffer, were used; for initial experiments,
platelets spread on fibrinogen were pre-stimulated using 0.1U thrombin due to reports
of poor adhesion to human fibrinogen, but was not continued after the first experiments
(Pierre et al., 2018). Platelets were added to the slides and left to incubate for indicated
time points. After incubation, unbound platelets were carefully aspirated and rinsed
with PBS. Adhered platelets were fixed by adding 100uL 4% PFA for 10 minutes, this
was then aspirated before permeabilization with 0.3% Triton x-100. The actin
cytoskeleton of the platelet was then stained using FITC-phalloidin (100ug/mL) for 1
hour at 37°C in the dark and washed three times with PBS, and then once with dH20
before mounting on a cover slide using Gelvitol. Slides were left to dry in the dark
overnight and imaged on a Zeiss Axio Observer fluorescence microscope at 630x

magnification with oil immersion (Pierre et al., 2018).

To quantify adhered platelets all conditions were completed in duplicate and 5 images
taken at random locations for each cover slide. Images were then imported to ImageJ
(NIH USA) and thresholding using the LI preset then converted to black and white, the

number of white pixels was then divided by the count of black pixels to calculate the
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overall platelet coverage the platelet count of each field of view was also used to
calculate the platelets per mm?2. To quantify stress fibres and actin nodules each field
of view was manually counted, for a platelet to be classed as having actin nodules 3
or more must be present within the cell, stress fibres were classified in cells where

they were clearly visible.

2.12.2. Immunofluorescence

To analyse the location and movement of a-synuclein within platelets, they had to be
imaged at both a basal and stimulated state. To achieve this, slides treated with
0.05mg/mL Poly L lysine which creates a positively charged surface for the platelets
to adhere to without fully activating them. Upon interaction, Poly-L-lysine induces a
leak of Adenine and Lactic dehydrogenase (LDH) from the platelet, however does not
cause the release of granular contents (Jenkins et al.,, 1971). These slides were
incubated for 15-30 minutes, at room temperature, the Poly-L-Lysine was then
aspirated, and slides rinsed gently with PBS, the slides were then left to dry in a sterile
laminar flow hood. The dried cover slips were placed in a light proof box on a platform
covered in parafilm before platelets were added. 200uL of washed platelets were then
seeded at a concentration of 2.0x107 plt/ml and incubated at room temperature for an
hour, for stimulated samples, platelets were stimulated in tubes and added to cover
slips immediately. Platelets were then carefully aspirated and washed with PBS once
and aspirated. Following washing 200uL of heat inactivated lipid free BSA for 1 hour
at room temperature. The BSA was then aspirated and washed with PBS once before
fixation of the platelets by adding 150uL 4% PFA for 10 minutes. PFA causes covalent
cross-links between molecules that binds them together in an insoluble meshwork,

leaving them in a “fixed” state.

After fixation, 0.3% Triton X-100 in PBS was for added for 5 minutes to permeabilize
the membranes of the platelets. Triton is a non-ionic surfactant, it permeabilizes the
membrane by disrupting the lipid bilayer, therefore it was important to use as little triton
as possible due to its toxicity and the potential for over-permeabilization of the
membrane. Primary antibody was diluted in PBS then 150uL added to the platelets as
in (Table 16) and incubated at 37°C for 1 hour and then aspirated and washed with
PBS. Following washing fluorescent antibodies were diluted as in (Table 11) and
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incubated in the dark at 37°C for 1 hour. After incubation antibodies were aspirated
and slides were washed 3 times with PBS with 5 minutes of incubation for each wash
step. Finally, sides were dipped in dH20 and dried before being placed face down on
gelvitol mounting media. Slides were then incubated overnight ensuring they were kept
flat.

2.12.3. Platelets adhesion under flow

Murine blood was acquired through direct cardiac puncture into Heparin and PPACK
dihydrochloride (100uM). Cells were then stained with 3,3’-Dihexyloxacarbocyanine
iodides (DIOCS6) in the dark, Whole blood was constantly agitated on a plate rocker to

reduce the possibility of spontaneous platelet aggregation.

Cellix Vena8 fluoro+ chips were coated by adding either 15uL 100ug/mL fibrinogen or
15uL 100ug/mL fibrillar collagen and kept in a humidified box at 4°C overnight. After
coating 10uL of heat inactivated BSA was added to each channel and incubated for
30 minutes to reduce nonspecific binding of proteins. To wash the chip 40uL of
Modified Tyrodes was added to the chip and flowed at a shear stress of 40 dynes.cm?
to wash the chip of excess collagen and BSA. The stained whole blood was added to
the reservoir of the chip and flowed at a shear stress of 1000s*for 2 minutes. Once
completed 100uL of PBS was flowed through the chip to remove excess red blood
cells. 4% PFA was then added to the chip and incubated at 4°C in the dark to fix the
platelets before imaging at 400x magnification on a Zeiss Axio Observer fluorescence

microscope.

2.13. Flow Cytometry
Initial Flow cytometric analysis utilized fluorescent flow cytometry, measuring cells
under flow in suspension. Cells must be in a suitable concentration, have a suitable
viscosity to be pushed through the sheath into a sample core of single cells, to allow
lasers to excite each individual cell as it passes to enable the detection of scattered
light (Cossarizza et al., 2019). Not only does this allow for fluorescence analysis but
also counting, analysis of granularity and size of cells passing through. Size and
granularity of the sample is traditionally used for gating populations of cells, which

initially was used for experimentation. Gating refers to the process of selecting a
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subpopulation of the total collected events for further analysis, in this case giving the
ability to characterise platelets alone (Figure 2-7). It was essential to use a low enough
concentration of platelets in non-aggregating conditions, to ensure no aggregates
were formed, which would cause erroneous data due to being counted as a single
event. Platelets were diluted to 2.5x108 and 1:40 (v/v) Tirofiban was added to negate
these issues.
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Figure 2-7. Manual gating of platelet populations. Platelets are gated using FSC-A vs. SSC-A, a gate (P1) this
gating allows the delineation of singular platelets from cellular debris, and duplet events.

A LSRFortessa™ Cell Analyzer (Oxford, UK) was used for all flow cytometry, a
mixture of 5 antibodies were used simultaneously for all experiments (Table 15) PRP
was added to the antibody mixture followed by, Gly-Pro-Arg-Pro amide before the
addition of thrombin, this was to suppress fibrin polymerization. The reagents were
mixed gently, then incubated at 37°C for 20 minutes in the dark, before the addition of
250uL 0.2% paraformaldehyde in Saline. This mixture was then stored in the dark at
4°C until use on the flow cytometer, all samples were vortexed then run. Between each
sample, FACS rinse (BD, USA) was run through for 20 seconds to ensure the machine

was fully cleared of all old sample.
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The use of Rainbow beads was used as a calibration step before samples were run,
to ensure that laser powers were giving the same Median fluorescent intensity (MFI)
(Figure 2-8). If the MFI is different the laser power can be altered before any

experimentation begins, this allowed for the accurate comparison of multiple datasets.
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Figure 2-8. Rainbow bead calibration for Flow cytometry. Gates were created with the peak approximately in the
middle where possible, if peaks shift left or right this will be evident and Laser power can be adjusted accordingly.

2.13.1. Flow cytometric analysis

Population analytics

All flow cytometric data was first collected and initially gated in BD FACSDiva software
using FSC and SSC; This data was then exported in the FCS3.0 format and analysed
in FlowJo (v10.8). The FCS3.0 format was chosen due to the higher resolution and
inclusion of more parameters in comparison to FCS2.0. Both the Median Fluorescent
intensity (MFI) and percentage population were calculated automatically on gated
samples. The Median fluorescent intensity was used over the mean due to it
representing the 50" percentile and are less impacted by outliers, making it a more
robust estimator of the central tendency of the population than the mean. Alongside
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this analysis of the (%) frequency of positive cells was recorded, by gating above 1.5%
of basal positive cells and using the “Freq. of total” functionality to output the

percentage of positive cells.

2.13.2. Compensation

When multiple fluorophores are used, there is the potential for overlap of emission. To
remove this error, the fluorescence which is not from that specific fluorophore must be
subtracted. To determine the amount of correction, samples were made up containing
only a single fluorophore; by analysing these it is possible to see the effects each has
on its neighbouring channels, which can then be adjusted in the BD FACSDiva
software (Table 14). Single fluorophores only needed to be compensated once,
whereas tandem fluorophores e.g., PE-Cyanine7 required compensation with each
new vial used, due to the variability even within single batches.

Table 14. Flow cytometry compensation values. Compensation values were adjusted by using single fluorophore-
stained samples and changing compensation values until no aberrations in other channels were observed.

2.13.3. t-SNE analysis

T-distributed stochastic neighbour embedding (t-SNE) is a method for dimensionality
reduction, for highly dimensional datasets, in this case used for visualising multiple
flow colours in a 2D map; This is accomplished by converting the data into a matrix of
pair-wise similarities and plotting this data on a dot plot. The parameters are optimised
to have data points that are close to each other in the raw high dimensional data are
close in the t-SNE data. T-SNE was first reported in 2008 as an improvement on the
SNE (stochastic neighbour embedding) algorithm (Van der Maaten and Hinton, 2008).
We used t-SNE analysis for its flexibility, it allowed for the visualisation of data for

exploratory analysis of differential clustering.
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All t-SNE analysis was completed on FlowJo version 10.8 (Figure 2-9). The data which
was compensated and gated for whole population analysis was concatenated allowing
for multiple datasets to be analysed together. This sample was then selected and t-
SNE analysis opened at this point all used, compensated fluorophores were selected
for analysis alongside SSC and FSC. The Opt-SNE algorithm was used, this setting
can terminate iterations once the algorithm stops improving. Iterations are the number
of times the algorithm is run on the data, initially the data starts out as a single point
and then is separated out, however, the data reaches a maximally separated state,

and further iterations result in the convergence of the dataset again.

The perplexity is related to the number of nearest neighbours that are used in the
learning algorithms. The most appropriate value to use is highly dependent on the
density of the data, with larger datasets requiring a larger perplexity, this value is most
commonly between 2 and 100, and the perplexity for the datasets were set to 30.
Finally, the use of the gradient algorithm (KNN) must be selected, this is the final step
which maps the high-dimension data into the two-dimensional graph, the Fast Fourier
Transform (FFT) interpolation was used as a recent optimisation of the original
Barnes-Hut algorithm.
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Figure 2-9. t-SNE settings window in FlowJo. The t-SNE settings used in Flowjo, selected all compensated
fluorophores, and opt-SNE was selected to generate maps with the greatest separation profile. The learning rate
is 7% of the total population with the exact point KMN algorithm used.

After t-SNE analysis, the t-SNE parameters, TSNE_X and TSNE_Y are available on
the graph window in FlowJo, after selecting these a pseudo-colour graph is then
displayed. From here the colouring was then able to be changed to display the
expression of a single fluorophore, this allows for the visualisation of different

fluorophore expression on a group-by-group basis.
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Table 15. Antibody panel used for multicolour platelet viability and secretion flow cytometry.

Jon/A Emfret FITC 5

Wug.E9 Emfret PE 5

CD107a Biolegend Alexa Fluor | 1.25
700

CD63 Biolegend PE/Cyanine7 | 5

a-synuclein

PD-L1 Biolegend APC 2.5

Table 16. Example of reagent volumes in secretion analysis flow cytometry.

Knockout basal 21.25 5 18.75 0 5

Knockout stimulated 16.25 5 18.75 5 5

Wild-type basal 21.25 5 18.75 0 5

Wild-type stimulated 16.25 5 18.75 5 5

Control (no stain) 35 5 0 5 5
2.14. Statistical analysis

All statistical analysis was completed in GraphPad Prism™ 8 software (GraphPad,
USA). All data was initially tested for distribution by use of the Shapiro Wilk normality
test. Data with a normal distribution was subjected to either a one- or two- way
ANOVA, unless otherwise specified. If the data was observed to not have a gaussian
distribution it was subject to either an ANCOVA or Kruskal Wallis one-way analysis of
variance unless otherwise specified. To investigate significance in datasets with
multiple conditions, Tukey’s post hoc analysis was implemented. Data to be quantified

as significantly different a P value of less than 0.05 must be achieved.
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Chapter 3. Characterisation of a-synuclein movement and

interactions in human platelets

3.1.Introduction

The activation of platelets occurs upon adhesion to constituent parts of the
subendothelial matrix of blood vessels, such as von Willebrand factor (VWF) and
collagen. Platelet activation results in the secretion of granular contents facilitating
their role in haemostasis, coagulation, inflammation, and immune response. Dense
granules contain small molecules such as ATP, ADP, and serotonin, which are
required for platelet recruitment and activation. a-granules contain a plethora of
molecules, notably, VWF, P-selectin, and prothrombin which promote platelet
aggregation and clot stabilization (Blair and Flaumenhaft, 2009, Italiano et al., 2008b).
Lysosomes contain hydrolases, which have been associated with thrombus formation
(Rendu and Brohard-Bohn, 2001). Disorders of granule formation or secretion result
in excessive bleeding and platelet dysfunction.

Granule release must be tightly regulated while remaining efficient and rapid, to ensure
an appropriate response. Alongside this, the fusion of vesicles requires a large amount
of energy to overcome the repulsive ionic forces between the lipid bilayers (Aunis and
Bader, 1988). Platelets utilize the SNARE complex, primarily to transport the vesicle
to the target membrane and “prime” it for the release of its contents. These proteins
can be grouped into three broad subfamilies: VAMPSs, Syntaxins, and SNAPs
(Golebiewska and Poole, 2013). In presynaptic nerve terminals, a-synuclein has been
found to interact with and potentiate the assembly of the SNARE complex, however,
this has not been fully investigated in platelets (Burré et al., 2010, Hawk et al., 2019,
Yoo et al., 2023).

Fluorescence imaging combined with Immunoprecipitation and western blotting
allowed for the assessment of a-synuclein movement and interactions within the
platelet at basal and stimulated conditions. Interrogation of a-synuclein
phosphorylation by Western blot allowed for the elucidation of a-synuclein function
and regulation within platelets.

94



3.2.Aims for Chapter 3

e Assess the effects of pharmacological a-synuclein inhibitors on platelet
function.

e Determine protein interactions with a-synuclein in platelets.

e Elucidate the mechanisms underlying a-synuclein phosphorylation.

3.3.Results

3.4.The role of a-synuclein in human platelets
In the first instance, we confirmed the presence of a-synuclein by western blotting in
washed platelet lysates (Figure 3-1). Upon confirmation of a-synuclein in platelets,
immunofluorescence analysis was used for the visualization of the spatial distribution
of a-synuclein throughout the platelet. FITC phalloidin was used to stain the actin
cytoskeleton, and the a-synuclein primary antibody was conjugated to a PE secondary
allowing for the delineation of both proteins simultaneously. The red signal shows that
a-synuclein was present in small clusters located throughout the platelet in

unstimulated conditions.

o

=
15KDa--' IB: a-synuclein

a-synuclein

Figure 3-1. a-synuclein is present within human platelets. Western blot analysis of human washed platelets,
blotting against a-synuclein. Washed human platelets were left to adhere to cover slides coated in 1x Poly-L-
Lysine for 15 minutes before fixing with 4% PFA; mouse-anti-human a-synuclein primary was then incubated on
the cover slides for 1 hour before incubation with FITC phalloidin (1:200) and anti-mouse PE antibody in the dark
for 1 hour.

Next, we assessed the response of washed platelets to various concentrations of
thrombin, collagen and the TxA2 analogue, U46619 to establish a baseline
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aggregation profile (Figure 3-2). Initially, we tested three doses of thrombin, 0.05U/mL,
0.025U/mL, and 0.0125U/mL. Stimulation of platelets with these concentrations
resulted in maximal aggregations of 77.5%+2.5, 61.2%+3.8, and 6.25%z=2.1,
respectively at 5 minutes (Figure 3-2). Following the stimulation of platelets with
collagen, there was a dose-dependent increase in platelet aggregation. Here we saw
that the maximal aggregation plateaued between 1.0ug/mL and 3.0ug/mL showing
that 1.0pg/mL was reaching the maximal aggregation. Similarly, when platelets were
stimulated with U46619, this resulted in increased platelet aggregation in a dose-
dependent manner. Importantly, platelet aggregation in response to the lowest doses
of both collagen and U46619 resulted in a high variability, highlighting donor-specific
sensitivity to certain agonists. Furthermore, we noted that the maximal aggregation
measured through LTA is equivalent to approximately 80%. This enabled us to choose

appropriate dosages of agonists going forward.
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Figure 3-2. Platelet aggregation optimisation in response to different agonists. Washed human platelets at a
concentration of 3.0x108 were added to cuvettes for light transmission aggregometry, platelets were stirred at
1000 RPM and different concentrations of thrombin (a) Collagen (b) or U46619 (c) were added. All aggregations
were measured on a chrono-log 4+4 aggregometer for 5 minutes with Representative traces for dosages (left)
and overall data presented as a bar chart. Thrombin N=7 Collagen N=5 U46619 N=5 Percentage aggregation is
presented by mean * standard error of mean (SEM) *P<0.05, **P<0.01
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Having established the platelet aggregation response to agonists, we next assessed
the impact of the a-synuclein inhibitor, ELN484228, on platelet aggregation at different
doses. ELN484228 is a benzene sulphonamide-containing compound (N-(4-
fluorophenyl)benzenesulfonamide) that has been shown to block a-synuclein-
dependent vesicular dysfunction in neurons (Toth et al., 2014). In the first instance,
we examined a wide range of ELN484228 concentrations to determine the optimum
concentration (Figure 3-3). To do this, platelets were incubated with indicated
concentrations of ELN484228 at 37°C for 15 minutes prior to stimulation with either

thrombin or collagen.

Following stimulation with 0.05U/mL of thrombin, platelet aggregation was significantly
reduced with incubation with both the 20- and 40uM dose of ELN484228 (20uM,
P=0.0208 40uM; P=0.0105). However, there was no significant difference in the
inhibitory effect in the lowest dose tested (P=0.96).

Interestingly, platelets stimulated with collagen exhibited a more linear dose-
dependent response when incubated with ELN484228. When challenged with low
doses of inhibitor, there was a smaller defect in platelet aggregation, in comparison to
that of thrombin but exhibited greater inhibition at 40uM. The middle dose of 20uM still
resulted in a significant decrease in platelet aggregation, compared to the control
(P=0.037) which decreased further with 40 yM ELN484228 reducing aggregation to
23.667%+13.19 (P=0.0051).

In all data sets, we observed a high degree of variability between donors highlighting
inter-donor variability, The 20uM dose of ELN484228 was the lowest dose of inhibitor
to significantly inhibit platelet aggregation to both thrombin and collagen, therefore we

continued to use this dose for future experiments.
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Figure 3-3. Pharmacological a-synuclein inhibitor optimisation. Platelets were incubated with ELN484228 for 15
minutes at 37°C and stirring conditions (LOOORPM) before the addition of 0.05U/mL Thrombin (a) or 1ug/mL
Collagen (b). All aggregations were measured on a chrono-log 4+4 aggregometer 5 minutes with Representative
traces for dosages (left) and overall data presented as a bar chart (right). Thrombin N=6, Collagen N=3
Percentage aggregation is presented by mean + standard error of mean (SEM) *P<0.05, **P<0.01.

3.4.1. Effect of incubation time in ELN484228 on aggregation

The addition of inhibitors can result in almost instantaneous inhibition of target proteins
however this is not true for all inhibitors, some of which require multiple hours to take
effect. Previous studies using ELN484228 have incubated cell lines, for up to 48 hours,
however this incubation period is not appropriate for use in platelet samples.
Therefore, we sought to assess the effects of ELN484228 for shorter timeframes in
platelets, to ensure the shortest incubation period while allowing sufficient time for the

inhibitor to act upon a-synuclein (Figure 3-4).

The shortest period examined was 15 minutes, following stimulation with 0.05U/mL
thrombin, the maximal aggregation at 5 minutes was 77.9%+2.61 following incubation
with ELN484228, this was significantly reduced to 59.82+1.916 (P=0.0016, n=10). At

a 1-hour time point, we observed a significant decrease in the aggregation of the
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platelets not incubated with ELN484228 falling to a maximal aggregation of 49.02%
+3.04. Platelets incubated with ELN484228 also saw a significant decrease between
time points falling to 50.5%+8.06, however there was no significant difference in
platelet aggregation between ELN484228-treated samples and control (P=0.994,
n=6). The final timepoint observed was 4 hours. Between the 1- and 4-hour time points
there was a slight decrease in the aggregation of untreated platelets decreasing to
46.70%=3.2. In contrast, platelets incubated with ELN484228, the maximal
aggregation at 4 hours decreased to 21.69% £6.59 yielding a significant difference to
the untreated samples (P=0.014, n=4).

These data suggest that the ELN484228 is effective at inhibiting platelet aggregation
at 20uM in time periods as short at 15 minutes. It shows the most efficacy at the 4-
hour time point, however, at the longer timepoints there was a reduction of the maximal
aggregation of untreated samples and a much larger spread of data. Therefore, going
forward, we incubated platelets for 15 minutes with 20uM ELN484228.
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Figure 3-4. Effects of incubation period with ELN484228 on platelet aggregation to thrombin. Platelets were
incubated with ELN484228 for indicated timepoints at 37°C. Following incubation 0.05U/mL Thrombin was added
to platelets in stirring conditions (LOO0RPM). All aggregations were measured on a chrono-log 4+4 aggregometer
5 minutes with Representative traces for dosages (left) and overall data presented as a bar chart (right).
Percentage aggregation is presented by mean + standard error of mean (SEM) *P<0.05, **P<0.01. N=7
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3.4.2. Western blotting optimization

Western blot analysis is the most widely used method for detection of specific proteins.
When a-synuclein was examined by Western blotting, it did not bind strongly to the
PVDF membrane resulting in very low to no signal following wash steps. Therefore,

fixation of PFA was required to attain sufficient signal upon imaging (Figure 3-5).

Initially, membranes were incubated for 20 minutes in 4% PFA. Although the amount
of a-synuclein observed was increased, there was a significant amount of non-specific
binding observed. Following this, membranes were incubated with 0.4% PFA in TBS
for 20 minutes, which yielded a significantly higher signal than the non-fixed sample
but had a much lower background with no visible non-specific binding. Going forward,

all blots were incubated in 0.4% PFA before blocking and addition of primary antibody.

The preparation of cell lysates is also key for effective Western blotting, especially
when investigating phosphorylated protein targets (Figure 3-5). Initially the pH
inhibition of platelets was used for all samples, with additional tirofiban before addition
of agonists to inhibit platelet aggregation. However, this resulted in a high basal
phosphorylation of a-synuclein, therefore indomethacin was also added to PRP during
the platelet preparation. Indomethacin inhibits cyclo-oxygenase 1 (COX1) which
produces TxA2, which is required for amplifying platelet activation. At a 10uM dosage
of indomethacin added to PRP, there was a significant decrease in the basal
phosphorylation of a-synuclein (P=0.015), which had no impact on a-synuclein
phosphorylation levels when stimulated with thrombin (P=>0.999). There was also a
significant decrease in basal phosphorylation when dosages of indomethacin were
increased to 20uM (p=0.48), however there was no difference between the 10 and
20uM dosages (P=0.959). The 20uM dose of indomethacin had no effect on the
phosphorylation of a-synuclein after stimulation with thrombin. Due to the decreased
phosphorylation of a-synuclein at 10uM that gave highly comparable data to the higher
dosage that was used for all lysates going forward.
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Figure 3-5. Western blotting optimisation and membrane fixing. (a) Representative western blot of membranes
fixed with no, 4% and 0.4% PFA. Human platelet lysates were separated through SDS-PAGE and transferred to
0.45uM PVDF membranes through semidry transfer Membranes were then fixed in 4% (middle) 0.4% PFA
(Right) or not (Left) for 20 minutes at room temperature with agitation, before blocking with 5% BSA for 1 hour.
Membranes were incubated overnight at 4°C with agitation with CST51510 antibody (1:1000). (b) Representative
western blot analysis of indomethacin dosage in platelet preparation (top). Densitometry analysis of western blot,
comparing the p-a-synucleins¢?? to the loading control represented as Mean +SEM N=3.

3.4.3. Immunofluorescence optimisation — antibody and blocking

To generate viable immunofluorescence images, effective blocking and correct
antibody selection and concentration is required. Initially, we tested two blocking
methods were examined: heat denatured lipid-free BSA, and human serum in both
unstimulated and stimulated conditions (Figure 3-6). Slides were blocked with the
corresponding serum for 1 hour before washing and adding primary antibody. With the
use of either a-synuclein total antibody (CST4179 or SC-515879) the boiled BSA had
a lower background fluorescence. Interestingly, the SC515879 antibody had a higher
background in the 580nm channel with human serum blocking, whereas, with the use
of CST4179, there was less interaction, which highlighted the higher background for
the WGA antibody. Therefore, heat denatured lipid-free BSA was used for all
subsequent immunofluorescences (Figure 3-6). Both CST4179 or SC-515879
antibodies were used going forward, in conjunction with other primary antibodies for

multicolour immunofluorescence.
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Figure 3-6. Antibody selection with Human serum vs BSA for blocking in immunofluorescence. Platelets were
added to Poly-L-Lysine coated coverslips for 1 hour at a concentration of 2.0x107 at room temperature, Thrombin
was added to platelets immediately before adding to the coverslips for stimulated samples. The slides were then
washed with PBS before the addition of either BSA (top) or Human serum (bottom) for 1 hour then fixed with PFA
for 10 minutes and permeabilized with 0.3% triton for 5 minutes. a-synuclein antibody was added for 1 hour at
room temperature SC-515879 (1:200) CST 4179(1:200), before the addition of Anti-mouse 488 (left) or anti-rabbit
488 (right) and WGA 350 and further 1 hour incubation at room temperature away from light. All images were
captured on a 100x objective with a field of view (FoV) 1000x1000 Px.

3.4.4. Immunofluorescence optimisation - antibody concentration

Antibody concentration can have a significant effect on the quality of the image
produced; insufficient antibody concentration will result in unclear/ faint images, and
with excessive concentrations of antibody the background staining may increase.
Therefore, a titration experiment of antibodies was conducted. A 1:100 dilution of
antibody resulted in a clear bright image with little background. When the antibody
concentration was doubled to 1:200, both the wide field and close-up image yielded
bright and clear images, however when the antibody was titrated further to 1:400, the
FoV photobleached very quickly resulting in indistinguishable close field images
(Figure 3-7). Therefore, a dilution of 1:200 CST4179 was used going forward, previous

antibodies were optimized previously.
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Figure 3-7. Titration of a-synuclein antibodies for immunofluorescence.Platelets were added to Poly-L-Lysine
coated coverslips for 1 hour at a concentration of 2.0x107 at room temperature, Thrombin was added to platelets
immediately before adding to the coverslips. The slides were then washed with PBS before blocking with boiled
BSA for 1 hour then fixed with PFA for 10 minutes and permeabilised with 0.3% triton for 5 minutes. a-synuclein
antibody at indicated dilutions was added for 1 hour at room temperature (CST4179) before the addition of anti-
rabbit 488 and WGA 350 and a further 1-hour incubation at room temperature away from light. All images were
captured on a 100x objective with a field of view 1000x1000px, bottom images were a selected FoV on a single
platelet.

104



3.5.A-syn reaction to agonists

3.5.1. Movement of a-synuclein upon stimulation

The movement of proteins following the activation of the platelet can provide an insight
into their potential function. Proteins that move towards the peripheries of the cells
following stimulation may be involved with either a secretionary mechanism or part of
the granular contents. Therefore, the subcellular localisation of a-synuclein was
assessed in unstimulated and thrombin-stimulated platelets by immunofluorescence
microscopy. In unstimulated platelets, a-synuclein was found to spread in clusters
throughout the cell (Figure 3-8). When stimulated with 0.1U/mL thrombin, a-synuclein
was seen to have translocated towards the periphery of the cell. When
phosphorylated- a-synuclein serine 19 (p-a-synuclein®®%) was interrogated, it was
observed that in unstimulated platelets, like its unphosphorylated counterpart, a-
synuclein was clustered throughout the cell. When platelets were stimulated by
thrombin, p-a-synucleins®'2 was also observed to have moved towards the periphery

of the cell.
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Figure 3-8. a-synuclein migrates to the periphery of platelets when stimulated with an agonist. Platelets were
added to Poly-L-Lysine coated coverslips for 1 hour at a concentration of 2.0x107 at room temperature, for
stimulated samples thrombin was added to platelets immediately before adding to the coverslips. The slides were
then washed with PBS before blocking with heat denatured BSA for 1 hour then fixed with PFA for 10 minutes
and permeabilised with 0.3% triton for 5 minutes. a-synuclein antibody (CST4179) was added for 1 hour at room
temperature before the addition of anti-rabbit 575 and WGA 350 and a further 1-hour incubation at room
temperature away from light. All images were captured on a Zeiss AXIO observer 100x objective with a field of

view 128x128.
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After observing both a-synuclein and the serinel29 phosphorylated variant exhibit
highly analogous movements within the platelet, we implemented the use of three
colour immunofluorescence to assess whether the phosphorylation state affects
protein movement (Figure 3-9). As previously seen, the a-synuclein and a-
synuclein®®?® are present clustered throughout the platelet, and upon stimulation
translocate to the peripheries. Interestingly, although there are some clusters of co-
localised a-synuclein and p-a-synuclein®®™?? in basal platelets, towards the middle of
the cell most clusters observed are towards the periphery. After stimulation with
thrombin, the a-synuclein translocated to the periphery, where the amount of
phosphorylation is increased, as shown by a much higher propensity of co-localisation

events.

urIStmuated. . . .
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Figure 3-9. Co-localisation of p-a-synuclein and a-synuclein in basal and stimulated platelets. Platelets were
added to Poly-L-Lysine coated coverslips for 1 hour at a concentration of 2.0x107 at room temperature, Thrombin
was added to platelets immediately before adding to the coverslips for stimulated samples. The slides were then
washed with PBS before the addition BSA for 1 hour then fixed with PFA for 10 minutes and permeabilized with
0.3% triton for 5 minutes. Both a-synuclein and p-a-synuclein antibodies were simultaneously added for 1 hour at
room temperature SC-515879 (1:200) SC-135638 (1:200), before the addition of Anti-mouse 488 (left) or anti-
rabbit 575 (right) and WGA 350 and further 1-hour incubation at room temperature away from light. All images
were captured on a 100x objective with a field of view 128x128.
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Having established that a-synuclein translocates to the cell membrane following
platelet activation, we assessed whether a-synuclein is secreted by platelets, is
expressed on the platelet surface, or remains within the cell (Figure 3-10). In the first
instance, we visualised the expression of a-synuclein and p-a-synucleinse?? on the
platelet surface, using immunofluorescence on non-permeabilised platelets. Under
unstimulated conditions, there was a signal for p-a-synucleins¢'?°® spread across the
platelet surface, which contrasted with the non-phosphorylated form of a-synuclein
where no signal was observed. Upon stimulation, there was much more signal for p-
a-synucleins®?? around the periphery of the cell, but no a-synuclein fluorescence was
detected. There were “nodes” of significant clustering and high signal for both
phosphorylated and non-phosphorylated a-synuclein, but these clusters were not

observed to be co-localised together.

Following this observation, we sought to quantify the changes in expression of a-
synuclein on the cell surface through flow cytometry. Platelets that were stimulated
with thrombin were seen to have a 1.65-fold increase over unstimulated samples,
suggesting that a-synuclein is translocated to the outer leaflet of the membrane
following membrane mixing of the granule. Taken together these data suggest that the
a-synuclein is expressed in low levels on the platelet surface, and this significantly

increases upon platelet stimulation, due to its involvement in the release of granules.
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Figure 3-10. a-synuclein is not secreted by platelets but expressed on the platelet surface when stimulated. (A)
Representative immunofluorescent images of platelets stained for a-synuclein (red) p-a-synucleinse?® (Green)
and actin (blue). Platelets were added to Poly-L-Lysine coated coverslips for 1 hour at a concentration of 2.0x107
at room temperature, Thrombin was added to platelets immediately before adding to the coverslips for stimulated
samples. The slides were then washed with PBS before the addition BSA for 1 hour then fixed with PFA for 10
minutes and permeabilized with 0.3% triton for 5 minutes. both a-synuclein (red) and p-a-synuclein (green)
antibodies were simultaneously added for 1 hour at room temperature SC-515879 (1:200) SC-135638 (1:200),
before the addition of Anti-mouse 488, anti-rabbit 575 and TRITC phalloidin (Blue) and further 1-hour incubation
at room temperature away from light. All images were captured on a 100x objective wide field of view 1000x1000
close field of view128x128px (A) platelets were incubated with a-synuclein antibody (SC-515879) 1:10 at 37°C for
20 minutes, before the addition of anti-mouse FITC for 30 minutes and incubated away from light. These samples
were then run through a BD- Fortessa LSR Il. Data displayed as Fold increase over basal +£SEM N=4.

Next, we assessed whether a-synuclein was within the granules, present in the cytosol
or secreted. To achieve this, we used centrifugation to separate the platelet releaseate
and the platelets, followed by western blotting (Figure 3-11). Immunoblotting for a-
synuclein shows the maintenance of the protein within the platelet pellet with no
observed release. To confirm this, we probed for thrombospondin-1 (TSP1) which is
a known a-granule component. Under unstimulated conditions, TSP1 was observed

only within the platelet pellet, following stimulation with 0.1U/mL thrombin the TSP1
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was secreted from the platelets resulting in a decrease in the pellet and an increase

in the releaseate in a time-dependent manner.

Next, we assessed the presence of a-synuclein in the pellet and releaseate,
membranes were re-probed with anti- a-synuclein antibody, and it was found that a-
synuclein was only present in the pellet fractions, both in unstimulated and thrombin-
stimulated samples, demonstrating that a-synuclein is not within the granular contents

and is not secreted upon platelet activation.

Having observed the movement of a-synuclein from the centre of the cell towards the
periphery, and that it is not secreted when platelets are stimulated with agonist, we
sought to determine whether a-synuclein is bound to the membrane or remains as a
cytosolic protein. To achieve this, basal and stimulated thrombin-platelets were snap-
frozen repeatedly to lyse the cells, these were centrifuged to remove intact cells, and
the supernatant of lysed cells was then ultracentrifuged to separate the cytosol and
membrane portions. Western blot analysis revealed that p-a-synucleins®'?° was seen
to be in both the cytoplasm and interacting with the membrane in stimulated
conditions. We did not observe any p-a-synuclein®®™?® in the cytoplasm or on the
membrane in unstimulated conditions, however, we did observe non-phosphorylated
a-synuclein. This suggests that the activation of platelets phosphorylates a-synuclein,

which may facilitate its interaction with the platelet membrane.
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Figure 3-11. a-synuclein is not secreted by platelets following stimulation. (A) Representative blot of a-synuclein
expression in pellet or supernatant from activated platelets. Washed human platelets, either stimulated or basal,
were snap-frozen 4-5 times in liquid nitrogen, centrifuged in a Beckman-coulter TL-01 Ultra-centrifuge at
100,000g for 75 minutes at 4°C. Pellets were washed with Lysis buffer before the addition of 2x Laemmli buffer to
be separated using SDS PAGE. (B) Quantification of western blot analysis by calculating the relative intensity of
the target protein to GAPDH, Data represented as a bar graph with Datapoints Mean + SEM (N=3) (c) western

blot analysis of platelet membrane and cytoplasm fractions separated through ultra-centrifugation staining for Syk
and p-a-synucleinse29,
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3.5.2. Co-localisation of a-synuclein with vesical-associated membrane
proteins.

Co-localisation of proteins within cells can be indicative of protein-protein interactions
or proteins with a similar function. Here, we sought to examine the movement of a-
synuclein in relation to other SNARE complex members present within the platelet
known to be involved with granule secretion (Dunn et al., 2011a). Due to the
chaperoning interaction of a-synuclein and VAMP2 in neurons; In the first instance,
we started by elucidating the movement of VAMP8 in comparison to a-synuclein
(Figure 3-12). This allowed us to elucidate where the platelet granules were located

within the platelet and compare their movement in relation to a-synuclein.

Under unstimulated conditions, VAMP8 was observed to be spread throughout the
platelet, which was expected due to its association with the platelet granules.
Interestingly, a-synuclein was also observed to be throughout the platelets with some
occasional co-localisation throughout the platelet. When platelets were stimulated with
0.1U/mL thrombin, VAMP8 and a-synuclein were found to translocate towards the
periphery of the cell. Importantly, the intensity of co-localisation between VAMP8 and
a-synuclein also increased, suggesting that the two proteins may act synergistically to
facilitate platelet secretion. These data also suggest that a-synuclein has a basal level

of interaction with VAMPS8 in unstimulated conditions.
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Figure 3-12 Representative images of the movement and co-/ocalisation of a-synuclein with VAMP8 in stimulated
human platelets.Platelets were isolated from whole blood through centrifugation collected by venipuncture from
healthy donors. Stimulated samples were activated with 0.1U thrombin directly before addition to Poly-L-Lysine
coverslips followed by incubation for 1 hour at 37°C. Cover slides were then washed and blocked with 0.5% BSA
for 1 hour, before fixing and permeabilisation at room temperature with 4% PFA and 0.3% Triton-x100
respectively. Platelets were then incubated with 1:200 a-synuclein (CST 4179) and 1:100 VAMPS8 (cst -13060s)
for 1 hour at 37°C. Following washing with PBS the slides were incubated 1:1000 Anti-mouse (568), Anti-rabbit
(667) and 5.0 pg/mL WGA, Alexa Fluor® 350 for 1 hour at 37°C, protected from light. Samples were mounted
with gelvitol and imaged. Representative image of N=3. Images were then false-coloured a-synuclein (red)
VAMPS8 (green) membrane (blue).

Subsequently, we sought to assess the movement of VAMP2 and a-synuclein co-
localisation. VAMP2 also associates with platelet a-granules and is involved in their
secretion, albeit to a lesser extent than that of VAMPS8 (Ren et al., 2007, Golebiewska
and Poole, 2013). VAMP2 has been observed to interact with a-synuclein in neural
cells, therefore, we assessed whether indications of this interaction were present in
platelets (Sun et al., 2019) (Figure 3-13).

Under unstimulated conditions, VAMP2 and a-synuclein were homogeneously spread
throughout the platelet with a small amount of co-localisation events. Upon stimulation
with 0.1U/mL thrombin, the VAMP2 translocated towards the periphery of the platelet,
forming a ring around the outer edges. Interestingly, a-synuclein was observed to
recapitulate this movement and many sites of co-localisation were observed between

the two populations
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Figure 3-13. movement and. Movement and localisation of a-synuclein with VAMP2 in stimulated human
platelets. Platelets were isolated from whole blood through centrifugation collected by venipuncture from healthy
donors. Stimulated samples were activated with 0.1U thrombin directly before addition to Poly-L-Lysine
coverslips followed by incubation for 1 hour at 37°C. Cover slides were then washed and blocked with 0.5% BSA
for 1 hour, before fixing and permeabilization at room temperature with 4% PFA and 0.3% Triton-x100
respectively. Platelets were then incubated with 1:200 a-synuclein (CST 4179) and 1:100 VAMP2 (SC-69706))
for 1 hour at 37°C. Following washing with PBS the slides were incubated 1:1000 Anti-mouse (568), Anti-rabbit
(667) and 5.0 pg/mL WGA, Alexa Fluor® 350 for 1 hour at 37°C, protected from light. Samples were mounted
with gelvitol and imaged. Representative image of N=3. Images were then false-coloured a-synuclein (red)
VAMP2 (green) membrane (blue).

3.6. Examining platelet function using the a-synuclein inhibitor, ELN484228.
Next, we examined the inhibitory effect of ELN484228 using a range of agonist
concentrations to assess whether inhibition changed with different levels of platelet
activation. Stimulation of platelets with 0.05U/mL of thrombin induced 77.5%+2.5
aggregation, the addition of 20uM ELN484228 no change in platelet aggregation
(P=0.998 n=6). When incubated in 20uM ELN484228 stimulation with 0.025U/mL of
thrombin resulted in a modest but insignificant decrease (66.95% +4.13 vs 51.04%
+7.202; P=0.231 n=6). Interestingly when the dose of thrombin was decreased to
0.025U/mL the variance in the ELN-treated population was much greater than both

the 0.5U/mL stimulated and control samples.

To examine whether the inhibitory effect is shared with other agonists, we assessed
the effect of ELN484228 on collagen-induced platelet aggregation (Figure 3-14).
Stimulation of platelets with collagen (3.0pg/mL), resulted in an aggregation of 60.8%
+3.24, which was reduced to 56.67% * 9.14 (P=0.120 n=5) in the presence of
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ELN484228. Interestingly, ELN484228 seemed to increase platelet aggregation when
stimulated with a lower collagen concentration. Increasing from 44.3%=+6.90 to 56.67%
1+9.1, however, this change was also not significant (P=0.73 n=5). These large
variances could indicate off-target effects of the inhibitor increasing propensity for
platelet activation through GPVI signalling, or an interpatient variation, whereby
platelets with higher a-synuclein expression are more greatly affected.

Next, we interrogated the impact of ELN484228 on TxA2-induced platelet aggregation
using the thromboxane analogue U46619. ELN484228 had no impact on U46619-
induced aggregation at any of the concentrations tested (0.025uM P=0.0994 N=6,
0.05uM P=>0.999 N=8, 0.1uM P=>0.999 N=6). Interestingly we saw that at lower
doses of agonist, a larger variance in the dataset was present, this was ameliorated
at the top dose, however, this may have been due to the dosage being so high it was
overcoming any inhibitory effect induced by ELN484228.
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Figure 3-14. Effects of Pharmacological a-synuclein Inhibitors on Human platelet aggregation to
platelet agonists. Washed platelets at 3.0x108 were either incubated with or without ELN484228 for 15
minutes at 370C and stirring conditions (L000RPM) before the addition of Thrombin (a), Collagen (b)
or U41669 (c), Aggregation was then measured using a chrono-log 4+4 aggregometer 5 minutes with
Representative traces for dosages (left) and overall data presented as a bar chart (right). Percentage
aggregation is presented by mean + standard error of mean (SEM) *P<0.05, **P<0.01.Thrombin N8,
Collagen N=6 U46619 N=6.
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3.7.Interaction of a-synuclein with SNARE complex proteins following
stimulation.
Given that a-synuclein is known to interact with SNARE protein in neurons
(Ramakrishnan et al., 2012, Hawk et al., 2019), we sought to assess whether this
mechanism is conserved in platelets. To achieve this, we used the
immunoprecipitation approach, allowing us to precipitate a-synuclein and its
interaction partners, before processing the samples by Western blotting (Figure 3-15).
Here we show that in unstimulated conditions, a-synuclein interacts with STX11,
STX4, VAMP7, VAMP2 and SNAP23, while there is very little interaction with VAMPS.
However, following stimulation with 0.1U/mL thrombin, interaction with VAMPS8, STX4,
-11 was increased, with no change in SNAP23, VAMP2 or -7 interaction. In a study
published in 2010, Burre and colleagues showed that VAMP2 interacts with a-
synuclein in presynaptic terminals of neurons, which may indicate a similar interaction
in platelets. However, in contrast, there was a much more pronounced increase in a-
synuclein association with the Syntaxin proteins, having a 2.3 x increase with Stx11
and a 1.74x fold increase with Stx4. We also saw an increase in interaction with
VAMP8 upon stimulation, which indicates further integration of a-synuclein with the

SNARE complex machinery.
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Figure 3-15. Interaction of a-synuclein with SNARE complex proteins in basal and thrombin stimulated
conditions.(a) Representative immunoblots from immunoblots of a-synuclein immunoprecipitations (CST4179)
collected from basal, and 0.5U/mL thrombin-stimulated Platelets samples. Samples were precleared with 20uL
Sepharose Beads for 1 hour before incubation with 4uL (24ug/mi) CST4179 rotating overnight at 4°C. Sepharose
A/G beads were then added for 2 hours and rotated at 4°C before centrifugation at 10,000g for 1 minute, and
supernatant placed in a separate tube and the beads washed twice more before the addition of 3x Laemmli, and
heating and placed on ice. (b) Densitometric analysis of immunoblots, displayed as fold increase of thrombin
stimulated samples over basal., Data presented as fold change Mean + SEM N=3 *P<0.05, **P<0.01 N=3.
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3.8.The effects of platelet stimulation on a-synuclein serinel29
phosphorylation.
The phosphorylation of a-synuclein at serinel29 has been associated with
aggregation and neurotoxicity in neural cells, additionally, it has been shown to
increase the propensity for membrane binding (Kawahata et al., 2022, Samuel et al.,
2016). In this work, we assessed the impact of thrombin stimulation on the
phosphorylation of serine129 on a-synuclein, to establish whether a similar

mechanism is present in platelets (Figure 3-16).

There was a basal expression of phosphorylated a-synuclein in unstimulated platelets
(25.68AU+ 7.42), which increased in response to thrombin in a dose- and time-
dependent manner. Stimulation of platelets with thrombin (0.05U/mL) increased serine
129 phosphorylation, reaching statistical significance at the 5-minute timepoint,
increasing further to 15 minutes 101.9AU%16.8 (P=0.0059, n=4). Stimulation of
platelets with 0.025U/mL and 0.0125U/mL for 5 minutes increased serinel29
phosphorylation to an average intensity of 61.6AU+24.5 and 23.33AU+4.37,
respectively, indicating that phosphorylation was both time and dose dependent. We
noted that the phosphorylation of a-synuclein did not decrease at any time point prior
for those tested, this implies that the phosphorylation of a-synuclein is not reversible

following platelet activation.
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Figure 3-16. Thrombin stimulation of platelets induces the phosphorylation of a-synuclein.Representative
immunoblot of thrombin-stimulated samples interrogated for p-a-synucleins¢2°, Densitometry was conducted on
all blots and relative intensity against the loading controls, which are presented as Mean+SEM. *P<0.05,
**P<0.01 *p>0.05 **P>0.01 N=4.

We sought to assess whether the phosphorylation of a-synuclein was induced through
the downstream signalling cascade of GPIb/IX/V, PARL, or PAR4, or a systemic
change within the platelet. The effect of collagen and CRP-XL stimulation on the
phosphorylation of a-synuclein (Figure 3-17). As with thrombin there was an
observable basal expression of a-synucleins®™2°, (99.0AU+5,292), When stimulated
with 2.5ug/mL collagen the level of phosphorylation increased in a time dependent
manner, however, this increase was only significant at the 5-minute time point with a
relative intensity of 190.0AU +15.95 (P=0.0058 N=3). Interestingly, unlike thrombin,
the amount of a-synuclein phosphorylation decreased between the 5- and 15-minute
timepoint to 105AU£7.6. When the dose of collagen was reduced the phosphorylation
levels at 5 minutes were also reduced, with insignificant increases over basal levels
(2.25 pg/mL P=0.999, p0.725g/mL P=0.351).

Next, we examined the effects of CRP-XL stimulation on a-synuclein phosphorylation
allowing us to elucidate the effects of GPVI activation in isolation. Here, we observed
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basal phosphorylation, in unstimulated conditions similarly to other samples
47.9AU+8.5. Following stimulation with 10pg/mL CRP-XL phosphorylation of serine
129 increased insignificantly until 2 minutes then decreased back down to basal levels
by the 15-minute time point. There was no significant change in serinel29
phosphorylation in relation to dosages of CRP-XL, however, this is to be expected as
the phosphorylation on the time course had decreased by this time point also (5 pg/mL
43.8AU 8.45, 2.5ug/mL 60.5AU +18.9). To assess whether the CRP-XL was
influencing the platelets we assessed tyrosine phosphorylation using the 4G10 pan-
phosphorylation antibody, this showed a significant increase in phosphorylation in all

time points and dosages over basal.

Taken together, this shows that when platelets are activated through the GPVI
receptor, the phosphorylation of a-synuclein at serinel29 is not induced; however,
when stimulated through a2bl and GPVI, there is an observed phosphorylation at

early time points.
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Figure 3-17. Collagen stimulation of platelets effects on phosphorylation of a-synuclein. Representative
immunoblot of Collagen stimulated samples interrogated for p-a-synucleins®?°, Densitometry was conducted on
all blots and relative intensity against the loading controls, which are presented as Mean+SEM. *P<0.05,
**P<0.01 *p>0.05 **P>0.01. N=3.
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Additionally, we assessed whether phosphorylation of a-synuclein was induced

downstream of thromboxane A2 receptor (TP). To achieve this, we used U46619
(Figure 3-18).

In the highest dose of U46619 (0.1uM) which yielded maximal aggregation, there was
no significant change in the phosphorylation of a-synuclein until the 5-minute time
points, where we saw a significant increase, which increases further at 15 minutes.
Basal unstimulated expression measured at 102AU #6.0- which increases to
191AU£67.5 at 15 minutes (N=4). When the dose of U46619 was decreased to 0.05-
and 0.025uM, the level of phosphorylation was highly analogous to the basal sample
0.05uM P=0.999, 0.025uM P=0.999, N=3.
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Figure 3-18. U46619 stimulation of platelets effects on phosphorylation of a-synuclein. Representative
immunoblot of U4166 stimulated samples interrogated for p-a-synucleins®*2°, Densitometry was conducted on all

blots and relative intensity against the loading controls, which are presented as Mean+SEM. *P<0.05, **P<0.01
*p>0.05 **P>0.01. N=3.
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The phosphorylation of a-synuclein was observed to be significantly increased by
thrombin and to a lesser extent activation through collagen and U46619 at longer time
points. Interestingly, Collagen and CRP-XL samples exhibited different
phosphorylation profiles, with CRP-XL exhibiting no changes at any dose or timepoint,
which suggests that the phosphorylation may occur downstream of o231 as opposed
to GPVI. We also note that a downstream pathway of PAR1 must be involved in the

phosphorylation of a-synuclein, but not downstream of the TP receptor.

3.9. Effects of platelet inhibitors on a-synuclein phosphorylation
Prostaglandin 12 (PGI2) is an agonist of the IP receptor, which acts via adenylyl
cyclase (AC) to upregulate cAMP in turn inhibiting multiple factors of platelet activation,
including secretion. We sought to assess whether the addition of PGI2 would reduce

the phosphorylation even after stimulation with thrombin (Figure 3-19).

We examined the effects of three doses of PGI2 on a-synucleins¢'?? phosphorylation.
As expected, unstimulated platelets exhibited a small amount of phosphorylation
(35.8AU). With stimulation of thrombin alone, the amount of phosphorylated a-
synuclein greatly increased (80.2AU). Following preincubation with PGI2 (25nM), the
levels of phosphorylation were much lower (44.5 AU), this same result was observed
at the 50nM dose (51.9AU). When the dosage of PGI2 was increased to 100nM, this
reduced the phosphorylation back to basal levels (31.2AU). This shows that the
phosphorylation of a-synuclein can be reduced to basal levels with sufficient
concentrations of PGI2 present.
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Figure 3-19. Effect of PGI2 on a-synuclein phosphorylation. Human washed platelet lysate unstimulated or
stimulated in the presence of indicated concentrations of PGI2 and samples collected 5 minutes post activation.
proteins were separated through SDS-Page and probed with anti-a-synucleins®?° (top blot). Membranes were
also probed for Phospho-VASP157 to assess the function of Pgi2 (middle) GAPDH was used as a loading control
(bottom). Densitometric analysis was then conducted and plotted as Median + SEM (bottom graph) N=2.

Calcium is a major second messenger for platelet activation; increased intracellular
calcium is required for full platelet activation following thrombin stimulation, therefore
we next sought to assess its effect on a-synucleins¢*?° phosphorylation (Figure 3-20).
This was achieved through the incubation with BAPTA2-AM which chelates the
calcium within the platelet. When platelets were incubated with 30uM BAPTA2-AM for
20 minutes prior to stimulation, the thrombin stimulation was completely ameliorated,

with the amount of a-synuclein phosphorylation remaining at basal levels.
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Figure 3-20. Effect of intracellular calcium on a-synuclein phosphorylation. Human-washed platelets were
incubated or not with 30uM BAPTA AM for 20 minutes. Unstimulated or stimulated lysates as indicated were
separated through SDS-Page and probed with anti- a-synucleins¢2° (top blot). Membranes were also probed for
a-synuclein total to be used as a loading control (second blot). Densitometric analysis was then conducted and

plotted as Median + SEM (bottom graph) N=3.

125



3.10. Discussion

In this chapter, we demonstrated the presence and distribution of a-synuclein within
human platelets. We show a significant expression of a-synuclein using western blot,
congruent with previous proteomic studies, with reported copy numbers of 42000 ,
however there are few studies, reporting the exact copy number(Pienimaeki-Roemer
et al., 2015, van Holten et al., 2014, Zeiler et al., 2014). We also noted issues with
western blot reliability for the a-synuclein; this was also observed in multiple papers
studying a-synuclein in neuronal cells, we were able to circumvent these issues by
modifying the protocol (Sasaki et al., 2015, Stojkovska and Mazzulli, 2021). Next, we
showed a heterogeneous distribution of a-synuclein throughout the platelet, which
moved towards the periphery of the cell upon stimulation with thrombin; other studies
have shown the movement of a-synuclein towards the presynaptic bulb in neural cells
depending on activity, which shows that a-synuclein can perform this function in other
cell types (Fortin et al., 2010). A study by Smith et al. (2023) demonstrates that a-
synuclein is present on both the a-granules and lysosomes within the platelet.
Interestingly, they did not observe a change in membrane interaction between
unstimulated, and stimulated platelets, albeit utilising a different form of elucidation to

that used in this thesis.

Alongside this movement, we also observed an increase in a-synucleinsert?d
phosphorylation upon stimulation with thrombin, which was replicated when platelets
were stimulated with collagen and U46619, but not CRP-XL, showing that this
phosphorylation is not tied to GPVI activation. A study by Samuel et al. (2016) has
also linked the activity of a-synuclein with its phosphorylation at serine129. Although
previously thought to just have pathogenic function, a recent study by Parra-Rivas et

al. (2023) has elucidated physiologic roles within synaptic function.

We also observed the co-localisation of a-synuclein with SNARE complex proteins
upon stimulation using immunofluorescence, which we confirmed using
immunoprecipitation; this confirmed that a-synuclein is interacting with various SNARE
complex proteins within the platelet. The use of immunoprecipitation yielded more
sensitive results allowing for the visualisation of additional interactions which were not

observed in immunofluorescent analysis. Alongside the co-localisation with the
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SNARE complex proteins, we saw the same pattern of movement between the VAMP
proteins and a-synuclein. The interactions we observed also increased upon platelet
stimulation with thrombin. When combined with the observation of similar movement
patterns it further implicates a-synuclein to be a functional component of the SNARE

machinery.

In addition to the movement and co-localisation of a-synuclein with SNARE complex
proteins, we also saw that a-synuclein was not secreted from the platelet upon
activation, strongly suggesting that it is not a granular component. It was however
translocated to the surface of the platelet, this could be due to its interaction with the
granule membrane and subsequent membrane mixing resulting in the expression on

the outer leaflet of the platelet.

We also assessed the effects of different activation pathways within the platelet on a-
synuclein. Interestingly, we did see that the addition of PGI2 post-stimulation with
thrombin did reduce the phosphorylation of a-synuclein to basal levels, this effect was
also observed when calcium was chelated using BAPTA2-AM. This indicates that the
phosphorylation of a-synuclein is not only dependent on platelet activation, but it is

reliant on intracellular calcium.

We also demonstrated a mild inhibitory effect following incubation with ELN484228 on
platelet aggregation in response to collagen and thrombin. However, we observed a
wide variance of inhibition of aggregation in response to incubation with ELN484228
which was also influenced by incubation times. These data suggest that ELN484228
may have off-target effects on platelets, which are not consistent between donors,
highlighting the need to move away from chemical inhibitors and utilise a knockout
mouse model to elucidate the effects of a-synuclein. Interestingly multiple small
molecule inhibitors which are being assessed for a-synuclein inhibition are targeted to
inhibit the aggregation of a-synuclein opposed to their physiological binding (Horne et
al., 2024). Due to this focus, the effect of these agents is yet to be reported in the

context of platelets.

We Show the localisation of p-a-synucleins®?® towards the periphery of the cell, with
increased phosphorylation after stimulation. This has not been examined in platelets
before, and the localisation in neurons is contentious with studies showing localisation

with the nucleus, while others show the movement towards the bulb with a subsequent
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study showing that localisation is dependent on the different neuronal subtypes
(Vivacqua et al., 2011). However, studies suggest that phosphorylation at serine 129
increases the propensity to aggregate and bind to membranes (Li et al., 2002a, Yu et
al., 2007, Samuel et al., 2016).

We demonstrate that a-synuclein interacts with multiple SNARE complex proteins,
namely STX11, STX4, VAMP-8, -7 and -2, and SNAP23 in platelets through
immunoprecipitation and immunofluorescence. At the time of experimentation, there
were no studies investigating the interaction of a-synuclein with different SNARE
complex proteins in the context of platelets. However, some studies focused on a-
synuclein interactions with select members in neurons. Research by Burré et al. (2010)
elucidated the interaction between a-synuclein and VAMP2, which was later shown to
be responsible for vesicle clustering and docking in neural cells (Jo et al., 2000, Diao
et al., 2013). To date, there has been only one study on the interaction between a-
synuclein and other SNARE complex proteins in platelets (Smith et al., 2023).

In this study we observed the phosphorylation of a-synuclein at serine129 in response
to multiple agonists; however, when calcium was chelated or signalling through the
Rho/ROCK pathway was blocked, phosphorylation at serine 129 was reduced. This
was also seen upon the addition of PGI2, which suggests that this PTM is dependent
on platelet activation. Specifically, phosphorylation of a-synuclein is dependent on
complete Rho/ROCK signalling, therefore, it is likely that one of these downstream

proteins is required.

The culmination of this chapter shows that a-synuclein moves with the granules from
heterogeneous expression to the periphery and is phosphorylated downstream of the
Rho/ROCK pathway, which enhances its ability to bind to the plasma membrane. This
function is utilised in the SNARE complex, perhaps in a chaperoning capacity similar
to neural cells, but with its main VAMP binding partner being VAMPS8, as opposed to
VAMP2. Reduction of a-synuclein capacity using ELN484228 resulted in lesser
aggregation of washed platelets, however, this had widely varying effects between

both donors and incubation times, making it unsuitable to pursue further.
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3.10.1. Limitations

The use of a pharmacological inhibitor (ELN484228) that was not specifically designed
for use in platelets caused variable effects within the platelets resulting in unreliable
data. This inhibitor also proved to be unreliable in this context, which can be attributed
to its off-target effects within the cell. There has since been the development of other
small molecule inhibitors of a-synuclein. However, these have not been tested in the
context of platelets, and are not widely commercially available, therefore we were

unable to test these compounds (Wang et al., 2023).

To assess co-localisation in the platelets we use multi-colour immunofluorescence;
this allowed for the visualisation of proteins of interest throughout the cell. However,
this technique can be subjective and lacks the resolution required to be completely
accurate. To remedy this, the use of a Protein Ligation assay could be implemented,
which will only yield a signal when proteins are within 40nm of each other, removing
the limitations of bias or resolution (Dunn et al., 2011a). Another improvement on this
would be the use of super-resolution microscopy which is capable of higher resolving

power and visual acuity.

Additionally, we were unable to assess the ultrastructure of the platelets following the
addition of ELN484228, in unstimulated and stimulated conditions. Further research
may assess the effects of the ELN484228 incubation on the structure and exocytosis
of granules from the platelet utilising Transmission Electron Microscopy (TEM), this
may also highlight additional physical effects that could be present.

We established the interaction of a-synuclein with multiple SNARE complex
components, however, due to limitations on both time and resources this was not an
exhaustive panel of proteins. We also did not interrogate the interaction of a-synuclein
with other proteins within the platelet for the same reason. This could be overcome by
further immunoprecipitation experiments, or through immunoprecipitation and

subsequent proteomic analysis to observe increased enrichment in the IP sample.

Although adding much to the subject area, this study leaves some questions
unanswered. Going forward, elucidating how a-synuclein interacts with members of
the SNARE complex in platelets would be valuable. Alongside further interrogation of

SNARE complex proteins, top-down proteomics on immunoprecipitated samples
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could be utilised to provide a much broader scope of a-synuclein interactions. This
could be further expanded to compare the difference between unstimulated, and
stimulated conditions, alongside different agonists to assess changes in interaction

partners.

Further experimentation may also be possible by utilising new a-synuclein inhibitors
which may not induce off-target effects within the platelet this would allow for the direct
observation of a-synuclein function and requirement in human platelets. We showed
the amelioration of a-synuclein phosphorylation upon rho/ROCK signalling inhibition;
however, we did not observe the exact protein on this pathway which leads to
phosphorylation, or whether multiple pathways are required. There have been multiple
PTMs reported of a-synuclein, however, their functions remain mostly unexplored in
any cellular context. Studies into the function of these modifications in different milieu
would deepen the understanding of the scope of a-synuclein functions. This could be
achieved by using phospho-proteomics which can elucidate more phosphorylation

sites, which can also be assessed in both unstimulated and stimulated conditions.
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Chapter 4. The analysis of a-synuclein, using a knockout

mouse model

4.1.Introduction

There are many benefits to using knockout mouse models in comparison to
pharmacological inhibitors, although there are also some drawbacks that come with
these models. Mouse models have played an integral role in the understanding of
platelet biology and are responsible for most of the mechanistic knowledge within the
haemostatic system; they are key in overcoming the inability to perform molecular
biology on human platelets, due to their lack of nucleus. For the study of a-synuclein,
the use of a knockout mouse model is needed due to the current pharmacological
inhibitors demonstrating large variation in human platelets, which we attributed to off-
target effects within the platelet. Additionally, the utilization of mice for assessing
haemostasis has well-established and robust literature to which we can compare our
findings. While human and mouse platelets exhibit subtle differences, these do not
prohibit the use of mouse models in the study of haemostasis and thrombosis (Stalker,
2020, Sachs and Nieswandt, 2007). However, off-target effects are not unique to
pharmacological inhibitors, knockout models can cause multiple phenotypic changes
within cells and differential regulation of related proteins (El-Brolosy and Stainier,
2017).

In this study we utilised a previously generated knockout model known to have no
interactions with neighbouring genes, essential to create reliable data. In the first
instance we needed to elucidate whether there were any further interactions in
platelets resulting in up or down-regulation of associated proteins. The specific a-
synuclein knockout was developed in the laboratory of Prof. V. Buchman (Cardiff
University). This was achieved by utilising a targeting vector containing an FRT site-
flanked NEO cassette with a LoxP site inserted downstream of the first coding exon2
of the SNCA gene, with a second LoxP site inserted upstream of exon2. This construct
was then electroporated into 57BL/6N-Atm1Brd-derived JM8A3.N1 embryonic stem
cells and resultant mice bred for 2 generations with C57BL/6J mice. These resultant
mice were then crossbred with a C57BL/6 mouse expressing FLP recombinase. The
FLP-mediated recombination removed the FRT-flanked neo cassette leaving exon 2
floxed. The floxed allele mice were then bred with further wild-type C57BL/6J mice for
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2 generations to remove the FLP recombinase which was then crossed to generate
homozygotes (Ninkina et al., 2015).

We first sought to assess haemostatic and platelet function defects in knockout
platelets through bleeding time assays and LTA. Alongside this, we assessed for
deficiencies in the expression of secretary VAMP and STX proteins using Western
blot. We then utilised traditional LTA techniques alongside Western blotting and
platelet adhesion assays to assess the effect of the knockout on platelet function in
vitro. Following the phenotypic assessment, we aimed to examine the mechanism(s)
by which a-synuclein regulates platelet function. Flow cytometric analysis provides a
powerful tool for the expression of markers on single cells. We sought to understand
how the knockout of a-synuclein affected granule secretion using multi-colour flow
cytometry, to assess the overall population effect. We then implemented
multidimensional reduction analysis allowing for the identification of subsets of
platelets that were more significantly affected by the knockout in response to different

platelet agonists.

4.2.Generation of a-synuclein knockout mice on a C57BL/6J background

To accurately assess the effects of a-synuclein on platelet structure and function, the
confirmation of a-synuclein knockout at both a DNA and protein level must be attained.
To reduce heterogeneity between mice, heterozygous breeding pairs were generated
by breeding the a-synuclein knockout mice with C57BL/6J wild-type mice and
henceforth used as the progenitors to the experimental animals (Figure 4-1). The
breeding of these heterozygous mice yields 25% wild-type, 25% knockout, and a 50%
chance of heterozygous progeny, this enabled us to exclude the litter variations
alongside gender and age variables.
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In addition to this breeding strategy, we also implemented backcrossing of inbred
knockout mice to fresh wild-type mice from Charles River every 5-10 generations to
reduce the chances of genetic drift, resulting in a phenotypic change. To ensure that
the colony was sufficiently backcrossed, a homozygous female was crossed with a
fresh male to produce a heterozygous population (N1), A male from this population
was then mated with a fresh WT female, to generate the N2 population. A N2
heterozygous male was then taken from this population and mated with an original
inbred female, to generate the N3 population. Finally, the N3 male and female

heterozygous mice were mated to resume the colony.

a-synuclein C57BL/6J (a-synuclein **)
Whole body a-synuclein knockout l Wildtype black mouse
X

Professor Vladimir Buchman The Jackson laboratory
(Cardiff, UK) (Connecticut, US)

Final mating

a-synuclein *- a-synuclein *-
Experimental
animals
H fn HE
a-synuclein a-synuclein

a-synuclein *

Figure 4-1. Breeding strategy of a-synuclein knockout mice. Homozygous knockout mice (Cardiff ,UK) were bred
with C57bl/6J mice from Charles River (Harlow, UK) Heterozygous offspring were then mated to generate
experimental animals.
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4.2.1. Optimisation of PCR

To quantify the genotype of the mice generated an endpoint PCR was used, due to
the knockout being a whole-body knockout ear biopsies were used. The first stage
that required optimisation was the extraction of DNA from these samples and
maintaining a high purity. Three methods were tested, Proteinase K, Trizol, and the
KAPA extract kit (Figure 4-2). The extracted DNA was then subject to PCR with the a-
synuclein primers, after PCR the Proteinase K, yielded no observable bands, whereas
the Trizol extraction had a clear band. The KAPA extraction kit yielded the strongest
and clearest band of all extraction methods tested, however, there was some slight
smearing due to the suboptimal reaction and potential slight contamination, for all
PCRs going forward the KAPA Kit was used.

DNA Extraction method
Proteinase K Trizol ® KAPA
E O E O

X X

Figure 4-2. DNA extraction methods. DNA samples were obtained from mouse ear biopsies using either
Proteinase K (i), Trizol (ii) or KAPA (iii) extraction methods. 1uL of extracted DNA was then subject to wild-type
and knockout PCR reactions to assess the purity, and presence of DNA. The PCR product for proteinase K and
trizol methods were then mixed with a gel loading buffer, where the KAPA is premixed. This was added into a 1%
agarose gel containing EtBr and run until sufficient separation was observed and imaged on a versa doc (Bio-
Rad).

Following this, the temperatures of the PCR reaction were probed (Figure 4-3). To
achieve this, a temperature gradient was applied to the thermocycler, and identical
samples were used, 2°C increments were observed in the annealing ranging from 52-
62°C (Figure 4-3). In the lowest tested annealing temperature of 52°C the expected
band was present however it was faint and there was a large amount of smearing. As
the temperature of the annealing phase is increased, the bands observed were more
pronounced up to 62°C. The most intense band was observed at the 62°C
temperature, however, it exhibited a larger amount of smearing to 60°C, therefore

going forward the 60°C annealing temperature was used.
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Figure 4-3. Effects of annealing temperature on PCR output. DNA extracted using the KAPA extraction method
was subject to PCR, utilising an identical 30-cycle program except for the annealing temperature, which was
increased in 2°C increments. Samples were then loaded into a 1% Agarose gel with EtBr and run until bands were
separated. This gel was then imaged utilising a versa doc (Bio-Rad).

In the experiments it was noted that the bands were weak, in PCR magnesium chloride
acts as a cofactor, enhancing the enzymatic activity of DNA polymerase, however too
much MgCl2 results in non-specific binding of primers. The KAPA kit has a base
magnesium concentration of 1.5mM. We tested this concentration and increased it to
2.0mM (Figure 4-4). While the band appeared slightly clearer with the higher
magnesium concentration, the increased smearing prevented any improvement in

band visibility.

Figure 4-4. Effects of magnesium concentration on PCR output. DNA extracted using the KAPA extraction method
was subject to PCR with two different concentrations of magnesium 1.5mM (left and 2.0mM (right), samples were
subject to 30 cycles. Samples were then loaded into a 1% Agarose gel with EtBr and run until bands were

separated. This gel was then imaged utilising a versa doc (Bio-Rad). The primer concentration was then
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titrated to minimise the primer dimer formation, resulting in a clearer output (Figure
4-5). In the initial experiments, 10pM was used, which yielded a primer dimer in the
bottom of the wild-type lanes indicative of an excess of primer in the reaction. To
remedy this, the primer concentration was halved to 5pM which had no observable

primer dimer, and yielded bands of comparable intensity.

Primer concentration
5pM 10pM
5 2 £ Q

Figure 4-5. Effects of primer concentration on PCR output. DNA extracted using the KAPA extraction method was
subject to PCR with two different primer concentrations 5pM (left) and 10pM (right). Samples were subject to 30
cycles. Samples were then loaded into a 1% Agarose gel with EtBr and run until bands were separated. This gel
was then imaged utilising a versa doc (Bio-Rad).

4.2.2. Confirmation of an a-synuclein knockout mouse model

To confirm the successful deletion of a-synuclein, we assessed the genotype of the
mice through end-point PCR, and the protein expression through Western blot
analysis (Figure 4-6). The WT sample was devoid of the NEO cassette target present
in the knockout samples, which yielded the most intense bands through western blot
analysis. Where the heterozygous sample showed both a wild-type and knockout
allele present, when subject to western blot analysis it was observed that there was
significantly less a-synuclein protein present than in the wild-type samples (p=0.048),
however, it did not result in a complete knockout of the protein. The knockout sample
showed no wild-type allele through PCR analysis, this caused the complete elimination

of all a-synuclein expression on a protein level.
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Figure 4-6. Quantification of a-synuclein knockout mice. ai representative western blot of a-synuclein from lysates
of wild-type or a-synuclein knockout mouse platelets. aii Relative intensity was calculated by comparing the a-
synuclein signal to the loading control, and presented as a scatter plot with a bar, with each point representing a
data point. b A representative PCR gel showing wild-type, knockout, and heterozygous samples. Data are
presented as mean * standard deviation. N=>3

4.2.3. Assessment of knockout impact on platelet phenotypes

The whole-body knockout of proteins may have an off-target effect on the production
of platelets, and their ability to respond to stimuli (Figure 4-7). To ensure that receptor
expressions of the major platelet-activating receptors remained congruent,
CD49b(a2B1), CD42b (GPIb alpha), GPVI, and CD41 (GPIIb) expression levels were
investigated by flow cytometry (Figure 4-7). Platelet samples from wild-type, knockout,
and heterozygous mice were assessed for receptor expression levels This knockout
of a-synuclein did not affect the expression of CD49b, CD42b GPVI or CD41, this is
recapitulated in the heterozygotic mice. As a result, any difference in platelet function
between the knockout and wild-type mice is not attributable to the expression of
CD49b, CD42b GPVI, or CD41 on the platelet.
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Figure 4-7. Quantification receptor expression in a-synuclein knockout, heterozygous and wild-type platelets. a.
guantitative analysis of four major platelet surface receptors, CD49b, CD42b GPVI and CD41 was assessed on
wild-type (Clear), a-synuclein knockout (light grey) and heterozygous (dark grey) platelet samples through Flow
cytometry. The Median fluorescent intensity (MFI) is presented as Mean £ SEM N=5. b. Platelet size was examined
through the forward scatter (FSC) in flow cytometry, Data are presented as the mean + SEM N=9. c. The granularity
of platelets was assessed through the side scatter (SSC) in flow cytometry. Data are presented as the mean +
SEM N=9.

Changes in platelet size and/or granularity may indicate an abnormality in platelet
generation and granule packaging during thrombopoiesis (Gresele et al., 2015). The
platelet size was assessed through the Forward Scatter (FSC) characteristics using
flow cytometry and we found that a-synuclein knockout platelets appeared slightly

smaller, however, this was not significant. When granularity was assessed through the
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Side Scatter (SSC) characteristics, we found that knockout platelets were similar in
granularity in comparison to wild-type platelets, but this was not significant. These
results show that the deletion of a-synuclein does not affect the receptor expression
of major surface receptors, nor the size and granule packaging of platelets, suggesting
that any differences in platelet function are highly likely to be due to mechanistic

changes post-activation.

Following the quantification of four of the major platelets activating surface receptors,
we next interrogated the effects of a-synuclein deletion on SNARE complex protein
expression (Figure 4-8). As stated previously (1.4.6) the reduction in VAMPS8, STX11
or SNAP23 can have a significant reduction in granule secretion from the platelet.
Changes in expression levels of the SNARE proteins upon the deletion of a-synuclein
is indicative of a compensatory mechanism within the cell. In lieu of a change, it
enables the assumption that a change in granule release is not dependent on changes

in SNARE protein concentration but in the abolition of a-synuclein expression.
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Figure 4-8. Western blot analysis of SNARE complex proteins from platelet samples isolated wild-type or
knockout mice. Western blots of the SNARE complex members in Wild-type and knockout platelet samples N=1.
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4.3.a- synuclein deletion results in a bleeding phenotype.
In the first instance, we assessed the haemostatic capacity of both the wild-type and
a-synuclein knockout mice, through the implementation of a bleeding time assay
(Figure 4-9). The knockout mice displayed a significantly increased bleeding time of
618 = 97.7 seconds in comparison to their wild-type littermates at just 216 + 51.4
seconds; P=0.0051). In addition to the increased bleeding time, there was an
increased propensity for rebleeding events in a-synuclein knockout mice, which is

indicative of reduced clot stability.

Following this a prothrombin time (PT) assay was conducted, the PT measures the
time taken for the blood to clot following the addition of thromboplastin. If there is an
increased PT it indicates that there is a deficiency in a clotting factor. The PT was
consistent between the wild-type and knockout mice models, meaning that there are
no deficiencies in the extrinsic pathway of the clotting cascade. Furthermore, we
conducted an Activated Partial Thromboplastin Time (aPTT) in the presence of
platelets. The aPTT assesses the intrinsic and common pathways of the coagulation
cascade, which involve clotting factors both within the plasma and
platelets. Dysfunction in platelet granule secretion, which releases Factor VIl and
Factor V, could potentially lead to a prolonged aPTT. Importantly, the prothrombin
time remained unchanged, suggesting that the reduction of Factor V on the platelet

surface does not affect this aspect. (Yarovoi et al., 2003).
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Figure 4-9. Bleeding time assay of wild-type and knockout mice with Prothrombin time and activated partial
thromboplastin time. a.The bleed time was recorded for wild-type (circle with white background) and knockout
mice (square with grey background), each datapoint is represented with a circle or square, and white-filled
datapoints represent a rebleeding event. Data represented as a violin plot with datapoints, N=18 (P=0.0051). b.
The prothrombin time assay was conducted on PRP from wild-type (white) and knockout (grey) mice and timed
until a fibrin clot became visible. Data presented as Mean = SEM N=4 P=0.999. c.The activated partial
thromboplastin time was completed on PRP from both Wild-type (white) and Knockout (grey) mice. Data
presented as Mean + SEM N=4 P=0.0004.
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4.4.a- synuclein knockout platelets have an aggregation defect.

Following the observation of a bleeding phenotype in the a-synuclein knockout mice
that was not mediated by the extrinsic pathway, further examination of platelet function
was conducted in isolation using LTA. To establish whether the bleeding diathesis was
a result of a singular compromised activation pathway, platelets were stimulated with
either thrombin, collagen or U46619 (Figure 4-10). Stimulation of wild-type platelets
with 0.05U/mL thrombin induced 74.8%z+ 11.76 aggregation. Following this, when the
knockout platelets were stimulated with thrombin 0.05U/mL thrombin, it induced
44.50% * 11.33 (P=0.0001) aggregation. Heterozygous platelets had a significantly
lower aggregation compared to wild-type platelets, however, to less of an extent
(53.25%10.5) (P=0.0489). When the dosage of thrombin was reduced to 0.025U/mL,
the maximal aggregation was reduced to 18.8%z 5.9 in wild-type platelets.
Aggregation in the knockout platelets at this low concentration was almost completely
abrogated, with multiple samples showing no aggregation at all 2.75%z* 5.9
(P=0.0329).

Furthermore, platelet aggregation in response to the thromboxane A: analogue
U46619, at 0.05uM reached maximal aggregation of 78.29%+4.497 in wild-type
platelets, whereas knockout platelets aggregated significantly less at 38.83% +12.2
(P=0.0083). Using a lower concentration of 0.025uM, reduced the maximal
aggregation of wild-type platelets to 49.6%+6.33, and the knockout to 39.4%z=6.9.
However, the difference between the samples was not significant (P=0.0896). When
the dosage of U46619 was decreased to 0.0125uM, platelet aggregation of both wild-
type and knockout platelets decreased to 50.80%+11.386 and 13.50%z* 4.9,
respectively. Additionally, at this low dosage, some platelet samples from the knockout
samples failed to aggregate (P=0.0104).

The final agonist we tested was collagen, the initial high dosage used at 2.5ug/mL in
the wild-type mice, resulted in an average maximal aggregation of 69.67%z=4.20,
whereas heterozygous mice had a slightly lower average of 59.0%+3.53, and the
knockout mice having an average aggregation of 66.33%+4.33. Although
heterozygous platelets had a lower average aggregation this was not significant
(P=0.407), and the knockout mice had nearly identical aggregation values (p=0.94).
Interestingly, when we reduced the dose of collagen to 1ug/mL there was only a

modest reduction of aggregation in WT platelets to 53.42%z=7.42, but the aggregation
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of both the heterozygous and knockout platelets were significantly reduced. The
heterozygous platelets had an average aggregation of 15.6%+5.2 (P=0.0001) and
knockout platelets 6.00%+1.813 (P=0.0001). These data suggest that the inhibition of
platelets aggregation caused by the deletion of a-synuclein can be overcome by high

dosages of collagen, but not with thrombin or U46619.
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Figure 4-10. Platelet aggregation is reduced in a-synuclein deficient mouse platelets. PRP from mice was
centrifuged at 8009 in the presence of 0.3M citric acid, before resuspending in wash buffer and centrifuging again,
this was then resuspended in Modified Tyrode's buffer for counting, Platelet concentrations were corrected to
3.0x108 for all aggregation assays. Platelets from KO or WT mice were stimulated with either (a collagen, (b)
thrombin or (c) U46199 at indicated concentrations and aggregation were recorded for 5 minutes. All aggregations
were conducted in stirring conditions (1000 RPM) on a chrono-log 4+4 aggregometer. Representative aggregation
traces for dosages of agonist (Left and middle) Graphs (right) of overall data N=5. Percentage aggregation is
presented by mean * standard error of mean (SEM) *P<0.05, **P<0.01 compared to wild-type.
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4.5.Platelet adhesion to extracellular molecules

Platelet adhesion to the extracellular matrix (ECM) is key for platelets to achieve their
role in haemostasis. Collagen is the major component within the ECM to which
platelets bind, through GPVI and GPIb-V-IX. Additionally, platelets adhere to fibrin
which is generated from the cleavage of fibrinogen within the blood plasma by
thrombin. Binding to fibrinogen through GPVI and GPIIb llla is key in clot formation
facilitating thrombus stabilization (Alshehri et al., 2015, Mattheij et al., 2016, Lee et al.,
2012).

4.5.1. a-synuclein deletion has no impact on platelet adhesion to fibrinogen.

Previous literature states that murine platelets failed to spread on fibrinogen due to the
inability of the immobilised matrix to activate mouse GPVI (Mangin et al., 2018,
Watson et al., 2005, Wonerow et al., 2003). Therefore, we examined the static
spreading of murine platelets on a fibrinogen matrix in wild-type and knockout platelets
both with and without pre-stimulation with 0.02U/mL thrombin (Figure 4-11). The pre-
activation of platelets with PAR4 had been shown previously to modulate the initial
spreading of murine platelets to spread fully on human fibrinogen (Lee et al., 2012)
(Figure 4-11). Platelets were assessed at 4 time points, 15-,30-, 45- and 60 minutes,
throughout every time point in the pre-stimulated samples there was no significant
change in the area of the platelets spread on the fibrinogen matrix (15 min P=0.09, 30
min P=0.35, 45min P=0.067, 60 min P=0.68). We then calculated the number of
platelets bound per mm? at each time point. This showed that as time increased the
number of platelets bound to the surface increased, however, there were no significant
differences between the wild-type and the knockout (15 min P=0.23, 30 min P=0.24,
45min P=0.26, 60 min P=0.30). We also noted that at all time points, almost all
platelets were fully spread on the surfaces, we believed this was due to the pre-
activation of platelets before adding them to the coverslips. Therefore, we proceeded
to repeat the experiment omitting the pre-stimulation of platelets with 0.02U/mL

thrombin.
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Under these conditions, platelets were still able to bind fibrinogen without prior
stimulation with thrombin. As expected, the area of the platelets at all time points was
significantly less in the platelets that had not been pre-stimulated with thrombin (WT
15 min P=0.001, 30 min P=>0.0001, 45min P=>0.0001, 60 min P=0.1717, KO 15 min
P=>0.0001, 30 min P=>0.0001, 45min P=0.0002, 60 min P=0.0012). Interestingly,
although there were fewer wild-type platelets bound to the surface, the decrease was
not significant (15 min P=0.99, 30 min P=0.97, 45min P=0.23, 60 min P=0.07). In
knockout samples the reductions in platelets were still observed, however, it was only
the final 1-hour timepoint that showed a significant reduction (15 min P=0.99, 30 min
P=0.30, 45min P=0.11, 60 min P=0.0084). Pre-stimulation with thrombin resulted in
platelets being significantly more spread however it did not significantly affect the
number of platelets that bind to the matrix, as such, going forward all spreading

experiments were conducted with no pre-stimulation.
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Figure 4-11. Effects on the static spreading of murine platelets to fibrinogen matrices in untreated and pre-
stimulated conditions. a. representative images of platelets spread on fibrinogen matrix 100 pl of 1x107 washed
platelets (WP) from either WT or KO mice were seeded on 12mm coverslips, for thrombin-stimulated samples
platelets were activated with 0.02U/mL thrombin immediately before addition to the coverslip. Coverslips were
covered with 100pg/mL fibrinogen and platelets left to bind to the indicated time points. b. images were assessed
for; (i,iii) average platelet area, (ii,iv) platelets per mm?2. presented by mean + standard error of mean (SEM)

*P<0.05, **P<0.01 compared to wild-type N=3.
Next, we examined the impact of a-synuclein on platelet adhesion by allowing platelets
to spread on a 100pg/mL fibrinogen matrix (Figure 4-12). When comparing the
average area of the spread platelets, there was a significant decrease in the size of
knockout platelets at the 15- and 60-minute time points, and small decreases at 30
and 45 minutes (15 min P=0.043, 30 min P=0.15, 45min P=0.33, 60 min P=0.015).
We then examined the number of platelets that adhered to the matrix over time and
found no significant difference in the number of platelets binding (15 min p=0.949, 30
min p=0.966, 45 min p=0.40, 60 min p=0.88). These data show that the binding ability

146



of the a- synuclein-deficient platelet remains intact, however, in response to fibrinogen
there is a slight reduction in the ability of platelets to spread; this was, however, not
significant. It has been hypothesised that the SNARE complex may also play a
differential role in platelet spreading, this was first interrogated following that spreading
requires the binding of VAMP7 to the membrane (Ren et al., 2007, Golebiewska and
Poole, 2013)
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Figure 4-12. Static spreading of unstimulated murine platelets on a matrix. 100 pl of 1x107 washed platelets (WP)
from either WT or KO mice were seeded on 12mm coverslips. Coverslips were covered with 100ug/mL fibrinogen.
Average platelet area in mm2 increased significantly over the time course of both KO and WT (P=0.0009,
P=0.0001) respectively. There was a significant difference between the area of knockout and wild-type platelets at
15 and 60 minutes (15 min P=0.03, 30 min P=0.10 45 min P=0.31 60 min P=0.006). Platelets per mm2 are
displayed as mean + standard error of the mean (SEM). The number of platelets per mm2 increases over time (P=
0.003) but did not differ between wild-type and a-synuclein knockout at any timepoint, (15 min p=0.949, 30min
p=0.966, 45 min p=0.40, 60 min p=0.88). *p>0.05 *P>0.01 ***P>0.001.
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4.5.2. a-synuclein deletion has no impact on platelet adhesion to collagen.

The binding of platelets to collagen is key for their initial role in haemostasis, therefore
we sought to assess the ability of a-synuclein knockout platelets to bind to collagen in
comparison to wild-type counterparts (Figure 4-13). First, we analysed the average
surface area of the bound platelets and found no significant change in the ability of a-
synuclein deficient platelets to spread on collagen (15 min p=0.74, 30 min p=0.29, 45
min p=0.30, 60 min p=0.52). Following this, we assessed the number of platelets per
mm?, similarly to fibrinogen, and found no significant change in the ability of a-
synuclein knockout platelets to bind to collagen (15 min p=0.202, 30 min p=0.173, 45
min p=0.755, 60 min p=0.844. Interestingly, when analysing the spreading data,
although there was no difference in size and count there was an observed difference
in the phenotype distributions between the knockout and wild-types changed. The
wild-type platelets were observed to have a “spikier” appearance, with multiple
filopodial protrusions, whereas the knockout platelets were more often spread but had
a smoother appearance. The interaction of a-synuclein and the actin-binding factor
Cofilin-1 has been observed, a study also has shown that increased concentrations of
a-synuclein in neurons increase the number of lamellipodia and filopodia in
hippocampal neurons (Dasgupta and Thiagarajan, 2020, Bellani et al., 2014, Oliveira
da Silva and Liz, 2020).

148



15 minutes 30 minutes 45 minutes 60 minutes

| 1l
209 15000
° ® W o wT
"E 15 - " KO “g m K0
E E 10000 []
m
f o] £ !
- 2
2 K
] T 5000
2 5 &
a a
0- T T T 0-
15 30 45 60 15 30 45 60
Time (min) Time (min)
C
100]
- ] 3 no classification
x
am- B not spread
w0
i ] = spread
€ 50 ) )
8 ] Il filopodia
L
o 4
0
WT KO

Figure 4-13.Static spreading of unstimulated murine platelets on a collagen matrix. 100 ul of 1x10” washed platelets
(WP) from either WT or KO mice were seeded on 12mm coverslips. Coverslips were covered with 100pg/mL
collagen. Representative images for each timepoint and genotype are displayed. Graphs representing platelet area
and platelets per mm? are displayed as mean + standard error of the mean (SEM). The number of platelets per
mm? increases over time (P=0.0008) however is not significantly different between wild-type and a-synuclein
knockout except for the 60-minute time point (15 min P=0.99, 30 min P=0.53,45 min P=0.999,60 min P=0.03). initial
data shows that the area of platelet spread does not significantly increase (P=0.306). While the Wild-type platelets
are more likely to be spikey than fully spread there is no significant difference. *p>0.05 **P>0.01 ***P>0.001 30,40
minute N=2 15-60 mimunte N=5.
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4.5.1. a-synuclein deletion impairs thrombus formation in vitro.

Platelets circulate in the body and are subjected to sheer stresses. Under physiological
conditions, typical shear rates experienced by platelets are 300—800%~" in the large
arteries, 15-200%"" in veins and 450-1,600%"' in micro arterioles (Gogia and
Neelamegham, 2015). Therefore, we examined platelet adhesion and thrombus
formation under these physiologically relevant conditions in response to collagen
(Figure 4-14). Whole blood was stained with DIOC6 and flowed at a shear rate of
20dynes/cm?which is equivalent to time-averaged physiological arterial shear rates in
vivo (Yap et al., 2012). The wild-type platelets were observed to clump together and
begin to form distinct thrombi to cover on average 10.44+1.1 % of the slide. In contrast,
knockout platelets exhibited sporadic binding and a significantly reduced propensity to
form thrombi structures. Further supporting this observation, optical sectioning of the
thrombus revealed that wild-type thrombi had an average height of 8.25um=0.75,
whereas knockout samples averaged 2.5um+0.64 in height. This marked difference
indicated a significant decrease in both thrombus coverage (P=0.031) and height
(P=0.0011).
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Figure 4-14. Platelet adhesion to collagen matrices under flowing conditions. Whole blood stained with DIOC6
was flowed over 100ug/mL collagen matrix at arterial shear rates (20dynes/cm?) for 2 minutes before washing
with PBS and fixing), the chips were then imaged using confocal microscopy and displayed as maximum intensity
projections. (ai) Images were then analysed using ImageJ to assess surface coverage, the coverage of KO
platelets was significantly less than WT, and the KO platelets also formed much smaller thrombi in comparison.
(aii) Z stacks were used to assess the thrombus height, Z-axis shown. (Bi-ii) Coverage and thrombus height
results displayed as Mean+SEM N=5 P=0.031).

4.6.Immunofluorescence analysis of a-synuclein with SNARE components

A role of a-synuclein that has been elucidated in neuronal cells is the facilitation of the
SNARE complex formation and chaperoning activity, one study in platelets also
identified a-synuclein interaction with SNARE components, however, observed only a
limited role in platelet function (Smith et al.,, 2023). We sought to examine the
localisation of a-synuclein in platelets following activation, and its proximity to other
known SNARE proteins using immunofluorescence microscopy, Additionally to
VAMPS8, STX11 and SNAP23 we assessed STX4, VAMP2 and VAMP?7.
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In the first instance, we assessed the specificity of the secondary antibodies binding
to platelets with no primary antibodies present, and WGA 350 was used to label
platelet membranes (Figure 4-15). Unstimulated and stimulated samples showed clear
staining for WGA, there were also some signal from both 568nm and 667nm channels
showing a very small amount of nonspecific binding to the platelets in both Wild-type
and knockout and in basal and stimulated samples. This shows that any signal that is

observed is not due to non-specific binding or background fluorescence.
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Figure 4-15. Confirmation of specificity of secondary antibodies. Platelets were isolated from wild-type (a) or a-
synuclein knockout (b) murine blood through centrifugation. Stimulated platelet samples were activated with 0.1U
thrombin immediately before the addition of samples to Poly-L-Lysine coverslips, followed with incubation for 1
hour at 37°C. cover slides were then washed and blocked with 0.5% BSA for 1 hour, before fixing with
permeabilisation at room temperature with 4% PFA and 0.3% Triton-x100 respectively. Following washing with
PBS the slides were incubated 1:1000 Anti-mouse (568), Anti rabbit (667) and 5.0 pg/mL WGA, Alexa Fluor®
350 for 1 hour at 37°C away from light. Samples were mounted with gelvitol and imaged. Representative image
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of N=3. The syntaxins are a family of membrane-bound proteins, syntaxin1l (STX11)
has been characterised as the most important member of this family for platelet
granule secretion(Golebiewska and Poole, 2013). In the wild-type platelets, STX11
was visible throughout the platelet, as was a-synuclein, however, there was little co-
localisation observed (Figure 4-16A). In the wild-type platelets that were stimulated
with 0.1U/mL thrombin, there was a similar distribution of STX11 throughout the
platelet, yet, the a-synuclein was observed to be much more visible and spread out
than in unstimulated samples. Interestingly although STX11 and a-synuclein
appeared to be more spread out there were more co-localisation events between
STX11 and a-synuclein (yellow), suggesting that they may interact upon platelet

activation.

In wild-type a-synuclein knockout platelets in unstimulated conditions, STX11
remained spread throughout the platelet (Figure 4-16). We observed some very weak
staining for a-synuclein in the knockout sample mostly localised to the platelets,
however, this may be some bleed-through from the other fluorophores. Following
stimulation, platelets did not spread to the same extent as the wild-type platelets, this
is concordant with previous spreading data in human platelets, although the

distribution of STX11 was maintained following activation.
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Figure 4-16. Effects of a-synuclein knockout on Syntaxin 11 in platelets.Platelets were isolated from wild-type (a)
or a-synuclein knockout (b) murine blood through centrifugation. Stimulated samples were activated with 0.1U
thrombin directly before addition to Poly-L-Lysine coverslips followed by incubation for 1 hour at 37°C, cover slides
were then washed and blocked with 0.5% BSA for 1 hour, before fixing and permeabilization at room temperature
with 4% PFA and 0.3% Triton-x7100 respectively. Platelets were then incubated with 1:200 a-synuclein (CST 4179)
and 1:100 STX11 (SC —377121) for 1 hour at 37°C. Following washing with PBS the slides were incubated 1:1000
Anti-mouse (568), Anti rabbit (667) and 5.0 ug/mL WGA, Alexa Fluor® 350 for 1 hour at 37°C, protected from light.
Samples were mounted with gelvitol and imaged. Representative image of N=3. Images were then false-coloured
a-synuclein (red) Stx11 (green) membrane (blue).
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Following this, we interrogated the effects of a-synuclein knockout on SNAP23
movement and localisation (Figure 4-17). In unstimulated wild-type platelets, SNAP23
was distributed throughout the platelet, whereas the distribution of a-synuclein was
comparable to what was observed when interrogating STX11. In samples stimulated
with 0.1U/mL thrombin, SNAP23 colocalised towards the periphery of the platelets,
forming a ring around the periphery that was very similar to a-synuclein. There were
multiple locations around the edge of the platelet where the SNAP23 and a-synuclein
were co-localised, however, there were locations for both where there was 1 protein
observed without the other. Interestingly, the examination of a-synuclein knockout
platelets revealed that SNAP23 also distributed heterogeneously throughout the cell.
Similarly to STX11, there was a small amount of a-synuclein positive signal within the
platelet. When Knockout platelets were stimulated with 0.1U/mL thrombin, SNAP23
moved towards the periphery slightly. However, this movement was less pronounced
compared to wild-type platelets, where SNAP23 was observed to spread throughout

many of the platelets.
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Figure 4-17 Effects of a-synuclein knockout on SNAP23 in platelets. Platelets were isolated from wild-type (a) or

a-synuclein knockout (b) murine blood through centrifugation. Stimulated platelet samples were activated with
0.1U/mL thrombin immediately before the addition of samples to Poly-L-Lysine coverslips, followed with

incubation for 1 hour at 37°C, cover slides were then washed and blocked with 0.5% BSA for 1 hour, before fixing

with permeabilisation at room temperature with 4% PFA and 0.3% Triton-x100 respectively. Platelets were then
incubated with 1:100 a-synuclein (CST 4179) and 1:100 SNAP23 (SC-734215) for 1 hour at 37°C. Following
washing with PBS the slides were incubated 1:1000 Anti-mouse (568), Anti rabbit (667) and 5.0 pg/mL WGA,
Alexa Fluor® 350 for 1 hour at 37°C away from light. Samples were mounted with gelvitol and imaged.
Representative image of N=3 a-synuclein (red) SNAP23 (green) Membrane (blue).
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Next, we investigated the effects of a-synuclein knockout on the movement of VAMPS8
within platelets (Figure 4-18). VAMPS is present on the granules which bind to STX11
for the major SNARE complex, therefore if a-synuclein is required for chaperoning we
may see a change in the movement of VAMP8 (Thon et al.,, 2012). In wild-type
platelets, VAMP8 was distributed heterogeneously throughout the platelet, upon
stimulation, the VAMP8 was moved towards the periphery of the platelet, however,
there was still a significant amount of VAMPS8 present throughout the platelet. The
movement of a-synuclein as expected was like that in STX11 and SNAP23 images
where the a-synuclein in unstimulated conditions is spread throughout the platelet and
moves towards the periphery of the cell upon stimulation. In unstimulated conditions,
both VAMP8 and a-synuclein co-localised at many points throughout the platelet.
Following stimulation, co-localisation was still observed, however to a lesser extent,
albeit most co-localisation events observed were at the peripheries of the cell as

opposed to the centre.

In the a-synuclein knockout samples, we showed that the VAMP8 was spread
homogeneously throughout the platelet, however, there was a small amount of signal
from a-synuclein. These signals showed very little co-localisation. Following
stimulation of platelets, the VAMP8 remained spread homogeneously throughout the
cell with a lower propensity for moving towards the periphery. This indicates that the
platelet granules are not moving towards the peripheries of the cell as effectively in
the a-synuclein knockout mice as in the wild-type.
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Figure 4-18. Effects of a-synuclein knockout on VAMPS in platelets. Platelets were isolated from wild-type (a) or
a-synuclein knockout (b) murine blood through centrifugation. Stimulated platelet samples were activated with
0.1U/mL thrombin immediately before the addition of samples to Poly-L-Lysine coverslips, followed by incubation
for 1 hour at 37°C, cover slides were then washed and blocked with 0.5% BSA for 1 hour, before fixing with
permeabilization at room temperature with 4% PFA and 0.3% Triton-x100 respectively. Platelets were then
incubated with 1:100 SNCA (sc-515879) and 1:100 VAMPS8 (cst -13060s) for 1 hour at 37°C. Following washing
with PBS the slides were incubated 1:1000 Anti-mouse (568), Anti rabbit (667) and 5.0 pg/mL WGA, Alexa
Fluor® 350 for 1 hour at 37°C away from light. Samples were mounted with gelvitol and imaged. Representative
image of N=3 a-synuclein (red) VAMP8 (green) Membrane (blue).
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In addition to the main SNARE complex proteins used for platelet granule release, we
investigated the additional SNARE members, STX4, VAMP2 and VAMP7. Syntaxin
4, like syntaxinll, is a membrane-bound protein, this was confirmed in unstimulated
samples both wild-type and knockout where the STX4 signal was predominantly
observed around the peripheries (Figure 4-19). The distribution pattern of a-synuclein
resembled that of other samples. In unstimulated conditions, there are a small amount
of a-synuclein and STX4 co-localisation events, which showed minimal increase upon
stimulation with 0.1 U/mL thrombin (Figure 4-19). In a-synuclein knockout platelets,
the distribution of STX4 within the platelet did not show noticeable differences under
basal or stimulated conditions, which is expected given STX4's presence on the
platelet membrane (target membrane).

We then investigated the effects of a-synuclein knockout on VAMP2, which like
VAMPS, is present on the membranes of granules within the platelet (Figure 4-20). In
unstimulated conditions, VAMP2 was spread heterogeneously throughout the
platelets, and when stimulated with 0.1U/mL thrombin it moves towards the periphery
of the cell, while there was still a signal throughout the whole of the cell. In unstimulated
conditions, there were very few co-localisation events observed between a-synuclein
and VAMP2. After stimulation with 0.1U/mL thrombin, there were more observed co-
localisation events, but as with VAMP8 although co-localised in places there were both

proteins located at the periphery that were not observed together.
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Figure 4-19. Effects of a-synuclein knockout on Syntaxin 4 in platelets. Platelets were isolated from wild-type (a)
or a-synuclein knockout (b) murine blood through centrifugation. Stimulated platelet samples were activated with
0.1U thrombin immediately before addition of samples to Poly-L-Lysine coverslips, followed by incubation for 1
hour at 37°C, cover slides were then washed and blocked with 0.5% BSA for 1 hour, before fixing with
permeabilization at room temperature with 4% PFA and 0.3% Triton-x100 respectively. Platelets were then
incubated with 1:100a-synuclein (CST 4179) and 1:100 STX4 (SC-101301) for 1 hour at 37°C. Following washing
with PBS the slides were incubated 1:1000 Anti-mouse (568), Anti rabbit (667) and 5.0 pg/mL WGA, Alexa
Fluor® 350 for 1 hour at 37°C away from light. Samples were mounted with gelvitol and imaged. Representative
image of N=3 a-synuclein (red) STX4 (green) Membrane (blue).
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Figure 4-20. Effects of a-synuclein knockout on VAMP2 in platelets. Platelets were isolated from wild-type (a) or
a-synuclein knockout (b) murine blood through centrifugation. Stimulated platelet samples were activated with
0.1U thrombin immediately before the addition of samples to Poly-L-Lysine coverslips, followed with incubation
for 1 hour at 37°C, cover slides were then washed and blocked with 0.5% BSA for 1 hour, before fixing with
permeabilisation at room temperature with 4% PFA and 0.3% Triton-x100 respectively. Platelets were then
incubated with 1:100 a-synuclein (CST 4179) and 1:100 Vamp 2 (SC-69706) for 1 hour at 37°C. Following
washing with PBS the slides were incubated 1:1000 Anti-mouse (568), Anti rabbit (667) and 5.0 pg/mL WGA,
Alexa Fluor® 350 for 1 hour at 37°C away from light. Samples were mounted with gelvitol and imaged.
Representative image of N=3 a-synuclein (red) VAMP2 (green) Membrane (blue).
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VAMP7 showed similar distribution and response to thrombin stimulation to other
members of the VAMP family in WT platelets, with a heterogenic distribution under
unstimulated conditions. Similarly, to the other VAMP proteins, VAMP7 has some co-
localisation in basal samples, interestingly, upon stimulation, the amount of co-
localisation events did not visibly look to increase (Figure 4-21). When imaged in
knockout platelets the VAMP7 exhibited movement highly analogous to within the WT
platelets, starting heterogeneous in unstimulated samples, and moving towards the

periphery upon stimulation with 0.1U/mL thrombin, albeit to a lesser extent.
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Figure 4-21. Effects of a-synuclein knockout on VAMP?7 in platelets. Platelets were isolated from wild-type (a) or
a-synuclein knockout (b) murine blood through centrifugation. Stimulated platelet samples were activated with
0.1U thrombin immediately before the addition of samples to Poly-L-Lysine coverslips, followed with incubation
for 1 hour at 37°C, cover slides were then washed and blocked with 0.5% BSA for 1 hour, before fixing with
permeabilisation at room temperature with 4% PFA and 0.3% Triton-x100 respectively. Platelets were then
incubated with 1:100 SNCA (sc-515879) and 1:100 VAMP7 (CST- 14811) for 1 hour at 37°C. Following washing
with PBS the slides were incubated 1:1000 Anti-mouse (568), Anti rabbit (667) and 5.0 pg/mL WGA, Alexa
Fluor® 350 for 1 hour at 37°C away from light. Samples were mounted with gelvitol and imaged. Representative
image of N=3 a-synuclein (red) VAMP7 (green) Membrane (blue).

0.1U/mL
thrombin

Unstimulated

KO

0.1U/mL
thrombin

164



Finally, we interrogated the movement of a-synuclein ps¢*?° (Figure 4-22)Both a-
synuclein and its phosphorylated form were observed to be present throughout the
cell in basal conditions. As expected, there is almost complete co-localisation between
the phosphorylated protein and the total a-synuclein, however, there are also
significant regions observed where there is a-synuclein that is not phosphorylated.
Upon stimulation with 0.1U/mL thrombin, both the phosphorylated and non-
phosphorylated a-synuclein were observed to move towards the periphery of the cell.
Interestingly, the phosphorylated protein was seen to make a ring around the outside
of the non-phosphorylated a-synuclein closer to the edge of the cell. In knockout
samples, there were some sporadic signals however no significant signal was

observed when compared with the negative control.
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Figure 4-22. Movement of a-synuclein and in a-synuclein pser129 platelets. Platelets were isolated from wild-
type (a) or a-synuclein knockout (b) murine blood through centrifugation. Stimulated platelet samples were
activated with 0.1U thrombin immediately before the addition of samples to Poly-L-Lysine coverslips, followed by
incubation for 1 hour at 37°C, cover slides were then washed and blocked with 0.5% BSA for 1 hour, before fixing
with permeabilisation at room temperature with 4% PFA and 0.3% Triton-x100 respectively. Platelets were then
incubated with 1:100 SNCA (sc-515879) and 1:100 pSNCA (sc -135638) for 1 hour at 37°C. Following washing
with PBS the slides were incubated 1:1000 Anti-mouse (568), Anti rabbit (667) and 5.0 pg/mL WGA, Alexa
Fluor® 350 for 1 hour at 37°C away from light. Samples were mounted with gelvitol and imaged. Representative
image of N=3 a-synuclein (red) a-synuclein pser129 (green) Membrane (blue).
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4.7.Flow cytometric analysis of platelet activation.

4.7.1. Optimisation of flow cytometry conditions.

Multiple parameters must be optimised and remain consistent throughout
experimentation to ensure the data is reliable and accurate. Firstly, to achieve
consistent staining, platelet concentration was optimised to 2x107 platelets and then
diluted to 1:10 for the final staining volume, as per the manufacturer’s instructions.
Next, the optimal concentrations of antibodies were optimised to achieve greater
sensitivity and reduce overall antibody volumes used. Alongside the optimal
concentration of antibody, the voltage of the machine was optimised to create the
greatest separation between the unstimulated and activated samples. The final laser
powers were adjusted to maximise the separation between the basal and positive
samples while maintaining the basal MFI being low, the optimal voltages used were:
FITC-580, PE-549, PE-CY7 -663 APC-580, Alexa-700 — 565.

Unstimulated samples were incubated with the highest dosage of antibody tested, for
the positive samples, stimulated platelets were used and were incubated with the
indicated concentration of antibody (Figure 4-23). PD-L1 APC was the first antibody
evaluated, at low-5ng/uL, medium- 10ng/uL and high- 20ng/uL, basally an MFI at low
and medium doses the signal observed is almost identical to the unstimulated sample,
the high dosage however yielded an overall increase in MFI therefore 20ng/uL (5uL)

APC was used.

Next was LAMP1, a marker of lysosome release. LAMP1 was conjugated to Alexa-
700, in unstimulated conditions MFI of 3.85 was observed, after stimulation, it was
assessed with Low-12.5ng/uL, Medium-25ng/puL and high-50ng/uL, where all MFI
were within the same range, 43.6, 50.1 and 48.8, respectively. Therefore, we
determined the optimal volume to be 12.5ng/pl (1.25uL), as it yielded the same MFI
has higher doses using less antibody.

The platelet activation marker JON/A PE was used, basally an MFI of 580 was
observed; stimulated samples were incubated with Low-1.25uL, Medium-2.5uL or
high-5uL, volumes of antibody. The MFI of samples increased with antibody volume,
Low volumes of antibody resulted in a lower than basal MFI, Medium of 1358 and High
concentrations increased further to 2614. The highest dose tested was determined to

be the optimal dose. Alongside this activation marker, p-selectin was used, as an
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indicator of platelet activation and a-granule release. The P-selectin used was
conjugated to FITC, there was little basal signal present with an MFI of 62.9. When
stimulated samples were incubated with Low-1.25uL, Medium-2.5uL or high-5uL,
volumes of antibody. The MFI increased in a dose-dependent manner, with low
antibody concentration having an MFI of 431, a middle dose of 344, and the highest
concentration yielding an MFI of 1340. The highest concentration of antibody used
yielded the highest MFI and due to the basal sample treated with the same
concentration showing a significantly lower signal it can be concluded this was not

increased background.

The final antibody tested was for the dense granule maker CD63, this antibody was
conjugated to PE-CY7. Basally an MFI of 65.5 was observed; stimulated samples
incubated with low-5ng/pL, medium- 10ng/pL and high- 20ng/uL, volumes of antibody
yielded a dose-on-dose increase, of 420, 585, and 630. With the small increase
between the medium and high volumes, it was established that the middle dose of

10ng/uL (2.5uL) was optimal.
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Figure 4-23. Antibody titration of flow cytometry antibodies. To assess the concentration of antibody needed for
maximal signal with minimum antibody usage, antibody concentration was titrated and tested on wild-type mouse
platelets stimulated with 0.1U/mL thrombin. Basal samples utilised the highest concentration of antibody on
unstimulated samples as a baseline. Data is presented as histograms of fluorescent intensity from samples stained
with concentrations of antibody.

Additionally, to the standardisation of all flow cytometry parameters, the collection of
blood was of great importance (Figure 4-24). To ensure that the anti-coagulants were
not a contributing factor it was crucial that all blood was drawn into sodium citrate with
a 1:10 dilution. Compounding this, substandard bleeds resulted in a significantly
decreased fold increase in both the activation markers (p-selectin, Jon/A) and the
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markers for granule secretion (P-selectin, CD63 and LAMP1), this was also evidenced
by a large increase of debris in the FSC and SSC.

A good bleed was characterised by a single attempt with little resistance to acquire
540uL of blood into 60uL sodium citrate. Average bleeds were characterised by either
2 attempts or less to acquire blood, or a resistance in the syringe when drawing the
full volume. A bad bleed was characterised by multiple attempts required to puncture
the heart, high resistance, or inability to draw the full volume. It was observed that with
bleeds of poorer quality both the basal signal was increased, alongside the reduction
in stimulated MFI, P-selectin was most sensitive to this with a drop from 33-fold
increase to just 1.1x. In all bad bleed samples, the average fold increase for every
marker was less than 1.5x. in comparison to average bleeds, P selectin and JON/A
were both highly sensitive, however a significant decrease in all parameters was seen.

It was observed that only good bleeds yielded acceptable data from which to draw

conclusions.
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Figure 4-24. Effect of bleed quality on flow cytometry data. Murine blood was collected via Direct cardiac puncture
after sacrifice by CO2. Citric acid 150uL was used in collection syringes, initially if a bleed went well the platelets
were used. A) early experiments showed the quality of the bleed greatly impacted the result of the flow cytometry,
displayed in fold increase over basal. Due to this, it was decided that 600pL of blood would be taken. If a bleed did
not reach this volume, it was not used and no more than 600uL was drawn to keep ratios of Citric acid the same
between donors.
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The use of a five-colour assay allowed for the comparison of the activation markers
concurrently with the secretion markers and PD-L1 expression. However, these
fluorophores can have a spillover into neighbouring channels creating an aberrant
signal, necessitating the use of compensation for all parameters (Table 17). Single
stained samples were run, and additional spillover was removed in the DIVA software
which was used for all samples.

Table 17. Compensation matrix of 5 colour flow cytometric analysis

4.7.2. Whole population flow cytometric analysis of platelet activation and

secretion.

4.7.2.1. Assessing platelet activation in response to thrombin
The JON/A antibody only binds to activated o233 in mouse platelets, the MFI from
JON/A increased in a dose-dependent manner in response to stimulation with
thrombin (Figure 4-25). In unstimulated conditions, both the knockout and wild-type
platelets expressed similar levels of JON/A, with the knockout platelets even having a
slightly higher expression. However, when stimulated with thrombin the JON/A MFI
from knockout platelets was consistently lower than that of the wild-type platelets, this

was only significant in the highest (0.1U/mL) dose of thrombin (P=0.025).

P-selectin is present within the a-granules in inactivated platelets and translocated to
the plasma membrane upon activation. This makes P-selectin a good indicator of both
activation and secretion of a-granules. The expression of P-selectin in basal conditions
is similar in both Wild-type and knockout samples. When stimulated with thrombin, the
P-selectin expression increases significantly in both samples. Comparatively to each
other the p-selectin expression is significantly affected by the knockout with an
interaction value of P=0.0050, this was most notable with a significant decrease in the
top dose of thrombin (P=>0.0001).
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Alongside assessing the MFI for JON/A and P-selectin signals, we also interrogated
the percentage of positive JON/A and P-selectin in the platelet sample. Interestingly
at top doses of thrombin, the percentage of JON/A positive platelets is higher in the
knockout- (77.6%) than in wild-type samples (62%). This was mirrored by the amount
of P-selectin positive cells, with knockout samples having 76% of positive cells and
Wild-type 59%.

CD63 is a constituent of dense granules, similarly to P-selectin it is also expressed on
the cell surface after the activation of platelets and resultant dense granule secretion.
This also gives the ability to use CD63 as a marker of activation along with its more
specific role of elucidating dense granule release. In basal samples there was no
significant difference between the expression of CD63, when stimulated with thrombin,
at low and medium doses the knockout platelets expressed less CD63, however, this
was not a significant reduction. When platelets were subject to the highest dose of
thrombin the expression of CD63 on knockout platelets was reduced, however not

significantly.

LAMP1 is a constituent of the Lysosome membrane, and upon lysosome secretion, it
translocates to the platelet membrane, allowing for the quantification of lysosomal
secretion in platelets (Eskelinen, 2006). In basal conditions, the LAMP1 signals for
both wild-type and knockout mice were homogeneous. When stimulated with thrombin
both wild-type and knockout samples increased LAMP1 expression in a thrombin
dose-dependent manner. Although knockout samples were consistently lower in MFl,
there was no significant decrease in any dosage, it was also observed that the MFI of

LAMP1 was low for all time points suggesting the expression always remains low.

The final marker we observed was PD-L1. PD-L1 is traditionally an immune checkpoint
inhibitor but has also been linked with thrombotic events. We sought to assess whether
PD-L1 expression in platelets could be affected by the knockout of a-synuclein.
Interestingly, we saw a significant increase in PD-L1 with thrombin stimulation, this

increase was not significantly affected by the knockout of a-synuclein at any dosage.
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Figure 4-25. Whole population analysis of thrombin-stimulated platelets. Expression of surface markers was
conducted on wild-type (white) and a-synuclein knockout grey) platelets isolated through centrifugation and
stained with the antibody cocktail for simultaneous detection per platelet. The Median fluorescent intensity (MFI)
was utilised for 10,000 platelets per sample. Platelets were stimulated with indicated concentration of thrombin
and expression of P-selectin (ai), JON/A (aii), CD63 (aiii), LAMP1 (aiv), and PD-L1 (av) was recorded. Data is
presented as Mean + SEM. A quadrant gate was generated on unstimulated samples was added to contour plots
for 0.1U/mL thrombin-stimulated platelets showing changes in the percentage of P-selectin positive events on the
Y-axis and Jon/A positive events on the x axis. wild-type (bi) and a-synuclein knockout (bii) Data presented as a
contour plot of concatenated datasets N=6.

4.7.2.2. Assessing platelet activation in response to CRP-XL
Due to collagen having a fibrous structure, its use in flow cytometry is not appropriate.
Therefore, CRP-XL was used as an analogue simulating platelet reaction to GPVI
activation. Utilising the same antibody panel, we elucidated the effects of a-synuclein
knockout on the secretion of platelets activated through GPVI signalling (Figure 4-26).
The activation of platelets by CRP-XL was assessed through JON/A. The unstimulated
samples were highly concordant between wild-type and knockout, which is identical to

the thrombin samples. When platelet samples were stimulated with CRP-XL, the MFI
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of JON/A increased, however, interestingly there was no significant increase of JON/A
MFI between the highest and lowest dosages of CRP-XL. When comparing Wild-type
and knockout samples, there was no significant difference between samples at any

dosage.

We next assessed the effects of a-synuclein knockout on CRP-XL stimulation through
P-selectin, CD63, and LAMP1. P-selectin significantly increased when stimulated with
CRP-XL (P=0.047), however, there was no significant difference between the doses,
and there were also no significant differences observed between the knockout and
wild-type samples. CD63, Similarly to P-selectin was observed to have a significant
increase when stimulated with CRP-XL (P=0.049), but no significant change between
dosages; there is also no difference between the knockout and wild-type samples at
any concentration. The final secretion marker LAMP1 again showed a significant
increase when stimulated with CRP-XL P=0.0024, but there was still no significant

difference between Knockout and wild-type at any dosage.
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Figure 4-26. Whole population analysis of CRP-XL stimulated platelets. Expression of surface markers was
conducted on wild-type (white) and a-synuclein knockout (Grey) platelets isolated through centrifugation and
stained with the antibody cocktail for simultaneous detection per platelet. The Median fluorescent intensity (MFI)
was used for 10,000 platelets per sample. Platelets were stimulated with indicated amounts of CRP-XL and
expression of P-selectin (i), Jon/A (i), CD63 (iii), LAMP1 (iv), and PD-L1 (v) was observed. Data is presented as
Mean + SEM. A quadrant gate was generated on basal samples was added to contour plots for 10ug/mL CRP-
XL-stimulated platelets showing changes in the percentage of P-selectin positive events on the Y-axis and Jon/A
positive events on the x axis. wild-type (left) and a-synuclein knockout (right) Data presented as a contour plot of
concatenated datasets.

When platelets were stimulated with CRP-XL it did not appear to have any effect on
the surface expression of PD-L1, with the basal and stimulated samples showing an
insignificant increase. This was recapitulated when comparing the wild-type and
knockout samples at each dose, with no significant up or down-regulation of the PD-
L1 marker. Cumulatively this data suggests that CRP-XL does activate platelets and
initiate platelet granule release through a process that is independent of a-synuclein.
They also suggest that PDL1 presentation on the platelet surface is independent of
GPVI activation.
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4.7.2.3. Assessing platelet activation in response to U46619
The next agonist we investigated was the thromboxane analogue U46619 (Figure
4-27). It binds to thromboxane receptor, and similarly to thrombin the downstream
signalling is mediated by G proteins. Interestingly, when platelets were stimulated with
5uM U46619, there was no observed increase in any marker over basal samples
suggesting that even at top dosage there was no activation of platelets, or secretion
of any granule type. This was at odds with the aggregation data which showed a

maximal aggregation at this dosage in wild-type platelets.
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Figure 4-27 Whole population analysis of U46619 stimulated platelets. Expression of surface markers was
conducted on wild-type (white) and a-synuclein knockout (Grey) platelets isolated through centrifugation and
stained with the antibody cocktail for simultaneous detection per platelet. The Median fluorescent intensity (MFI)
was utilised for 10,000 platelets per sample. Platelets were stimulated with indicated amounts of U46619 and
expression of P-selectin (ai), Jon/A (aii), CD63 (aiii), LAMPL1 (aiv), and PD-L1 (av) was observed. Data is
presented as Mean + SEM. A quadrant gate was generated on basal samples was added to contour plots for
0.05uM U46619-stimulated platelets showing changes in the percentage of P-selectin positive events on the Y-
axis and Jon/A positive events on the x-axis. wild-type (bi) and a-synuclein knockout (bii). Data is presented as a
contour plot of concatenated datasets.
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4.7.2.4. Elucidating the activation of platelets in response to ADP
The final agonist we tested was ADP (Figure 4-28). First, we assessed the activation
marker JON/A, we saw a significant increase in JON/A signal when stimulated with
ADP (P= 0.017), which increased with ADP dose, however, the increased doses did
not yield a significantly higher signal. When comparing Wild-type and knockout

samples there was no significant difference at any dosage.
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Figure 4-28. Whole population analysis of ADP stimulated platelets. Expression of surface markers was
conducted on wild-type (white) and a-synuclein knockout (Grey) platelets isolated through centrifugation and
stained with the antibody cocktail for simultaneous detection per platelet. The Median fluorescent intensity (MFI)
was utilised for 10,000 platelets per sample. Platelets were stimulated with indicated amounts of ADP and
expression of P-selectin (ai), Jon/A (aii), CD63 (aiii), LAMP1 (aiv), and PD-L1 (av) was observed. Data is
presented as Mean + SEM. A quadrant gate was generated on basal samples was added to contour plots for
30uM ADP-stimulated platelets showing changes in the percentage of P-selectin positive events on the Y-axis
and Jon/A positive events on the x-axis. wild-type (bi) and a-synuclein knockout (bii). Data is presented as a
contour plot of concatenated datasets.
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Next, we assessed the effects of ADP on platelet secretion markers in wild-type and
knockout platelets. When interrogating P-selectin there was a slight increase observed
upon stimulation, however, this was not significant. Also, while the knockout samples
were consistently lower than wild-types, there was no significant difference, they
yielded an insignificant increase from basal samples. CD63 secretion data showed
that the dense granule release was not significantly upregulated in any ADP stimulated
platelets, this also showed there was no significant difference between the knockout
and wild-type samples. The final secretion marker LAMP1 showed there was no
significant lysosome release from the platelets stimulated by ADP, with stimulated
samples being insignificantly different from basal samples. While the knockout

samples were slightly decreased there was no significant difference.

Stimulation with ADP did not induce the expression of PD-L1 on the platelet surface
at any dosage assessed for either the wild-type or knockout samples. When taken
together, in this study, ADP was able to activate platelets however it was not able to
illicit a secretionary response. There was also no significant difference between the

knockout or wild-type samples as neither increased nor decreased.

4.7.3. Flow cytometry single-cell analysis of platelet activation

For all single cell analysis t-distributed stochastic neighbour embedding (t-SNE) was
utilised. The application of t-SNE analysis allowed for the dimensionality reduction of
data to a 2D map clustering similar groups within the dataset. The rationale for using
t-SNE analysis was due to its robustness when challenged with outlaying datapoints,
and that it does not assume linear relationships between features, unlike some other
clustering models. Many of the shortfalls of t-SNE analysis such as its speed, inability
to manage missing data, and sensitivity to initialisation conditions were not an issue
for this application. To begin the t-SNE analysis the conditions to assess must be
selected (Figure 4-29).
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Figure 4-29. t- SNE analysis condition selection. Wild-type mouse platelets stimulated with 0.1U thrombin were
incubated with an antibody cocktail containing FITC-P-selectin, PE-Jon/A, PE-cy7 CD63, Alexaflour700 LAMP1,
and APC PD-L1. Data from 5 samples were then concatenated and t-SNE analysis was conducted. Analysis of
the fluorophores: FITC ,PE, APC, A700, and PE-Cy7 including FSC and SSC was conducted with 30 perplexity
and 7% learning rate (left column). Where analysis of the Fluorophores alone was conducted with identical
perplexity and learning rates (Right column). The t-SNE maps were then pseudo coloured for Sample ID (top)
Forward scatter (middle) and side scatter (bottom).
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We compared the t-SNE of fluorophores alone and fluorophores accompanied by the
SSC and FSC data (Figure 4-29). The distribution of the separate samples was then
delineated by the sample IDs, interestingly this results in a more homogeneous
distribution of samples on the t-SNE map. To assess whether the inclusion of FSC
and SSC influenced the distribution of samples we pseudo-coloured the map. The
map generated including SSC and FSC showed a population separated from the main
area which had a lower forward scatter, with the rest of the map having the general
trend of smaller on the left and larger on the bottom right. This trend did however have
patches of larger cells spread throughout the map. Interestingly, the map that was
generated without taking FSC and SSC into account also had this singular small
population separated from the main mass, there was also a gradient of small to large

platelet samples as seen with the analysis including the FSC and SSC.

Next, we assessed the effects of the condition selected on the SSC data. With the t-
SNE map pseudo-coloured to show SSC samples, it shows that there is very little
change in the SSC across the entire platelet population observed. There was a slightly
elevated SSC towards the right-hand side of the t-SNE map, there were also some
darker regions scattered throughout the map, but no populations that were separated
spatially. In the fluorophore-only map, the same pattern is observed, with a small
lighter area at the bottom of the map showing the higher SSC, with the darker low SSC
patches dotted throughout the map.

Taken together the inclusion of FSC and SSC does not have a significant effect on the
separation of samples, even when not included in the t-SNE criteria a similar pattern
emerges, this was expected due to the different scale in which FSC and SSC are
measured in. Therefore, we chose to include the FSC and SSC on all t-SNE map

generation going forward.

The perplexity is key for the optimal separation of the dataset, it sets the number of
nearest neighbours each datapoint is compared to (Figure 4-30). Previous literature
states that a perplexity between 2 and 50 is recommended, we started with a perplexity
value of 2, this perplexity value resulted in a t-SNE map that was almost completely
heterogeneous, showing that the perplexity score was too low (Van der Maaten and
Hinton, 2008). When the perplexity is set to 30 neighbours, the t- SNE map spread
apart, resulting in the clustering of multiple distinct populations within the t-SNE map
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that was previously not visible. We then increased the perplexity to 50, although we
saw a lot of similar populations to the perplexity 30 setting some populations that were
previously visible such as the top left population had begun to merge back into the
main mass. Other populations that stayed separate began to form much tighter
clusters which were hard to visualise. The tight clustering and remerging of
populations was a result of the perplexity being too high reducing the ability of the

algorithm to differentiate the populations.
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Figure 4-30. t-SNE analysis optimisation, - perplexity tuning. Wild-type mouse platelets stimulated with 0.1U
thrombin were incubated with an antibody cocktail containing FITC-p-selectin, PE-Jon/A, PE-cy7 CD63,
Alexafluor700 LAMP1, and APC PD-L1 and analysed by flow cytometry. Data from 5 samples were then
concatenated and t-SNE analysis conducted. The perplexity of the t-SNE analysis was tested to assess its

effects, starting with a perplexity of 5 (a) a medium perplexity of 30 (b) and the highest recommended perplexity
of 50 (c). Data is presented as a False coloured t-SNE map consisting of 5 datasets concatenated.

L

The final optimisation of the t-SNE algorithm is tuning the learning rate (Figure 4-31).
This controls the weights of the algorithm with each iteration, allowing for the minimum
probability difference to be attained and separate out the populations. First, we tried a
learning rate of 3% this resulted in a rounded map with a small amount of spatially
separated groups, however within the main bulk of the map there is no separation.
The learning rate was then set to 7% of the total of the cells present, this resulted in a
t-SNE map that has multiple distinct populations spread throughout the map with
subpopulations separated spatially there was also populations within the main bulk of

the map with slight spatial separation from the rest of the mass it also resulted in a
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less rounded map. Finally, the learning rate was set to 10% of the total amount of
datapoints this resulted in a much more rounded map similar to the low learning rate.
Comparatively to the 7% graph, the 10% graphs did better cluster some outlaying
populations, however the separation observed in the more central regions is less
defined resulting in difficulty in delineating different populations. Therefore, we chose
a 7% learning rate for all experimentation going forward as it produced a map with the

greatest spatial distribution of datapoints.
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Figure 4-31. t-SNE analysis optimisation - learning rate optimisation. Wild-type mouse platelets stimulated with
0.1U thrombin were incubated with an antibody cocktail containing FITC-p-selectin, PE-Jon/A, PE-cy7 CD63,
Alexafluor700 LAMP1, and APC PD-L1 and analysed by flow cytometry. Data from 5 samples were then
concatenated and t-SNE analysis conducted the Learning rate of the t-SNE analysis was tested to assess its

effects, starting with a rate of 3% (a) a medium perplexity of 7% (b) and the highest recommended perplexity of
10% (c). Data is presented as a False coloured t-SNE map consisting of 5 datasets concatenated.

L

4.7.4. Classification of activated platelets for t-SNE analysis

Initially, we applied a traditional gate to the dataset delineating P-selectin positive
platelet populations and JON/A positive populations. We then overlaid these gates on
to the whole population t-SNE maps (Figure 4-32). Using a standard gating strategy,
it was observed that 78.2% of the platelet population was positive, this was overlaid to
the t-SNE map and false coloured. The P-selectin positive population (blue) consisted
of the majority of the t-SNE map, spanning over multiple groups, negative (orange)
population included a spatially separated group at the top, however there was an
observed spillover to the main mass of the map which was close to P-selectin positive

cells.
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When this process was repeated utilising the JON/A marker for platelet activation,
there was 84.7% positivity, slightly higher than P-selectin. Similarly, to P-selectin, the
Jon/A positive (blue) cells consisted of the majority of the map covering 3 main groups.
Unlike P-selectin the Jon/A negative populations are spatially separated from the
positive cells. Both P-selectin and Jon/A positive groups were observed to be the same
groups of cells, however, the Jon/A positive cells also included a population at the top
of the main cluster which the P-selectin positive group did not. Taken together we
chose to use Jon/A positive gated platelets as they yielded a gating that was more
highly congruent with the t-SNE map than the P-selectin gated populations and
specifically targets platelet activation markers. Additionally to this, studies by
(Acquasaliente et al., 2022) have associated exogenous a-synuclein from other cells

to suppress P-selectin expression on platelets, which further reinforced our decision.
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Figure 4-32. Gating strategy for activated platelets plotted on a tSNE map. Gating strategy for activated platelets
plotted on a tSNE map. Quadrant gates were created on basal maps and placed on the concatenated heatmap
data for platelets stimulated with 0.05U thrombin highlighting P-selectin (left) and Jon/A (right). After running t-
SNE analysis the P-selectin positive (blue) and negative gates (orange) were then applied to t-SNE maps (left).
The Jon/A positive (blue) and negative (orange) gates were also overlaid on the same t-SNE map.
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4.7.5. Flow cytometric single-cell analysis of platelet activation and secretion
markers

Following whole population analysis of the platelet activation and secretion markers,
we applied multidimensional analysis to our five-colour assay, in the form of Flt-SNE.
The application of this FIt-SNE allowed for the mapping of multidimensional data in 2D
space, it also separates clusters of cells that have unique receptor expression profiles.
The analysis was conducted on data concatenated from all previous whole population
data with a minimum of 30,000 platelet events present in each sample from multiple
biological repeats. The t-SNE maps were then pseudo coloured for each marker,
elucidating the expression of each within the separate populations. The blue areas
represent platelets with a low expression, shades of green are middling expression

and the yellow to red spectrum shows a high expression.

We started by interrogating Wild-type and knockout basal samples, first, we manually
gated JON/A + (blue) and JON/A- (orange) cell populations and overlaid this on the t-
SNE map (Figure 4-33). Interestingly, although no agonist was added to the sample
19.95% of platelets expressed enough JON/A binding to be considered active,
however, this may be due to trauma caused through direct cardiac puncture. There
was one main cluster containing 98% of all events, however, there were also two
smaller groups containing 1.24% and 0.69% of events. We observed the clustering of
these samples on these maps, although this did not create a spatially separated
cluster. We then pseudo-coloured the t-SNE map for the different fluorophores, the P-
selectin map shows small clusters of P-selectin-expressing cells spread throughout
the map with no specific grouping, interestingly this was not specifically localised to
the region of the map associated with activated platelets. The expression of P-selectin
was largely homogeneous throughout the entire map and within the three specific
spatially distanced groups. Using the same method, we visualised JON/A expression,
we observed a gradient of increasing expression from left to right in the major
grouping, with the furthest right section being classed as the activated platelets. In
groups -2 and -3 there were no changes up or down-regulation of JON/A.

Following this we observed CD63, in group 1 the lowest expression was clustered to
the top right, with the more highly expressing events being clustered towards the
peripheries at the bottom, left and right. Interestingly these were not solely associated

with the higher expression JON/A samples. Alongside this, in Group 2 there are
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samples which highly express CD63, and in Group 3 all data points show a high
expression. This shows that in basal conditions there is a constituent CD63 expression
on the cells with a small subpopulation which are highly CD63 expressing irrelevant of
platelet activation. The final secretion marker we observed was LAMP1, which shows
that there is very little LAMP1 expression in any platelet at basal samples, Interestingly
groups 2 and 3 also exhibited a high expression of LAMP-1 independent of platelet
activation. It was also observed that PD-L1 had a highly analogous expression to
CD63 in groups 2 and 3, interestingly in group 1 the PD-L1 expression is generally
opposite of CD63.

Unstimulated knockout platelets were also interrogated in the same way as wild-type.
Knockout platelets also were observed to have a population of activated platelets
(blue) 8.64%. There were 4 major clusters separated on the t-SNE map. Group 1 is a
small group of 6.8% of the parent comprised of highly expressing JON/A platelets,
interestingly upon applying pseudo colour overlays for each fluorophore it was
observed that there is only a small subpopulation of platelets within this group that is
also highly expressing of p-selectin. Within group 1 there is a middling expression of
CD63, PD-L1 and LAMP1 in comparison to the rest of the platelet population. Although
there was an observed differential expression of P-selectin within this group, there was

no spatial separation and therefore were classed as a single group.

Group 2 was the largest subset of data being 78.8% of the total population, within this
population there was a small subpopulation there was platelets with very low JON/A
expression with a gradient to activated platelets. Interestingly as with the wild-type the
high JON/A expression was not mutually exclusive to high P-selectin expression, with
a small region of highly p-selectin expressing events also having a low JON/A
expression. LAMP 1 was largely uniform across the entire population, especially
through groups 1,2 and 3. CD63 on the other hand had a more varied expression,
however its expression did not seem to be significantly affected by any other markers.
When interrogating PD-L1 it was also observed that there is a generally low overall
expression within group 2, with a small region of more highly expressing platelets,
however, these were not co-localised to any other marker, suggesting that PD-L1
expression from these cells was not dependent on secretion events or platelet

activation.
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A third group of platelets was distally separated from the main mass of the t-SNE map,
the P-selectin, JON/A CD63 and LAMP1 expressions are similar to that within group
2, however, the PD-L1 expression is reduced. This shows that in the knockout
platelets, there is a significant population of 12.2% of events that have a significantly
decreased PD-L1 expression in comparison to the main population. The final
population we observed was like in the wild-type, a small group of 1.58% of the total
count which was averagely expressing P-selectin and JON/A but had a high
expression of PD-L1 CD63 and LAMPL1.

Taken together this shows that although there has been no additional stimulation the
process of blood collection, platelet separation and staining has resulted in a small
subpopulation of activated platelets which was not reduced by the knockout of a-
synuclein. Both knockout and wild-type samples had small populations of highly co-
expressing CD63, LAMP1 and PD-L1 clusters, which did not express significantly
increase P-selectin or JON/A. Interestingly, the knockout samples displayed a smaller
percentage of activated platelets and a separate PD-L1-expressing population which

was not present in the wild-type samples.
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Figure 4-33. t-SNE analysis of platelets with no agonist simulation. Wild-type (A) or a-synuclein knockout (b)
mouse platelets with no stimulation were incubated with an antibody cocktail containing FITC-p-selectin, PE-
Jon/A, PE-cy7 CD63, Alexafluor700 LAMP1, and APC PD-L1 and analysed by flow cytometry. The data was then
concatenated before t-SNE analysis, a learning rate of 7% of the total population, a perplexity of 30 was used,
and the algorithm was instructed to only take FITC- PE, PE-Cy7, A700 and APC into account when generating
the maps. To visualise activated and basal platelets, Jon/a + and — gates from whole population analysis were
applied to t-SNE maps, basal (orange) and activated (blue) (Ai, Bi). Spatially separated groups were then
manually gated.
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Following whole population analysis on platelets stimulated with 0.1U/mL thrombin,
we concatenated all datasets and subjected them to tSNE analysis (Figure 4-34). This
population was first scrutinised for JON/A positivity, these gates were then overlaid
onto the t-SNE plots (basal — orange, Activated-blue) the activated platelet group was
then investigated further. Interestingly the a-synuclein knockout population had a
larger proportion of platelets which presented as JON/A positive (WT=62.06%,
KO=77.63).

Stimulated wild-type platelets run through t-SNE analysis resulted in 6 spatially
separated groups, this is in contrast to the knockout samples which only separated
into 3 groups. Wild-type groups 1 and 2 where the most numerous totalling 48.2% of
the overall platelet population, these exhibited very similar expressions for CD63, P-
selectin and PD-L1, their main differential features was that group one had a slightly
higher JON/A expression and a lower LAMP1 expression. Group 3 had a high JON/A
and P-selectin expression but had lower expression levels of PD-L1, CD63 and
LAMP1; this expression pattern only accounted for 2.1% of all platelets but was not
observed in the knockout populations. The wild-type Group 4 had similar expression
patterns to that of Group 3, however, it lacked a high P-selectin expression, this was
only a small population of 2.97% of platelet, but again was not present in the Knockout
population. Group 5 consists of 6.3% of the total platelet population, interestingly, it
has a similar expression of Jon/A and P-selectin to Group 1 but is on the opposite side
of the t-SNE map. Where Group 5 differs from Group 1 is the increased LAMP1, with
all other expression levels being similar this group is also not observed in the a-

synuclein knockout populations.

The sixth group observed on the wild-type platelets represented 1.05% of the total
platelet population, it was shown to be a low expressor of P-selectin and JON/A,
while it has a significant expression of PD-L1, CD63 and LAMPL1. This population
was also observed in the Knockout population however it was less numerous only

consisting of 0.62% of the total platelet population.

When taken together there are clear groups in the wild-type population that express
LAMP1, CD63, and p-selectin expression markers which are not present in the

Knockout population which total 5.11% of the total platelet population. Overall, fewer

188



populations that exhibit significantly increased secretion markers in the Knockout
population than in the wild-type. These small highly expressing populations may
result in the increased secretion marker expression observed in the whole population
analysis even with the knockout samples having a higher amount of JON/A positive

cells.
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Figure 4-34. t-SNE analysis of thrombin stimulated platelets comparing Wild-type and knockout platelets. Wild-
type (a) or a-synuclein knockout (b) mouse platelets stimulated with 0.1U thrombin were incubated with an
antibody cocktail containing FITC-p-selectin, PE-Jon/A, PE-cy7 CD63, Alexafluor700 LAMP1, and APC PD-L1
and analysed by flow cytometry. The data for was then concatenated before t-SNE analysis, a learning rate of
7% of the total population, a perplexity of 30 was used, the algorithm was instructed to only take FITC- PE, PE-
Cy7, A700, and APC into account when generating the maps. To establish activated populations on the t-SNE
plot, a manual gate was used as a pseudo colour Basal (orange) and activated (blue). Activated platelets were
gated out of the total population and subject to identical t-SNE mapping, The activated platelet maps (aii-vi, bii-
bvi) had spatially separated groups that were then manually gated.
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Following this we also interrogated the effects of CRP-XL on platelet activation (Figure
4-35). The whole platelet population results indicated that there is no significant
difference between the knockout and wild-type platelet secretion markers. There was
also no difference in the number of Activated platelets between the two populations
as measured with JON/A being 59.7% in the wild-type and 58.1% in the knockout.

Following this, we assessed the differential effects of stimulating a-synuclein knockout
and wild-type platelets with 10pug/mL CRP-XL. Figure 4-35. Interestingly, although
there was not a significant increase in the whole population analysis, the activated
wild-type platelets separated into 3 populations. Group 3 in the middle being the most
numerous totalling 39% of the total platelet population. This main group had an
average expression of JON/A, CD63 and LAMP1, interestingly there seemed to be a
varied expression of P-selectin, towards the top left of the population. Additionally, the
PD-L1 expression was highly variable in this population with a loose association with
the expression of P-selectin. This expression pattern in group 3 of the wild-type
population is highly analogous to that of group 2 in the knockout population, which
also consisted mostly of the positive cells, totalling 44.5% of the overall platelet

population.

The next two groups in the wild-type samples are smaller in comparison to this main
population being 8.21% and 9.73% for groups 1 and 2 respectively. Group 1 had a
much higher expression of JON/A in comparison to the other groups, alongside a
slightly higher expression of PD-L1. Group 2 had an increased JON/A and P-selectin
expression over Group 3, but less than Group 1. The smaller group in the Knockout
platelet population (groupl) accounts for 10.3% of the overall platelet population has
a similar presentation to Group 2 of the wild-type population, with a slightly increased

JON/A and P-selectin expression over the main population.

Interestingly in neither the wild-type or knockout populations was there a specific,
highly expressing population for CD63 or LAMP1 secretion markers as seen in the
thrombin-stimulated populations. Additionally, to this, the expression of CD63 and
LAMP1 remained unchanged. This is corroborated by the whole population data;
however, this data does not agree with other literature stating that stimulation with

CRP-XL should induce dense granule secretion (Babur et al., 2020).
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Figure 4-35. t-SNE analysis of CRP-XL stimulation comparing Wild-type and knockout platelets. Wild-type (a) or
a-synuclein knockout (b) mouse platelets stimulated with 10ug/mL CRP-XL were incubated with an antibody
cocktail containing FITC-p-selectin, PE-Jon/A, PE-cy7 CD63, Alexafluor700 LAMP1, and APC PD-L1 and analysed
by flow cytometry. The data for was then concatenated before t-SNE analysis, a learning rate of 7% of the total
population, a perplexity of 30 was used, the algorithm was instructed to only take FITC- PE, PE-Cy7, A700, and
APC into account when generating the maps. To establish activated populations on the t-SNE plot, a manual gate
was used as a pseudo colour Basal (orange) and activated (blue). Activated platelets were gated out of the total
population and subject to identical t-SNE mapping. The activated platelet maps (aii-vi, bii-bvi) had spatially
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separated groups that were then manually gated.
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Next was the assessment of wild-type and a-synuclein knockout platelets in reaction
to stimulation with 0.05uM U46619 (Figure 4-36). The Wild-type and knockout samples
had a similar percentage of activated platelets, 36.06 and 33.6% respectively. There
were three distinct clusters of platelets observed in both the activated wild-type and

knockout samples.

Group 2 was the most numerous totalling 30.9% of the total platelet population,
interestingly this group exhibited a wide range of expression of P-selectin, PD-L1 and
LAMP1, with JON/A and CD63 remaining consistent. There was a small island in the
middle of the group which may be considered to be spatially separated, which
exhibited a slightly higher amount of Jon/A expression, also PD-L1 and LAMP1 in
comparison to the surrounding cells. The PD-L1 expression in this group was on a
gradient from low on the left to higher on the right, with the slightly increased
expressing group in the middle. CD63 remained consistent throughout the group, and
LAMP1 was distributed on a gradient from highly expressed at the top of the map to
low expressing at the bottom. When compared to p-selectin the distribution of
expression was much more sporadic than all other markers observed, with patches of
high and low expression neighbouring each other. This expression pattern is identical
to that in the Knockout samples; however, the knockout sample does not have the
group in the middle of slightly higher expressing cells. Similarly, it is also the biggest

group in the knockout samples comprising of 27.8% of the total platelet population.

The next most abundant group in the wild-type sample is group 1, which consists of
1.77% of the total platelet population, this population had a median p-selectin
expression, an above average JON/A expression, where the population started to
differ from Group 2 is the high expression of PD-L1, CD63 and LAMP1. This group
was highly analogous to Group 1 in the knockout platelet group, which exhibited the

same expression profile, however it was only 1.03% of the total platelet population.

The final spatially separated population was group 3, this group was the smallest
consisting of just 0.45% of the total platelet population, interestingly this group did not
visually have a differential population from the main body of the map in group 2. It
exhibited a middling expression of all markers, this group was also observed in the

knockout platelet population, which contained 1.64% of the total platelet population.
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These data indicate that there in a small subset of platelets that express LAMP1 and
PD-L1, that is present in both wild-type and knockout platelets. It also shows that there
are no differential subpopulations present in the wild-type that are not present in the
knockout samples. These data are concordant with our whole population data and

show an insignificant difference between populations.
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Figure 4-36. t-SNE analysis of U46619 stimulation comparing Wild-type and knockout platelets. Wild-type (a) or a-
synuclein knockout (b) mouse platelets stimulated with 5uM U46619U46619U46619 were incubated with an
antibody cocktail containing FITC-p-selectin, PE-Jon/A, PE-cy7 CD63, Alexaflour700 LAMP1, and APC PD-L1 and
analysed by flow cytometry. The data was then concatenated before t-SNE analysis, a learning rate of 7% of the
total population, a perplexity of 30 was used, and the algorithm was instructed to only take FITC- PE, PE-Cy7,
A700, and APC into account when generating the maps. To establish activated populations on the t-SNE plot, a
manual gate was used as a pseudocolour Basal (orange) and activated (blue). Activated platelets were gated out
of the total population and subject to identical t-SNE mapping, The activated platelet maps had spatially separated
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groups that were then manually gated.
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4.7.6. Single cell flow cytometric analysis of Thrombin stimulated platelets

The use of t-SNE for dimensionality reduction and cluster identification is a powerful
tool, however, we noticed in the basal single-cell analysis that within these clusters
there was a high heterogeneity within the groups for multiple markers. Observing this
we sought to interrogate the dataset further using FlowSom to delineate clusters and
visualise these on the t-SNE map.

When analysing the thrombin-simulated platelets with FlowSOM we were able to
delineate further populations within the t-SNE map. There were eight separate
populations observed in both the wild-type and knockout populations which we then
overlaid onto the preexisting t-SNE map (Figure 4-37). Interestingly, as before some
subpopulations within the t-SNE clusters spanned between multiple different t-SNE
populations. Most of the populations that FlowSOM detected were confined to a single
t-SNE population but were scatted throughout the group, similar to what we observed

in manual gating.

In the wild-type group when we assessed the amount of platelets present in each
population, we saw that the majority of the platelets (77.7%) were in population 0, with
no other population making up more than 10%, and populations 2,-4 and -5
comprising of less than 0.5% of the activated platelet population (Figure 4-37). In the
knockout group, we saw a much more varied spread between the groups, again
population 0 being the most numerous with 38.1% of the activated platelet population.
Interestingly similarly to the wild-type analysis, there were three populations with less

than 0.5% of the platelet population in each being population-2, -3 and -4.

When comparing the wild-type and knockout populations to each other, there are
some similarly expressing populations represented. Population 3 in the wild-type is
highly similar to population 4 in the knockout having very highly expressing CD63 and
PD-L1, although in the wild-type group this population is threefold higher in abundance

than in the knockout.

The Use of FlowSOM analysis allowed for a more granular and specific analysis of the
platelet population, however with some of the separation representing such a small
subpopulation of the platelets, the robustness of these populations remains
guestionable. Therefore, we chose not to pursue this analysis further for this study.
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Figure 4-37. Flowsom analysis of t-SNE maps generated from thrombin stimulated Wild-type and knockout
murine platelets. FlowSOM analysis was conducted on Jon/A positive cells from the concatenated stimulated
populations, and groups overlaid on the corresponding t-SNE map with adjunct histograms showing receptor
expression intensity (a). Data presented as a heatmap for each population and fluorescent marker, including FSC
and SSC (b). percentage of events within each population false coloured to match the population colour on the t-
SNE map (c).
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4.8. Effects of endotoxemia on a-synuclein knockout platelets

Platelet granules store hundreds of factors which mediate the response of many
different cell types additionally to the platelets themselves, with growing evidence
demonstrating that platelets contribute to local and systemic inflammatory processes.
Additionally, GPIb/IX/V, p-selectin, and allbR3 have all been linked with sepsis(Jenne
et al.,, 2013, Manne et al.,, 2017). Following the observation of reduced surface
expression of PD-L1 and granule secretion in a-synuclein knockout platelets upon
activation we sought to assess these effects in a setting of endotoxemia. Wild-type
and knockout mice were subject to subcutaneous inoculation with 10mg/g
Lipopolysaccharide (LPS), following this the mice were observed for 24 hours (Figure
4-38).

There was no significant difference in clinical scores between a-synuclein deficient
mice and their wild-type littermates, although an increase was observed (WT= 3.66
+1.6, KO= 7.33£1.08, P=0.092). The clinical score was assessed by animal house
staff who were blinded to the treatment of the mice with LPS or PBS. The clinical score
was determined through observational scoring of; the gait, piloerection (and visual
appearance of the fur), mucus in the eyes, breathing (laboured/fast shallow) and
apatite. If any single score reached the maximal of 3 within the first 4 hours or for 2
consecutive timepoint checks the experiment was ceased, additionally, if the clinical

score reached a sum of 10 the experiment was halted.

In the first instance, we assessed platelet activation using JON/A and found no
significant difference between the knockout and wild-type mice, however, this was due
to the large spread of data in the knockout samples (WT=61.6 £7.1, KO= 168.4 £79.1
MFI P=0.95). After stimulation with 0.1U/mL thrombin as before there was no
significant difference between the knockout and wild-type samples, however, the
knockout platelets had a lower MFI than their wild-type counterparts (WT=853+100.24,
KO= 517.00 +302.8 MFI P=0.45). Interestingly, when observed in respect to fold
increase, the Wild-type platelets had a much higher fold increase over basal of 13.9 in

comparison to the knockout platelets with a fold increase of 3.07.
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Following this, the surface expression of P-selectin was observed to assess a-granule
secretion, initially in basal samples, where there was no significant difference in
expression levels, (WT=33.3+2.5, KO= 42.4+10.3 P=0.99). There was also no
significant difference in P-selectin expression following stimulation with 0.1U/mL
thrombin (WT= 226.3£37, KO= 152+80, P=0.82). Interestingly, when observed as a
fold increase over basal, the wild-type mice resulted in a fold increase of 6.78 whereas
knockout mice only exhibit a 3.6-fold increase for p-selectin expression after

stimulation.

Finally, we assessed the dense granule secretion. Comparing basal samples there
was no significant difference between the knockout and wild-type samples, however,
conversely to P-selectin and JON/A, wild-type platelets had a slightly higher
expression (WT= 530.75+62.35, KO= 280.00+15.52 P=0.97). Interestingly, after
stimulation with 0.1U/mL thrombin although there is no significant difference the
knockout samples have a higher expression of CD63 on their surface, although both
had a wide variance (WT= 1101.75%+460.69, KO= 1501+882.01 P=0.92). When
observed in the context of fold increase the wild-type had an increase of 2.07 whereas

the Knockout samples yielded an increase of 5.37.
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Figure 4-38. Effects of endotoxemia on a-synuclein knockout mice. Mice were subject to subcutaneous inoculation
with 10mg/g LPS and observed for 24 hours. Mice were observed for changes in behaviour such as reduced
reaction to noise or touch alongside physical changes such as piloerection each category was marked on a scale
of 1:3, and the totals were summed. The expression of P-selectin, JON/A and CD63 was then assessed through
flow cytometry in basal and 0.1U/mL thrombin stimulated conditions. (Data displayed as Mediant SEM(*p>0.05
**P>0.01 ***P>0.001).

In whole population analysis, it was clear that the knockout samples were spread into
2 clusters in P-selectin and JON/A when stimulated with thrombin, a high expression
group and low expression group where the wild-type creating large variances in the
samples. Therefore, we assessed the effects of clinical score on the basal expression
of the secretion and activation markers (Figure 4-39). We started by assessing the
amount of unstimulated JON/A positive platelets in comparison to clinical score, there
was no significant effect on basal JON/A percent positive cells in the wild-type
samples, however there was a slight decrease in percent positive as the clinical score
increased (P=0.14). Comparatively, in the knockout samples, there was no observable
difference in the JON/A MFI and the clinical score, with the line appearing nearly flat
(P=0.85). This was mirrored when we observed the Raw MFI against the clinical
scores with wild-type having an almost flat line with a slight downward slope (P=0.96)

and knockout samples having an insignificant upward slope (P=0.64).
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Subsequently, we observed the effects of the clinical score on the percentage of P-
selectin-positive cells. In wild-type samples, we observed a significant increase in the
number of P-selectin-positive cells in comparison to the clinical score. Interestingly, in
the knockout samples although the amount of P-selectin positive cells dramatically
increases the increase was not deemed to be significant due to the small sample size
(P=0.28). interestingly when we observed the effects of the clinical score on the P-
selectin MFI we saw a significant interaction between clinical score in both the Wild-
type (P=0.018) and the knockout samples (P=0.0025).

We then interrogated the effects of clinical score on the basal expression of CD63 we
noted that as the clinical score increased in the wild-type mice there was no significant
effect on the expression of CD63 however with a slight positive slope (P=0.54). When
observing the effects in knockout samples we saw a slightly reduced expression of
CD63, as the clinical score of the mice increased however, this was not significant
(P=0.198).

j<V]
o

80 B0
TLPS

-= KOLPS

JONMK positive %
s
P-selactin Positive %
s

clinical score clinical score

00 400
+ WTLPS # WTLPS * WTLPS
400 & KOLPS & KOLPS 300 & KOLPS

P ! BAFI
g ¥
.
/A BAFL
g8
.
-
l ]
- -
CDEZ ME|
:
.
|
.
/
L ]
.
.

Figure 4-39.Effects of Clinical score on basal expression of platelet activation and secretion markers. Mice were
subject to subcutaneous inoculation with 10mg/g LPS and observed for 24 hours. Mice were observed for changes
in behaviour such as reduced reaction to noise or touch alongside physical changes such as piloerection each
category was marked on a scale of 1:3, and the totals were summed for the total clinical score at the 24-hour time
point. The expression of P-selectin, JON/A, and CD63 was then assessed through flow cytometry in basal. This
was then plotted against the clinical score and linear regression was conducted. *P>0.05 **P>0.01 ***P>0.001.
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When platelets are subject to endotoxemia there was no significant difference between
the expression of P-selectin, JON/A or CD63 either basal or stimulated conditions.
Interestingly, the knockout mice were more susceptible to endotoxemia than wild-type
mice under the same conditions. Interestingly we noted that the percentage of JON/A
positive cells was not affected by the clinical scores in either wild-type or knockout, but
the amount of P-selectin positive cells significantly increased. This was mirrored when
observing the clinical scores against the expression of P-selectin and JON/A,
conversely to this, the secretion of dense granules was not significantly altered either
between wild-type and knockout or by clinical score. These data suggest that the

platelets are beginning to secrete a- granules alone without inside-out signalling.

4.9.Discussion
The deletion of a-synuclein in a mouse model provided a robust platform for assessing
the effects of the protein on platelet function without inducing off-target effects from
chemical agents. In this chapter, we demonstrated that a-synuclein deficient mice had
a significant bleeding phenotype comparatively to their wild-type littermates. We also
demonstrated a significant thrombus formation defect in vitro. We were then able to
link these observations with significant reductions in secretion markers in knockout

platelets in response to thrombin as observed with five-colour flow cytometry.

When assessing the expression of four of the major platelets activating receptors
between the knockout and wild-type mice we saw no change, due to the small volume
of literature of a-synuclein knockout in mice we were only able to validate this against
a single study, which was in agreement with our findings that knockout of a-synuclein
does not alter the expression of Syntaxinl1 or 4(Smith et al., 2023). Following this we
assessed the size and granularity of the platelets through flow cytometry, analysing
the average FSC and SSC. We noted a slight decrease in platelet size; however, this
was not significant. This observation agrees with the findings by Tashkandi et al.
(2018), which utilised an automated cell blood count on whole blood smears, although
these mice were a similar age, the knockout was generated through a different
method.

We assessed the expression of STX-11, STX-4, SNAP23, VAMP2 and VAMPS8 at the

age of 8 weeks. At this time point, we saw no significant change in any of the samples
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examined, this was concordant with a study by Greten-Harrison et al. (2010), which
used the a-synuclein mice as a foundation to generate a triple synuclein knockout.
This paper did, however, expand on this to assess the effects of this triple synuclein
knockout in 12-month-aged mice and saw significant changes in multiple SNARE
complex proteins. Although not directly comparable due to additional protein
knockouts it is highly analogous.

Interestingly, Tashkandi et al. (2018) reported hypercoagulability in platelets contrary
to our findings. However, their study did not provide details on methodology or results
regarding aggregation studies, and blood collection was performed in heparinized
capillary tubes. It has been shown that heparin can interact with PF4, it has also been
shown to potentiate allbB3-mediated outside-in signalling which may give a different
result in the different results found (Nguyen et al., 2020, Gao et al., 2011).

This study represents the second of its kind to evaluate the haemostatic capabilities
of an a-synuclein knockout mouse model, however, the Smith study did not include
assessments of PT or aPTT, leaving us without a baseline for these assays. Although
this has not been investigated, the relationship between bleeding time and PT/aPTT
is well-established. A prolonged aPTT can be indicative of a bleeding phenotype
(Capoor et al., 2015). The interplay between platelets and the coagulation system has
been extensively studied and is recognised to be important for both the mechanical
activation of the cascade and the release of multiple proteins from the a and dense
granules that propagate the cascade (Sang et al., 2021). The prolonged aPTT may
also be indicative of reduced levels of VWF present or lower activity, (Munsanje et al.,
2021, Tomokiyo et al., 2005). The reduction of thrombus formation can also be a result
in decreased VWF activity, which we did observe, research states that it is due to a
reduced collagen binding, which was observed in flow thrombus formation, but not in
static spreading and adhesion assays. To resolve this a Factor 8 assay would provide

key insight into whether these observations are due to VWF.

Research into the interaction of a-synuclein with the SNARE complex in the context of
platelets has not been characterised well in literature, with a single paper dedicated to
investigating this. There are reports of interaction between a-synuclein with VAMP2,
Syntaxin4, SNAP23 (Lou et al., 2017, Zhao et al., 2022) in different cell types; with
further studies associating VAMP3, -7, and -8 with a-synuclein secretion from neural
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cells. There have been no experiments published utilising immunoprecipitation to
quantify any of these interactions, most of which rely on a-synuclein overexpression
models which makes direct comparisons unreliable. A study by (Ren et al., 2007)
found that VAMPS, is the primary mechanism for granule secretion with VAMP2, -3
and -7 performing a small role in secretion in comparison. Taken with the previous
findings that a-synuclein has only been observed to interact directly with VAMP2, show
that there are interactions between a-synuclein and other SNARE or SNARE

regulatory proteins due to the extent of the observed phenotypic effects.

At the time of research, this study was the first instance of the interrogation of the
effects of a-synuclein knockout on platelet aggregation. However, there have been
prior studies which can be observed; a study by Sharma et al. (1991) assessed the
platelet aggregation in patients with PD, where platelets often contain mutant a-
synunclein. A significant decrease in the capability of PD patients’ platelets to
aggregate in response to ADP compared to healthy donors. This study also observed
that there was no change in aggregation capability when stimulated with collagen.
Interestingly a study by Acquasaliente et al. (2022) has noted that increases in
exogeneous a-synuclein reduce the aggregation of platelets in PRP when interrogated
through multiple electrode aggregometry (MEA). Taken together this suggests that
both, the location, and concentration of a-synuclein influences the aggregation of

platelets.

The effects of a-synuclein knockout on platelet spreading previously have not been
characterised; however, the spreading of platelets on fibrinogen, and collagen has,
allowing for the comparison of wild-types. A study by Alshehri et al. (2015) assessed
GPVI knockout on mouse platelets, their wild-type platelets were seen to spread to a
similar size to the platelets in this study. This study also compared the spreading of
platelets on fibrinogen and fibrin, this was analogous to our spreading with Pre-
stimulation with thrombin, they also saw that the platelets spread on fibrin spread
further and had a higher propensity to form actin stress fibres and lamellipodia. They
also noted that the platelets spread on fibrinogen exhibited actin nodules and filopodia,
which are indicative of partial spreading. A study by Mangin et al. (2018) expands upon
this using a mouse model expressing human GPVI, which rectifies the spreading
deficiency otherwise observed. When interrogating the size of platelets spread on

Collagen, although there was no significant size decrease between the WT and KO
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mice, they were smaller in comparison to the fibrinogen spread platelets. This
observation is comparable with a study by Lee et al. (2012), however, their maximal
time for observation was 7 minutes; shorter than our minimum time point for platelet

spreading, making it impossible for a direct comparison.

Immunofluorescence was used to assess the movement and co-localisation of SNARE
complex proteins with a-synuclein, alongside whether the removal of a-synuclein
altered SNARE complex movement. There was no current data interrogating the
movement of a-synuclein in platelets, however, there are published data regarding the
movement and localisation of different SNARE complex members. STX-11 is a t-
SNARE that has been consistently observed at the target membrane for exosome
trafficking at the plasma membrane, in multiple different cell types (Dieckmann et al.,
2015a, Dabrazhynetskaya et al., 2012, Halimani et al., 2014). It has also been
confirmed that STX11 is co-localised with STXBP5 which was observed to be present
on the platelet membrane all of which is congruent with our findings (Ye et al., 2012).
We also then investigated STX4 movement and co-localisation events with a-
synuclein, noting that it was predominantly located at the peripheries of the platelets
as expected from previous literature. There were a small number of co-localisation
events which did not increase upon platelet stimulation, interestingly a study by (Ye et
al., 2014) state that STX4 is not required for platelet secretion. The interaction events
between STX4 have been characterised in Neural cells where Zhao et al. (2022) have

shown that STX4 mediate a-synuclein secretion.

The location of SNAP23, has been investigated previously in a study by (Polgar et al.,
2003), which found that it is found exclusively on the plasma membrane of the platelets
which has been corroborated in subsequent studies (Hatsuzawa and Sakurai, 2020).
Due to our testing methodology, we were unable to distinguish whether the SNAP23
we observed in basal samples were cytosolic, or on the top/bottom of the platelet,
remaining on the membrane. Under stimulated conditions due to the platelet spreading
out it was much clearer that the SNAP23 was located on the periphery, in agreement
with this study. SNAP23 has been seen to interact with a-synuclein in neural cells
facilitating secretion. This interaction has not been observed in platelets until this
study, but due to the absence of a-synuclein release from platelets must be attributed

to a separate function.
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Alongside STX and SNAP proteins we investigated the localisation and interactions
with VAMP2, -7 and -8. All VAMP proteins are present on granules within the cell
(Koseoglu et al., 2015) which is concordant with our observations of the VAMP
proteins being spread throughout the cell and moving to the periphery upon stimulation
(Ren et al., 2007). In previous studies, the C-terminus of a-synuclein has been
observed to bind with VAMP2 (Burré et al., 2010, Pei and Maitta, 2019, Lou et al.,
2017). We also observed interactions between these proteins; when platelets were
stimulated with 0.1U/mL thrombin the interaction events increased. There have been
no studies elucidating the interaction of a-synuclein with VAMP7 or -8, however we
saw co-localisation and interaction in a-synuclein IP blotted against VAMP8 and
VAMP2.

We then sought to assess platelet secretion using flow cytometry, assessing P-
selectin, CD63 and LAMP-1. Interestingly, a study by (Acquasaliente et al., 2022)
state, that in their a-synuclein knockout mice they observed an increased expression
of P-selectin, this finding is in contrast to this study where we saw no change in p-
selectin at basal levels and a decreased expression comparatively to wild-type
littermates to some agonists.

Throughout this chapter we demonstrate a bleeding phenotype in a-synuclein
knockout mice which is recapitulated in washed platelet aggregation experiments.
Platelets retained their capacity to bind to collagen and fibrinogen in static
experiments, however, was significantly reduced when challenged with a flowing
conditions. The reduction of platelet functionality was closely linked to a significant
reduction in platelet secretion of granules in response to agonists, when probed further
we observed the amelioration of highly secretory populations of platelets present in
the wildtypes. We also demonstrated that a-synuclein co-localised with STX11,
VAMP2 and VAMPS8, recapitulating data seen in human IP data.
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4.9.1. Limitations

The use of a whole body a-synuclein is a powerful technique to elucidate the systemic
effects of the protein within the subject, however, the use of a whole-body knockout
may either conceal or enhance the phenotype. To ameliorate these systemic effects,
we conducted multiple platelet functional studies in washed platelets. A more precise
methodology for testing this would have been the use of a platelet specific a-synuclein,
however due to time and budget constraints this was not possible. The use of a platelet
specific a-synuclein knockout is compounded by findings of (Acquasaliente et al.,
2022) which states a role of a-synuclein in the inhibition of PAR-1 functionality and

reduction in p-selectin expression.

Due to time and equipment constraints, we were unable to obtain TEM imaging of
platelets from the mice, meaning we were unable to visualize any perturbation of the
platelet ultrastructure. Which was important due to a study by Grodzielski and
Cidlowski, (2023) who observed a significant upregulation of a-synuclein in the

Megakaryocyte transcriptome when stimulated with glucocorticoids.

We also assessed both the size and granularity of the platelets using a flow cytometer,
which, although giving accurate measurements in size and granularity, does not allow
for the delineation of the granular content. The use of a specific blood cell analyser
such as the one used in the (Tashkandi et al., 2018) study, gives more parameters
which may highlight differences between the a-synuclein knockout and wild-type

platelets.

Thrombus formation studies were conducted in vitro utilising a Cellix microfluidic
device. Although these devices provide a much more controllable setting in regard to
the shear stress and the ECM proteins expressed on the surface, these devices lack
the ability to recapitulate the in vivo environment completely (Lane et al., 2012). There
are two standard in vivo thrombus formation methodologies: Ferric chloride injury, and
laser injury; with the latter being more accurate due to the method of injury creation.
Unfortunately, due to both animal and equipment constraints, we were not able to
conduct this experiment. Aside from the stated limitations, using the biochip enabled
the observation of decreased thrombus stability in the absence of a-synuclein

expression in platelets specifically.
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We used immunofluorescence to assess the interaction, movement, and co-
localisation of a-synuclein with  SNARE proteins. Although immunofluorescence
analysis enabled us to visualise the distribution and movement of the different proteins
it has significant drawbacks. The first and largest drawback to this is the imaging itself,
this was completed on a Zeiss Apotome. Light microscopy does not provide sufficient
resolving power to effectively deduce whether proteins are interacting or just within the
same vicinity. This was compounded by the small amount of protein present and the
reduction of signal resulting from apotome sectioning resultant images had a large
amount of noise. This also resulted in difficulty in Z stack images which would enable
us to better elucidate the protein location in 3-dimensional space (Dunn et al., 2011b).

Additionally, when we observed what we classified as co-localisation events we were
unable to fully state this due to our inability to assess whether they were in the same
plane or had a high enough resolution to fully distinguish if they were close or within
40nm of each other. To overcome this the use of a proximity ligation assay (PLA)
would provide the most robust data, it would also then allow us to further quantify these
findings as co-localisation by colour can be subjective. Another option would be to use
TEM, which would also allow us to assess morphological changes within the platelet

upon activation.

We used an indirect method of assessing platelet secretion in this study, by multi-
colour flow cytometry; this gives us a wide image of what is being expressed on the
platelet, however, to fully quantify the secretion capability Lumi-aggregometry should

have been conducted also.

Further interrogation of the platelet ultrastructure using TEM would allow for the
observation of granule abundance and localisation within the platelets for wild-type
and knockout platelets. Additionally, to the assessment of basal conditions, utilising
this methodology for platelets stimulated with different agonists, can also illuminate

differential granule secretion between the knockout and wild-type platelets.

When assessing the effect of CRP-XL on platelet secretion, we saw a minimal amount
of secretion markers, however, we also did not observe the expected large increase
in JON/A expression. This is indicative that the CRP-XL is not activating the platelets
effectively, in comparison to other literature, the relative fluorescence or percentage

of positive cells is used, however, when comparing the JON/A positive cells we
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observe similar percentages of positive cells, at around 60% (Aburima et al., 2021, De
Simone et al., 2022).

Further work to elucidate the function of a-synuclein more completely would begin with
the use of a platelet-specific a-synuclein knockout. This would allow for the
examination of the phenotypic effect of a-synuclein on haemostatic capability
specifically from platelets, due to the expression of a-synuclein in other cells within the
blood. Conducting an in vivo thrombus formation assay on this knockout may also
provide a more complete image of a-synuclein knockout on thrombus stability.
Alongside this, it would better allow for the elucidation of a-synucleins effect on the

ability of the platelets to interact with the immune system.

Additional testing within the in vitro thrombus formation assays would elucidate the
protein expression of different thrombus stabilising components within the thrombi.
Proteins such as Fibronectin, VWF and Fibrin all have roles within thrombus stability
and may yield a further explanation of the reduced thrombus stability observed in the
knockout mouse models (Fuchs et al., 2010).

In this study, we assessed the interactions of a-synuclein with the main SNARE
complex members associated with platelet granule secretion, STX11, VAMP7 and 8,
as well as SNAP23. Although we briefly observed expression levels of syntaxin4, and
VAMP?2 further interrogation may illuminate further roles of a-synuclein. Alongside the
interaction partners of a-synuclein, we only focused on a singular PTM, that of
phosphorylation at serinel29, which has been characterised in neuronal cells.
Proteomic analysis can be utilised to assess the interaction partners of a-synuclein in
response to different agonists, alongside changes in the PTMs that are observed on

the protein.
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Chapter 5. Assessment of PD-L1 function in platelets using

a knockout model and MPN patient blood.

5.1.Introduction

In addition to their primary haemostatic role, platelets are known for their complex
interaction with the immune system (Ali et al., 2015). Platelets have been shown to
participate in innate immunity due to the variety of inflammatory and bioactive
molecules stored within the granules which are released upon activation (Sonmez and
Sonmez, 2017). The impact of platelets on cancer immune evasion and the dynamics
of the tumour microenvironment has been addressed in several studies, including both
in cancer patients and animal models (Han et al., 2020b, Latchman et al., 2004,
Schmied et al., 2021, Maouia et al., 2020).

Platelets secrete multiple immunomodulatory molecules (Table 18) with varying
functions (Maouia et al., 2020). A key regulator in immune cell function released by
platelets is PD-L1, also known as CD274. PD-L1 binds to the immune checkpoint
protein Programmed cell death protein 1 (PD-1) on the surface of activated T cells
(Han et al., 2020b). This axis acts as a co-inhibitory factor that can limit the
development of T-cell response through the downregulation of T-cell activation,
proliferation, T-cell secretion and survival (Han et al., 2020b, Sanmamed and Chen,
2014). It has also been found that the expression of PD-L1 from platelets is correlated
with the activation status of the platelet (Hinterleitner et al., 2021). Interestingly, it has
also been observed that PD-L1 has a regulatory role on platelet activation and
thrombosis (Hinterleitner et al., 2021).
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Table 18. Proteins secreted from platelets affecting the immune response.

CCR1 Drives monocyte migration (Clemetson et al.,
2000)
CCR3 cell migration, allergic response, and (Clemetson et al.,
parasitic infection 2000)
CCR4 T helper type (Th)2 cell accumulation (Clemetson et al.,
2000)
CXCR4 cell migration and hematopoiesis (Clemetson et al.,
2000)
Increase cell growth and motility (Senis et al., 2009)
CD148
CXCL4 CCRL1 agonist, supress hematopiesis , (Fox, J.M et al., 2018)
platelet aggregation and regulates
immune and inflammatory respones

Programmed death ligand 1 (PD-L1) is a Type 1 transmembrane glycoprotein that
adopts an immunoglobulin structure with an Ig variable (v), and Ig constant (c) region.
The IgV region presents as a standard Ig-like domain to the complimentary regions in
the binding domains on programmed cell death protein 1 (PD-1) akin to antigen
recognition by antibodies (Brahmer et al., 2012). PD-L1 is considered to be a co-
inhibitory receptor and an immune checkpoint protein that has the ability to suppress
cytotoxic T lymphocytes (Guo et al., 2022, Mazel et al., 2015, Han et al., 2020b). PD-
L1 is ubiquitously expressed on haematopoietic and non-haematopoietic cells. Its
widespread presence allows it to play a key role in modulating immune responses,
maintaining immune tolerance, and protecting tissues from auto-immune reactions.
This broad expression also implicates PD-L1 in various physiological and pathological
processes, including cancer, where it can help tumour cells evade immune detection
(Wu et al., 2019).

Under standard physiological conditions, PD-L1 binds PD-1 on activated lymphocytes,
dendritic cells, and monocytes (Agata et al., 1996, Freeman et al., 2000). This binding
triggers PD-1 signalling, resulting in various effects depending on the cell type it
interacts with. PD-L1 ligation to PD-1 on effector T-cells supress TCR and induces
apoptosis, anergy, and exhaustion, whereas binding to regulator T-cells results in
sustained FOXP3 expression and proliferation (Tsushima et al., 2007{Patsoukis, 2015
#751, Patsoukis et al., 2015, Latchman et al., 2001).
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Previous studies have shown that PD-L1 expression is increased in both inflamed
tissues, and the tumour microenvironment (TMS), where it plays a vital role in inhibiting
immune response through modulating the activity of T-cells (Zhang et al., 2020, Han
et al., 2020b, Dieterich et al., 2017). These studies have also shown that PD-L1 is
upregulated in various malignancies, where it can attenuate the host immune
response to tumour cells, and is associated with a poorer prognosis (Yi et al., 2021).
Studies have shown that the use of therapeutic plasma exchange (TPE) replacing the
patient plasma with colloid solution can effectively remove PD-L1 in its varying forms
from the plasma which can reduce the effects of PD-L1 linked resistance displayed by
some cancers (Ando et al., 2019, Jacob et al., 2020).

Whole blood transcriptional profiling on patients with myeloproliferative neoplasms
(MPNs) showed that PD-L1 expression is significantly increased compared to healthy
controls (Veletic et al., 2018, Holmstrom et al., 2017). These patients often present
with bleeding and bruising diathesis, however, there has been no verified link between
PD-L1 expression and platelet function in these patients. Additionally, a characteristic
feature of MPNs is the presence of Janus Kinase 2 (JAK2) point mutations at
JAK2VL’F The JAK2V6L’F mutation is present in nearly 100% of patients with
polycythaemia vera (PV), and over half of those with essential thrombocytosis (ET),
and primary myelofibrosis (PMF) (Nielsen et al., 2011, Prestipino et al., 2018). JAK2
VE17F activity results in signal transducer and activator of transcription 3 (STAT3) and
STAT5 phosphorylation, which enhances PD-L1 promotor activity, therefore
increasing PD-L1 expression (Zerdes et al., 2019). This has been observed to occur
in multiple cell types; including megakaryocytes, monocytes, and platelets (Holmstrém
et al.,, 2017, Mullally et al., 2010, Prestipino et al., 2018). Furthermore, it has been
shown that both PD-L1 and JAK2 share the same locus on chromosome 9p24, with
studies showing that oncogenic JAK2 activity enhances PD-L1 promotor activity,

particularly in megakaryocytes (Prestipino et al., 2018, Lee et al., 2022).

The expression of PD-L1 on platelets was first reported in 2018 and was thought to be
primarily located on the platelet membrane (Rolfes et al., 2018). Subsequently, several
studies have corroborated these findings (Hinterleitner et al., 2021). More recently,
Hinterleitner and colleagues suggested that PD-L1 is also located within the platelet
a-granules, further enhancing their ability to induce immunosuppression following

platelet activation resulting in the release of PD-L1 from the platelet alongside
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increased surface expression (Hinterleitner et al., 2021, Li et al., 2022). The
expression of PD-L1 on platelets has also been shown to be significantly upregulated
in JAK2V617F knock-in mice, presenting with primary myelofibrosis (PMF) (Prestipino
et al., 2018).

Currently, there is a single study which has assessed the effects of PD-L1 on platelets,
to evaluate the impact of platelet-derived PD-L1 on their haemostatic function (Li et
al., 2022). The study by Li et al. (2022) demonstrates an inhibition of thrombosis, and
decrease in platelet activation to agonists in PRP; however, there are many facets of

platelet function that this study did not explore.

The aims of this chapter are to:

e Examine whether PD-L1 upregulation in MPN patients is JAK?V61F mediated.
e Characterise the platelet function in PD-L1 knockout mice.
e Establish a platelet-specific knockout mouse colony to assess platelet PD-L1 in

Vivo.
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5.2.Results
First, we established a whole-body knockout mouse model based on the work
originally conducted by Latchman et al. (2004). We aimed to use this model to
investigate the impact of PD-L1 deletion on platelet function and the effect of PD-L1
inhibitors, assessing both potential off-target effects and any residual PD-L1 activity.
This knockout was created by electroporating a NEO cassette in place of the signal
exon and IgV region of the PD-L1 gene of C57BL/6 ES cells. Upon receiving the PD-
L1 knockout mice from Professor Arlene Sharpe (Harvard University), they were
crossbred with C57BL/6 wild-type mice to establish PD-L1 heterozygous offspring
(Figure 5-1). These heterozygotes were then mated to produce the experimental

animals.

To genotype these mice, we used specific primers that detect the IgV region in the
PD-L1 gene. Due to the insertion of the Neo cassette into the gene, the knockout mice
were expected to produce a PCR product at 474bp, whereas the wild-type mice would
yield a product at 305bp. To accommodate the proximity of these product lengths, we
conducted two separate PCR reactions: one targeting PD-L1 detection and the other
targeting Neo cassette detection. Knockout samples showed a band only in the Neo
reaction, indicating the absence of the PD-L1 gene. In contrast, the wild-type samples
showed a positive band only in the PD-L1 reaction. Samples showing bands in both

reactions were deemed as heterozygous.

Following the genotyping, we assessed the protein expression of PD-L1 in the platelet
population, using western blot analysis. In the wild-type washed platelet samples, a
distinct band was detected at 50kDa, corresponding to PD-L1 protein. Heterozygous
knockout samples showed significantly reduced PD-L1 expression compared to wild-
type, and knockout samples did not show any signal at the PD-L1 band, confirming

the successful elimination of PD-L1 protein expression.
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Figure 5-1. Breeding strategy, and quantification of whole-body PD-L1 knockout mice. (a) PD-L1", mice were
crossbred with C57/BL-6 Wild-type mice to generate PD-L17* breeding pairs; these breeding pairs were then mated
to produce experimental animals. (b) Representative image of PD-L1 expression in knockout platelets. Platelet
lysates were collected and separated through SDS PAGE before transfer to PVDF membranes, these were then
blocked with 5% BSA and probed for PD-L1 (sc-293425). (c) Representative image of DNA gel for PD-L17- and
Wild-type mouse DNA. DNA was extracted from ear biopsies and subject to PCR reaction for the presence of PD-
L1 and the NEO cassette in separate reactions.

Next, we proceeded by generating a mouse model with platelet-specific PD-L1
knockout. This mouse was generated not to only investigate the role of platelet specific
PD-L1 in the body, but also to explore its implications in various disease states, such
as endotoxemia. The PD-L1%"*mice were kindly provided by Professor Arlene Sharpe
from Harvard Medical School and the Gplb®"™® mice were obtained from Professor Yotis
Senis at Université de Strasbourg. The Gplb®® mice were generated, by inserting T2A
-improved-Cre (iCre) between the last amino acid, and the translation codon of the
Gplb gene (Nagy et al., 2019) (Figure 5-2). The PD-L1°* mice were generated by
Sage et al. (2018) by introducing LoxP sites around exons 2 and 3 of the CD274 gene
using electroporation of linearised DNA into embryonic stem cells, which were then
microinjected into mouse blastocysts. Both the Gplbc® and PDL-1%* mice were bred

on a C57BL/6 genetic background.
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In mice that express the GPlba-T2A-iCre, the T2A sequence induces ribosome
skipping upon translation of the mRNA, resulting in the expression of both the GPIb
and the Cre protein; therefore, only a single copy of the Cre allele is required to induce
the desired phenotype (Song and Palmiter, 2018). The Cre-Lox recombination is a
site-specific reaction where in cells that have both LoxP and Cre expression, a
recombination event can occur between the LoxP sites. The Cre recombinase
proteins bind to the first and last 13 base pairs of the Lox site forming a dimer, this
then binds to another dimer to form a tetramer where a double-stranded cut is made
by the Cre protein. These strands are then bound together by DNA ligase, which
results in the region between the Lox sites forming a looped structure causing a

deletion event.
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Figure 5-2. Targeting strategy to generate the platelet-specific PD-L1 Knockout Mouse.a) the mouse Gplba gene
consisting of an untranslated exon, followed by an intron and the translated Gplba. (ii) The T2A-iCre system was
targeted and incorporated into the open reading frame of the GPIBa locus. (bi) Cd274 gene exons 1 to 4 are
shown as orange boxes and (ii) loxP sites flanking exons 2 and 3 are depicted as red triangles. (c) Schematic of
the iICRE/Flox system to be used to remove the open reading frame of PD-L1 in cells also expressing GPBb.
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To acquire the platelet-specific knockout, we implemented a breeding strategy
resulting in the final breeding pairs for experimental animals which would generate
75% platelet-specific knockouts, 25% with no cre which we used as a “wild-type”
(Figure 5-3). The first generation consisted of PD-L11o/loxmjce and Gplb©/® which
were bred together resulting in progeny with Gplb®® and PD-L11* heterogeneity
(Gplb®e* PD-L1 Flo*). These mice were crossbred with PD-L1%oxmice, resulting in
homozygous flox mice, the Gplb©* mice were then used for generating experimental

animals.

The mating of Gplb®* PD-L1Flo¥Flox mice resulted in the generation of 3 genotypes:
Gplb” PD-L1FloxFlox which was used as a wild-type control, and the knockout mice,
with the genotype GplbC®e* PD-L1FloXFlox or GplbCre/Cre pp-| 1FloXFlox The knockout
functions with a single allele of Cre therefore 75% of progeny were experimental
knockouts and 25% were wild-type littermates.

We used PCR to determine the genotype of the mice. To verify whether the PCR was
working, we tested a wild-type mouse sample that did not carry the Gplb®*® or PD-
L1flox alleles. Using primers that would bind just before and after the LoxP sites on the
PD-L1 gene, we detected a PCR product at 2.9kb. With the insertion of the LoxP sites
on the PD-L1F mice, we expected a length of around 3.0Kb which we also detected.
When analysing the presence of the Cre gene due to its ability to cut out this section,
we expected much shorter PCR products of 540bp, which we detected in mice carrying

the Cre allele.

Following on from genotyping we analysed whether the PD-L1 protein expression was
specifically deleted in platelets, or if the knockout resulted in differential expression in
other tissues. To achieve this, we conducted western blot analysis of platelet lysates
alongside spleen tissue lysates. We found that between the wild-type mice and the
Floxed PD-L1 mice, there was a slight decrease in PD-L1 expression in the PD-L1o*
mice, however, this was not significant, concordant with previous literature (Sage et
al., 2018). Although this was not significant, we chose to use PD-L1°* mice as our
control as they were littermates with the knockout mice, allowing for a more reliable
comparison. When the platelet-specific knockout mice were examined, PD-L1 protein

expression was undetectable. We then assessed the expression of PD-L1 in spleen
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tissue lysates from the same mice and found no change in PD-L1 expression in wild-
type, PD-L1 flox or platelet-specific knockout mice (Figure 5-3).
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Figure 5-3. Breeding strategy to generate the platelet-specific knockout mice with genetic and proteomic
confirmation. (a) breeding schematic to generate animals to be mated to produce experimental animals. (b)
breeding schematic for the generation of experimental animals. (c) Representative image of DNA gel for mouse
DNA. DNA was extracted from ear biopsies and subject to PCR reaction for the presence of PD-L1. (d)
Representative image of PD-L1 expression in knockout platelets and tissue (spleen). Lysates were collected and
separated through SDS PAGE before transfer to PVDF membranes, these were then blocked with 5% BSA and
probed for PD-L1 (sc-293425).
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Following the confirmation of PD-L1 deletion, we assessed the impact of PD-L1 on
platelet activation by measuring aggregation and comparing the differences in platelet
response between wild-type, whole-body and platelet-specific- knockout mice (Figure
5-4). This enabled us to assess whether the effect caused by PD-L1 expression is
platelet-specific or systemic. Wild-type platelets stimulated with either 0.1U/mL and
0.05U/mL thrombin reached aggregation levels of 59.3%+4.3 and 58.8%x3.37,
respectively. There was a significant decrease in platelet aggregation in the whole-
body knockout mouse model in response to 0.1U/mL thrombin (P-0.018). However,
the reduction in platelet aggregation in the platelet-specific knockout was not
significant (P=0.25).

At a lower thrombin concentration of 0.025U/mL, the maximal aggregation of wild-type
platelets was 14.67%z6.0, the whole-body knockout showed no change (10.33%x+5.8),
and the platelet-specific knockout (PLT-PDL17) had a maximal aggregation of
15.5%+4.5. As such, there were no significant changes between the Wild-type and the

whole-body knockout

When the platelets were stimulated with 3ug/mL collagen, the maximal aggregation of
wild-type platelets at 5 minutes was 57.8%+5.6, the whole-body knockout saw a
downward trend to 36.0%=7.7, however, this was not significant (P=0.148 WT n=9,
KO n=3). When the dose of collagen was reduced to 1pg/mL the maximal aggregation
for wild-type platelets was 38.4%=6.7, in comparison to the whole-body knockout
which was 17.7%6.9, although a lower average aggregation was observed this also

was not a significant reduction (P=0.31 WT n=9, KO n=3).
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Figure 5-4. Effects of PD-L1 knockout on platelet aggregation to Thrombin and collagen.Washed platelets were
diluted to a concentration of 2.5x108 with Modified Tyrode’s buffer, these were stimulated with indicated agonists
and doses and then measured on a chronology 4+4 aggregometer. Representative aggregation traces of
platelets stimulated with thrombin (a) and collagen (b). Aggregation data from Wild-type (black), whole-body
knockout (light grey), and platelet-specific knockout in response to (a) thrombin and (b) collagen. Data Thrombin
N=5 collagen N=3. Percentage aggregation is presented by mean + standard error of the mean (SEM) *P<0.05,
**P<0.01L(WT vs PD-L1" n=3 WT vs PLT-PD-L17, n=2).

Platelet aggregation is driven by the release of granule contents, we next examined
platelet secretion following thrombin stimulation (Figure 5-5). We examined P-selectin,
CD63 and LAMP1, alongside this we assessed activation through the marker, JON/A.
This allowed us to assess whether the aggregation defect observed was influenced by
impaired platelet secretion of granules. Interestingly we found a significant decrease
in platelet activation as measured by JON/A at 0.1U/mL thrombin, but not at
0.025U/mL (P=0.0006, P=0.999 respectively). Additionally, to the observed decrease
in JON/A, we noted significantly lower expression of the secretion markers P-selectin
and CD63 at 0.1U/mL thrombin (P=0.0011, P=>0.0001), but not at 0.025U/mL
thrombin (P=>0.999, P=0.983). Furthermore, we observed a light decrease in LAMP-
1 expression post-stimulation with both 0.1U/mL and 0.025U/mL thrombin; however,

this decrease did not reach statistical significance at either dosage.

220



10000 e 4000 .
8000 3000
_ ® Wildtype E ® Wildtype
™
S 6000-] B Knockout £ = Knockout
g £ 2000
z o
S 4000 [
d 1000
2000
0- 0-
0 0.1 0.025 0 0.1 0.025
Thrombin (U/mL) Thrombin (U/mL)
1500 60—
*kkk
; ° -
_ 1000- ® Wildtype = 40 Wildtype
S B Knockout 2 = Knockout
-
3 PN
g =
500 3 504
oL d ﬁ ﬁlﬁ N
0 0.1 0.025 0 0.1 0.025
Thrombin (U/mL) Thrombin (U/mL)

Figure 5-5. PDL-1 knockout significantly reduces granule secretion markers in response to thrombin stimulation.
Whole blood collected in Sodium citrate 109mM via direct cardiac puncture was centrifuged at 90g for 6 minutes
to separate PRP which was then centrifuged to pellet off platelets. The concentration was then corrected to
2.5x107. Platelets were added to the antibody cocktail, Stimulated samples of thrombin were added at a dose of
0.1U/mL and incubated for 20 minutes at 37°C shielded from light. Following incubation samples were fixed in
0.2% formyl saline for 30 minutes at 4°C before centrifuging and resuspension of the pellet in 200uL formyl saline
ready for acquisition. All compensation was conducted on BD DIVA and exported for further analysis using
Flowjo where platelet populations were gated, and Median fluorescent intensity (mfi) was recorded. (a) The
expression of Jon/A is similar between whole-body knockout and wild-type platelets, however, upon stimulation
with 0.1U/mL thrombin there is a significant decrease in expression. This expression pattern is repeated for (b) P-
selectin, and (c) CD63, (d) Lamp-1 exhibits a similar expression profile however the decrease in expression is not
significant. graphs presented as MFI + standard error of mean (SEM) *P<0.05, **P<0.01 *p>0.05 **P>0.01
**pP>0.001. wt N=4 WbKO N=3

After demonstrating that whole-body and platelet-specific PD-L1 knockout have
different effects on platelet aggregation and secretion, we interrogated the impact of
PD-L1 blockade on platelet aggregation in humans using clinically available anti-PD-
L1 blocking antibodies (Figure 5-6). To assess PD-L1 inhibition in human platelets, we
treated platelets with either, Atezolizumab or Durvalumab, both of which are anti-PD-
L1 monoclonal antibodies (mAbs) that are certified for treating non-small cell lung
cancer and urothelial carcinoma (Krishnamurthy and Jimeno, 2017, Syed, 2017). The
interaction of these antibodies with PD-L1 inhibits its binding to both PD-1 and CD80,
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reducing the immunosuppressive nature of the tumour microenvironment. Unlike small
molecule inhibitors which are often associated with off-target effects within cells, mAbs
are much more selective and are associated with lower toxicity (Shepard et al., 2017).
Atezolizumab and Durvalumab are engineered as IgGl antibodies lacking
glycosylation, achieved by a mutation at N297A. This modification to the antibody,
attenuates the unwanted Fc-mediated antibody-dependent cytotoxicity. Durvalumab
also incorporates modifications at L234F/L235E and P331S to achieve the same effect
(Li et al., 2021, Liu et al., 2020).

Figure 5-6. Overall structure of PD-L1/Atezolizumab complex.The IgV domain of PD-L1 is shown in grey and the
heavy chain and light chain of Atezolizumab are shown in cyan and pink respectively. The Complementarity-
determining region (CDR) loops from the heavy chain are coloured in yellow (HCDR1), magenta (HCDR2) and
orange (HCDR3) respectively. The CDR loops from the light chain are coloured in green (LCDR1), hot pink
(LCDR2) and blue (LCDR3) respectively. Atezolizumab binds the front B-sheet of PD-L1-IgV domain (grey) through
three CDR loops from the heavy chain and CDR3 loop (LCDR3) from the light chain.
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Initially, we tested the effects of Durvalumab and Atezolizumab on platelet aggregation
in PRP (Figure 5-7). Both Durvalumab and Atezolizumab are used clinically at a
dosage of 200 pug/mL in plasma, therefore we used dosages around this relevant
concentration (Wu et al., 2022). Platelets were stimulated with 3ug/mL collagen
following an initial incubation for 20 minutes with indicated inhibitor dosages under
stirring conditions at 37°C. At the lowest dose, 100pg/mL Durvalumab and
Atezolizumab reduced platelet aggregation from 76.0%+9.66 to 59.5%+16.5 and
59.0%+19.0 respectively, however, this was not a significant decrease due to the large
variation in the dataset (Atezolizumab P=0.97, Durvalumab P=0.97). Interestingly,
when the dose was doubled to 200ug/mL this reduction was no longer seen in
comparison to the control samples Atezolizumab 73.66%6.33 P= 0.999, Durvalumab
79.0%x6.24 P=0.999). When this dose was increased to 400 pg/mL, aggregation was
almost completely abolished in the Durvalumab-treated platelets to 10.5%+0.5
(P=0.023), there was also a significant decrease in the sample incubated with
Atezolizumab 28.0%+2.0 P=0.45.

Following inhibition of collagen-induced platelet aggregation activation at high
dosages, we sought to assess whether the inhibitory effect is shared with other
agonists. Therefore, we stimulated platelets with 0.05uM U41669. At the lowest dose
of both inhibitors, there was no change in platelet aggregation: control = 84.00%+8.67
Atezolizumab 83.67%=0.88 P=0.99, Durvalumab 80.33%z=1.20 P=0.99. Increasing the
concentration of the PD-L1 inhibitors resulted in a downward trend in the aggregation,
however, this was not significant (400ug/mL P=0.07). Additionally, we stimulated
platelets with ADP to assess whether platelet activation through the P2Y1 and -12
pathways is compromised. Interestingly there was very little effect of PD-L1 inhibition
following ADP stimulation, showing no significant decrease at any dosage, and the

highest dose of inhibitor yielded no change in maximal aggregation (P=0.99).
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Figure 5-7. Platelet aggregation to agonists is differentially affected by PD-L1 blocking agents.PRP was isolated
from healthy donor blood collected into 0.109mM ACD by centrifugation at 190g for 15 minutes. Aggregation was
measured on a chrono-log 4+4 aggregometer under stirring conditions (1000rpm). Platelets were stimulated with
(a) 3.0pg/mL collagen, (b) 0.05uM U41669 or (c)3mM ADP. representative aggregation traces, the maximal
aggregation at 5 minutes was recorded for indicated dosages of inhibitor, Presented as Percentage aggregation
Meanz standard error of mean (SEM) *P<0.05, **P<0.01. (N=5).
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There is a basal expression of soluble PD-L1 in the plasma, therefore, using washed
platelets, will allow us to assess the effects of platelet activation and secretion PD-L1
inhibition more accurately, and assess the effects of soluble PD-L1 in the plasma on
platelet function. Platelets stimulated with 3ug/mL collagen had an average maximal
aggregation of 70.25%4.02, interestingly, following incubation with either 200 pg/mL
Atezolizumab or Durvalumab for 15 minutes we saw no change in the ability of the
platelets to aggregate (Atezolizumab 73.00%+3.0 P=0.99, Durvalumab 75.5%z7.5
P=0.99) (Figure 5-8). When dosages of inhibitor were increased to 400ug/mL, we
observed a slight reduction in platelet aggregation in Atezolizumab -treated samples:
64.0%=2.0 (P=0.91), but a significant decrease to those incubated with Durvalumab:
41.5%+0.5 (P=0.008).

When washed platelets were stimulated with 0.05uM U46619 there was no change in
the aggregation capacity of the platelets following incubation with Atezolizumab at any
dosage (0 pg/mL 81.2%+5.8, 100 pg/mL 87%=1.00, 200 pg/mL 81.25%+4.46,
400ug/mL 81.33%+4.8). This was recapitulated when platelets were incubated with
Durvalumab prior to stimulation with U46619 (0 pg/mL 81.2%+5.8, 100 pg/mL
88.5%:=1.50, 200 pg/mL 75.5%+6.8, 400ug/mL 74.33%=7.1).

Additionally, when washed platelets were stimulated with 0.05U/mL, thrombin there
was no significant change in platelet aggregation in samples treated with Druvalumab
in comparison to, untreated samples. Interestingly, when platelets were incubated with
Atezolizumab, there was a slight downward trend in platelet aggregation observed the
highest dosages (400pug/mL P=0.274).
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Figure 5-8. Commercial PD-L1 inhibitors Effect platelet aggregation to U41669 and thrombin but not collagen.
Washed platelets were obtained by centrifuging PRP at 800g for 15 minutes, and resuspending platelets in Wash
buffer before centrifuging a second time at 800g for 12 minutes and resuspending in modified Tyrode’s buffer at a
concentration of 3.0x108 platelets/ml. Aggregation was measured on a chrono-log 4+4 aggregometer under
stirring conditions (1000rpm). Platelets were stimulated with (a) 3.0pg/mL collagen, (b) 0.05uM U46619 or
(c)0.05U/mL thrombin. representative aggregation traces are presented alongside the maximal aggregation at 5
minutes was recorded for indicated dosages of inhibitor, Presented as Percentage aggregation Mean+ standard
error of mean (SEM) *P<0.05, **P<0.01. (N=4).
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5.2.1. Investigation platelet PD-L1 expression in MPN Patients

PD-L1 inhibitors have been used to treat multiple forms of cancer, such as non-small
cell lung cancer (NSCLC), and renal cancers amongst others (Han et al., 2020b).
Interestingly there have been studies that have shown that the increased levels of PD-
L1 present on platelets in NSCLC patients in comparison to healthy donors, this has
been postulated contribute to the efficacy of Atezolizumab (Colarusso et al., 2023).
MPN patients often exhibit PD-1/PD-L1 mediated immune exhaustion, additionally,
Essential Thrombocythemia (ET) that is characterised by an increased platelet count
(Lee et al., 2022 {Prestipino, 2018 #730, Prestipino et al., 2018).

Next, we aimed to assess the effects of PD-L1 inhibitors on platelet functionality in
patients with MPN. In the first instance, we investigated whether incubation of patient
platelets with PD=L1 inhibitors effected the aggregation capabilities of platelets from
MPN patients. The patient cohort included all forms of MPN, and an age range of 35
to 88, with an average age of 65.5 years (Figure 5-9). The most frequent MPN
observed was ET, making 41% of the dataset, whereas Polycythemia vera (PV) were
(18.5%), RT (14.8%) and Myelofibrosis (MF) (11%). Additionally, 15% of patients did
not have a known diagnosis. Following this, we compared the disease types to the
age of the patients, interestingly, we observed PV patients tended to be younger than
average. Myelofibrosis was characterised to be patients in the higher age range with
RT patients clustering around the median age. ET on the other hand was
heterogeneous and was diagnosed at all age ranges consisting of both the oldest and

youngest participants of the study.

One of the main characteristic features of the different MPNs is the aberrant production
of specific cell populations; PV is associated with the overproduction of RBCs, ET is
characterised by the overproduction of platelets, MF results in scarring of the bone
marrow, this can in turn cause either excessive RBC and platelet production or a
reduction in these cell populations. We first compared the platelet counts from patients
diagnosed within different patient groups. The ET group had the highest count with
745x10° platelets/ mL, this was significantly higher than the PV group with 323x10°
platelets/ mL (P=0.027). Interestingly there was no significant difference between ET
and Myelofibrosis, however, both samples were categorised as Myelofibrosis/ET
(P=0.94).
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Platelet aggregation was assessed following incubation with PD-L1 inhibitor followed
by platelet stimulation with 0.025U/mL of thrombin. The overall data was highly
variable due to the interpatient variability, and variations of therapies each participant
was undertaking. In untreated platelets, the average aggregation at 5 minutes was
66.3%+9.84 with a range of 62%. The interpatient range was consistently high
throughout all treatment concentrations. Due to this high variability, there was no
significant change in platelet aggregation at any dosage of Atezolizumab. However,
when each patient dataset is assessed individually is a significant downward trend in

platelet aggregation in response to increasing dosage of Atezolizumab (P=0.0054).

When overall platelet aggregation was assessed following incubation with
Durvalumab, the data showed a similar pattern, with wide ranges at all treatment
dosages. Although there was a general downward trend when assessed for the

individual patient, this trend was not significant (P=0.16).
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Figure 5-9. Platelets from MPN patients are significantly inhibited following incubation with PD-L1 inhibitors. (a)
Subcategories of MPN patients. (b) the platelet counts of MPN patients were collected through full blood count
(FBC) and plotted for their subtype of MPN. (c) the average age of MPN patients. Whole blood was collected in
ACD vacutainers, Platelets were then prepared through centrifugation then washed for aggregation studies and
then incubated for 15 minutes with either (d) Atezolizumab or (e) Durvalumab at indicated dosages.
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In addition to platelet aggregation, we assessed the baseline expression of PD-L1 in
the unstimulated platelet populations isolated from both healthy donors and patients
with MPN (Figure 5-10). The median expression of PD-L1 on platelets was not
significantly different between the healthy and MPN patients (P=0.41). However, when
comparing the percentage of PD-L1 expressing platelets between healthy and MPN
samples, significantly more MPN platelets expressed PD-L1 under unstimulated
conditions (P=0.0001).

To elucidate this change, we compared the histograms of both the healthy control and
MPN patient samples. This comparison showed that the similar PD-L1 MFI, was due
to a bi-modal, non-Gaussian distribution of the cell populations. Both healthy donor
and MPN patients had PD-L1 positive and PD-L1 negative populations, but with
significantly different stoichiometry. Since MFI analysis is not applicable for bi-modal
datasets, we focused on the percentage of PD-L1 positive cells alone. Interestingly,
when comparing the disease types, we found that patients with RT had fewer PD-L1
positive platelets compared to other MPN patients. MPN patients with ET exhibited the
greatest spread of PD-L1 expression on their platelets, with a large amount of PD-L1
positive cells and a consistently high percentage of positive cells. Patients with PV had
a slightly lower percentage of PD-L1 positive platelet in comparison to the ET
population, although this was not significant. However, there was a significant increase

in the PD-L1 positive platelets across all MPN subtypes compared to healthy donors.
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Figure 5-10. Patients with MPNs express similar levels of PD-L1 to healthy donors but by significantly fewer
platelets. Whole blood was collected from patients with diagnosed MPNs into 109mM ACD. PRP was separated
by centrifugation at 190g for 15 minutes. PRP was incubated in the presence of anti-PD-L1 for 15 minutes at
37°C. Following incubation samples were fixed in 0.2% formyl saline for 30 minutes at 4°C before centrifuging y
Representative histogram of PD-L1 expression for Isotype control (orange), healthy donor(green) and MPN
Patient (Red).(ci) The median fluorescent intensity (MFI) was calculated on 10,000 events within the platelet
gate. (cii), percentage PD-L1 positive cells, a Positive signal was established through gating against negative
control populations and applying this gate to donor populations. Data presented as MFI + standard error of mean
(SEM) *P<0.05, **P<0.01 *p>0.05 **P>0.01 ***P>0.001. MPN N=13 Healthy control N=6.

Interferon-gamma (IFN-y) is a cytokine that plays a key modulating role in immune
responses, particularly in upregulating PD-L1 expression on T-cells (Saunders and
Jetten, 1994). In this study, we investigated the effect of IFN-y on PD-L1 expression
in platelets by incubating them with varying doses and durations of IFN-y exposure
(Figure 5-11). In the first instance, we incubated platelets with 1000ng/mL of IFN-y for
up to 24 hours. We observed a basal level of PD-L1 expression on unstimulated
platelets, which increased in a time-dependent manner up to 8 hours of incubation,
reaching statistical significance (P=0.030). Interestingly, by the 24-hour timepoint, PD-
L1 expression decreased to levels similar to those observed after 2-hours of incubation
with IFN-y.
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Next, we assessed whether PD-L1 expression was dose-dependent after 5 hours of
incubation with IFN-y. Platelets exposed to 100ng/mL of IFN-y did not show a
significant increase in PD-L1 expression, although there was a trend towards
significance (P=0.061). However, incubation with 500ng/mL of IFN-y significantly
increased PD-L1 expression compared to unstimulated samples (P=0.014). The
highest dose tested, 1000 ng/mL, resulted in the largest increase in PD-L1 expression
(P=0.003). Taken together, these findings indicate that platelets increase PD-L1
expression in response to IFN-y exposure in a time- and dose-dependent manner up

to 8 hours of incubation.
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Figure 5-11. Incubation of platelets with IFN-yincreases PD-L1 expression in a time-dependent manner. (ai)
Platelets were incubated with 1000ng IFN-yfor the indicated time points and incubated at 37°C. (aii) IFN-y was
added at indicated doses to platelets and incubated at 37°C for 5 hours. (bi-ii) Densitometry of PD-L1 signal
against a-tubulin was conducted and represented as AU, Meanz standard error of mean (SEM) *P<0.05,
**P<0.01 *p>0.05 **P>0.01 ***P>0.001. N=3.
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Finally, we assessed whether the increased PD-L1 expression observed in MPN
patients was caused by a primary platelet defect in the plasma environment (Figure
5-12). To explore this, we conducted a plasma swap experiment where healthy donor
platelets were incubated in the plasma of MPN patients. Both healthy donor and
patient platelets underwent standard isolation protocol, after which healthy donor
platelets were resuspended in MPN patient plasma for 5 hours. Healthy donor platelets
had a low basal expression of PD-L1. By contrast, MPN patient platelets showed a
significantly higher PD-L1 expression. Following incubation in MPN plasma, healthy
donor platelets displayed a marked increase in PD-L1 expression compared to their
basal level. Interestingly, PD-L1 expression was not significantly different between the
MPN and plasma-swapped healthy platelets. These results suggest that the elevated
PD-L1 expression observed in MPN patients may be influenced by factors present in
the plasma environment rather than solely by a primary defect within the platelets

themselves.
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Figure 5-12. Incubation of healthy donor platelets in MPN plasma increases PD-L1 expression. Washed platelets
were prepared as in prior experiments, after washing healthy donor platelets were resuspended in equal volumes
of PPP acquired from the MPN platelet preparation. Platelets were then incubated for 5 hours at 37°C before
lysis and the addition of lamelli buffer. Samples were then run on SDS PAGE and transferred to PVDF
membranes, which were blocked with 5% BSA before probing with anti-PD-L1 antibody. Densitometry was then
conducted on the western blots and presented as Meanz standard error of the mean (SEM) *P<0.05. N=4.
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5.3.Discussion
The initial work in this chapter began with the generation and quantification of PD-L1
knockout mice. We confirmed the total deletion of PD-L1 in PD-L17- mice using
western blotting, this was comparable with the quantification in the original knockout
generation study. When quantifying the knockout of PD-L1 in the platelet-specific mice
we observed some presented with a very faint band for PD-L1, whereas others were
completely clear in the western blot in the platelet sample, showing there was still a

small amount of PD-L1 expression in some platelet samples.

The Flox model that we used as a basis for the generation of the platelet-specific PD-
L1 knockout had been developed by Sage et al. (2018) where they show a small
decrease in PD-L1 expression before the addition of cre. The GPIb®® model was
chosen over the PF4°® due to the function of PF4 in lymphoid- and myeloid-derived
cells, resulting in off-target knockdown in subpopulations of leukocytes and
macrophages (Beckers et al., 2017). The use of the Gplb®™® knockout may not ablate
the expression of targeted genes as effectively as PF4 due to the expression of GPIb
later in megakaryopoiesis, this may result in a small amount of the target protein being
expressed in the platelet, albeit unquantified to date (Gollomp and Poncz, 2019).
However, the expression of PD-L1 seen may be a result of the uptake of PD-L1 from
other cell types and not solely from the incomplete knockout of PD-L1 (Hinterleitner et
al., 2021). The heterozygous expression of GPIb Cre yielded identical knockout levels
to homozygous Gplb®® mice.

Initial platelet examination showed a modest decrease in platelet aggregation in
response to thrombin, in the whole-body knockout, in comparison, a study by (Li et al.,
2022) demonstrated a more significant impact on platelet aggregation. However, the
data shown in this project represent a small dataset, the data show a downward trend
a larger dataset is needed to assess whether this is significant. Interestingly the study
by (Li et al., 2022) shows a significant decrease in platelet aggregation in response to
stimulation by collagen, ADP or U46619. We also found a modest decrease in the
aggregation of whole-body PD-L1 KO platelets in response to collagen, however, this
decrease was not as pronounced. Both our study and the research by Li, (2022)
suggest that the aggregation defects can be ameliorated by increased dosages of
agonist. When we assessed platelet activation and secretion, we observed a

disproportionately large decrease in JON/A, P-selectin, CD63 and LAMP1 expression
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on stimulated PD-L1 knockout platelets compared to the decrease in platelet
aggregation. P-selectin and JON/A expression decreases were comparable to those

reported by Li (2022) in response to thrombin.

We also used anti-PD-L1 inhibitors to examine whether inhibition of PD-L1 in platelets
reduces platelet aggregation, we calculated the dosage used clinically and tested
relevant dosages. For both antibodies, this was approximately 200ug/mL (Morrissey
et al., 2019 {Denault, 2022 #724, Denault et al., 2022). Durvalumab is a human IgG1k
anti-PD-L1 antibody which was engineered with three amino acid substitutions,
(L238F, L239E and P335S) which are reported to reduce Fc-Mediated effector
functions, to prevent depletion of PD-L1+ T-Cells. Atezolizumab is a humanised IgG1
monoclonal antibody originating from Chinese hamster ovary cells. Similarly to
Durvalumab, the Fc region has been engineered to reduce Fc effector function to
minimise antibody-dependent cell-mediated toxicity (Deng et al., 2016).

There are no public data for the effects of either Atezolizumab or Durvalumab on
platelet functionality, however, there are reports for both resulting in immune-mediated
thrombocytopenia following administration (Dougherty et al., 2021, Qiu et al., 2022).
Although, these effects could be due to platelets specifically, our data that the milieu

has a not insignificant effect on the ability of the platelets to function (Jackson, 2007).

When assessing the platelet counts between the subcategories of MPN; as expected,
the ET patients exhibited a significantly higher platelet count than those with PV,
interestingly the myelofibrosis cohort also has a high platelet count, which contrasts
with previous research stating that myelofibrosis patients have a normal or low platelet
count (Masarova et al., 2018). The average age for MPN patients at 66, this was
significantly higher than that of the healthy donor cohort. It has been demonstrated
that age has a significant effect, reducing platelet count and increasing procoagulant
activity (Le Blanc and Lordkipanidzé, 2019, Cowman et al., 2015).

When assessing the amount of PD-L1 present on the cell surface in both the healthy
control and MPN platelets we saw a similar median PD-L1 expression on platelets
between groups. However, the MPN patients had significantly more platelets that
expressed PD-L1, taken together these show that although per platelet the expression
is unchanged, the total amount of PD-L1 expressed is significantly higher in the patient

cohort.
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When patient platelets were stimulated with thrombin and incubated with either
Atezolizumab or Durvalumab the general trend was unclear due to the large variance
between patients, this was compounded by the anti-platelet therapies that were being
administered clinically. This resulted in multiple samples failing to aggregate with a
high dose of thrombin with no addition of PD-L1 inhibitor, these data points were
deemed unusable for aggregation studies.

IFN-y has been shown in multiple studies to upregulate the expression of PD-L1 on T-
cells (Crouse et al., 2015, Garcia-Diaz et al., 2017, Imai et al., 2020). In our research,
we showed that IFN-y also upregulates PD-L1 expression in platelets. This study
presents the first documented instance of the effects of IFN-y on platelet PD-L1
expression. Our findings demonstrate that PD-L1 expression increases in a time-
dependent manner, reaching its peak at 8 hours. This granular assessment of IFN-y
stimulated PD-L1 expression has not been previously explored in the context of
platelets; this is an important factor in cancer due to the upregulation of IFN-y that is

frequently observed in many cancer types (Jorgovanovic et al., 2020).

The use of plasma exchange from healthy donors to patients with metastatic
melanoma has been demonstrated to efficiently reduce the total PD-L1 expression
levels in vivo (Davidson et al., 2022) (Jacob et al., 2020). Here we showed that adding
plasma from MPN patients to healthy donor platelets, dramatically increased the
expression of PD-L1 on platelets, showing that the assumed mechanism of JAK2
mutations upregulating PD-L1 expression may only be a co-factor in the overall levels
of PD-L1 expression on cells. This is the first assessment of this interaction and
therefore we are unable to compare this to previous research. However, it is a known
function of the platelet to present antigens and other molecules to immune cells
(Garraud et al., 2019).

In summary, we have generated a unique platelet-specific knockout for PD-L1, which
will allow us to examine the impact of platelet PD-L1 in isolation in vivo. We
demonstrated that PD-L1 deletion reduces the aggregation capability of platelets,
which is more substantial on a whole-body knockout, showing that expression of PD-
L1 has a role in platelet aggregation, and is likely dependent on PD-L1 uptake from
other cell types. We also found that the reduction of platelet aggregation may be due

to reduced platelet activation and secretion of granular contents. Furthermore, we
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show that MPN patients have a significantly increased amount of PD-L1 positive
platelets and, in turn, show an increased sensitivity to PD-L1 inhibitors. We also
demonstrated that the upregulation of PD-L1 expression, specifically on platelets in
patients with MPN is not determined by the JAK2 mutation, but by soluble components

within the plasma.

5.3.1. Limitations

The platelet-specific knockout model while being one of a kind and allowing for further
insight into the effects of PD-L1 specifically on platelets was very time-consuming and
costly to develop and breed. Once breeding pairs were finalised the number of
experimental animals and volumes of blood that were possible to acquire were very

low which limits the amount of data that was possible to be attained in this thesis.

The generation of the platelet-specific knockout mice took much longer than expected.
This was due to multiple extraneous factors. Firstly, due to logistical issues, there was
an 8-month period following the arrival of the first mouse strain where there was no
viable mate for breeding. Following this we received news that some of the mice we
were sent may have had an additional CD11b Cre knock in. This set us back twofold,
at the time we were on the F2 generation of breeding, when we tested for CD11b
deletion we saw that the mice were indeed bearing an additional knockout of the
CD11b gene. Therefore, we had to reestablish the PD-L1Flo<Floxcolony to a point where
they only contained the single modification, to the PD-L1 gene. Following this we could
then begin breeding again and generation of the platelet-specific knockout, in total, to

establish the genotype and restart breeding it set us back a further 8 months.

The Gplb°e-derived platelet-specific knockout of PD-L1 is more specific to platelets,
where it does not result in the knockout of target protein in subpopulations of
leukocytes and macrophages (Beckers et al., 2017). With the cre knock into the Gplb
gene, there is only 1 intact copy, its effect has not been quantified, however has been

postulated that it may affect both MK and platelet biology (Nagy et al., 2019).

The acquisition of MPN blood was also limited, which was compounded by the
heterogeneity of samples due to multiple factors, such as drug administration, MPN
subtype, age and further co-morbidities. With multiple donors being on many anti-

platelet therapies such as aspirin and clopidogrel alongside additional drugs which has
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also been reported to effect either platelet count or function, such as
Hydroxycarbamide and Busulphan, thus the data for each cohort was highly variable.
Furthermore, the patients in the PV cohort often had such thrombocytopenia to such
a degree, that the number of platelets in the volume given resulted in insufficient
platelet counts for comparable aggregometry experiments. This study did also not
assess other forms of PD-L1 such as released and soluble forms of PD-L1 or that
released in exosomes which may have been released from the platelets and play a
significant role. Additionally, we did not assess the expression of IFN-y, or other
cytokines such as IL-27 which has also been observed to induce PD-L1 expression,
due to budget and time constraints (Shuming et al., 2019).

5.4.Future work

Further characterisation of the platelet-specific knockout is needed to fully assess the
effects of PD-L1 knockout specifically on platelets. Initial characterisation of
aggregation to a broader range of agonists and dosages both in washed and PRP
conditions will give a more rounded picture of the effects PD-L1 on the milieu.
Alongside this, thrombus formation and clot retraction assays will be important to
assess the capability of platelets to form a stable thrombus. There are also signalling
studies that need to be addressed to elucidate whether there are additional pathways
in which PD-L1 acts upon the platelet besides the reported Caspase 3/GDSME
pathway reported by Li (2022).

Upon stimulation through IFN-y, PD-L1 is upregulated on the cell membrane, however,
alternate expression also occurs in many cell types. Alongside standard membrane
presentation, the exosomes containing PD-L1 can also be released from the cell.
Alternate splicing events can produce soluble variants of PD-L1 which can then be
measured in the plasma (Imai et al., 2020). Given this, the amount of exosome-bound
PD-L1 and soluble PD-L1 can be measured to assess the full extent of expression,
and whether the form of expression changes over time. With a larger patient dataset,
it will be possible to delineate trends within the different MPNs for both platelet function
and PD-L1 expression. We will also be able to use this to assess the effects of PD-L1

overexpression on the interaction between platelets and immune cells.
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Utilising both the MPN samples and the knockout mouse models we plan to assess
the function of PD-L1 in platelet-immune cell interactions. The knockout will also give

the ability to assess these interactions in further disease states, such as diabetes and

atherosclerosis.
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Chapter 6. Discussion

Platelets are crucial components of haemostasis and play pivotal roles in thrombosis,
inflammation, and immune responses. Recent studies have implicated a-synuclein, a
protein traditionally associated with neurodegenerative diseases like Parkinson's
Disease, in platelet function. In this thesis, we use pharmacological inhibitors and
genetic knockout models to investigate a-synuclein's role in platelet biology.
Furthermore, the study aims to elucidate the impact of PD-L1 deletion on platelet
function, and interaction with immune cells, through the generation of a platelet-

specific PD-L1 knockout mouse model.

6.1.Summary of Results
This study began by assessing the haemostatic function of platelets using
pharmacological inhibitors targeting a-synuclein in human platelets in vitro, and a
whole-body a-synuclein knockout mouse model. Our experiments demonstrated a
dose-dependent inhibition of platelet aggregation following treatment with the a-
synuclein inhibitor ELN484228. Subsequent investigations focused on a-synuclein's
localisation and dynamics within platelets, particularly its translocation upon thrombin

stimulation and interaction with key SNARE proteins such as VAMPS.

We demonstrated a dose-dependent inhibition of platelet aggregation following
treatment with the ELN484228. Upon thrombin stimulation, a-synuclein translocates
from a homogeneous distribution to peripheral localisation on the platelet surface,
rather than secretion. The distribution of a-synuclein was also shown to be highly
analogous to that of VAMPS8, with increased co-localisation events following
stimulation. Interestingly, although we observed a significant decrease in aggregation
when stimulated with collagen or thrombin, this was not recapitulated in U46619,
although this could be due to the weak inhibitory effect of the inhibitor, at lower
dosages over a longer period this may have a greater effect. Furthermore, we found
a-synuclein to be in a complex with syntaxinll, -4 and VAMPS8 under unstimulated
conditions, with increased interactions following thrombin-stimulation. We also
showed that a-synuclein is phosphorylated at serine129 following stimulation with
thrombin, collagen and U46619, but not CRP-XL, the increase of phosphorylation in
response to agonists has not been reported in any other study. The phosphorylation
of serinel29 was reduced through the inhibition of RhoA/ROCK by Y-27632 and the
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chelation of intracellular calcium with BAPTA-AM, previous studies have shown other
inhibitors such as polo-like kinases (PLKs) to inhibit a-synucleins¢™2® formation,
however, this is the first demonstration of RhoA/ROCK inhibition (Teil et al., 2020).

In a-synuclein knockout mice, we showed a distinct bleeding phenotype which, upon
further interrogation, was at least in part attributed to a significant reduction in the
capability of platelets to release their granular cargo - quantified using flow cytometry.
We further interrogated secretion through single-cell flow cytometric analysis which
showed the ablation of a “hyper-secretionary” population in the standard platelet
population when stimulated with thrombin and U46619. This phenotype was
corroborated in vitro by reduced aggregation and the formation of unstable thrombus

formation under flow conditions.

Following this we sought to observe the effects of a-synuclein knockout in
endotoxemia, due to the resulting in platelet activation and P-selectin expression over
time (Schrottmaier et al., 2016, Violi et al., 2024). Interestingly, we did not observe a
significant difference in secretionary markers between knockout and wild-type mice
with endotoxemia, however, we showed a higher level of P-selectin expressing
platelets in unstimulated conditions this is concordant with previous studies
(Schrottmaier et al., 2016). Alongside this, we did note that the a-synuclein deficient
mice showed a higher clinical score and were more susceptible to endotoxemia than

their wild-type littermates.

In addition to our finding that platelet secretion deficiencies worsen outcomes in
endotoxemia, it has been demonstrated that platelets can interact with the immune
system through multiple pathways (Ali et al., 2015, Arman and Krauel, 2015, Manne
et al., 2017). We successfully generated a platelet-specific PD-L1 knockout mouse
model (PLT-PD-L17) to investigate the effect of platelets in the immune response with
a focus on the PD1/PD-L1 axis. We showed that PD-L1 deletion in platelets or the
whole body led to a reduced aggregation in response to thrombin, although PLT-PD-
L1 showed a milder effect. Interestingly, we saw a significant decrease in platelet
integrin activation and markers associated with a- and dense granule release, while

lysosome markers were unaffected.

We then assessed the efficacy of PD-L1 inhibitors in healthy human donors. We did

not observe a significant change in response to thrombin when we assessed the
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aggregation of washed platelets treated with the PD-L1 inhibitors; Atezolizumab and
Durvalumab. However, we did see a significant decrease in high dosages of inhibitors
when stimulated with collagen, when assessing the aggregation in PRP this inhibition
to collagen stimulation was increased. This trend was recapitulated when stimulated

with U46619, however, the decrease in aggregation was slight.

We then sought to assess alterations in platelet function in MPN patients, who
commonly overexpress PD-L1, and whether these were reversible following inhibition
with PD-L1 inhibitors. We characterised PD-L1 expression on the platelets in MPN
patients, where we observed a significant increase in the amount of PD-L1 positive
platelets. When MPN platelets were treated with Atezolizumab and Durvalumab we
showed that there is a downward trend in their ability to aggregate. Alongside this, we
assessed the effect of IFN-y on washed platelets and demonstrated a significant time
and dose-dependent increase of PD-L1 in response. When we incubated healthy
donor platelets with plasma from MPN patients, we observed a significant increase in

the expression of PD-L1.

6.1.1. Interpretation of the overall findings

First, we established the presence of a-synuclein in washed platelets, which is
concordant with previous proteomic studies (Senzel et al., 2009). Furthermore, we
have characterised, for the first time, the distribution of a-synuclein in resting platelets
and its movement following stimulation. Previously the movement of a-synuclein has
only been assessed in neural cells (Holmgvist et al., 2014, Ulusoy et al., 2017).
Interestingly, in aggregation studies, we saw a large range of results following
inhibition with ELN484228 in human platelets. This observation may be due to varying
levels of a -synuclein between donors, with participants with high levels of platelet a-

synuclein exhibiting a larger inhibition than those with a lower level.

We showed that a-synuclein is homogeneously clustered throughout the platelet in
unstimulated conditions, co-localising with VAMPS; following stimulation the a-
synuclein was translocated to the peripheries of the cell. This finding has not been
reported previously in platelets. However, a similar mechanism has been reported in
neurons; with its interaction with VAMP2 exhibiting a chaperoning effect before being

recycled back into the neuron (Maroteaux et al., 1988). By contrast, we demonstrate
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that, in platelets, a-synuclein remains at the outer membrane following translocation.
Alongside interaction with VAMP8, we also show an increase in interaction with STX11
following stimulation with thrombin; neither of which has been observed in the neural
cells. Although a-synuclein is known to exhibit promiscuous binding, these data show
that a-synuclein binding partners can vary depending on cell type and function
(Longhena et al., 2019).

The interaction of a-synuclein with various SNARE proteins following platelet
activation indicates that a-synuclein is an integral part of the SNARE complex and
remains in the membrane of the platelet following membrane mixing of the granule to
the target; this highlights another difference in the mechanism due to a-synuclein being
secreted by exosomes from neural cells (Emmanouilidou et al., 2010). We also
showed that the activation of platelets induced phosphorylation of a-synuclein, this is
concordant with prior research which has linked serinel29 phosphorylation with
facilitating protein-protein interactions in neurons (Parra-Rivas et al.,, 2023). The
phosphorylation of a-synuclein for physiological function may provide new insights into

the extent of a-synuclein functionality.

We also show that calcium chelation significantly decreased a-synuclein
phosphorylation. Whilst it is known that calcium is required for modulating synaptic
vesicle interaction, as is phosphorylation at serine129, these functions have not been
linked (Lautenschlager et al.,, 2018, Lu et al, 2011). We also show that
phosphorylation of a-synuclein increases in both a time- and dose-dependent manner;
interestingly, at all-time points observed the phosphorylation does not decrease,
showing that unlike in other cell types, its phosphorylation does not appear to be

reversed.

We propose that both calcium and the Rho/ROCK pathways are required for serinel29
phosphorylation within platelets, as blocking either pathway results in complete
ablation of serine129 phosphorylation following platelet activation. This pathway is yet
to be elucidated, however, previous studies have also observed the Rho/ROCK
pathway affecting a-synuclein function, it is released from neurons and in an

extracellular milieu (Zhou et al., 2011).
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The bleeding time assay showed that the a-synuclein knockout bled for significantly
longer than the wild-type. Additionally, we showed that the mice were significantly
more susceptible to rebleeding events. This was recapitulated in in vitro flow studies,
where thrombi were formed then washed with PBS, and were significantly smaller in
volume to the wild-types. Whilst this study focused primarily on platelet a-synuclein,
previous studies have shown that exogenous a-synuclein can inhibit thrombin-induced
platelet activation (Acquasaliente et al., 2022). If this is accurate, the expected
inhibitory effect induced by the presence of a-synuclein in the plasma would increase
thrombus formation and size, however, we observed the opposite. Comparing
exogenous recombinant protein and knockout models is not possible, although the
study by Acquasaliente et al. (2022) may highlight an additional role of a-synuclein on

platelets.

When we subjected mice to endotoxemia, the a-synuclein knockout mice were more
susceptible, having significantly higher clinical scores. Interestingly, this heightened
susceptibility did not correspond with changes in platelet secretion markers,
suggesting additional roles for a-synuclein during endotoxemia. This finding aligns
with previous studies demonstrating that a-synuclein is involved in various aspects of
the immune system, including B cell Lymphopoiesis to ROS generation (Grozdanov
and Danzer, 2020, Pei and Maitta, 2019, Allen Reish and Standaert, 2015).
Additionally, it has been shown that NK cells scavenge a-synuclein aggregates, this
could be an additional mechanism for the removal of platelets following activation
(Earls et al., 2020).

6.1.2. Smith 2023 paper

In 2023, a study by Smith et al., reported that an a-synuclein knockout mice displayed
no significant bleeding diathesis when tested, which is in contrast to our findings
(Smith et al., 2023). However, similar to our results, the Smith study reported a modest
defect in activation-dependent platelet secretion and a co-localisation of a-synuclein
with a-granules. They also did not observe any compensatory changes in the
expression of SNARE complex proteins.

The Smith study utilised a knockout generated by a different group, which has a

different construction to the one used in this study (Abeliovich et al., 2000). The
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method of euthanasia used is comparable to ours, blood collection procedures varied
significantly. The Smith study exposed the thoracic region and collected blood into
sodium citrate, apyrase, and prostaglandin, whereas we collected into sodium citrate
alone via direct cardiac puncture without inducing injury and potential pre-activation of
platelets. The Smith study also added 1mM CacClz back into the washed platelets
before experimentation. Studies have shown that the addition of CaClz induces
morphological changes, microparticle release and fibrin formation, alongside the
increase of P-Selectin expression (Toyoda et al., 2018). Because we demonstrated
that the phosphorylation of a-synuclein is calcium-dependent, the addition of the CaCl:
may have affected this platelet activation.

Although multiple findings express a similar trend in in vitro experiments, the overall
phenotype observed in the Smith paper is significantly different. This highlights an
inherent weakness of knockout murine models, although the same gene may be
removed/inhibited, due to different methods of removal, there can still be a somewhat
differential expression on a protein level. Additionally, genetic drift occurs in isolated

populations of mice with insufficient backcrossing.

Taken together, we show that a-synuclein is an important member of the secretionary
machinery, which interacts with the SNARE complex, although with sufficient
stimulation the in vitro deficiencies can be overcome. a-synuclein is also
phosphorylated downstream the RhoA/ROCK pathway and in a calcium-dependent
manner. a-synuclein associates with the granules and VAMP8 within platelets but is
not part of the granular contents and is not released upon granular secretion but does
move and is presented on the platelet membrane (Figure 6-1).
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Figure 6-1. Proposed mechanism of action for a-synuclein in platelet granule secretion.
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To further elucidate the role of a-synuclein, the use of a platelet-specific knockout
should be utilised, especially for any involvement with the immune system. Further
quantification of the interaction partners of a-synuclein, utilising a top-down proteomic
approach in both unstimulated and stimulated conditions would allow for a broader
picture of the role of a-synuclein within the platelet environment. Quantifying the
amount of a-synuclein in platelets from healthy donors versus that in PD patients,
alongside platelet function studies, may also highlight whether under- or over-
expression of a-synuclein affects platelets in humans. To ensure there are no off-target
effects of ELN484228, further testing in the platelet milieu must be completed, in the
form of a microarray or proteomic analysis to aid in further human platelet testing.

At the time of research, the role of a-synuclein was untested in the platelet milieu,
following the study by (Smith et al., 2023), we can compare aspects of both studies to
draw distinct parallels and similarities in the data. This thesis, however, goes more in-
depth into the mechanisms and effects that a-synuclein has on platelets, both in
murine knockout models and in healthy donor platelets. Although many experiments
yielded concordant data, the juxtaposition in in vivo findings between the studies
needs to be further assessed. This thesis also supports the role of a-synuclein that

has been observed in neurons and lymphocytes previously.

6.2.PD-L1
We generated and characterised the first murine platelet-specific knockout of PD-L1.
Our results demonstrate a slight decrease in platelet aggregation, which was less
pronounced compared to the whole-body PD-L1 knockout. We also show that, in the
whole-body knockout, there is a significant decrease in JON/A, P-selectin, and CD63
expression on platelets stimulated with thrombin, but no change in LAMP1 secretion
markers. We also show a dose-dependent inhibition of platelet aggregation in

response to PD-L1 inhibition in human platelets.

In patients with MPNs, we observed a negative correlation between PD-L1 inhibitor
dose and platelet aggregation at 5 minutes in response to thrombin. We also
demonstrate that, although the PD-L1 expression is not significantly increased in MPN
patients, the number of platelets that are PD-L1 positive is significantly higher. When

platelets are incubated with IFN-y, the expression of PD-L1 increases in both a time-
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and dose-dependent manner, peaking at 8 hours. We also showed that incubating
healthy donor platelets in the plasma of MPN patients resulted in a significant increase

in PD-L1 expression on the surface of platelets.

When platelet-specific PD-L1 knockout mice were generated, The GPIb®*® was chosen
over the traditional PF4°® knock-in, due to the GPIb®® knock-in having a higher
specificity to platelets, whereas PF4 knock-in can affect immune cells (Pertuy et al.,
2015). Whilst the GPIbc™® knock-in is more specific to platelets due to the later
expression in megakaryocytes, there can still be small counts of target protein made.
Upon examination of platelet lysates for PD-L1 in the specific knockout, we indeed
saw a very faint band, suggesting that a minimal amount of PD-L1 might be present
(Gollomp and Poncz, 2019). One hypothesis for the presence of PD-L1 on platelets
may be due to the incomplete knockout caused by PD-L1 expression before the GPIb
was transcribed, another hypothesis is that the platelets interacted with and displayed
PD-L1 present in the plasma generated from other cells (Masood et al., 2023,
Hinterleitner et al., 2021).

When assessing platelet function in washed platelets from the whole-body platelet-
specific knockout and the wild-type, we showed that the whole-body knockout was
affected to a greater extent than the platelet-specific knockout. The residual PD-L1 still
present in the platelet-specific knockout may be a contributory factor to this increased
aggregation. It has previously been shown that the aggregation of platelets in whole-
body knockout mice is inhibited, in response to thrombin, collagen, ADP or U46619.
Although mostly concordant, we find the aggregation defect to be weaker (Li et al.,
2022). The mice we used in this study have the same C57BL/6 background as those
used in the Li study, however, the Li study uses untreated wild-type mice as their
controls, in this study, we used heterozygous breeding pairs to generate wild-type
littermates. The Li study also used pentobarbital narcosis before blood collection, the
use of barbiturates has been previously shown to affect platelet aggregation in vitro
(Sato et al., 2003).

When we assessed activation and secretion markers on platelets in whole-body
PD-L17- mice, we found a significant decrease in platelet activation alongside the
secretion of dense- and a-granules. PD-L1 is a co-inhibitory factor in the immune
response, therefore, we were not expecting a decrease in platelet activity upon its
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deletion. However, this finding is in agreement with a previous study of PD-L1
knockouts in platelets (Li et al., 2022). It has been shown that PD-L1 knockout inhibits
platelet outside-in-signalling through the Caspase-3/GSDME pathway, however,
inhibiting Caspase-3 has been shown not to affect the secretion of a-granules,
indicating an additional impairment in platelet function (Shcherbina and Remold-
O’Donnell, 1999, Cohen et al., 2007, Li et al., 2022). The study by (Li et al., 2022)
also investigated the effects of PD-L1 deletion on the thrombus formation.
Interestingly, they showed that the PD-L17 had a significant effect on both clot
formation and retraction. They propose that this is due to a regulatory function acting
upon GSDME; assessing this pathway in the platelet-specific knockout may provide

valuable insight as to whether this effect is recapitulated when PD-L1 is added.

We showed that at high doses, both Atezolizumab and Durvalumab inhibit platelet
aggregation in vitro in response to collagen or thrombin. Additionally, we found that
PD-L1 inhibition yields a larger effect when in PRP. The exact effects of PD-L1
inhibitors have not been assessed prior to this study, however, studies have shown
that administration of these drugs can result in thrombocytopenia and bleeding
diathesis (Delanoy et al., 2019, Kroll et al., 2022). Due to the greater inhibition of
aggregation in PRP, we hypothesise that PD-L1 in the plasma also plays a role in

platelet aggregation.

Patients with MPNs had a significantly higher number of platelets expressing PD-L1
compared to healthy donors. This increased PD-L1 expression resulted in a more
pronounced effect of PD-L1 inhibitors on reducing platelet aggregation. The
overexpression of PD-L1 in MPNs is well-documented and has been linked to the
JAK2 mutation, Interestingly, we observe a significant increase in platelet PD-L1
expression in JAK2V617F negative samples, although, no study has linked the increased
expression of PD-L1 with platelets specifically (Prestipino et al., 2018, Milosevic
Feenstra et al., 2022). The expression of PD-L1 in T cells has been shown to increase
in response to IFN-y (Imai et al., 2020), and we provided evidence that this mechanism
is recapitulated in platelets. Interestingly, we found that PD-L1 expression decreases
between the 8- and 24-hour timepoint, suggesting that there may be regulatory
mechanisms that modulate PD-L1 levels after initial upregulation. This decline could
indicate feedback inhibition or receptor internalisation and degradation processes that

limit the duration of PD-L1 expression on platelets. Further research is needed to
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elucidate the specific mechanisms underlying this time-dependent decrease in PD-L1

expression.

Effective reduction in PD-L1 expression in patients with metastatic melanoma has
been achieved through removal of the host plasma and replacement from healthy
donors (Davidson et al., 2022). Our data suggests that this mechanism may be due to
a plasma constituent. When healthy platelets were incubated in plasma from MPN
patients, we found a significant increase in PD-L1 expression. This increase may be
due to the influence of soluble PD-L1, or, PD-L1 present in extracellular vesicles which
have been shown to affect the platelet population (Chmielewska et al., 2023, Oya et
al., 2022). Furthermore, IFN-y present in MPN plasma could also contribute to the
upregulation of PD-L1 on platelets. As such, the elevated PD-L1 expression observed
in MPN patients' platelets may be multifactorial, involving both soluble factors and
cytokine-mediated mechanisms.

In this thesis, we have shown that not only are platelets capable of presenting PD-L1
on their surface, but they can be actively upregulated through exposure to IFN-y. The
upregulation of PD-L1 is also correlated with a poorer prognosis which we hypothesise
is due, at least in part, to the immunoregulatory role of platelets. We also show that
PD-L1 knockout reduces the capability of the platelet to aggregate and secrete in vitro.
The higher levels of platelet PD-L1 in cancers such as melanoma, breast, gastric, liver,
kidney, MPN, and pancreatic may also contribute to the hypercoagulable state that is
often present in these cancer types (Han et al., 2020b, Yamaguchi et al., 2022, Hudson
et al., 2020).

The results of this thesis show that a-synuclein plays an important role in the function
of the SNARE complex, and the removal of a-synuclein ameliorates the highly active
secretionary populations observed in wild-types. We also recapitulate that granule
secretion is a key factor in the immune response to endotoxemia and reducing this
secretion by a-synuclein knockout results in a poorer prognosis. Furthermore, we
demonstrate that PD-L1 can facilitate platelet activation and granule secretion, in
addition to its immunomodulatory role, in addition to the previously known

GSDME/Caspasae-3 pathway.
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6.2.1. Future work

The work carried out in this thesis illuminated many interesting paths to investigate

further.

The pathological function of a-synuclein has been linked with phosphorylation
at serine129. We highlighted potential physiological functions of a-synuclein
serine129 in concordance with (Ramalingam et al., 2023). Further investigation
of phosphorylation at different sites on a-synuclein may yield hitherto unknown
functionality of the protein in different cells (Manzanza et al., 2021). Further
interrogation of the function of a-synuclein serine129 should be explored as to

how it differs from its non-phosphorylated counterpart.

Platelets are known to activate immune cells through multiple cellular
processes, however, in this thesis we demonstrate that the removal of a-
synuclein may have a role in downregulating the immune response (Allen Reish
and Standaert, 2015). The extent of the immune cell interaction through an a-
synuclein axis should be explored more thoroughly with a platelet-specific

knockout.

In this thesis we demonstrated the effective deletion of PD-L1 in platelets using
the GPIb®® model. Future research could investigate whether PD-L1 derived
from platelets influences disease states such as atherosclerosis, potentially

offering new avenues for therapeutic intervention.

We show that PD-L1 expression can be induced by the presence of IFN-y,
which has been demonstrated previously on T-cells (Garcia-Diaz et al., 2017,
Qian et al., 2018). Additional studies have shown that PD-L1 expression may
also be induced by the presence of tumour necrosis factor a (TNFa), and
Interleukin-6 (IL6) on T cells (Chan et al., 2019, Lim et al., 2016). It would be
interesting to determine whether these factors would upregulate PD-L1
expression in platelets, and whether the knockout of PD-L1 within platelets

results in a protective phenotype against certain cancers.
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Supplementary

6.3.Reagents

Table 19. General reagents

(MgCl2)

Component Company Code

Tri-sodium citrate VWR W302600

Citric Acid monohydrate sigma C7129

ADP Sigma A2754

CRP-XL CAMBCOL XL-CRP
laboratories

EDTA Sigma E6758-500G

Sodium Chloride (NaCl) Sigma S3014-5KG

EGTA Sigma 4100-50GM

Tris Base Sigma 11814273001

Glycerol Sigma G5516

SDS Sigma 75746

Bromophenol blue Sigma B5525

2-mercapto-ethanol Sigma M6250

N-(2-Hydroxyethyl) Sigma H4034-1KG

piperazine-N'-(2-

ethanesulfonic acid), 4-(2-

Hydroxyethyl) piperazine-

1-ethanesulfonic acid

(HEPES)

Potassium Chloride (KCI) | Sigma P5405-1KG

Sodium phosphate dibasic | Sigma S5136-1KG

(NazHPO4.12H20)

Sodium bicarbonate | Sigma S5761-1KG

(NaHCOs3)

Magnesium Chloride | sigma M8266-1KG




Table 20. Primary Antibodies for western blotting

Antibody Catalogue number/ | Dilution factor
supplier

Phospho a-synuclein | Santa Cruz  (sc- | 1:1000

serinel29 135638)

a-synuclein total Santa Cruz  (Sc- | 1:1000
515879)

a-synuclein total CST (4179) 1:1000

VAMP7 CST (14811) 1:1000

VAMP2 Santa Cruz  (sc- | 1:1000
69706)

Syntaxin 4 Santa  Cruz  (sc- | 1:1000
101301)

Syntaxin 11 Santa  Cruz  (sc- | 1:1000
377121)

Vamp8 CST (13060s) 1:1000

4910 Millipore (#05-321X) | 1:1000

a-tubulin Santa Cruz (sc-5286) | 1:1000

SNAP23 Santa Cruz sc-734215 | 1:1000

GAPDH Santa  Cruz  (sc- | 1:1000
32233)

TSP-1 Neomarkers MS- | 1:1500
1066-10

PD-L1(E1L3N) CST 13684t 1:1000

Table 21. Secondary antibodies for Western blot

Antibody Catalogue number/ | Dilution factor
supplier

IR Dye 680CW anti-rabbit | Li-Cor (827-08365) 1:10000

igGR

IR Dye 680CW anti- | Li-Cor (827-08363) 1:10000

Mouse igG

IR Dye 800CW anti- | Li-Cor (926-68171) 1:10000

Rabbit igG

IR Dye 800CW anti- | Li-Cor (926-32210) 1:10000

Mouse igG

HRP- conjugated anti- | Dakko 1:5000

Rabbit igG

HRP- conjugated anti- | Dakko 1:5000

Mouse igG




Table 22. Antibodies used in Flow cytometry.

Antibody Catalogue number/ | Dilution factor
supplier

PE/Cyanine7 anti-mouse | Biolegend- 121620 1:200

CD107a

APC anti-mouse CD274 Biolegend - 124334 1:100

FITC-labeled Wug.E9 Emfret M130-1 1:100

PE- labled Anti-CD41 | Emfret MO23-2 1:100

(jon/A)

Alexaflour700 labled | Biolegend 1:400

LAMP1

Table 23. Primary antibodies used in Immunofluorescence.

Antibody Catalogue number/ | Dilution factor
supplier

FITC- Phalloidin Sigma 1:500
TRITC- Phalloidin sigma 1:500
a-synuclein (rabbit) CST 4179 1:200
a-synuclein (mouse sc-515879 1:100
STX4 SC-101301 1:50
STX11 SC - 377121 1:100
SNAP23 SC-734215 1:50
Vamp 2 SC-69706 1:50
VAMP7 CST- 14811 1:100
VAMP8 cst -13060s 1:100
p-a-synucleinsert?? sc -135638 1:100

Table 24. secondary antibodies used in Immunofluorescence.

Antibody Catalogue number/ | Dilution factor
supplier

Anti- mouse- 568 Sigma (SAB4600313) | 1:1000

Anti-rabbit -667 sigma 1:1000

WGA - 350 CST 4179 1:200




Table 25. Platelet inhibitors used in inhibition experiments.

Inhibitor Target Catalogue Final
number/ concentration
supplier

Tirofiban glycoprotein Sigma 1 pg/mL™1

lIb/llla

Indomethacin COX inhibition Sigma

Apyrase ATP/ADP Sigma 2U/mL

hydrolysis

BAPTA/AM (1,2-bis(o- | Ca?* Chelation Sigma 50 um

aminophenoxy)ethane-

N,N,N’,N'-tetraacetic

acid)

prostacyclin prostacyclin Sigma 1-100nM

receptor inhibition

Y27632 p1l60ROCK Sigma

inhibition
Citric acid Sigma 3-6mM
Table 26. Platelet agonists used in experiments.

Platelet Agonist | Target Catalogue Final
number/ concentration
supplier

Crosslinked GPVI CambCol 1-10ug/ml

Collagen related laboratories

peptide (CRP-XL) (XLCRP)

TRAP6 PAR1 Cambridge 1-10uM

(Thrombin Bioscience (H-

Receptor 2936-0005)

Activator Peptide

6)

ADP a2bB3 Sigma (A2754) 1-30uM

Collagen GPVI, a2bB3 Nycomed 0.5-3 pg/ml

Thrombin PARL1, PAR2, | Sigma (T8885) 0.0175-0.1U/mL

GPIb-ix-v
U46619 Thromboxane a? | Sigma (D8174) 0.25-1.0 uM




6.4.Buffers and solutions
All Buffers were prepared with Purified water from a Suez select fusion (Thame, UK),
and pH adjusted by the addition of HCL and NaOH measured with a FiveEasy Plus
pH meter (Columbus, USA).

6.4.1. Modified Tyrode’s
Modified Tyrode’s was made, pH adjusted to 7.3 at room temperature then stored at

4°C. Glucose was added to aliquots which were used within 14 days of creation.

Table 27. Modified tyrodes buffer components

Component g/1000ml molarity
HEPES 4.766 20mM
Sodium Chlorite 7.83 134mM
Potassium Chloride 0.149 2mM
Sodium hydrogen phosphate | 0.1215 0.34mM
(Na2HPO4.12H20)

Sodium Hydrogen carbonate 1.008 12mM
Magnesium Chloride 0.095 1mM
D-Glucose anh. 1.01 5.6mM

6.4.2. Acid-citrate dextrose buffer (ACD)
ACD was created and pH adjusted to 6.5, This was then stored at 4°C and aliquots

passed through a 0.22um filter and warmed to room temperature before use.

Table 28. Acid Citrate Dextrose components

Component g/1000ml molarity
D-glucose anhydrous 20.5 113.8mM
trisodium citrate dihydrate | 8.79 29.9mM
NaCl 4.24 72.6mM
citric acid monohydrate 0.59 2.9mM

6.4.3. Sodium citrate
Sodium citrate was dissolved, and pH adjusted to 7.4, this was stored at 4°C and

aliquots warmed to room temperature for use.



Table 29. Sodium citrate components

Component g/1000m| molarity
sodium citrate 32.08 124mM

6.4.4. Wash buffer
Wash buffer was made, and pH adjusted to pH 6.5, this was stored at 4°C and

aliquots warmed to room temperature before use.

Table 30. Platelet wash buffer components

Component g/1000ml molarity
citric acid monohydrate 7.57 36mM
EDTA 3.80 10mM
D-glucose anhydrous 0.9 5mM
KCI 0.37 5mM
NaCl 5.26 90mM

6.4.5. Laemmli buffer pH 6.8

Table 31. Laemmli buffer components

Component g/1000ml molarity
Tris Base 6.05 0.0625M
SDS 40 0.07M
Glycerol 10%

2-mercapto-ethanol 5%

Bromophenol blue trace

6.4.6. SDS sample buffer
Sample buffer was made in 80ml volumes with pH adjusted to 7.5 and 2ml of NP-40

added before volume was increased to final 200ml volume by adding H20.

Table 32. SDS sample buffer components

Component g/1000ml molarity
DisodiumEDTA 0.745 2mM
Sodium Chloride 17.5 300mM
EGTA 0.77 2mM
Tris base 2.4 20mM
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6.4.7. TAE
A 50x TAE buffer was made and pH Adjusted to 8.3, this solution was then diluted

1:50 in dH20for use with all experiments.

Table 33. Tris-Acetate-EDTA buffer components

Component g/1000m| molarity
Tris Base 242 20mM
0.5M EDTA 100 mL 0.5M
Glacial Acetic Acid 57.2mL

6.4.8. 4% paraformaldehyde
100mL of 37% formaldehyde was added to 900mL dH20 and stored at room

temperature.

Table 34. 4% Paraformaldehyde components

Component g/1000ml molarity
37% formaldehyde 100mL 4%

6.4.9. 0.2% Formyl Saline
0.9% saline was made and 5.4mL saline replaced with 37% formaldehyde, this was

then stored at room temperature.

Table 35. 0.2% formyl saline components

Component g/1000m| molarity

NaCl 8.28 150mM

37% formaldehyde 5.40mL 0.2%
6.4.10. Subcellular fractionation buffer

Sucrose and HEPES were dissolved in dH20 and the pH adjusted to 7.4, This was
then stored at 4°C and aliquots were filtered through a 0.22um filter when required.

Na3VvO4 and protease inhibitor cocktail were added within 1 week before use.
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Table 36. Subcellular fractionation components

Component g/1000ml molarity
Sucrose 109.5 320mM
HEPES 1.04 4mM
Na3vO4 2.5ml/200mM 0.5mM
Protease inhibitor cocktail | 1 tablet per 10 ml

6.4.11. Gel buffer |

This buffer was made in dH20 and the pH adjusted to 8.8.

Table 37. Resolving gel buffer components

Component g/1000m| molarity
Tris base 181.5 1.5M
0.4% (w/v) Laryl Sulphate | 4

6.4.12. Gel buffer Il

This buffer was made in dH20 and the pH adjusted to 6.8.

Table 38. Stacking gel buffer components

Component g/1000ml molarity
Tris base 60.5 1.5M
0.4% (w/v) Laryl Sulphate | 4

6.4.13.

A 10x solution of running buffer was made and then diluted 1:10 in dH20 for use.

Running buffer

Table 39. SDS page run buffer components

Component g/1000ml molarity
Glycine 144 1.92M
Tris base 30.3 0.25M
0.1% (w/v) SDS 20 1%
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6.4.14. Citric Acid
Citric acid was prepared in dH20 and stored at room temperature for no longer than

2 months.

Table 40. Citric acid components

Component g/1000m| molarity
Citric acid 63 0.3M
6.4.15. ECL Reagents

ECL reagents were made and used within 1 month, stored in UV protected

containers at 4°C

Table 41. ECL reagent components

Component ECL | ECL Il
dH20 88.56mL 89.9mL
Tris-HCI 1M pH8.5 10mL 10mL
Luminol 1mL 0
Coumaric acid 0.44 mL 0
Hydrogen peroxide 0 64uL
(H202)
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Abstract: Granule secretion is an essential platelet function that contributes not only to haemostasis
but also to wound healing, inflammation, and atherosclerosis. Granule secretion from platelets is
facilitated, at least in part, by Soluble N-ethylmaleimide-Sensitive Factor (NSF) Attachment Protein
Receptor (SNARE) complex-mediated granule fusion. Although a-synuclein is a protein known to
modulate the assembly of the SNARE complex in other cells, its role in platelet function remains
poorly understood. In this study, we provide evidence that a-synuclein is critical for haemostasis
using s-synuclein-deficient (/) mice. The genetic deletion of a-synuclein resulted in impaired
platelet aggregation, secretion, and adhesion in vitro. In vivo haemostasis models showed that
o-synuclein™/~ mice had prolonged bleeding times and activated partial thromboplastin times
(aPTTs). Mechanistically, platelet activation induced a-synuclein serine (ser) 129 phosphorylation
and re-localisation to the platelet membrane, accompanied by an increased association with VAMP 8,
syntaxin 4, and syntaxin 11. This phosphorylation was caleium (Ca?*)- and RhoA /ROCK-dependent
and was inhibited by prostacyclin (PGIz). Our data suggest that a-synuclein regulates platelet
secretion by facilitating SNARE complex formation.

Keywords: a-synuclein; platelets; SNARE; secretion

1. Introduction

At sites of vascular damage, platelets adhere to the exposed extracellular matrix to
form a primary haemostatic plug. A critical element of this response is the release of over
300 proteins from a-granules, dense granules, and lysosomes [1]. Platelet secretion involves
granule fusion with the plasma membrane to release their cargo into the extracellular space.
In mammalian cells, secretion is regulated by SNAREs, comprising v-SNAREs present on
vesicles/ granules (also termed VAMPs), t-SNAREs located on the target plasma membrane
(syntaxins), and soluble components consisting of NSF and soluble NSF attachment proteins
(SNAPs). Fusion between membranes requires the formation of ternary core complexes
between t-SMNAREs and a v-SNARE [2].

Despite the significance of platelet secretion, the underlying molecular mechanisms
remain complex and poorly understood. Platelet secretion occurs when ligands (e.g.,
collagen) bind to receptors on the plasma membrane, activating phospholipase C. This leads
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to the production of I3 and DAG, raising cytosolic Ca®* levels, which, along with protein
kinase C activation, triggers granule fusion with the plasma membrane and secretion [3].
Despite recent proteomic advances, the precise mechanisms that facilitate SNARE complex
formation in platelets and thus granule release remain unclear. Syntaxin 11, SNAP 23,
VAMP 3, VAMP 7, and VAMP 8 have all been recently established as core proteins regulating
platelet secretion [4,5], but redundancy and compensation mechanisms exist, as evidenced
by incomplete secretion defects in SNARE-deficient models [6-8].

a-synuclein, initially characterised for its role in neuronal function and implicated
in neurodegenerative disorders like Parkinson's disease, is a small, soluble protein pre-
dominantly found in presynaptic terminals [9]. In nerve cells, c-synuclein acts to promote
SNARE complex assembly through a non-enzymatic mechanism involving simultaneous
a-synuclein binding to VAMP 2 via its C terminus [10,11]. In platelets, x-synuclein is
co-localised with a-granules, indicating a role in secretion [12]. Recombinant a-synuclein
reduces platelet o-granule secretion but not dense or lysosomal secretion, although the
mechanismis) is currently unknown [13]. Consistent with this observation, C57BL /6 mice
carrying a spontaneous large chromosomal deletion that includes both the multimerin-1
and c-synuclein loci display aggregation defects to thrombin in vitro and both delayed
and unstable thrombus formation in vivo [14]. Whether multimerin-1, a-synuclein, or both
are responsible for platelet dysfunction remains to be established. In a recent study by
Whiteheart's group [15], a-synuclein deletion in B6; 129X1-Snca™ *! /] mice had no sig-
nificant impact on platelet aggregation, secretion, bleeding, or in vivo thrombus formation,
suggesting that a-synuclein may be redundant for platelet function.

Given the crucial role of SNAREs in platelet function and the established role of a-
synuclein in neurons, we used an a-synuclein~ '~ mouse model on a pure C57B16] genetic
background [16,17] to reassess the importance of e-synuclein in platelet function. Our
data indicate that or.—s:,'rn.lcleirl._"r ~ mice display longer bleeding times with a tendency to
rebleed. In vitro analysis revealed that a-synuclein™ = platelets exhibit more defects in
aggregation, secretion, and adhesion compared to wildtype (WT) littermates, suggesting
that a-synuclein plays a vital role in platelet activation.

2. Materials and Methods
2.1. Reagents

Dade™ Innovin™ was purchased from Siemens (Forcheim, Germany). PPACK (Phe-
Pro-Arg-Chloromethylketone) was from ENZO (New York, NY, USA). Collagen reagent
Horm was from Nycomed (Munich, Germany). c-synuclein (51510), P-VASP (3111), VAMP
7 (14811), and VAMP 8 (13060) antibodies were from Cell Signalling Technology (Del-
laertweg, The Netherlands). DIO6C (D273) was purchased from ThermoFisher Scientific
{Waltham, MA, USA). HRP-conjugated anti-rabbit antibody was purchased from DAKO
(Santa Clara, CA, USA). Vena8 FLUORO+ Biochips were from Cellix (Dublin, Ireland).
FITC-labelled CD49b (MO70-1), FITC-labelled CD42B (M040-1), FITC-labelled GPVI (M011-
1), PE-labelled Jon /A, and FITC-Wug.E9 (D200) antibodies were from Emfret analytics
{Eibelstadt, Germany). PE/Cyanine7-labelled anti-mouse CDA3 (143910) and Alexa Fluor
700-labelled anti-mouse LAMP-1 (121627) antibodies were purchased from Biolegend (San
Diego, CA, USA). FITC-labelled CD41 antibody (553848) was purchased from BD Pharmin-
gen (Franklin Lakes, NJ, USA). a-synuclein (sc-515879), P-o-synuclein (ser129, sc-135638),
syntaxin 11 (sc-377121), syntaxin 4 (sc-101301), and SNAP-23 (sc-373743) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All other reagents were
purchased from Merck (Poole, UK).

2.2, Mouse Strains

The ce-synuclein™/~ mouse strain targeting the Snca gene on the C57Bl6] genetic
background was described previously and was bred using heterozygous crosses [15].
Experiments with murine samples were approved by the Hull York Medical School Ethics
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with Zeiss Plan-Apochromat 63 and 100x NA 1.4 objectives and an AxioCam 506 (Carl
Zeiss Meditec AG, Jena, Germany).

2.10. Flow Cytometry

PRP was incubated with fluorophore-conjugated antibodies in the presence of Gly-
Pro-Arg-Pro amide peptide (5 pM) before stimulation with thrombin for 20 min at 37 °C,
then fixed with 0.2% paraformaldehyde solution before analysis. Samples were acquired
on a BD Biosciences LSRFortessa and analysed using Flow]o™ software version 10.

2.11. Immunoblotting

WPs (5 % 10° platelets/mL) were treated with indomethacin (10 pM), apyrase
{2 U/mL), and tirofiban (0.5 pg/mL) prior to stimulation with agonists at 37 “C with
stirring for the indicated times. Reactions were stopped by the addition of an equal vol-
ume of ice-cold Laemmli buffer. Lysates were separated by SD5-PAGE then analysed by
immunoblotting as previously described [21]. To enhance the detection of P-a-synuclein
{serl29, sc-135638), membranes were fixed with 0.4% PFA in TBS for 20 min before blocking.
After fixation, membranes were blocked in 5% non-fat milk in TBS-T (0.1% Tween-20) for
1h.

2.12. Statistical Analysis

All results are presented as the mean + standard error of the mean (SEM) unless
otherwise stated. All statistical analyses were performed on GraphPad Prism 8.0 (GraphPad
software, La Jolla, CA, USA). Data normality was determined by Shapiro-Wilk tests. For a
comparison of the two groups, an unpaired t-test or Mann-Whitney U test was, respectively,
used for parametric and non-parametric data. Statistical significance was determined when
the p value was equal to or less than 0.05. All flow cytometric analyses were completed

using Flow]Jo (v10, BD, Ashlan, OR, USA).

3. Results
3.1. a-Synuclein-Deficient Mice Display a Haemostatic Defect

In this study, we examined the role of e-synuclein in haemostasis using c-synuclein™ /=
mice (Figure la). In tail bleeding/rebleeding experiments, an indicator of haemostatic
capacity, bleeding times for c-synuclein™ '~ mice were significantly increased compared
with WT littermates (216 £ 51.4 s vs. 618 £ 97.7 5; p = 0.0051) (Figure 1b). Interestingly,
a-:i)-'nuclein_“f_ mice had an increased propensity for rebleeding, indicating that clot stabil-
ity was reduced. To determine whether this phenotype was linked to defects in secondary
haemostasis, we measured prothrombin time (PT) and activated partial thromboplastin
time (aPTT). PT measurements showed no difference between |:|t—£-;:,'rlu1:|ein"f ~ and WT lit-
termates (p = 0.977) (Figure L), indicating an intact extrinsic c(lagulati(m pathw ay. However,
aPTT was significantly prolonged in ot—synucleirl'f ~ mice compared with WT littermates
(61.25 £+ 2.5 5 vs. 39.75 = 1.75 5; p = 0.0002), suggesting a defect in the intrinsic pathway.

3.2. Platelet Granule Secretion Is Reduced in a-Symuclein™'~ Mice

Disorders such as Gray Platelet Syndrome or Hermansky—Pudlak Syndrome, charac-
terised by impaired platelet secretion, also present with prolonged aPTT due to impaired
factor VIII release, a key component of the intrinsic pathway [22-24]. Therefore, to inves-
tigate the contribution of platelets to the haemostatic defect in a-synuclein™'~ mice in
isolation, we assessed platelet secretion. We examined x-granule, dense granule, and lyso-
some secretion using P-selectin (CD62p), CD63, and LAMP1 as markers, respectively. The
stimulation of platelets with thrombin caused a significant increase in a-granule (CD62p)
and dense granule (CD63) secretion in WT compared with a-synuclein—' ~ platelets but
no difference in lysosome (LAMP1) secretion (Figure 2a—). This suggests a selective role
for c-synuclein in granule secretion, with reduced secretion from e-granules {factor VIII
source) likely contributing to the haemostatic defects.

Xiii




Cells 2024, 13, 2089

50f14

(a) (b) (c)
1500 g ”
3 LR A ) g 2 80 R
% 1000 3 B ~§ 15 gg 60
E i . ‘_% ‘E 10 § gi“
E . -.I.I s 20
i . i $es - § 0 § = 0
+/+ o4 +/+ o e ol

Figure 1. a-synuclein deficiency prolongs bleeding time. (a) Animals were scored after cessation of
tail bleeding for 1 min. Experiment was stopped after 30 min if no cessation of blood flow occurred.
Data are presented in scatter plot; each dot represents individual animal, and lines indicate mean and
SEM. +/+ denotes WT, and —/~ denotes a-synuclein ™ /= mice. Prothrombin time (b) and activated
partial thromboplastin time (¢) were measured in PPP. Data are presented as mean £ SEM. NS, not
significant; ** p < 0.01, *** p < 0.001 compared with WT, Mann-Whitney U test.
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Figure 2. «-synuclein deficiency inhibits platelet granule secretion. Platelet-rich plasma (PRP)
from WT (black bars) and o-synuclein™/~ (white bars) mice were stimulated with thrombin
(0.025-0.1 U/mL) for 20 min, and platelet alpha-granule (a), dense granule (b), and lysosome (c)
secretion was assessed by using flow cytometry. Median fluorescence intensity (MFI) is presented
as mean = SEM. (d) t-Distributed Stochastic Neighbourhood Embedding (t-SNE) analysis was
performed on flow cytometry data to visualise subpopulations of platelets based on granule se-
cretion markers in WT (+/+) and a-synuclein™ = (=/-) platelets after stimulation with thrombin
(0.1 U/mL). Heatmaps represent median fluorescence intensity (MFI) for CD62p (left column), CD63
(middle column), and LAMP-1 (right column). * p < 0.05, Mann-Whitney U test.

To gain further insights into the impact of x-synuclein deletion on platelet function,
we next opted for a t-Distributed Stochastic Neighbourhood Embedding (t-SNE) analysis of
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the flow cytometry data. T-SNE analysis allows for the visualisation of multi-dimensional
data in two dimensions by the formation of clusters of related cells/events [25]. Under
unstimulated conditions, both WT and [x-ﬁ)fnucleirl_“r_ platelets displayed homogeneous
populations. However, thrombin stimulation caused subpopulations to emerge in WT
platelets only (Figure 2d). This emergence of distinct subpopulations in WT but not
a—synuclein""' platelets further underscores the role of a-synuclein in platelet activa-
tion and secretion. The false colouring of CD62p, CD63, and LAMP1 over the t+-SNE
map shows that WT platelets, but not c-synuclein—/~ platelets, display a distinct clus-
tering of CD62p, CD63, and LAMP1 populations. WT platelets clustered into several
populations that were CD62pMCD63"LAMP1"® (Cluster C1), CD62p*CD63MLAMP1'
(C2) CD62pMCDEINLAMPI® (C3), and CD62p'CDE3WLAMPIN (C4). aesynuclein—/—
platelets only grouped into a small CD62pCD&3LAMPL" cluster (C5), with no distinct
double or triple stain. These data suggest that the deletion of x-synuclein diminishes
platelet secretion and affects the complexity of platelet activation states.

3.3. a-Synuclein Deficiency Results in a Platelet Function Defect

Several studies established the importance of platelet secretion in driving platelet
aggregation and the proper functioning of haemostasis. To investigate whether secretion
defects impact platelet function in ct—syrluclein""' mice, we examined platelet aggre-
gation in vitro. WT and ct—:;}muc‘leirl‘f— platelets were stimulated with either collagen,
thrombin, or a thromboxane A2 analogue, U46619 (Figure 3a—c). Our findings show that
a-synuclein™ /- platelets displayed an aggregation defect in response to all agonists when
compared with WT littermates, suggesting that the defect is shared between different
signalling pathways. Interestingly, clr.—::')rrn.ll:hfin"r ~ platelets achieved aggregation levels
equivalent to those of WT platelets when stimulated with higher concentrations of colla-
gen (67.50 £ 6.25%, 67.86 £ 6.25%,; p = 0.93) (Figure 3bii), suggesting a dose dependency.
An analysis of a-synuclein~/~ platelets revealed that the receptor expression levels of
major platelet receptors, CD49b, CD42b, GPVI, and CD41, were comparable to those of
WT platelets (Supplemental Figure S1a—d). Therefore, the presence of platelet aggregation
defects was not due to receptor expression alterations.

The capacity for platelets to adhere to and spread at the site of injury is key for
thrombus formation and stability [26]. To examine the impact of a-synuclein deletion on
platelet adhesion, platelets were allowed to adhere on fibrinogen-coated (Supplemental
Figure 52) or collagen-coated surfaces for up to 60 min. Interestingly, we found no difference
in adhesion (p = 0.844) or spreading (p = 0.52) on collagen between WT and c-synuclein ™~
platelets (Figure dai-aiii). However, fewer a-s}'nuclein_"’_ platelets formed filopodia
(Figure daiv). Importantly, platelet size and granularity in WT and a-synuclein™ - platelets
were comparable (Supplemental Figure 53), suggesting that differences are specific to
functional morphology rather than general platelet development or structure.

Several lines of evidence support the role of filopodia in stable platelet adhesion
under flow conditions [11], important for thrombus stability and growth. Therefore, we
examined the role of s-synuclein in thrombus formation using a microfluid flow-controlled
in vitro system (Cellix). Whole blood from a-synuclein™'~ or WT mice was perfused
over a collagen-coated surface in a flow chamber at a 1000 s~! shear rate (Figure 4bi).
oe-synuclein ™/~ samples exhibited lower surface coverage (1043 £ 1.1% vs. 5.9 £ 0.1;
p = 0.003) (Figure 4bii) and thrombus height (8.25 & 0.75 pm vs. 2.5 & 0.64 pm; p = 0.0005)
{Figure 4biii) compared to WT samples, suggesting that ce-synuclein plays a significant role
in stabilising platelet adhesion and in thrombus formation and stability at high shear rates.
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Figure 3. a-synuclein deficiency impairs platelet aggregation. WPs (3 = 10* platelets/mL}) from
WT and e-synuclein=/~ mice were stimulated with thrombin (a), collagen (b}, or U46619 (c) at
indicated concentrations, and platelet aggregation was measured under constant stirring (1000 rpm)
at 37 °C for 5 min by Born aggregometry. Representative traces (i,ii) and percent aggregation {iii).
Percent aggregation is presented as mean = SEM of n = 5. NS, not significant; * p < 0.05, ** p < 0.01,
% < 0.001 compared with WT platelets, Mann-Whitney U test.

3.4, Platelet Activation Causes Membrane Conparbmentalisation of a-Synuclein

To evaluate the spatiotemporal regulation of a-synuclein, we used human platelets
as a model system. Using immunofluorescence, we showed that in resting conditions, o-
synuclein was predominantly localised in clusters within the platelet. However, following
stimulation with thrombin, a-synuclein re-localised to the cell periphery (Figure 5a). To
investigate whether c-synuclein is secreted during activation, platelet releasates were
analysed for the presence of a-synuclein, with thrombospondin-1 (TSP-1) as a positive
marker. While TSP-1 was detected in both the pellet and releasates, a-synuclein was
absent in the releasates (Figure 5b), indicating that a-synuclein undergoes intracellular
redistribution upon activation without being released into the extracellular milieu.
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Figure 4. a-synuclein deficiency impairs thrombus formation in vitro. (ai) Adhesion of washed

platelets to glass coverslips coated with collagen (100 pg /mL). Adherent platelets were fixed, perme-

abilised, and stained with TRITC-phalloidin. Images were acquired with fluorescence microscope
equipped with structured illumination attachment and deconvolved. Scale bar represents 25 pm.

(aii) Surface coverage per platelet calculated by thresholding using lmage] 1.54e. (aiii) Number of
platelets per mm?. Five fields each 12,500 um? in size from five independent experiments were scored
per condition. Data represent mean + SEM. No significant differences were found between WT and
o-synuclein ! platelets for any condition (Mann=Whitney U-test). (aiv) Quantification of different

spreading phases of platelets. (bi) Whole blood from WT and a-synuclein

mice was perfused

at arterial shear 1000 7! for 2 min over collagen matrix (100 pg/mL). Images of adherent platelets
were taken using fluorescence microscopy. Scale bar represents 25 pm. (bii) Data are expressed as

percentage surface coverage. (biii) Z stacks were acquired to assess thrombus height (um) (biv). Data
are presented as mean £ SEM of n = 5. ** p < 0.01, *** p <0.001, Mann-Whitney U test.

Given the results of previous studies on the essential roles of VAMP 8 and syntaxin 11
in platelet secretion [6], it is likely that c-synuclein interacts with these proteins as part of
the platelet secretory machinery. To explore this, coimmunoprecipitation experiments were
performed using anti-e-synuclein antibodies. Figure 5¢ shows that in resting conditions, o-
synuclein formed a complex with syntaxin 4 and syntaxin 11. However, platelet stimulation
caused an increase in a-synuclein association with syntaxin 4 and syntaxin 11, while it
resulted in the recruitment of VAMP 8. These findings suggest a dynamic role for o-
synuclein as a SNARE protein involved in forming complexes with other platelet SNARE
proteins during the secretory process. Importantly, the assessment of major SNARE proteins
in WT and o-synuclein '~ platelets revealed no changes in protein expression, indicating
that the absence of a-synuclein does not lead to compensatory increases in other SNARE
proteins. This lack of redundancy underscores the specific and non-redundant role of
o-synuclein in platelet secretion (Supplemental Figure S4a).
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Figure 5. Platelet activation causes a-synuclein re-localisation and assembly with SNARE complex.
(a) Human WPs (1 x 107 platelets/mL) were stimulated with thrombin (0.05 U/mL) for 5 min
and left to adhere to cover slides coated in poly-L-lysine for 15 min before fixing with 4% PFA.
Cover slides were incubated for 1 h with a-synuclein primary antibody before incubation with FITC
phalloidin (1:200) and anti-mouse PE antibody in dark for 1 h. Images were acquired with fluorescence
microscope equipped with structured illumination attachment and deconvolved. Scale bar represents
5 um. (bi) Human WPs (5 x 10* platelets /mL) were stimulated with thrombin (0.1 U/mL) for up
to 30 min. Pellet and releasates were collected and analysed by Western blotting for presence of
a-synuclein and TSP-1. (bii,biii) Densitometric analysis of amount of a-synuclein and TSP-1 after
5 min of stimulation. (ci) WPs (8 x 108 platelets /mL) were stimulated with thrombin (0.1 U/mL)
for up to 5 min; reaction was stopped with lysis buffer, and a-synuclein was immunoprecipitated.
Immunoprecipitates were then immunoblotted for presence of STX 11, STX 4, VAMP 8, and «-
synuclein. Representative immunoblots of 4 independent experiments. (cii) Densitometric analysis
of amount of SNARE proteins present in immunoprecipitates. * p < 0.05, ** p < 0.01 compared
with basal.

3.5. Platelet Activation Induces a-Synuclein Phosphorylation

The phosphorylation of a-synuclein on ser129 has been linked with increased mem-
brane binding capabilities in neurons [27]. The stimulation of platelets with thrombin
or treatment with the phosphatase inhibitor calyculin A induced a robust increase in o-
synuclein ser129 phosphorylation, whereas the basal levels of ser129 phosphorylation were
diminished in PGI,-treated platelets, suggesting that a-synuclein ser129 is phosphorylated
downstream an “activatory” signal (Supplemental Figure S4b). This was interrogated
further, and platelets were stimulated with thrombin (Figure 6a), which caused an increase
in e-synuclein ser129 phosphorylation in a dose- and time-dependent manner.
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4, Discussion

Our study investigating the impact of a-synuclein deletion on platelet function reveals
significant implications for haemostasis. e-synuclein™ /= mice exhibited prolonged bleed-
ing times and increased rebleeding tendency compared to WT littermates, indicating a
critical role for a-synuclein in maintaining haemostatic balance. Platelet aggregation exper-
iments revealed a pronounced defect in e-synuclein™/ ~ platelets across various agonists.
Microfluidic flow chamber experiments demonstrated reduced thrombus formation and
stability in a-synuclein=/~ mice under physiological shear rates. These findings highlight
a-synuclein’s critical role in promoting stable platelet aggregates, essential for effective
haemostasis in dynamic vascular environments.

These findings, however, contrast with a recent study led by Smith et al. (2023} that
found no significant haemostatic defects or aggregation impairment in an x-synuclein-
deficient model [15]. The discrepancy may be attributed to differences in knockout mouse
maodels and experimental methodologies. Although Snca™/~ mice originally produced
by Abeliovich et al. [30] were used in both studies, they were maintained on different
genetic backgrounds: mixed 129/ C57Bl6] in the Smith et al. study vs. pure C57BI6] in our
study. This difference in genetic background could contribute to the observed variations.
Additionally, their blood collection method involved exposing the thoracic region and using
sodium citrate, apyrase, and prostaglandin, whereas we used sodium citrate alone via direct
cardiac puncture without inducing injury and the potential pre-activation of platelets. They
also reintroduced 1 mM CaCly into the washed platelets before experimentation, which
has been shown to induce morphological changes, microparticle release, fibrin formation,
and increased P-selectin expression [31]. Of note, human studies linking a-synuclein
mutations with bleeding diatheses further underscore the translational relevance of our
findings [32,33].

An analysis of platelet granule secretion patterns in a-synuclein™
diminished o-granule and dense granule secretion upon activation, indicating a selective
role for e-synuclein in regulating specific granule types. Our t-5SNE analysis indicated
that a-synuclein deletion leads to a reduction in the diversity of platelet secretion patterns.
WT platelets demonstrate a broader range of secretory responses characterised by distinct
clusters, indicating varying degrees of a-granule (CD62p), dense granule (CD63), and
lysosome (LAMP1) secretion. In contrast, a-synuclein™/ ~ platelets exhibit a more limited
secretion profile, suggesting a diminished ability to release their cargo in response to
stimulation. These findings further emphasise the crucial role of e-synuclein in regulating
platelet secretion dynamics, which are essential for effective haemostasis. This contrasts
with broader impacts reported in the Smith study, suggesting that e-synuclein plays a
minor role in granule secretion [15].

Investigations into a-synuclein’s spatiotemporal dynamics and phosphorylation status
upon platelet activation demonstrate a rapid re-localisation of c-synuclein to the cell periph-
ery and enhanced ser129 phosphorylation, crucial for membrane binding and activation
responses [27]. These observations underscore ce-synuclein’s conserved role in modulating
platelet membrane dynamics and secretion processes across diverse cell types. Furthermore,
our results demonstrate that o-synuclein Ser129 phosphorylation is Ca2+—dependenl, as itis
abolished by intracellular Ca** chelation with BAPTA-AM. However, as PKA activation by
PGI; also inhibits a-synuclein phosphorylation, the precise mechanism—whether mediated
directly by PKA or indirectly via the suppression of Ca®* mobilisation—remains unclear
and warrants further investigation.

The phosphorylation of a-synuclein at Serl29 is a critical post-translational modifi-
cation that modulates its aggregation propensity and cellular interactions. In neuronal
systems, several kinases—including G-protein-coupled receptor kinases (GRK2 and GRK5),
casein kinases (CK1 and CK2), polo-like kinase 2 (PLK2), and leucine-rich repeat kinase 2
(LRRK2)}—have been identified as mediators of this phosphorylation event [34-36]. How-
ever, the specific kinase responsible for Ser129 phosphorylation in platelets remains uniden-
tified. Our findings indicate that this phosphorylation is calcium-dependent and modulated

/= mice revealed
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by the cAMP /PKA pathway, suggesting the potential involvement of calcium-sensitive
kinases. Further research is necessary to elucidate the exact kinase involved in platelets,
which could provide deeper insights into the regulatory mechanisms of a-synuclein in
platelet function.

A recent study found that the addition of exogenous a-synuclein inhibits platelet ag-
gregation by interfering with the signalling pathway of the o-thrombin / protease-activated
receptor 1 (PAR1) axis [37]. Interestingly, a-synuclein levels were found to increase in the
plasma supernatant of platelets from a single donor over time, suggesting a time-dependent
release of a-synuclein from platelets into the plasma [38]. Our Western blot data indicate
that a-synuclein is not released during platelet activation, suggesting that any a-synuclein
detected in plasma is unlikely to originate from platelets. This discrepancy underscores
the potential presence of alternative cell sources within single-donor platelets [39], despite
differences in detection techniques.

5. Conclusions

Onr study provides strong evidence that e-synuclein plays a crucial role in platelet
function and haemostasis. The absence of o-synuclein leads to significant impairments
in platelet aggregation, granule secretion, and thrombus stability, highlighting its non-
redundant role in these processes. These findings offer new insights into the molecular
mechanisms of platelet regulation and suggest that targeting c-synuclein pathways could
be a novel therapeutic approach to managing thrombotic disorders. Further research is
warranted to explore the potential clinical implications of these findings.

Supplementary Materials: The following supporting information can be downloaded at https:
£ fwwew. mdpi.com farticle /103390 /eells13242089 /51, Figure 51, a-synuclein deficiency has no
impact on cell surface receptor expression; Figure 52. a-synuclein deficiency does not impact platelet
adhesion; Figure 53. a-synuclein deficiency has no impact on platelet size or granularity; Figure 54.
a-synuclein deficiency has no impact on SNARE protein expression.

Author Contributions: C.5. designed and performed experiments and analysed data; W], | S.K.,
MS.H. and C.C. performed experiments; S.DJ.C., SE, JD.L, N.N. and VB. provided essential
materials; KM.N. and ER_ designed this research; A A designed this research, analysed data, and
wrote the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the BRITISH HEART FOUNDATION, grant numbers
FS/19/38/34441, F5/19/10/34128 and FS/PhD/22/29208.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Research Ethics Committee of the NHS Health Research Authority
(IRAS 283854, approved on 2 August 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
this study.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material; further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Golebiewska, EM.; Poole, A W. Platelet secretion: From haemostasis to wound healing and beyond. Blood Ren. 2015, 29, 153-162.

[CrossRef] [PubMed]

2 Edwardson, | M. Membrane fusion: All done with SNAREpins? Curr. Biol. 1998, 8, R390-R393. [Crossef]

3 Ware, |.A; Chang, |. D Protein Kinase C and Its Interactions with Other Serine-Threonine Kinases. In Platelets and Their Faclors;
Springer: Berlin/Heidelberg, Germany, 1997; pp. 247-262. [CrossRef]

4 Golebiewska, EM.; Harper, M.T; Williams, CM.; Savage, |.S.; Goggs, I; Fischer von Mollard, G; Poole, A W. Syntaxin 8 regulates
platelet dense granule secretion, aggregation, and thrombus stability. [ Biol. Chem. 2015, 290, 1536-1543. [CrossEef] [Pubhed]

i

Koseoglu, 5.; Peters, C.G.; Fitch-Tewfik, |.L.; Aisiku, O.; Danglot, L.; Galli, T.; Flaumenhaft, R, VAMP-7 links granule exocytosis to

actin reorganization during platelet activation. Blood 2015, 126, 651-660. [CrossRef] [PubMed]

XX



Cells 2024, 13, 2089 130f14

10
11
12

13

14

15

16

17.

18

19

20.

21

Ye, 5.; Karim, Z.A; Al Hawas, R.; Pessin, |LE.; Filipovich, A.H.; Whiteheart, S.W. Syntaxin-11, but not syntaxin-2 or syntaxin-4, is
required for platelet secretion. Blood 2012, 120, 2484-2492. [CrossRef]

Ren, Q.; Barber, H.K; Crawford, G.L; Karim, Z.A; Zhao, C.; Choi, W.; Wang, C-C.; Hong, W.; Whiteheart, SW.; Woo, 55,
etal. Endobrevin/VAMP-8 is the primary v-SNARE for the platelet release reaction. Mol. Biol. Cell 2007, 18, 24-33. [CrossRef]
[PubMed]

Schraw, T.D; Rutledge, TW.; Crawford, G.L.; Bernstein, A M.; Kalen, A_L.; Pessin, |LE.; Whiteheart, S.W. Granule stores from
cellubrevin/ VAMP-3 null mouse platelets exhibit normal stimulus-induced release. Blood 2003, 102, 17161722, [CrossRef]
Maroteaux, L.; Campanelli, |.T.; Scheller, R.H. Synuclein: A neuron-specilic protein localized to the nucleus and presynaptic nerve
terminal. | Newrosci, 1988, 8, 2804-2815. [CrossRef]

Bonini, N.M.; Giasson, B.L Snaring the Function of alpha -Synuclein. Cell 2005, 123, 359-361. [CrossRef]

Burré, |.; Sharma, M.; Tsetsenis, T.; Buchman, V.; Etherton, M.R.; Siidhof, T.C. Alpha-synuclein promotes SNARE-complex
assembly in vivo and in vitro. Science 2000, 329, 1663-1667. [CrossRef]

Hashimoto, M.; Yoshimoto, M.; Sisk, A Hsu, L] Sundsmo, M,; Kittel, A; Saitoh, T.; Miller, A.; Masliah, E. NACP, a synaptic
protein involved in Alzheimer's disease, is differentially regulated during megakaryocyte differentiation. Biochenr. Biophys. Res.
Commun. 1997, 237, 611-616. [CrossRef] [PubMed)

Park, SM.; Jung, HY,; Kim, H.O.; Rhim, H.; Paik, 5.R.; Chung, K.C; Park, |.H.; Kim, . Evidence that alpha-synuclein functions as
a negative regulator of Caf++)-dependent alpha-granule release from human platelets. Blood 2002, 100, 2506-2514. [CrossRef]
Reheman, A Tasneem, S.; Ni, H; Hayward, C.'M. Mice with deleted multimerin 1 and ce-synuclein genes have impaired platelet
adhesion and impaired thrombus formation that is corrected by multimerin 1. Thromb. Res. 2010, 125, e177-¢183. [CrossRet]
[Pubhed]

Smith, AN, Joshi, 5.; Chanzu, H.; Alfar, HR.; Shravani Prakhya, K.; Whiteheart, S.W. a-Synuclein is the major platelet isoform
but is dispensable for activation, secretion, and thrombosis. Platelets 2023, 34, 2267147, [CrossRef]

Goloborsheheva, V.V Chaprov, K.D.; Teterina, EV,; Ovchinnikov, R Buchman, V.L. Reduced complement of dopaminergic
newrons in the substantia nigra pars compacta of mice with a constitutive “low footprint” genetic knockout of alpha-synuclein,
Mol. Brain 2020, 13, 75, [CrossRef]

Ninkina, N.; Connor-Robson, N.; Ustyugov, A A Tarasova, TV, Shelkovnikova, TA; Buchman, V.L. A novel resource for
studying function and dysfunction of a-synuclein: Mouse lines for modulation of endogenous Snca gene expression. Sci. Rep.
2015, 5, 16615, [CrossRef] [PubMed]

Connor-Robson, N.; Peters, O.M.; Millership, 5.; Ninkina, N.; Buchman, V.L. Combinational losses of synucleins reveal their
differential requirements for compensating age-dependent alterations in motor behavior and dopamine metabolism. Neurobiol.
Aging 2016, 46, 107-112. [Crossef] [PubMed]

Aburima, A.; Berger, M.; Spurgeon, B.E].; Webb, B.A.; Wraith, K.5.; Febbraio, M.; Poole, A.W.; Naseem, K.M. Thrombospondin-1
promotes haemostasis through modulation of cAMP signalling in blood platelets, Blood 2021, 137, 678689, [CrossRef] [PubMed]
Magwenzi, 5; Woodward, C.; Wraith, K.5.; Aburima, A.; Raslan, Z; Jones, H.; McNeil, C.; Wheatcroft, 5.; Yuldasheva, N.;
Febbriao, M.; et al. Oxidized LDL activates blood platelets through CD36/NOX2-mediated inhibition of the cGMP/protein
kinase G signaling cascade. Blood 2015, 125, 2693-2703. [CrossRef]

Aburima, A; Wraith, K5 Raslan, Z; Law, R; Magwenzi, S5; Naseem, K.M. cAMP signaling regulates platelet myosin light chain
[MLC) phosphorylation and shape change through targeting the RhoA-Rho kinase-MLC phosphatase signaling pathway. Blood
2013, 122, 3533-3545. [CrossRef]

McFadyen, |; Butler, |.; Malan, E; Tran, H. Causes and clinical significance of prolonged activated partial thromboplastin times in
thalassaemia major. Ann. Hematol. 2014, 93, B67-868. [CrossRef]

Brass, L. Understanding and evaluating platelet function. Hematol./Educ. Program Am. Sec. Hematol. Am. Soc. Hematol. Educ.
Program 2000, 2010, 387-396. [CrossRef] [PubMed]

Capoor, M.N.; Stonemetz, |.L; Baird, |.C; Ahmed, FS.; Awan, A Birkenmaier, C; Inchiosa, M.A; Magid, 5.K.; McGoldrick, K ;
Molmenti, E; et al. Prothrombin time and activated Martial Thromboplastin Time testing: A comparative effectiveness study in a
million-patient sample. PLoS ONE 2015, 10, e0133317. [CrossRef] [FubMed]

Hindle, M.S.; Spurgeon, B.E,; Cheah, L.T,; Webb, B.A.; Naseem, K.M. Multidimensional flow cytometry reveals novel platelet
subpopulations in response to prostacyclin. [ Thromb. Haemost. 2021, 19, 1800-1812. [CrossRef] [PubMed]

Gorog, DLA; Fayad, 2 A ; Fuster, V. Arterial Thrombus Stability: Does It Matter and Can We Detect It? | Am. Coll. Cardiol. 2017,
70, 2036-2047. [CrossRel]

Snead, D.; Eliezer, D. Alpha-Synuclein Function and Dysfunction on Cellular Membranes. Exp. Newrobiol. 2014, 23, 292-313.
[CrossRef)]

Tadokoro, 5.; Nakazawa, T.; Kamae, T.; Kiyomizu, K.; Kashiwagi, H.; Honda, 5.; Kanakura, ¥.; Tomivama, Y. A potential role for
alpha-actinin in inside-out b3 signaling. Blood 2011, 117, 250258, [CrossRef]

Atkinson, B.T; Stafford, M.].; Pears, C].; Watson, 5.I° Signalling events underlying platelet aggregation induced by the glycopro-
tein VI agonist convulxin. Eur. [ Biochen, 2001, 268, 5242-5248. [CrossRef] [PubMed]

Abeliovich, A.; Schmitz, Y.; Farifas, 1; Choi-Lundberg, D.; Ho, W.H.; Castillo, P.E; Shinsky, N.; Garcia-Verdugo, | M.; Armanini,
M.; Ryan, A.; et al. Mice lacking a-synuclein display functional deficits in the nigrostriatal dopamine system. Newron 2000, 25,
239-252, [CrossRef] [Publed)

XXi



Cells 2024, 13, 2089 140f14

3L

32

33

35,

36,

37.

38,

39,

Toyoda, T; Isobe, K; Tsujino, T; Koyata, Y.; Ohyagi, F; Watanabe, T.; Nakamura, M ; Kitamura, Y.; Okudera, H.; Nakata, K.; etal.
Direct activation of platelets by addition of CaCl2 leads coagulation of platelet-rich plasma. Int. |. Implant. Dent. 2018, 4, 23,
[CrossRef]

Tana, C.; Lauretani, F; Ticinesi, A.; Prati, B.; Nouvenne, A; Meschi, T. Molecular and clinical issues about the risk of venous
thromboembolism in older patients: A focus on parkinson’s disease and parkinsonism. Int. [. Mol. Sci. 2018, 19, 1299, [CrossRef]
Daida, K.; Tanaka, R.; Yamashiro, K.; Ogawa, T.; Oyama, G.; Nishioka, K.; Shimo, ¥.; Umemura, A.; Hattori, N. The presence of
cerebral microbleeds is associated with cognitive impairment in Parkinson's disease. |. Newrol. Sci. 2018, 393, 3944 [CrossRef]
[PubMed]

Ramalingam, N.; Dettmer, U. a-Synuclein serine129% phosphorylation-the physiology of pathology. Mol. Newrodegener. 2023, 18,
84, [CrossRef] [PubMMed]

Parra-Rivas, LA ; Madhivanan, K.; Aulston, B.D; Wang, L.; Prakashchand, D.D; Boyer, N.P; Saia-Cereda, V.M Branes-Guerrero,
K.; Pizzo, DP; Bagchi, P; et al. Serine-129 phosphorylation of a-synuclein is an activity-dependent trigger for physiologic
protein-protein interactions and synaptic function. Neuron 2023, 111, 4006-4023.¢10. [CrossRef]

Arawaka, 5.; Sato, H.; Sasaki, A.; Koyama, 5; Kato, T. Mechanisms underlying extensive Ser129-phosphorylation in a-synuclein
aggregates. Acta Neuropathol. Conmun. 2007, 5, 48, [CrossRef]

Acquasaliente, L; Pontarollo, G.; Radu, CM,; Peterle, D Artusi, L; Pagotto, A; Uliana, F; Negro, A.; Simioni, P.; De Filippis, V.
Exogenous human a-Synuelein acts in vitro as a mild platelet antiaggregant inhibiting a-thrombin-induced platelet activation.
Sci. Rep. 2022, 12, 9880, [CrossRef]

Stefaniuk, C.M.; Hong, H.; Harding, CV.; Maitta, RW. a-Synuclein concentration increases over time in plasma supernatant of
single donor platelets. Eur. [ Haematol. 2018, 101, 630-634. [CrossRef] [PubMed]

Barbour, R.; Kling, K.; Anderson, |.F; Bandueei, K.; Cole, T;; Diep, L; Fox, M.; Goldstein, | M ; Soriano, F; Seubert, F; et al. Red
blood cells are the major source of alpha-synuclein in blood. Newrodegener. Dis. 2008, 5, 55-59. [CrossRef] [PubMed]

Disclaimer/Publisher's Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPL and /or the editor(s). MDPl and /or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

XXii



