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Abstract

Platelet activation is constrained by endothelial-derived prostacyclin (PGlz2)
acting through a cyclic adenosine-5’-monophosphate (cAMP) signalling
pathway. Cyclic-AMP signalling in platelets involves a complex network of
multiple isoforms of adenylyl cyclase (AC), protein kinase A (PKA) and
phosphodiesterase’s (PDEs). AC6 is the predominant isoform in both human
and murine platelets, although its importance to platelet function is unclear.
To address this, we generated a novel platelet-specific AC6 deficient mouse
(AC6-KO). This new murine strain was fertile and showed no differences in
platelet counts or morphology. In vitro studies showed that the absence of
AC6 compromised the ability of PGIl> to control thrombin-mediated
aggregation, fibrinogen binding, P-selectin expression, and PS exposure. In
contrast, there were no effects on inhibition of platelet activation stimulated by
collagen. In vivo studies indicated an accelerated rate of thrombosis in
response to ferric chloride injury, as well as impaired thrombus stability in the
AC6-KO compared to controls. Having found that inhibition of thrombin-
mediated platelet activation was compromised in the absence of AC6, we
examined the role of AC6 in cAMP signalling. Interestingly, no differences in
basal cAMP concentrations were observed between AC6-KO and littermate
controls, suggesting that AC6 does not control basal cAMP production. In
contrast, AC6-KO showed significantly reduced responses to PGlIz-induced
cAMP generation, although this was not completely ablated. We found that
phosphoVASPSe239  phosphoVASPSe%7 and phosphoGSK3p%e® were all
significantly impaired in AC6-KO platelets in response to both PGI2 and
forskolin, indicating that reduced cAMP led to diminished signalling
responses. Overall, these data confirm a key role of ACG6 in controlling cAMP-
mediated platelet regulation in vitro and in vivo. However, given that the
effects of PGl and cAMP signalling are not ablated, suggests that the

regulation of platelet function and thrombosis is linked to multiple AC isoforms.
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Chapter 1
Introduction

1.1. Platelets

Haemostasis is a major physiological process that prevents blood loss,
maintains fluidity, and removes haemostatic plugs upon vascular repair. It is
a complex and dynamic system involving proteins and cells of the blood vessel
wall, plasma enzymes and circulating platelets to repair damage and prevent
bleeding (Versteeg et al., 2013; Brass et al., 2016).

Under normal and healthy conditions, endothelial cells that line blood vessel
walls serve as an anti-thrombogenic surface and a physical barrier to separate
blood from these anti-thrombogenic agents that reside within the endothelium
(Azuma et al., 1986; Radomski et al., 1987a; Radomski et al., 1987b).
Platelets circulate within the blood in proximity to the endothelium and are
maintained in a quiescent state via endothelial-derived platelet inhibitors,
prostacyclin (PGl2) and nitric oxide (NO) (Radomski et al., 1987b). Upon
vascular injury whereby subendothelial collagen is exposed, platelets adhere,
activate and aggregate over the injury site to form a haemostatic plug
alongside the coagulation cascade (Hoffman and Monroe, 2001). The extent
of platelet activation and thrombus size is regulated by the constant exposure
to PGIl2> and NO secreted by intact neighbouring endothelial cells (Clemetson,
2012).

Yet, pathological conditions that compromise endothelial function and
sensitivity to endothelial-derived inhibitors can lead to uncontrolled and
occlusive thrombus formation, resulting in cardiovascular events such as
stroke or myocardial infarction (MI) (Lindemann et al., 2007). Therefore,
improving our understanding of the mechanisms that control platelet function
may allow us to establish novel therapeutic or diagnostic targets for
pathological thrombosis.

1.2 Platelet formation and clearance
Platelets are small anucleate cells of the blood, first discovered by Giulio
Bizzozero in 1882 (Ribatti and Crivellato, 2007), that play a key role in
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haemostasis, thrombosis, innate immunity, wound healing, and angiogenesis
(Gibbins, 2004; Blair and Flaumenhaft, 2009; Golebiewska and Poole, 2015;
Koupenova, M. et al.,, 2018). In circulation, the average human platelet
lifespan is 8-10 days. The typical blood concentration of platelets is 150-450
x10° platelets per litre (Bonaccio et al., 2016) and is maintained via a daily
turnover of ~10"" cells (Pluthero and Kahr, 2018; Grozovsky, R. et al., 2015).
Platelets are primarily formed in the bone marrow by the shedding of mature
megakaryocytes (MKs), a process known as thrombopoiesis (Deutsch and
Tomer, 2006), although, there is some evidence that platelets are formed from
megakaryocytes that reside in the pulmonary system (Lefrancais et al., 2017).

MKs are large diffuse cells that are derived from haematopoietic stem cells
(HSCs) (Deutsch and Tomer, 2006). Upon maturation, MKs exhibit polyploidy
and expansion of the cytoplasmic mass (Patel, 2005). Enlargement is
mediated by several rounds of endomitosis which amplifies the DNA by as
much as 64-fold (Ebbe et al., 1965; Odell et al., 1968; Ravid et al., 2002).
Maturation of MKs leads to the formation of pro-platelet projections which are
released into circulation, where they fragment into circulating platelets
(Deutsch and Tomer, 2006). This release of platelets is thought to be a
consequence of apoptosis of mature polyploid MKs. It is thought that a
specialised apoptotic process may lead to pro-platelet projections and platelet
assembly (Patel, 2005; Gordge, 2005). Apoptotic inhibitory factors (pro-
survival), BCL-2 and BCL-XL are expressed in early MKs but when
overexpressed they inhibit pro-platelet formation (Ogilvy et al., 1999;
Kaluzhny et al., 2002; Kaluzhny and Ravid, 2004) suggesting that apoptosis
of MKs may play a role in platelet formation. It has also been found that
caspase-3 and caspase-9 are active in mature MKs and has been established
as a requirement for pro-platelet formation (De Botton, 2002). Inhibition of
caspases was also found to block the biogenesis of pro-platelets (De Botton,
2002; Clarke et al., 2003). Different mechanisms of apoptosis in MKs and
platelets suggest that specific apoptotic factors are required for MKs
compared to platelets (Josefsson et al., 2011; Josefsson et al., 2014).
Alternatively, it has been proposed that platelets are formed from explosive
fragmentation of MKs in the bone marrow and pulmonary system (Kosaki,
2005), though the pro-platelet theory is more widely accepted.
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Each MK can produce thousands of platelets (Ghoshal and Bhattacharyya,
2014) and this is primarily controlled by thrombopoietin (TPO), a growth factor
of the MK lineage (Hitchcock and Kaushansky, 2014; Cho et al., 2018;
Kelemen et al., 1958). The main source of TPO are hepatocytes, inducing
both proliferation and maturation of MKs to ensure a steady platelet count is
maintained within the body (Hoffmeister, 2012; Grozovsky et al., 2015a;
Grozovsky et al., 2015b). After 8-10 days, platelets are removed by hepatic
Ashwell-Morrell receptors (AMR) which recognise desialylated surface
proteins on aged platelets (Harker and Finch, 1969; Grozovsky et al., 2015a;
Hoffmeister and Falet, 2016; Cho et al., 2018). The removal of desialylated
platelets by AMR regulates TPO synthesis in the liver, increasing
thrombopoiesis to maintain a steady state of platelet production (Grozovsky
et al., 2015a). Additionally, studies have shown that glycan modifications on
platelet surface proteins can also mediate platelet clearance (Rumjantseva
and Hoffmeister, 2010; Hoffmeister, 2011).

Although platelets are anucleate, studies have shown that platelets contain
the necessary components and programming for apoptosis, controlling their
survival and lifespan (Mason et al., 2007; Leytin, 2012; Deng et al., 2017).
Platelet apoptosis displays several distinct events including mitochondrial
depolarisation, cytochrome C release, activation of apoptotic caspases,
exposure of phosphatidylserine and cellular blebbing, along with
fragmentation (Gyulkhandanyan et al., 2012; Mcarthur et al., 2018). The
ageing of platelets is controlled by the anti-apoptotic protein, BCL-XL which
has been suggested to be regulated by the cAMP/PKA signalling pathway
(Vogler et al., 2011; Zhao et al., 2017).

Complications in the processes controlling platelet production and clearance
can lead to disorders such as thrombocytopenia (platelet counts less than
150,000/pL) resulting in insufficient clot formation and increased bleeding risk.
While thrombocythemia (platelet counts greater than 600,000/uL) can induce
a greater risk of thrombotic events such as stroke, deep vein thrombosis and
myocardial infarction (Patel, 2005; Griesshammer et al., 1998; Kuter and
Gernsheimer, 2009; Martin et al., 2012).



1.2.1. Platelet structure
Platelets are discoid in shape with a diameter of 2-4 ym and are the smallest
cells in the blood. Though despite their size they contain over 4000 unique
proteins, owing to their complexity as cells (Burkhart et al., 2012). Platelets
have evolved to allow for rapid haemostatic function and activation upon injury
to cessate bleeding at vascular sites, including; tethering, degranulation;
spreading over injury sites, binding to, as well as recruiting other platelets, and

facilitating the coagulation cascade (Gibbins, 2004).

A) B)

Figure 1. Platelet structure and contents

Cross-section of a resting human platelet take by transmission electron microscopy
(x36,000) (A). The ultrastructural components of resting human platelets (B).
Abbreviations include Exterior coat (EC), trilaminar unit membrane (CM),
submembrane (SMF), and open canalicular system (OCS), mitochondria (M), alpha
granules (G), dense bodies (D) and dense tubular system (DTS). Figures and legend
adapted from (White, 2004).



1.2.2. Membrane

The platelet membrane is a typical phospholipid bilayer composed of proteins
and lipids. Phospholipids form the basic structure, while cholesterol is
distributed asymmetrically throughout the phospholipids. Cholesterol acts to
stabilise the membrane, maintain fluidity, and control the transmembrane
passage of materials. The platelet membrane bilayer consists of
phosphatidylcholine on the exterior and phosphatidylserine on the interior
(Lhermusier et al., 2011). Phosphatidylserine (PS) is regulated by flippase and
scramblase enzymes and upon platelet activation some platelets present PS
on their surface (Agbani and Poole, 2017), thus creating a negatively charged
surface to facilitate coagulation (Hoffman and Monroe, 2001; Monroe et al.,
2002). The platelet membrane surface known as the glycocalyx, as it is heavily
glycosylated, absorbs albumin, fibrinogen, and other plasma proteins,
transporting them to storage organelles. It is here where platelet glycoprotein
surface receptors sit, anchored within the membrane (Bennett, 1963). The
plasma membrane is selectively permeable, and the membrane bilayer acts
to support platelet activation internally and plasma coagulation externally.
Platelets also exhibit membrane folding called the open canalicular system
(OCS) which is important for rapidly increasing surface area upon activation
and spreading (Escolar and White, 1991). Changes to the OCS have been
implicated in disease, which has been suggested to play a role in platelet
activation, though further understanding is required (Selvadurai and Hamilton,
2018) (Figure 1).

The platelet plasma membrane is a dynamic environment which can undergo
broad reorganisation (Lopez et al., 2005). Plasma membrane lipids are not
homogenously distributed, and these membranes may contain microdomains
or compartments. Glycosphingolipid- and cholesterol-rich microdomains are
known as lipid rafts (Simons and Gerl, 2010). Lipid rafts are specialised
membrane microdomains that are involved in various stages of haemostasis
and thrombosis (Lopez et al., 2005; Jin et al., 2007). They are said to form
distinct islands within the phospholipid bilayer in a fluid mosaic-like structure,
which can readily move and rearrange to facilitate membrane-bound protein
reorganisation. Rafts containing receptors are suggested to play a key role in
receptor clustering, a central prerequisite for Immunoreceptor Tyrosine-based
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Activation Motifs (ITAMs) signalling, including GPVI clustering and signalling
(Locke et al., 2002). Lipid rafts have also been linked to cyclic-nucleotide
signalling, which has been postulated to control spatiotemporal regulation of
platelet inhibitory pathways (Raslan, Z. and Naseem, K.M., 2015).

1.2.3. Cytoskeleton

A vital aspect of the structure of platelets is the cytoskeleton. At rest, the
cytoskeleton is distinct, as it displays a cell-spanning coil of microtubules that
support the discoid shape of resting platelets (Behnke, 1965). However, it
allows for platelets to rapidly change morphology upon activation and
contributes to their role in clot retraction. Upon platelet activation, the coil of
microtubules contracts, losing its discoid shape and undergoing significant
remodelling. The cytoskeletal rearrangement leads to the formation of actin
structures such as filopodia, lamellipodia, actin nodules and stress fibres
(Yusuf et al., 2017; Atkinson et al., 2018). Together, these processes lead to
the collapse of discoid shape and ensure the ability of platelets to spread over
a large surface area during injury.

1.2.4. Cytosol and granules

The platelet cytosol, like other cells, contains many organelles typical to
eukaryotic cells, though platelets have distinct granules. The platelet cytosol
contains mitochondria to ensure efficient production of ATP. It also contains a
platelet-specific organelle known as the dense tubular system (DTS) which
stores intracellular Ca?* (Ebbeling et al., 1992) (Figure 1). In addition, platelets
also include three types of granules: a-granules, d-granules, and lysosomal
granules. The a-granules are the most abundant, with numbers of ~65 ao-
granules per platelet and roughly 0.2-0.5 pm in diameter (Blair and
Flaumenhaft, 2009). Though extremely small, a-granules contain adhesion
proteins, chemokines, coagulation factors, fibrinolytic enzymes, and growth
factors. Giving a-granules an expansive role across haemostasis, thrombosis,
repair and growth, as well as immunity (Golebiewska and Poole, 2015). In
contrast, d-granules contain small molecules such as polyphosphates, ADP,
ATP, Ca?* and serotonin, supporting coagulation or further enhancing platelet
activation (Stalker et al., 2013; Brass et al., 2016).



1.3. Platelet activation

Platelet activation is a dynamic process with multiple signalling pathways
working in harmony to promote the formation of a haemostatic platelet plug in
response to injury (Figure 2). Vascular injury leads to exposure of
prothrombotic extracellular matrix (ECM) proteins such as von Willebrand
factor (VWF) and collagen, which facilitate platelet adhesion (Varga-Szabo et
al., 2008; Clemetson, 2012) (Figure 2 A). The initial adhesion to vVWF via the
GPIb-V-IX (GPIba) receptor complex leads to transient platelet tethering and
rolling (Jennings, 2009; Broos et al., 2011; Clemetson, 2012; Thomas and
Storey, 2015). The subsequent binding of collagen to GPVI then activates the
platelets leading to a series of functional changes that drive the formation of
a haemostatic platelet plug (Jackson et al., 2003; Stepanyan et al., 2021)
(Figure 2 B). Notably, the absence of VWF and GPIba are linked to bleeding
disorders such as von Willebrand disease and Bernard-Soulier syndrome,
respectively, highlighting their important role in haemostasis (Salles et al.,
2008; De Meyer et al., 2009).

Next, inside-out signalling drives conformational changes in integrins o231 and
aibPBs, to facilitate stable platelet adhesion and platelet-platelet aggregation,
respectively (Kulkarni et al., 2000; Jackson et al., 2003). The subsequent
release of the soluble platelet agonist, adenosine diphosphate (ADP),
adhesive proteins such as vWF, and fibrinogen, and the synthesis of
thromboxane Az (TxA2), act to promote both activation and recruit additional
platelets into the growing thrombi (Offermanns, 2006; Jennings, 2009) (Figure
2 C). In addition to morphological changes, the exposure of
phosphatidylserine on the surface of platelets facilitates the generation of
thrombin, a potent platelet agonist (Monroe et al., 2002). Thrombin also plays
an important role in the coagulation cascade and thrombus formation via the
cleavage of fibrinogen to fibrin (Hoffman and Monroe, 2001).
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Figure 2. Platelet activation in response to vascular injury

Simplified schematic of the stages of platelet activation in response to injury. (A)
vascular injury causing damage to the endothelium, (B) transient tethering and rolling
over the injury site, (C) platelet activation and secretion, leading to amplification of
platelet activity, and (D) formation of fibrin-rich thrombus, leading to the cessation of

bleeding. Schematic and caption adapted from (Gibbins, 2004).
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The downstream signalling pathways associated with agonist-dependent
platelet activation begins with the activation of one of the phospholipase C
(PLC) isoforms (Stalker et al., 2012). PLC hydrolyses phosphatidylinositol 4,5
bisphosphate (PIP2) to produce membrane bound inositol-1,4,5-trisphosphate
(IP3), the second messenger required to raise intracellular Ca?* levels and
membrane bound diacylglycerol (DAG) (Broos et al., 2011; Stalker et al.,
2012). The increase in Ca?* is what leads to integrin activation via a pathway
that includes CalDAG-GEF, Rap1, RIAM, talin and kindlin (Crittenden et al.,
2004). The binding of collagen to GPVI activates PLCy2 via a mechanism that
is dependent on scaffold molecules and protein tyrosine kinases (Watson et
al., 2005; Shattil et al., 2010; Stalker et al., 2012) (Figure 3). Thrombin binds
to and cleaves G-protein coupled Protease Activated Receptors (PAR) on the
surface of platelets activating PLC, with ADP and TxA: activating PLC in a
similar fashion (Brass et al., 2011) (Figure 3).

The functional significance of soluble platelet agonists such as ADP, TxAz and
thrombin are underscored by their pharmacological targeting as anti-platelet
therapies (Tello-Montoliu et al., 2011; Wijeyeratne and Heptinstall, 2011;
Fontana et al., 2014; Metharom et al., 2015). In the clinic, P2Y+2 receptor
antagonists such as ticagrelor or clopidogrel, prevent ADP binding to P2Y 1,
and are typically given to patients post-Ml (Zhang et al., 2017). While other
anti-platelet therapies such as aspirin target endothelial COX to inhibit the
production of TxA2 (Abramson et al., 1985; Schror, 1997; Warner et al., 2011).
Aspirin and P2Y12 receptor antagonists are often used together, known as
dual anti-platelet therapy (DAPT) (Warlo et al., 2019). Both aspirin and P2Y 12
receptor antagonists act by reducing platelet amplification responses to
control platelet activation, however they can be associated with bleeding
complications (Becker et al., 2011; Garcia Rodriguez et al., 2016). Yet,
despite DAPT, some patients still experience recurrent cardiovascular events,
likely due to insufficient platelet inhibition or differences in treatment response,
highlighting the need for more personalised and targeted anti-platelet agents
(Zhang et al., 2017).
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Figure 3. Platelet effectors and receptors controlling platelet activation.
Schematic representation of platelet agonists, receptors and intracellular
signalling pathways that control platelet activation adapted from Broos et al.,
(2011).
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Interestingly, recent studies examining the response to vascular injury in vivo
highlight the complexity of platelet activation. Rather than a mass of uniformly
activated platelets contained in a fibrin-mesh as previously described (Brass,
2003; Gibbins, 2004). Instead, thrombi plugs develop an ordered structure
with gradation of platelet activation and fibrin distinctly localised in the core of
the haemostatic plug (Tomaiuolo et al., 2017). The core region consists of
highly irreversibly activated and densely packed platelets surrounded by a
shell of less activated and weakly bound platelets (Diamond, 2016). This has
been termed the ‘shell and core’ model of thrombus architecture and suggests
a level of hierarchal platelet activation, whereby individual platelets are
exposed to different combinations and concentrations of agonists that vary
over time and space (Tomaiuolo et al., 2017; Stalker et al., 2013). The core is
characterised by the presence of P-selectin positive cells, a key marker for
platelet activation, while the shell has been reported to have little to no P-
selectin positive cells (Stalker et al., 2013). It was also shown that thrombin
was the main driver for full platelet activation in the core, whereas TxA> and
ADP were primarily involved in platelet activation in the shell of the growing
thrombus (Stalker et al., 2013; Brass et al., 2016). This is consistent with
models of platelet inhibition whereby platelets only become activated when
required as reviewed by Stalker et al., (2013) and Brass et al., (2016).

The marginalisation of platelets during blood flow, enables their continuous
exposure to PGl2 throughout circulation, ensuring that the platelets remain in
a quiescent state, while still able to activate when required (Gibbins, 2004).
Upon vascular injury, platelets overcome the inhibitory effect of PGl> to
become rapidly active. This is achieved through two distinct mechanisms.
Firstly, inhibition of cyclic adenosine 3’',5’-monophosphate (CAMP) production
by platelet-derived adenosine diphosphate (ADP), which binds to the P2Y 1
/Gai, coupled receptor, leading to the inhibition of AC activity (Nagy and
Smolenski, 2018). Secondly, thrombin- and collagen-mediated increases in
cAMP hydrolysis through the activation of phosphodiesterases (PDEs) (Zhang
and Colman, 2007). The reduction of platelet cAMP concentrations is thought
to lower the threshold for platelet activation. While pathological conditions of
the vasculature such as atherosclerosis are thought to reduce the anti-
thrombotic effect from endothelial-derived PGIl2 and NO (Ruggeri, 2002).
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Additionally, defects in cyclic nucleotide signalling in platelets as a result of
either a pathological condition or an inherited mutation have been linked to
cardiovascular disease (Manrique and Manrique, 1987; Van Geet et al., 2009)
resulting in disruption of this dynamic process. Consequently, the risk of
vessel occlusion increases which can lead to an increased risk of stroke or Ml
(Nieswandt et al., 2011).

1.4. Regulation of platelet function

To moderate excessive activation and return platelets to their quiescent state
after transient activation, the endothelium releases inhibitory agents such as
prostaglandins (PGl. and PGE;+), adenosine and nitric oxide (NO), which
inhibit platelets through cyclic nucleotide signalling pathways. Prostacyclin
(PGl2), Prostaglandin E1 (PGE1) and adenosine lead to the production of
cAMP and downstream activation of protein kinase A (PKA). While, NO leads
to the production of cyclic guanosine 3’,5-monophosphate (cGMP) and
downstream activation of protein kinase G (PKG), with both signalling
cascades resulting in platelet inhibition (Fukumoto et al., 1999) (Figure 4).
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Figure 4. Platelet cyclic nucleotide signalling

A simplified schematic of platelet cyclic nucleotide signalling. Platelets are
maintained at rest by cGMP and cAMP signalling pathways. Nitric Oxide (NO)
binds to soluble guanylyl cyclase (sGC) which produces cGMP, leading to the
activation of protein kinase G (PKG). PGl. or adenosine, bind to their receptors,
leading to Gas activation, which in turn activates adenylyl cyclase (AC). AC
produces cAMP, which leads to the activation of protein kinase A (PKA). PKA
and PKG then phosphorylate substrates lead to the inhibition of platelet
function(s). The levels of cGMP are maintained by phosphodiesterase 5
(PDES), while cAMP is controlled by PDE3A and PDEZ2.
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1.4.1. Endothelial-derived cAMP elevating agents

PGl2, the most potent endothelial-derived platelet inhibitor, is a prostanoid that
belongs to the eicosanoid family of lipid mediators (Moncada et al., 1976).
Eicosanoids are derived from the hydrolysis of arachidonic acid (AA) from
membrane phospholipids by phospholipase A> (PLA2) (Samuelss, 1965;
Hamberg and Samuelss, 1974) (Figure 5). PGIl> is produced by the
endothelium upon stimulation, either by an agonist such as thrombin or via
shear stress (Majed and Khalil, 2012). After PLA>-mediated release of AA
from the cell membrane (Corey et al., 1980), it is metabolised by
cyclooxygenase (COX)-1 and -2, which in turn yields prostaglandin G>
(PGGz), then prostaglandin H2 (PGHz2) in a sequential fashion. PGH:2 acts as
a precursor for the prostaglandins PGD2, PGE2, PGF, PGl; and TxAz (Majed
and Khalil, 2012) (Figure 5). PGl2 is released both luminally and abluminally
by the endothelium leading to platelet inhibition and muscle relaxation,
respectively (Sandoo et al., 2010; Beaulieu and Freedman, 2013). The net
effect of PGl is to globally reduce the intracellular signalling events required
to support platelet activation through elevating the intracellular levels of cCAMP.
The inhibitory effect of PGIl2 has been reported to be reversible, which is
physiologically important, as platelets need to retain their ability to activate
upon vascular injury, while being under constant exposure to PGl2 to avoid
spontaneous and unwanted platelet activation (Beaulieu and Freedman,
2013).
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Figure 5. Synthesis of endothelial-derived prostacyclin

Schematic of the synthesis of prostacyclin from phospholipids within the
endothelium adapted from Majed and Khalil (2012).
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1.4.2. Adenylyl cyclase

A key player in mediating cAMP in platelets are the adenylyl cyclases (ACs).
The adenylyl cyclases are a ubiquitously expressed family of transmembrane
enzymes that catalyse the conversion of ATP into cAMP. They are key
regulators in a broad range of cellular functions and are critical effectors for
G-protein couple receptors (GPCRs) (Cooper, 2003). It's been suggested that
ACs are the rate-limiting step in GPCR signalling cascades (Lohse et al.,
2008). The a-subunit of the Gs protein is released from heterotrimeric a-§-y-
G-protein complexes following the binding of agonist ligands to GPCRs. The
a-subunit binds to and activates AC with consequential cCAMP generation
within the cell (Pierce et al., 2002; Sassone-Corsi, 2012).

There are four distinct classes of ACs and nine known isoforms of AC shown
in Table 1, each of which are differentially distributed in a cell type-dependent
manner (Hanoune and Defer, 2001). Variability in cAMP synthesis is thought
to be determined predominantly either by the extent of AC expression, the
specific characteristics of GPCRs linked to enzyme activation or variation in
concentration of regulatory factors such as G-proteins, protein kinases, ions
and PDE activity (Sadana and Dessauer, 2009; Berger et al., 2018a). It has
been shown that all isoforms exhibit basal activity, which is increased by Gas
activity. However, group | (AC1, AC3 and AC8) are also stimulated by calcium,
group Il (AC2, AC4 and AC7) are activated by GsBy, group Il (AC5 and ACB6)
are inhibited by Gai, and group IV (AC9) are insensitive to forskolin.

Class| | AC1, AC3 and AC8 | Also stimulated by calcium

Class Il | AC2, AC4 and AC7 | Activated by GsBy

Class lll | AC5 and AC6 Inhibited by Gai

Class IV | AC9 Insensitive to AC activator; forskolin

Table 1. The four classes of adenylyl cyclase based on their
biochemical properties
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1.4.2.1. The structure of adenylyl cyclase

In the 1970s, AC from the rat renal medulla was successfully solubilised and
partially purified (Neer, 1975). However, it wasn’t until the late 1980s when
Krupinski and colleagues (1989) purified, sequenced and cloned AC1 from
bovine brain to reveal a protein with 12 transmembrane-spanning (TM)
domains, two homologous ATP-binding regions and extensive NH: and
COOH termini (Figure 6) (Willoughby and Cooper, 2007; Krupinski et al.,
1989). To date at least nine isoforms of AC have been identified, cloned, and
characterised (lyengar, 1993; Sunahara et al., 1996; Hanoune et al., 1997;
Simonds, 1999). ACs have two transmembrane domains termed TM1 and
TM2 and two cytoplasmic domains; C1 and C2, which have important
regulatory roles in all cells (Krupinski et al., 1989; Hurley, 1999; Zhang et al.,
1997). The transmembrane domains are in tandem and are separated by the
C1 domain. The interaction between C1 and C2 creates the catalytic core of
AC (Hurley, 1999). AC has three nucleotide-binding sites and one Mg?*
binding site that are required for the conversion of ATP to cAMP upon
activation. For the ATP molecule to bind to AC, Lys-923 and Asp-1000 on the
C2 domain interact with N-1 and N-6 from the purine ring of the ATP molecule
(Liu etal., 1997). These residues allow the AC to specifically interact with ATP
as opposed to GTP (Tesmer et al., 1997). The two Mg?* ions are most likely
required to produce one cAMP molecule. The first allows for nucleophilic
attack on the 3’-hydroxyl group of the ATP after mediating its deprotonation.
The second helps to stabilise a transient ATP conformation that is produced
from the nucleophilic attack. Following this, three residues Asn-1007, Arg-
1011 and Lys-1047 mediate the release of the pyrophosphate group of the
ATP molecule resulting in the production of CcAMP (Zimmermann et al., 1998;
Hurley, 1999). Additionally, Ludwig and Seuwen (2002) determined the gene
structure of AC to be comprised of 11 — 26 exons, which were distributed over
16 — 430 kilobases (kb).
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Figure 6. The structure of adenylyl cyclase

ACs have 5 major domains; the NH; terminus, the first transmembrane cluster (TM1,
blue cylinders), the first catalytic loop comprised of C1a (red) and C1b (black), the
second transmembrane domain (TM2, blue cylinders), the second catalytic loop
containing C2a (orange) and C2b (black). The catalytic core is formed due to the
dimerization of C1a and C2b upon Gas activation. Figure and legend are modified
from (Willoughby and Cooper, 2007).
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The complex structure of AC is not characteristic of membrane-bound
enzymes, it possesses a similar structure to that of transporters or ion
channels. Although ACs appear to be related to a larger family of membrane
transporters known as the ATP-binding cassette family of proteins based on
their structure, they do not, however, possess an ATP-binding motif
(Greenberger and Ishikawa, 1994). In addition to the unique structure, ACs
showed significant homology to the sequences within both bacterial and yeast
ACs, suggesting that eukaryotic and prokaryotic ACs share the same
ancestral origin (Ishikawa and Homcy, 1997; Ludwig and Seuwen, 2002). To
further add to the complexity of ACs, all AC isoforms are found on different
chromosomes, these differences in chromosomal location even occur within
the same class of AC, suggesting that each isoform must possess a different
role (Ishikawa and Homey, 1997; Ishikawa and Homcy, 1997).

1.4.2.2. Regulation of Adenylyl Cyclase
The regulation of ACs is dependent on a variety of stimuli including
intracellular calcium, protein kinases and G-proteins. In platelets, G-proteins
can be either stimulatory (Gas) or inhibitory (Gai) and are responsible for
mediating signalling pathways. The ligation of GPCR causes a conformational
change whereby the a-subunit dissociates from the complex and a GTP
molecule becomes bound, leading to the activation of Gas (Smrcka, 2008).
The Gas-GTP is proposed to move laterally within the confines of the
membrane, where it binds to AC leading to its activation and cAMP synthesis
(Godinho et al., 2015). All isoforms of AC are activated in response to Gas,
including AC3 (human), AC5 (murine) and AC6 (human and murine) which
are expressed in platelets. Additionally, IP (PGl receptor), EP (PGE->
receptor), A2a and Azs (adenosine receptors) are all coupled to Gas and

activate AC in platelets (Johnston-Cox and Ravid, 2011; Armstrong, 1996).

Inactivation of AC requires the deactivation of the Gas-GTP complex which is
accomplished via GTP hydrolysis (Godinho et al., 2015). The a-subunits of
Gi, Gzand G, can inhibit specific isoforms of AC and the By subunit of G-
proteins can either be stimulatory or inhibitory depending on AC isoform
(Table 2) (Sadana and Dessauer, 2009). The activation of the Gai in platelets,
triggered via ADP binding to its GPCR the P2Y12 receptor, leads to the
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selective inhibition of AC5 and AC6 (Godinho et al., 2015). The activation of
ACs can also be controlled by calcium and calcium-bound calmodulin (CaM)
(Willoughby and Cooper, 2007), although it is unclear if this is relevant to
platelets. All isoforms of AC are inhibited by high non-physiological Ca?* via
competition for Mg?* at the active site, but only AC5 and AC6 are inhibited by
sub-micromolar concentrations of free Ca®* (Cooper and Brooker, 1993;
Guillou et al., 1999).

AC Present G - protein Protein kinases
| i Calci
Class isoform n Stimulatory | Inhibitory | Stimulatory | Inhibitory aicium
Platelets
Class PKCa
AC3 Human Goas GBy CaMK Il T CaM
I (weak)
Class Goas, GBy
" AC7 Human - PKCa - -
. Goas, GBy { Free
AC5 Murine Ga, 2 PKC (a, €) PKA Ca?*
a
Class
Gas, G PKA,
I Human/ = GPy | Free
AC6 ) Ga i, 2 - PKC (a.,
Murine Ca?*
e)
Class . 1 via
AC9 Murine Gos - - PKC
v calcineurin

Table 2. Regulation of adenylyl cyclases in platelets
Adapted from (Sadana and Dessauer, 2009). *CaMK = Calmodulin Kinase.
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Protein kinases (A and C) have also been shown to regulate most ACs using
insect cell lines (lwami et al., 1995). Additionally, in smooth muscle (Murthy et
al., 2002) and insect cell lines (Kawabe et al., 1994; lwami et al., 1995; Chen
et al., 1997), PKA serves as a feedback inhibitor and can regulate AC5 and
ACG6 through phosphorylation (Bauman et al., 2006). While PKC regulation
can be stimulatory or inhibitory and the phosphorylation sites differ between
AC isoforms, for example, certain isoforms of PKC (d and €) have been shown
to specifically inhibit AC6 (Kawabe et al., 1994). In addition, PKC has been
shown to be stimulatory and PKA inhibitory for AC5, while PKA and PKC are
both inhibitory for AC6 (Kawabe et al., 1994; lwami et al., 1995), highlighting
further differences between AC isoforms and their means of regulation. These
protein kinase feedback mechanisms could maintain basal cAMP production
by regulating AC activity, while differences in protein kinase phosphorylation
of ACs remains unclear in platelets.

1.4.2.3. Adenylyl cyclase in other cell types
ACs are ubiquitously expressed across multiple cell types. AC6, in particular,
has shown to be expressed in the brain, heart, kidney, liver and lung, among
other potential tissues (Defer et al., 2000). Different isoforms of AC have
distinct regulatory properties and may be differentially localised in each cell
type (Hanoune and Defer, 2001; Cooper and Crossthwaite, 2006). The reason
for multiple AC isoforms within the same cell is unclear, until recently, it was
believed that the downstream consequences of cAMP synthesis were
common to all isoforms of AC. However, studies now suggest that individual
AC isoforms mediate distinct biological effects, often within the same cell,
although this has yet to be established in platelets. In human embryonic
kidney cells, AC6 specifically couples to IP3R2 and regulates IP3 sensitivity
and actin polymerisation despite the presence of both AC2 and AC3 in the
same cells (Zeiler et al., 2014). The most relevant cell model to platelets are
vascular smooth muscle cells (VSMCs) which share many features of cAMP
signalling with platelets, including PKA isoforms and their known protein
targets (VASP, IP3R1 and MYPT1). Overexpression of AC6, but not ACS5, in
rat VSMCs lead to VASP phosphorylation and inhibition of actin
polymerisation (Nelson et al., 2011). In a separate study AC1, AC2, AC5 and
AC6 were overexpressed to understand their relative roles in VSMC



-22.

proliferation (Gros et al., 2006b). Data demonstrated that AC6 was the
predominant isoform driving cAMP synthesis, PKA-mediated signalling, and
regulation of membrane potential in response to a-adrenoreceptor stimulation.
Furthermore, only the siRNA knockdown of AC6 affected cAMP synthesis.
Thus providing strong evidence for differential roles for specific AC isoforms,
in directing the effect of intracellular cAMP in the regulation of vascular
contractility in VSMCs (Gros et al., 2006a). In a study by Wong (2001), a
global AC3 deficient mice displayed resistance to PGE2-induced cAMP
signalling that mediated growth inhibition of arterial smooth muscle cells
(SMCs) suggesting that PGE> receptors could only couple specifically to AC3.
Other studies now suggest that PGE2 receptors can also couple to AC6 when
overexpressed in rat arterial SMCs (Wong et al., 2001; Ostrom et al., 2002).
The use of global deficient animal models can provide useful information for
studying cAMP signalling in smooth muscle cells, but cell-specific models are
required for further clarification of the specific roles of AC in cAMP signalling

within different cell types, such as platelets.

1.4.2.4. Adenylyl cyclase in blood platelets
The expression of different AC isoforms in platelets was suggested by
Hanoune and Defer (2001). In their 2001 review, it was proposed that the
presence of AC2, along with ubiquitously expressed AC6 and AC7 were
expressed in platelets through mRNA expression studies (Hanoune and
Defer, 2001). More recent transcriptomic studies have suggested presence of
AC3, AC6 and AC7 mRNA in human platelets, whereby AC3 was shown to
be the most abundant. They also found differences in the murine
transcriptome with AC9, AC6 and AC5 shown to be the most expressed AC
isoforms in murine platelets (Rowley et al., 2011). In a more recent proteomic
study, it was reported that AC3, AC5 and AC6 are expressed in human
platelets with AC6 shown as the most predominant AC isoform, with a copy
number of ~2500 per platelet (Burkhart et al., 2012) (Figure 7). The direct
confirmation of which isoforms are present and their potential roles in platelet
function is still lacking, but evidence suggests that ACG6 is the predominantly
expressed isoform in both human and murine platelets across three significant
studies, suggesting that this is a key AC isoform in platelet biology (Hanoune
and Defer, 2001; Rowley et al., 2011; Burkhart et al., 2012). Clinically,
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dysfunction of AC is a major contributor to platelet resistance against P2Y1>

receptor antagonists in ACS patients (Imam et al., 2019), thereby highlighting

an important role for AC in disease and respective treatments.
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Figure 7. Schematic of cAMP signalling with AC isoforms in platelets

A simplified schematic of platelet cCAMP signalling. Platelets are maintained at
rest by cGMP and cAMP signalling pathways. PGI, or adenosine, bind to their
receptors, leading to Gas activation, which in turn activates adenylyl cyclase
(AC6 or AC3). AC isoforms produce cAMP, leading to the activation of protein
kinase A (PKA). PKA then phosphorylates specific substrates leading to the

inhibition of platelet function(s). The levels of cAMP are maintained by PDEs.
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1.4.3. Cyclic-AMP signalling

Cyclic-AMP activates a complex and dynamic signalling pathway that targets
multiple aspects of platelet function (Figure 4). Critical to its effectiveness as
a regulator of platelet function and haemostasis is the dynamic nature of the
signalling events it controls. The cyclic nucleotide is generated through the
activation of G-protein-coupled ACs in response to primarily PGl2, but also to
PGE+1 and adenosine. Increased cAMP leads to the activation of protein
kinase A (PKA) isoforms, the primary effector of cCAMP signalling in platelets
(Figure 1). The holoenzyme of PKA is an inactive heterotetramer composed
of two regulatory (R) and two catalytic (C) subunits. The binding of four cAMP
molecules to their binding sites on R-subunits results in a conformational
change unleashing the catalytic subunit and consequently the
phosphorylation of adjacent protein substrates. Platelets express all the
known isoforms of the regulatory and catalytic subunits (Rla, RIf, Rlla, RIIS,
Ca, CB and Cy) (Pidoux and Tasken, 2010; Burkhart et al., 2012), indicating
that platelets likely possess multiple variations of the two PKA subtypes.
Differentially localised in platelets PKA-I and PKA-Il (Raslan et al., 2015b)
have distinct biochemical properties which likely account for their broad
targets. The phosphorylation of multiple substrates in response to cAMP
elevating agents likely accounts for their ability to modulate platelet activity.
To date sixteen substrates have been characterised in platelets by
biochemical methods (Beck et al., 2014) and it is likely that there are many
others, (Rivera et al., 2009) as proteomic studies suggests that over one
hundred substrates may be present (Beck et al., 2014) (Table 3).

Increases in platelet cAMP is associated with reduced Ca?* mobilisation,
dense granule secretion, integrin (aunPs) activation and aggregation in vitro
(Graber and Hawiger, 1982) as well as, reduced platelet accrual at sites of
vascular injury in vivo (Sim et al., 2004). Increased intracellular cCAMP creates
an activation threshold that ensures platelets remain in a quiescent state while
still able to respond quickly to vascular injury. The constant opposition
between activation and inhibition suggests that platelets should only become
active when required, and the extent of activation is directly proportional to the
relative amount of activatory stimuli. Unfortunately, this protective mechanism
is abolished during diseases such as atherothrombosis (Yusuf et al., 2017),
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yet the direct mechanisms behind this, remain unclear (Brass, 2003;
Offermanns, 2006).

Molecular Role of phosphorylation
PKA substrate . . Reference
Weight (kDa) in platelets
Inhibition of TxAz-induced | (Manganello et al.,
Gais 44 _
aggregation 1999)

Inositol Inhibition of Ca?* release | (Cavallini et al.,
trisphosphate 260 from intracellular stores 1996; El-Daher et
receptor (IPsR) al., 2000)
\/ASPSer5TISer230 46-50 Inhibition of integrin aibBs | (Halbrugge and

activation Walter, 1989)
Inhibition of myosin and | (Hettasch and
Caldesmon 82 o _
actin interaction Sellers, 1991)
Activation of PDE3A to | (Macphee et al.,
PDE3ASe312 110 control cAMP levels 1988; Hunter et al.,
2009)
Inhibits RhoA membrane | (Aburima et al.,
RhoASer188 22 . .
relocation and GTP loading | 2013)
Inhibition of actin | (Wardell et al.,
GPIbpSer'es 24 polymerisation and platelet | 1989; Bodnar et al.,
vWF binding 2002; Fox, 1985)
GSK3a®e?!/ 51 Inhibits glycogen synthase | (Beck et al., 2014;
GSK3pser? 46 (GS) activity Fang et al., 2000)
Reduces its ability to bind | (Butt et al., 2003;
LASPSert46 36 to F-actin Beck et al., 2014;
Orth et al., 2015)
Prevents CalDAG-GEFI- | (Beck et al., 2014;
CalDAG-GEFI 72 mediated Rap1b activation. | Subramanian et al.,

2013)

Table 3. PKA substrates and their phosphorylation role in platelets
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1.4.3.1. Phosphodiesterases

To ensure optimal platelet function, the levels of intracellular cyclic nucleotides
are controlled by a family of tightly regulated hydrolysing enzymes called
phosphodiesterases (PDEs). Platelets contain three isoforms of PDE
including PDE2, PDE3A and PDE5. PDEs act by hydrolysing cAMP and
cGMP to 5-AMP and 5-GMP, respectively, thereby mediating signal
termination (Moorthy et al., 2011). In platelets, PDE2 and PDE3A control the
levels of cAMP while PDES controls the levels of cGMP (Haslam et al., 1999).
PDE3A regulates cAMP via a cGMP-inhibited mechanism, whereas PDE2
works through a cGMP-stimulated mechanism (Figure 4). While PDE3A may
be more abundant than PDE2 in platelets, inhibition of PDE2 resulted in a
much higher increase of intracellular cAMP when compared with PDE3A
inhibition (Manns et al., 2002). However, inhibition of PDE2 does not affect
platelet function while inhibition of PDE3A leads to reduced platelet activation.
Authors suggested that pools of cAMP may be localised and that different
PDEs have the potential to regulate specific pools of cAMP. Inhibition of both
PDE2 and PDE3A, however, resulted in synergism which demonstrated the
importance of cGMP signalling regulating cAMP. Importantly, PDE2 has
demonstrated dual specificity for both cAMP and cGMP, (Manns et al., 2002)
recognising potential cross-talk between cAMP and cGMP signalling
pathways (Weber et al., 2017).

PDE3 comprises two subfamilies, PDE3A and PDE3B, showing distinct and
overlapping tissue and subcellular distributions (Conti and Jin, 2000; Shakur
et al., 2001; Sun et al., 2007). PDE3A is more abundantly expressed in cells
of the cardiovascular system whereas PDE3B is highly expressed in
adipocytes, hepatocytes, and spermatocytes. Subcellular levels of PDE3
subtypes show distinct distributions and these differences may allow for
differential regulation of PDE3 subtypes and could be important for cAMP
compartmentalisation (Sun et al., 2007). Using genetically modified mice Sun
et al (2007) showed that PDE3A plays a predominant role in regulating
cardiovascular and platelet function.

The potent platelet activator, thrombin, and platelet secreted thrombospondin-
1 (TSP-1) have also been shown to activate PDE3A to reduce intracellular
cAMP (Gachet et al., 2006; Zhang and Colman, 2007; Roberts et al., 2010;
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Aburima et al., 2021). Additionally, the elevation of cAMP levels is regulated
by the opposing activity of both ACs and PDEs (Hunter et al., 2009), therefore
an imbalance in this dynamic system can have profound effects on platelet
function, which has been shown in congenital disorders whereby cAMP
production is implicated (Van Geet et al., 2009). Additionally, the ability of
cAMP to inhibit platelet activation has been exploited in the development of
anti-platelet drugs such as dipyridamole, which works by inhibiting these
PDEs that would typically degrade cAMP (Brass, 2003).

1.5. Remaining questions

PGl2 remains the most potent endogenous inhibitor of platelets that has been
identified and therefore plays a key role in regulating haemostasis and
thrombosis. Given that ACs are critical to this regulatory haemostatic
mechanism, the specific role of individual AC isoforms in platelets needs
further exploration as the specific role of different AC isoforms and their
downstream effects remains unclear. AC3 and AC6 are both expressed in
human platelets but are differentially regulated, with the regulation of ACs
differing between classes and even between isoforms within the same class.
Further suggesting that AC isoforms have differential roles in response to
different regulatory stimuli, which could potentially have differing downstream
signalling effects on certain aspects of platelet function.

The compartmentalisation of CAMP in platelets is another aspect of cCAMP
signalling that requires further understanding. In different cell types, the
enzymes involved in generating, propagating and terminating the cAMP signal
are typically organised into restricted microdomains that focus the activity of
cAMP signalling to specific downstream substrates (Tasken and Aandahl,
2004; Scott and Pawson, 2009; Zaccolo, 2011). The compartmentalisation of
cAMP signalling events allows for specific control of distinct cell functions in
response to different stimuli (Zaccolo, 2009; Zaccolo, 2011; Lefkimmiatis and
Zaccolo, 2014). Importantly, in platelets, cCAMP signalling is spatiotemporally
controlled by the opposing effects of AC and PDE isoforms, and scaffolding
proteins called A-kinase anchoring proteins (AKAPs) (Raslan et al., 2015a;
Raslan, Z. and Naseem, K.M., 2015; Zaccolo et al., 2021). The cAMP signal
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is constrained to specific regions of the cell where individual isoforms PKA
interact with AKAPs to direct PKA activity to specific substrates.

In a study by Raslan et al (2015), it was shown through subcellular
fractionation and immunostaining that PKA-I and PKA-II are differentially
localised in platelets. It was reported that PKA-I was primarily found in the cell
membrane while PKA-I| resides in the cytosol. AC5, AC6 and PKA-I, but not
PKA-II were shown to be localised to membrane microdomains in platelets
where lipid rafts act to constrain PKA activity, thus further confirming
compartmentalisation of CAMP signalling in platelets (Raslan et al., 2015a).
PDEs are critical regulators of cAMP levels within platelets, they are
considerably diverse and like cAMP, could also undergo
compartmentalisation within the cell (Manns et al., 2002). It is therefore
possible that different PDEs could co-locate with specific AC isoforms to play
a role in regulating local or global cAMP levels in platelets. To add to the
complexity of an already complex signalling pathway, different isoforms of AC
could generate specific pools of cCAMP, that activate distinct PKA isoforms,
resulting in specific downstream phosphorylation events that alter platelet
function. The different roles and relative contributions of these cAMP pools,
PKAs, PDEs and AC isoforms to the inhibition of specific platelet functions are
still lacking and require further investigation. However, due to the lack of
reliable antibodies and the ability to perform siRNA knockdown in platelets,
studying such a complex system requires the use of platelet-specific knockout
animal models to identify the specific roles of AC and their isoforms, in platelet

cAMP signalling.

1.6. Scope of study

The cAMP signalling cascade represents a major inhibitory pathway that
controls platelet function, haemostasis and thrombosis and our understanding
of its specific regulation is limited. The role of AC needs further exploration,
as little is known about the specific downstream effects of AC production of
cAMP and the phosphorylation events leading to platelet inhibition. Platelet
hyperactivity is a typical phenotype associated with atherothrombotic disease
(Berger et al., 2020). The protective mechanisms that typically control platelet

activity are overcome in cases of atherothrombotic disease, but the reasons
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remain unclear. Platelet hyperactivity is likely due to a reduction in intracellular
cAMP levels which has been linked to activation of PDE3A, reduced platelet
sensitivity to PGl and IP receptor desensitisation (Fisch et al., 1997; Bunting
etal., 1983; Berger et al., 2020). Though, IP receptor desensitisation has been
shown to be reversible (Fisch et al., 1997) therefore, an alternative hypothesis
for reduced sensitivity to PGI> and platelet hyperactivity, could be due to a
loss of function or downregulation of AC activity, in particular, AC6, allowing
platelet activation to outweigh platelet inhibition. AC6 expression could be a
possible marker for platelet hyperactivity and potential cardiovascular events.
The success of AC6 gene transfer clinical trial in heart failure patients led by
the Hammond laboratory (Hammond et al., 2016) highlights the importance of
ACG6 and how potential upregulation of AC6 can have a positive effect in heart
failure patients, bringing into question whether this could be the case in
platelets. In addition, a recent study by Imam and colleagues (2019),
highlights the importance of functional AC with the responsiveness to P2Y 1
receptor antagonists in ACS patients, indicating that AC activity could be
implicated in disease and it’s treatment.

Understanding the role of AC6 in platelet function, thrombosis and
haemostasis could provide insight into how platelets become hyperactive in
atherothrombotic disease and whether AC6 could be a potential therapeutic

target.

1.6.1. Aims of study

The overall objective of this study was to establish the role of AC6 in murine
platelet function, haemostasis, and thrombosis. The strategy for this study is
shown in Figure 8.

1. Develop a novel platelet-specific AC6 knockout mouse model
2. Functionally characterise the AC6-KO mouse
3. Understand the relative contribution of AC6 to platelet cAMP signalling
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Figure 8. Strategy to assess the role of AC6 in platelet function
To assess the role of AC6 in platelet function we have a variety of tools
available. A platelet specific AC6-KO mouse, SQ22536 an AC inhibitor, RP-8-
CPT-cAMP, H89 and KT5720 which are direct PKA inhibitors, forskolin which
is an AC activator and 8-CPT-cAMP which is a direct PKA activator. Together,

these agents should allow us to identify the role of AC6 in platelet function.
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Chapter 2
Methods & Materials

2.1. Reagents
2.1.1. Chemicals and reagents

Sodium Citrate (367691), ACD-A (8304451), Sodium Heparin BD Vacutainer
Tubes (8516324) and BD Phosflow Lyse/Fix Buffer 5X (558049) were from
BD Biosciences. The DC Protein Assay Kit (6000112) was from Bio-Rad.
PAR1 (60679) and PAR4 (60218-1) (Protease-activated receptor) agonists
were from Anaspec. Collagen-related peptide (CRP-XL) was from CambCol
Laboratories. Collagen Reagens HORM® suspension (1130630) was from
Takeda. Prostaglandin |12 (sodium salt) (61849-14-7), Prostaglandin E1 (745-
65-3) and Forskolin (66575-29-9) were from Cayman Chemical. The
Amersham cAMP Biotrak Enzyme immunoassay (EIA) system (RPN2551)
was from Cytiva. VersaComp Antibody Capture Bead Kit (B22804) was from
Beckman Coulter Life Sciences. 4% Paraformaldehyde Aqueous Solution
(157-4) was from Electron Microscopy Sciences. S-Nitrosoglutathione
(GSNO) (57564-91-7) and 8-CPT-cAMP (93882-12-3) were from Santa Cruz
Biotechnology. SQ22536 (17318-31-9) and H89 Dihydrochloride (127243-85-
0) were from Calbiochem. 8-CPT-cAMP (93882-12-3) and RP-8-CPT-cAMP
(129735-01-9) were from Biolog Life Sciences. KT 5720 (108068-98-0) was
from Merck. Restore Western Blot Stripping buffer (46430), SuperSignal West
Pico Plus Pierce ECL (32106), TagMan™ primers and TagMan™ Fast
Advanced Master Mix (4444556) were from Thermo Fisher Scientific. The
Reverse Transcription System (A3500) was from Promega. All other

reagents were from Sigma-Aldrich.
2.1.2. Antibodies

Annexin V APC Ready Flow conjugate (R37176) and Rabbit Anti-sheep 1gG
(H+L) Secondary Antibody HRP (31480) were from Invitrogen. BB700 Mouse
Anti-Human CD42b (742219), APC Mouse Anti-Human CD42b (551061),
FITC Mouse Anti-Human PAC-1 (340507), PE Mouse Anti-Human CD62P
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(555524), PE Mouse 1gG1 k Isotype Control (5656650), FITC Rat I1gG isotype
control (553995), FITC Rat Anti-mouse CD62P (553744), BB700 Rat Anti-
mouse CD41 (742148), FITC Hamster Anti-rat CD49b (554999), Hamster
IgG2 A1 Isotype control (553964), FITC Rat Anti-mouse CD41 (553848), FITC
Rat 1IgG1 k (5653924), FITC Hamster Anti-mouse CD61 (553346), and FITC
Hamster 1gG1 k (553971) were all from BD Biosciences. PE Hamster Anti-
mouse CD36 (102606) and PE Hamster IgG Isotype control (400908) were
from Biolegend. PE Rat Anti-mouse JON/A (M023-2), FITC Rat Anti-mouse
CD42b (M040-1), FITC Rat Anti-mouse CD49b (M071-1), FITC Rat Anti-
mouse GPVI (M011-1) and FITC Rat IgG (P190-1) were from Emfret. Sheep
Anti-PDE3A phospho Ser 312, Sheep Anti-PDE3A phospho Ser 465 and
Sheep Anti-PDE3A were from the MRC Protein Phosphorylation and
Ubiquitylation Unit, University of Dundee. Rabbit Anti-Phospho-VASP Ser157
(3111S), Rabbit Anti-Phospho-VASP Ser239 (3114S), Rabbit Anti-Phospho-
PKA substrates (RRXS/T) (9624S), Rabbit Anti-Phospho-GSK3B Ser9
(9336S), Rabbit Anti-GAPDH (2118S), Rabbit VASP (3132S) and Rabbit Anti-
B-tubulin (15115S) were from Cell Signalling Technology. Mouse Anti-
Adenylate cyclase (sc-377243), Mouse Anti-Adenylyl cyclase 5/6 (sc-514785)
and Mouse IgG2, binding protein-HRP (sc-542741) antibodies were from
Santa Cruz Biotechnology. Sheep Anti-mouse IgG HRP-linked (NA931) and
Donkey Anti-rabbit IgG HRP-linked (NA934) were from Cytiva.

2.2, Methodologies used in the preparation of platelets

from human whole blood

2.2.1. Procurement of human whole blood

Blood was obtained by trained phlebotomists from healthy volunteers in
accordance with the declaration of Helsinki (Ethics Code: MREC19-006). All
donors were consenting, presenting healthy and confirmed they had not taken
any medication that could interfere with or affect platelet function.

Venepuncture was performed using a 21G-butterfly needle and the first 2 mL
collected was discarded to avoid any artificial activation of platelets. Blood
was collected into 8.5 mL acid citrate dextrose (ACD) vacutainers for washed
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platelet studies or 4.5 mL sodium citrate vacutainers for the use of whole blood
or PRP.

2.2.2. Procurement of whole blood from clinical samples
Blood was obtained from two patient cohorts: age-matched controls and
patients with acute coronary syndrome (ACS) post-myocardial infarction (Ml)
in line with the declaration of Helsinki (IRAS code: 219491). Venepuncture
was carried out as described in 2.2.1. Patient info displayed below (Table 4).

Parameter Control ACS
Age 56.1+9.0 | 60.6+9.0
Females 10 1
Males 5 6

Table 4. Patient parameters.

Clinical samples from the ACS patient study included n=7 (ACS) and n=15
(age-matched controls).

2.2.3. Isolation of platelets from human whole blood by

lowering blood pH

Platelets were isolated using a reduced pH method, whereby the pH of the
plasma is reduced to 6.4 by using a citric-acid based wash buffer, thus
preventing any platelet activation during centrifugation (Mustard et al., 1989).
Unlike prostaglandin-based methods of platelet isolation, pH-lowering
methods avoid activation of cyclic-nucleotide signalling cascades and
therefore maintain platelet sensitivity to cyclic nucleotide-elevating agents,
which were used throughout this study.

Whole blood was centrifuged at 100 x g for 20 minutes at room temperature
(RT) to obtain platelet rich plasma (PRP). The PRP was then transferred into
a sterile 15 mL falcon tube and the plasma pH was reduced to 6.4 via addition
of citric acid (0.3 M) at a ratio of 1:50. The PRP was then centrifuged at 1000
x g with 1 brake for 10 mins at RT to obtain a platelet pellet and platelet poor
plasma (PPP). The PPP was discarded, and the pellet was resuspended in 5
mL of wash buffer (6 mM glucose, 5 mM KCI, 9 mM NaCl, 10mM EDTA, 36
mM citric acid, pH 6.4). The platelet suspension was then centrifuged again
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at 1000 x g with 1 brake for 10 mins at RT to remove any residual plasma.
The final pellet was re-suspended in 1 mL of Modified Tyrode’s buffer (0.5 mM
MgClz, 0.55 mM NaH2POQOs, 2.7 mM KCI, 5§ mM HEPES, 5.6 mM glucose, 7
mM NaHCOs3, 150 mM NaCl, pH 7.4) and counted using a Beckman Coulter
Z1 particle counter.

2.2.4. Isolation of human washed platelets by PGl>

In some cases, to compare isolation methods, platelets were isolated using
the prostacyclin (PGl2) method of isolation (Vargas et al., 1982) whereby the
addition of prostacyclin prevents any platelet activation during centrifugation.

Platelet isolation method is as described in 2.2.3 except PGl2 (200 uM) was
added to the PRP give a final concentration of 200 nM (1:1000) and the
platelet pellet after PPP discard was resuspended in Modified Tyrode's buffer
(4 mL) and ACD (0.5 mL), along with the addition of PGI2 (200 uM; 1:1000).
Platelets were then rested for at least 30 minutes prior to usage to ensure

recovery from cAMP stimulation.

2.3. Methodologies used in the preparation of platelets

from murine whole blood

2.3.1. Procurement of murine whole blood

Under the authority of a United Kingdom Home Office approved project
licence (Professor Khalid Naseem — PP0499799 and Professor Robert Ariens
— PP9539458) and my personal licence (Miss Bethany Webb - 1774212DC)
mice were anesthetised under 2% constant inhalation of isoflurane (with
oxygen). Blood was collected via the inferior vena cava using a 25G needle
containing 200 puL of ACD (113.8 mM D-glucose anhydride, 29.9 mM
Trisodium Citrate, 72.6 mM NaCl, 2.9 mM Citric acid). A volume of up to 1 mL
of blood including ACD was collected into a 2 mL Eppendorf tube containing
200 pL of Modified Tyrode's buffer before isolating platelets.

2.3.2. Isolation of platelets from murine whole blood

Whole blood was transferred to a clean falcon tube diluted with addition of up
to 500 yL of Modified Tyrode's Buffer to reduce risk of artificial platelet
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activation. The blood was centrifuged at 100 x g for 5 min at RT to obtain PRP.
The PRP was removed and transferred to a clean 15 mL falcon tube. The
remaining red blood cells were then diluted via the addition of 500 uyL of
Modified Tyrode's buffer and centrifuged at 100 x g for a further 5 min. The
PRP was then removed and added to the PRP that was collected originally.
The total PRP was centrifuged at 1000 x g for 6 min at RT to obtain platelet
pellet and PPP. The PPP was removed, and the platelet pellet was
resuspended in 250 pyL Modified Tyrode's buffer and counted using the
Beckman Coulter Z1 particle counter.

2.3.3. Quantification of human and murine platelet counts

Platelet quantification was performed using a Beckman Coulter Z1 particle
counter. Isolated washed platelets (WP) were diluted 1/2000 (5 yL in 10 mL)
of isotonic buffer (Beckmann Coulter) and counted. The Coulter counter
analyses particles between 2-7 ym in diameter using a 50 ym aperture. The
count is automatically multiplied by 2000 to account for the dilution factor, the
count of platelets was expressed as platelets/mL. Platelets were then diluted
using Modified Tyrodes buffer to the desired count depending on requirement
of the experiment (Equation 1).

( actual count

- ) * actual volume = volume to adjust
count required

Equation 1. Calculation for platelet count dilutions

Equation used to calculate the volume of buffer required to adjust platelet count

per experiment.
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24, Assessment of platelet function

2.4.1. Light transmission platelet aggregometry

Platelet aggregation plays a vital role in thrombosis and is the final stage in a
series of chemical and biophysical events that take place in platelets after
activation (Ruggeri, 2002; Ruggeri and Mendolicchio, 2007; Jackson, 2007).

Light transmission aggregometry (LTA) was developed by Gustav Born in
1962, which allows for functional responses of washed platelets and PRP to
be assayed (Born, 1962). The turbidimetric assay is based on changes in light
scattering through a platelet suspension which is detected by a photocell. It
assumes that when small volumes of resting platelets are stirred, they are
homogenously distributed in the suspension allowing for an optically dense
medium that is refractory to the passage of light. Upon platelet activation by
agonist stimulation, the formation of aggregates disrupts the homogeneity of
the suspension. This allows a greater amount of light to pass through the
suspension depending on the size of the aggregates, therefore more light
transmission. The extent of light transmission is proportional to the level of
platelet aggregation, which in turn is dependent and an indicator of the level
of platelet activation (Figure 9 A). Before aggregation, platelets also undergo
shape change observed on the trace as a momentary decrease in light
transmission (Figure 9 B).

Washed platelets (human; 2.5x108 platelets/mL, murine; 2x108 platelets/mL)
were pre-incubated under constant stirring (800-1000 rpm) for 1 min at 37°C
to allow for temperature equilibrium. After the addition of a stimulus such as
collagen (1 — 10 pg/mL) or thrombin (0.01 — 1U/mL), aggregation was
monitored for up to 10 minutes using a multi-channel aggregometer (AggRAM
or Chronolog). In some cases, platelets were treated with inhibitors such as
PGl2, GSNO, forskolin or 8-CPT-cAMP before addition of an agonist. The
aggregometer was calibrated for every sample using untreated WP as 0%
aggregation and Modified Tyrode's buffer as 100% aggregation.
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Figure 9. The general principle of platelet light
aggregometry

Resting platelets in suspension display a turbid solution where light cannot pass
through. However, aggregation occurs upon stimulation with agonists, allowing
light transmission through the cuvette (A). The extent of light transmission is
proportional to the level of aggregation and, therefore, activation. Example

trace generated by aggregometer during platelet aggregation upon agonist

stimulation (B).
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2.4.2. Flow cytometric analysis

Fluorescent flow cytometry (FFC) is a technique used for analysing individual
cells within a population and is commonly used to assess platelet activation.
FFC uses instrumentation that directs a single stream of cells past a light
source and measures the resulting scatter and emission of light energy in
various wavelengths. A flow cytometer uses excitation lasers paired with
emission detectors to assess cells based on size and granularity, but also
fluorophores that can be introduced against specific target proteins. This
allows cellular populations, protein content, or the phosphorylation/cleavage
stage of proteins to be analysed quantitatively (Cossarizza et al., 2017). The
general principle of a flow cytometer is the capability of sheath fluid under
pressure to force a suspension of cells or particles into a linear core and was
first described by Crosland-Taylor (1953) as a method of counting particles

within the suspension.

In modern flow cytometry analysis, fluorescent antibodies or dyes can be used
with different excitation and emission characteristics to enable multiple
readouts from a single cell. Forward scatter gating refers to the size of the cell,
and side scatter gating relates to the complexity or granularity of the cell. A
combination of forward and side scatter gating is used primarily to identify
cells in a cell population and is confirmed using fluorescent antibodies (Figure
10).

To determine the expression of platelet activation markers, platelets were
initially gated based on their physical properties, and 10,000 events were
analysed for mean/median fluorescence intensity. To further establish that
data was representative of the platelet population, we then gated on a platelet
specific marker (e.g., CD41 or CD42b), ensuring that gates were adjusted until
>95% of the gated population were stained positive for the desired platelet

marker (Figure 10).
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Figure 10. Example of platelet gating on a flow cytometer
Platelets can be gated for either physical characteristics based on FSC and SSC
(left) or by CD42b positive cells (right). CD42b-BB700 was used to generate the

positive platelet gate.
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2.4.21. Platelet activation by flow cytometry

Platelet activation is shown by a right shift on histograms generated in
CytExpert (Figure 11). This indicates greater fluorescence, which is directly
proportional to antibody/dye binding and, therefore, protein expression. Data
is typically presented as percent positive, mean/median fluorescence intensity
(MFI) or fold over basal. Percent positive represents the percentage of cells
in the platelet positive population stained or positive for the desired antibody
or dye. This is generated by setting a background fluorescence of 2% on an
IgG isotype control or fluorescence minus one (FMO) control. Based on this,
any fluorescence that exceeds 2% is considered a positive signal, thus
positive for the marker (Metcalfe et al., 1997). In contrast, MFI is the total
reading of signal and represents the shift in fluorescence within the positive
population of cells. Fold over basal also uses MFI; however, all data is
normalised to basal preventing any comments on changes in basal activity. A
combination of both percent positive and MFI present a more in-depth

analysis of the data and is the preferred method of data presentation.

In this study, the expression of antigens on the surface of platelets was
determined using both three-parameter and four-parameter assays to allow
for simultaneous measurements of different surface antigens upon platelet
activation. Flow cytometry can provide simple, single-targeted readouts or
complex subpopulation phenotyping and cell signalling analysing, adding to
its highly versatile and quantitative application (Cossarizza et al., 2017).
Whole blood flow cytometry (Abrams and Shattil, 1991; Metcalfe et al., 1997)
was primarily used throughout this study, but PRP or washed platelets were
also explored, depending on assay requirements.
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Figure 11. Representative histograms of platelet activation by flow
cytometry

Histogram plots demonstrate the total fluorescence of the positive population;
a shift towards the right shows an increase in fluorescence based on platelet
activation. The percentage shift over control (2% of control fluorescence;

horizontal line) can be plotted for comparison of PAR1 peptide treatments.

Whole blood, PRP or washed platelets were incubated with platelet agonists
(CRP-XL, Convulxin, PAR1 or PAR4 peptide) and fluorescently labelled
conjugates for specific surface antigens. A constitutive platelet marker (e.g.,
CD42b or CD41) stained the positive platelet population and inducible
markers that bind to CD62P, fibrinogen, PAC1 or Annexin V were also used.
CD62P is a marker that binds to P-selectin on the surface of activated platelets
and is a marker for a-granule secretion (Holmsen, 1989; Kappelmayer et al.,
2004). The anti-fibrinogen antibody binds to fibrinogen to analyse integrin
activation (Kasahara et al., 1987), while PAC1 binds to the active
conformation of aipBs, providing an alternative measurement for integrin
activation (Shattil et al., 1985). The Annexin V (AnnV) conjugate binds to
phosphatidylserine (PS) on the surface of activated platelets in a calcium-
dependent manner. PS exposure can indicate a pro-coagulant or an apoptotic
subpopulation of platelets (Gilbert et al., 1991; Fadok et al., 1992; Tait et al.,
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1999). Activated platelets bind to these surface markers and thus, can be

distinguished from resting platelets according to their fluorescent intensity.
2.4.2.2. Sample preparation for flow cytometric analysis

Freshly obtained citrated blood, PRP, or washed platelets (5x108 platelets/mL)
were diluted in Modified Tyrode's buffer containing an antibody cocktail.
Agonists were added, mixed, and left for 20 mins at RT in the dark. Samples
were then fixed with 1% (v/v) paraformaldehyde and left for 10 mins to ensure
fixation of cells. Cells were then analysed by flow cytometry using a CytoFLEX
cytometer (Beckmann Coulter). In some cases, samples were fixed using

1.25x PhosFlow Fix/Lyse buffer (BD Biosciences) to lyse red blood cells.

Negative controls containing citrated blood, PRP or washed platelets,
Modified Tyrode's buffer, and an IgG isotype control or EDTA (3 mM) were
also prepared. EDTA was used to chelate calcium ions, preventing fibrinogen
binding to aipB3z and AnnV binding to PS.

In some cases, samples were incubated with PGl2 prior to the addition of
agonists and/or Gly-Pro-Arg-Pro (GPRP; 50 mM) was added to each sample
to prevent clot formation by inhibiting fibrinogen polymerisation (Adelman et
al., 1990; Michelson, 1994). Where AnnV was used, samples were re-calcified
to ensure PS exposure could occur. In cases where whole blood was pre-
treated, 10 yL of blood containing an inhibitor was added to the antibody
cocktail, agonist, and Modified Tyrode's mix. An example experimental design
is demonstrated in Table 5.



-43 -

Modified Control
. Platelet Antibody | Agonists
Condition | Tyrodes (L) ix (uL) (L) Antibodies
prep (M mix (4 M
(uL) (ML)
Basal 40 5 5 0 0
Stimulated | 35 5 5 5 0
Control 35 5 0 5 5

Table 5. Example experimental design for flow cytometry assays

Using a total volume of 50 uL, platelet preparation, antibodies and 10x agonists
were added to the appropriate amount of Modified Tyrode's buffer. Modified
Tyrode's buffer volume can be adjusted based on experimental design to

account for additional inhibitors or larger volumes of antibodies.

2.4.2.3. Compensation

Upon using multi-parameter flow cytometry, it was essential to compensate
for spectral overlap between fluorophores to avoid misinterpretation of the
data. Compensation ultimately is a calculation to subtract fluorescence
detected outside the target fluorophore emission.

Compensation experiments can be performed using antibody binding beads
or cells. Individual tubes containing beads or cells and a single fluorophore
are compared to an unstained control. Each tube is analysed separately to
calculate the extent of bleeding of each fluorophore into the adjacent
channels. Using CytExpert, a compensation matrix can be generated and
applied to appropriate flow cytometry assays. The compensation matrix is
specific to the fluorophores, gains, and spectral characteristics for the
particular cytometer on which it was performed. If any of these aspects

change, a new compensation matrix is required.

Beckmann Coulter VersaComp beads were stained with FITC, PE, APC, and
BB700 or AF700 depending on the panel design. Each fluorophore was run
separately to produce a compensation matrix which was calculated
automatically by the compensation calculator within CytExpert. The
compensation matrix generated can then be applied to experiments under the

same conditions.
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2.4.2.4. Platelet counting in whole blood by flow cytometry

Platelet counts in whole blood can be assessed via flow cytometry by diluting
5 uL of blood with 45 pL of stain mix. This mix contains an antibody which
targets a platelet marker (e.g., CD41, CD42b or CD61). By adding 450 uL of
PBS, the 1/100 dilution factor was maintained. Samples were then run at a
low acquisition rate (10 pyL / minute) for 2.5 minutes, allowing for platelet

positive events/ uL to be calculated as shown in Equation 2.

latelet positive events
platelet p )+ 100

Platelet positive events/uL of whole blood = ( "

Equation 2. Used to calculate platelet positive events / uL whole blood.

Samples were un at a low acquisition rate of 10 yL / minute for 2.5 minutes,
giving a total volume of 25 pL read by the cytometer. The amount of platelet
positive events, e.g., CD42b+, is then divided by 25 and multiplied by 100 to

account for volume and dilution factor.

2.4.2.5. Assessment of reticulated platelets by flow

cytometry

Immature platelets, known as reticulated platelets, can be analysed by flow
cytometry using Rectic-COUNT™ reagent, using the Thiazole orange (TO)
approach. TO is a nucleic-acid-specific dye that enters cells directly; when it
binds to RNA or DNA, causing an increase in fluorescence. Immature platelets
contain residual amounts of RNA and therefore differ from mature platelets,

allowing for the identification of reticulated platelets.

Whole blood (10 pL) was added to Rectic-COUNT™ reagent (1 mL), mixed
and left for 30 minutes in the dark at RT before flow cytometry analysis. An
unstained sample, whereby whole blood was added to Phospho-Buffered
Saline (PBS), was also run to account for background fluorescence. Platelets

were gated based on physical properties for 10,000 events.
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2.4.2.6. Phosphoflow cytometry

In addition to traditional flow cytometry techniques, we also used phosphoflow
cytometry, a novel method that analyses the phospho-proteome by flow
cytometry (Oberprieler and Tasken, 2011). It is a high throughput technique
that can be used to assess intracellular signalling and can be applied to
platelets (Spurgeon et al., 2014). Traditionally, phosphorylation events are
evaluated via immunoblot and immunoprecipitation techniques, providing a
total measurement of phosphorylation in the entire cell population.
Phosphoflow cytometry allows us to analyse each cell as an individual event.
Flow cytometry methods are high throughput and only require a small amount
of starting sample, whereas immunoblotting techniques require larger
volumes and can take over a day to process. Phosphoflow allows us to use
freshly drawn whole blood, negating the need for isolating platelets, which
traditional immunoblotting requires. This method uses permeabilisation of the
cells to allow the entry of phospho-specific antibodies into the high throughput

system (Spurgeon, B.E.J. and Naseem, 2018).

Whole blood (20 uL) was treated with increasing concentrations of PGl2 (1 —
1000 nM) for 2 min and then fixed using PhosFlow Fix/Lyse buffer (BD
Biosciences) according to manufactures instructions. Platelets were then
pelleted by centrifugation at 1000 x g at 4°C for 10 mins. Supernatants were
removed, and the remaining cells were permeabilised using ice-cold Triton X-
100 (0.1%) in PBS for 10 mins at RT. Before incubation, cells were mixed by
pipetting 20x, avoiding aeration. Permeabilised cells were pelleted (1000 x g;
4°C; 10 mins), washed with PBS and incubated with phospho-specific primary
antibodies (p-PKA substrates, p-VASPSe"'%" and p-VASPSe23%: 1 ug/mL) for
30 mins at 4°C. After antibody incubation, cells were washed with PBS and
incubated further with a fluorescently conjugated secondary antibody (Anti-
Rabbit-PE; 1 ug/mL) in the dark for 30 mins at 4°C. After a final wash with
PBS, cells were analysed by flow cytometry. Platelets were gated by physical
characteristics at 10,000 events. In some cases, a platelet marker (CD41) was
used to identify the platelet population.
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2.4.3. Assessment of platelet spreading in vitro

In response to activation, quiescent, discoid platelets undergo a series of
morphological changes that include rounding, generation of filopodia, actin
nodules, lamellipodia and formation of stress fibres (Siess, 1989; Wurzinger,
1990; Morgenstern, 1997). These morphological changes can be visualised
using static platelet spreading protocols and fluorescent microscopy.

2.4.3.1. Platelet spreading methodologies

Coverslips were incubated with either fibrinogen (100 ug/mL) or Collagen (50
pug/mL) overnight at 4°C, washed with PBS and blocked with BSA (5 mg/mL)
for 1 hr a RT. Washed platelets (1-2 x 107 platelets/mL) were adhered to
immobilised proteins for up to 60 minutes at 37°C in the presence or absence
of PGl2 (10-100 nM). At the required time point, the platelets were fixed with
paraformaldehyde (4%) for 10 minutes, lysed with Triton X-100 (0.1%) and
stained with FITC- or TRITC-phalloidin. Coverslips were mounted to slides
using ProLong™ Diamond Antifade Mountant (Invitrogen) and visualised
using Zeiss Axio Observer (Zeiss, Cambridge, UK) with a x63 oil immersion
objective (1.4 NA) and Zen Pro software. Images of spread platelets were then
analysed using ImageJ software (NIH, Bethesda, USA) to identify the surface

area and the number of platelets adhered.

2.5. Methodologies used to analyse platelet signalling

2.5.1. Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE)

This study analysed proteins involved in platelet signalling by solubilising
cellular membranes and using one-dimensional sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) to separate charged
macromolecules based on mass via an electric current. The main principle of
this technique is to combine the properties of negatively charged SDS, a
polyacrylamide gel and electrophoresis. When an electrical current is applied
to a porous matrix such as a gel, it can separate molecules based on their
size and charge.
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SDS-PAGE uses a combination of SDS and polyacrylamide gels to separate
proteins according to their molecular masses by electrophoretic migration.
Acrylamide molecules polymerise into long linear chains which are cross-
linked by bisacrylamide. The presence of free radicals enhances this
polymerisation. Ammonium persulphate (APS) is used during the gel casting
process as it decomposes to release SO4 anions.
Tetramethylethylenediamine (TEMED) is also included to catalyse APS
decay. The percentage of the acrylamide used in these solutions determines
the pore size and, therefore, the relative separation of the proteins within the

mixture.
2.5.1.1. Sample preparation for SDS-PAGE

Sample preparation was performed based on methods described by Laemmli
(1970), which uses SDS as a denaturing agent and 2-mercaptoethanol as a
reducing agent to lyse cells and reduce all proteins to their primary structure.

Washed platelets (5x108 platelets/mL) were pre-treated with agonists and/or
inhibitors and the reaction was terminated by the addition of Laemmli buffer
(4% SDS (w/v), 10% 2-mercaptoethanol (v/v), 20% glycerol (v/v) 50 mM Tris
base, trace bromophenol blue, pH 6.8) at a ratio of 1:1 to give a final platelet
concentration of 2.5x108 platelets/mL.

SDS is an anionic detergent that binds to and denatures proteins leaving them
with similar, rod-shaped tertiary structures. This gives rise to an equal
negative charge per unit of protein mass (1.4 g SDS per 1 g protein). Reducing
agents such as 2-mercaptoethanol break disulphide bonds and allow proteins

to become fully denatured.

Samples were then stored at -20°C until use. Prior to SDS-PAGE and
immunoblotting, samples were boiled for 10 mins to ensure the denaturation

of all proteins further.
2.5.1.2. Quantification of platelet protein concentrations

Protein concentration was determined using the DC protein assay kit
according to the manufacturer's protocol (Bio-Rad). It is based on the well-
established Lowry assay (Lowry et al., 1951) applied to cell lysates that have

been solubilised in a detergent. This colorimetric assay measures the intensity
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of a characteristic blue colour at 750 nm, which develops as a result of a
reaction between proteins in the sample with copper in an alkaline medium
and the subsequent reduction of a folin reagent. The primary residues
involved in this reaction are tyrosine and tryptophan residues. The extent of
the blue colour produced is directly proportional to the amount of protein in
the sample. Bovine serum albumin (BSA) solutions of defined concentrations
were used to calculate sample protein concentration. Each sample (washed
platelets; 5x108 platelets/mL) and standards were diluted 1:2 in protein assay
lysis buffer (150 mM NaCl, 10 mM Tris base, 1 mM EGTA, 1 mM EDTA, 1%
Ilgepal (v/v)) and assayed in ftriplicate. Light absorption at 750 nm was
obtained using a multiplate reader (ThermoFisher).

The average protein content calculated was ~0.55 mg/mL (human platelets)
and ~1.4 mg/mL (murine platelets) based on three independent repeats. The
volume of platelet lysate to add per well can be calculated using Equation 3;
36 pL of human platelet lysate and 14.3 pL of murine cell lysate were loaded

to achieve 20 ug of protein across all experiments.

(Desired protein mass

- ) = volume of lysate to load
Protein content

Equation 3. Used to establish platelet lysate loading volume for SDS-
PAGE

Used to calculate protein content, ensuring equal loading. The desired protein mass
(e.g., 20 pg) is divided by the protein content calculated using a protein assay,

resulting in the loading volume required per well.
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2.5.1.3. Methodology for SDS-PAGE

For separation of proteins, pre-cast 4-20% gradient gels (Bio-Rad) were used
to increase the range of molecular weights that can be separated on one gel.
However, in some cases, 10% gels (Bio-Rad) were used to assess specific
higher molecular weight proteins. Each gel was loaded with a protein standard
(dual colour precision plus, Bio-Rad) before adding samples (20 pg). After
loading, gels were subjected to a current of 120 V for 1 hour; in some cases,
gels were run at 100 V for 3.5 hours on ice to assess higher molecular weight
proteins (e.g., PDE3A; 100-120 kDa).

2.5.2. Immunoblotting

Western immunoblotting is a commonly used method to indirectly detect and
quantify a protein or group of proteins within a cell mixture. The technique
involves transferring proteins from a gel to an adhesive matrix such as a
polyvinylidene difluoride (PVDF) membrane under an electric current. Once
transferred, the membranes are then probed with specific primary antibodies
against target proteins (e.g., p-VASPSe"57)_ This is followed by a horseradish
peroxidase (HRP) conjugated secondary antibody incubation. The detection
of antigen-bearing proteins is facilitated by enhanced chemiluminescence
(ECL), whereby a signal can be produced due to an interaction between
hydrogen peroxide and luminol in the presence of HRP. This results in an
excited product, which decays to a lower energy state and simultaneously
luminesces at 425 nm that can be captured and visualised using a G:Box

(Synegene) imaging system.

2.5.2.1. Immunoblotting methodology for detection of

platelet proteins

After separating protein mixtures via SDS-PAGE, the separated proteins were
transferred onto a methanol-pre-activated PVDF membrane at 25 V for 7
mins. The correct order of the gel and membrane and orientation in the
transfer pack (Bio-Rad) ensure the migration of the negatively charged
proteins on the gel towards the anode, resulting in their transfer and capture

by the membrane. Once transferred, the membrane is blocked to inhibit non-
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specific protein-membrane interactions by incubation with BSA (5-10%; w/v)
or skimmed dry milk (5%; w/v) in Tris Buffered Saline with Triton X-100 (0.1%)
(TBS-T) for 1 hr at RT with agitation. After blocking, the membranes were
incubated with a primary antibody (1:1000 2% BSA/TBS-T or 1:1000 2%
skimmed milk/TBS-T) overnight at 4°C with agitation. After three TBS-T
washing steps (5 min per wash), membranes were incubated for 1 hr at RT
with a HRP-conjugated (anti-mouse or anti-rabbit) secondary antibody
(1:10000 in 2% BSA/TBS-T or 2% skimmed milk/TBS-T), followed by another
three washes with TBS-T. Membranes were then incubated with
SuperSignal™  West Pico PLUS Chemiluminescent  Substrate
(ThermoFisher), and the produced signal was captured and visualised using
a G:box (Figure 12).

In some cases, membranes were stripped of the bound antibody by using
Restore ™ Western Blotting stripping buffer (ThermoFisher) with agitation.
Membranes were incubated for 10 mins at RT followed by three wash steps
with TBS and re- blocked and probed as previously described. In some cases,
membranes were stripped and re-probed twice, first to assess another
antibody where samples were precious and second to check for equal loading
(anti-Beta-tubulin 1:1000 or anti-GAPDH 1:1000).
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1. Platelet isolation from whole blood 2. Platelet lysis with Laemmli buffer 3. SDS-PAGE

Aefefe]r
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. . Washed platelet
Platelet isolation suspension Lysed platelets
6. Chemiluminescence Imaging 5. Antibody probing 4. Transfer to membrane

Substrate  Product
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N
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Nl)k\ Anti-species Ab

“ " Protein-specific Ab

PVDF membrane

Figure 12. Schematic workflow for SDS-PAGE and immunoblotting

Washed platelets were isolated from whole blood, treated with desired cAMP-
elevating, or inhibiting agents and lysed with Laemmli buffer. Samples were
then boiled, and proteins were separated via SDS-PAGE. Gels were then
transferred to a PVDF membrane and probed for specific proteins. Membranes

were then imaged using a chemiluminescence imaging system (Created with
BioRender.com).
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2.5.3. Determination of platelet cCAMP levels

The levels of cAMP were determined using a well-established cAMP direct
Biotrak EIA kit (Cytiva) according to the manufacturer's protocol. This kit uses
novel lysis reagents to facilitate rapid cAMP extraction from cell suspensions.
The assay combines a peroxidase-labelled cAMP conjugate, a specific anti-
serum immobilised onto pre-coated microplates and a stabilised substrate
solution. Lysis reagent 1 is used to hydrolyse cell membranes to release
intracellular cAMP, and lysis reagent 2 sequesters the critical component in
lysis reagent 1 to ensure that cAMP is accessible for analysis. The assay is
based on competition between unlabelled cAMP and a fixed quantity of
peroxidase-labelled cAMP for a limited number of binding sites on a cAMP-
specific antibody (Figure 13). The calculation for the amount of cAMP bound
is displayed in Equation 4, additionally a new standard curve was generated

for each new kit (Figure 14).

Solid phase Assay reagent Standard or unknown Substrate
1 [ Donkey Rabbit
anti- anti-
rabbit Ig cAMP / | cAMP-peroxidase l
C
S E— | cAMP |+ T™B

_:| Stop reaction

Well Measure OD

Incubation Incubation
60 min

Figure 13. cAMP enzyme immunoassay (EIA) procedure

Schematical representation of the cAMP EIA procedure based on

manufactures instructions.
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2.5.3.1. Sample preparation and analysis

Washed platelets (180 uL; 2x108 platelets/ml) were treated with either PGI,
forskolin, or adenosine. Following treatments, samples were lysed in 2.5%
Dodecyltrimethylammonium Bromide per the manufacturer's instructions and
incubated for 10 minutes at room temperature to achieve complete cell lysis.
Following sample preparation, working cAMP standards (25-3200 fmol/well)
were prepared following the manufacturer's protocol. All wells were read at
450 nm using a multiplate reader (Thermo Fisher Scientific). Data were
analysed by calculating the average optical density (OD) for each set of
replicates and the per cent bound for each standard and sample using the
following equation.

B (standard or sample OD — NSB

0f) — —
% zero standard OD — NSB ) * 100

BO

Equation 4. Calculation used to establish the percentage of cAMP bound

The calculation used to identify the percentage bound of cAMP to the plate in

an unknown or standard sample.

150 — y= -38.998x -413.19
R?= 0.9641
100 =
o
o
[11]
2
50—

0 ) LA | | LA | | LA |

-14 -13 -12 -1
Log10 [cAMP]
Figure 14. Example standard curve for the cAMP EIA

A representative standard curve used for determining levels of cAMP,

generated for each new Kkit.
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2.6. Generation of the platelet-specific AC6-KO mouse

2.6.1. Husbandry

All animal husbandry, housing and procedures were carried out in line with
the regulations and guidelines of the University of Leeds Central Biological
Services facility under the authority of a United Kingdom Home Office
approved project licence (Professor Khalid Naseem — PP0499799 and
Professor Robert Ariens — PP9539458) and my own personal licence (Miss
Bethany Webb - 1774212DC). Animals received standard rat and mouse no.1
maintenance diet (RM1, Special Diet Services) and water by Hydropac
pouches. All mice were housed in individually ventilated cages (GM500,
Techniplast), with 12-hour light/dark cycles, at 21°C and 50-70% humidity.

2.6.2. Breeding

To induce a platelet specific deletion of Adcy6, we used cre-lox recombination
methods, whereby Adcy6 floxed mice were bred with iCre-recombinase mice
under the control of the platelet factor 4 (PF4) promoter (Tiedt et al., 2007).
Ludwig and Seuwen (2002) determined the Adcy6 gene to contain 21 exons
and span 17.9 kb, and the Adcy6 floxed mice obtained from JAX (RRID:
IMSR_JAX:022503) contained loxP sites at exons flanking 3-12 of the Adcy6
gene, providing deletion of over half of the Adcy6 gene by cre-recombinase.
Lastly, the PF4-cre mice containing iCre-recombinase were kindly gifted by
Dr Richard Pease (University of Leeds) and the gene constructs based on
information provided by JAX and NCBI are shown in Figure 15.



-55._

NLS Myc tag
Mouse PF4 5’ flanking region |

Cre BGH
recombinase PolyA
(iCre)
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Figure 15. Gene constructs for PF4-cre and Adcy6 floxed mice

Gene constructs used to generate a platelet specific knockout of the Adcy6 gene.
The top construct is Platelet Factor 4 (PF4)-cre containing a mouse PF4 promoter,
an amino-terminal nuclear localisation sequence (NLS), a carboxy-terminal Myc
epitope tag, iCre recombinase and a bovine growth hormone (BGH) PolyA sequence.
The bottom construct is the floxed Adcy6 gene with exons 3-12 flanked by loxP sites

and an FRT-flanked neomycin resistance gene.

Homozygous Adcy6 floxed (Adcy™) female mice were bred with males
expressing iCre-recombinase (PF4-cre*). This yielded mice heterozygous for
Adcy6 and a carrier of PF4-Cre. Heterozygous Adcy6 floxed (Adcy™) female
mice were then bred with male mice expressing PF4-cre and that were floxed
for Adcy6 (PF4-cre*. Adcy6™"") to generate homozygous mice floxed for Adcy6
with and without PF4-cre. Mice with PF4-cre expression have a PF4 specific
knockout of Adcy6 (PF4-cre*. Adcy6""), and mice without PF4-cre function
are sibling controls (littermates). Throughout this study, PF4-cre*. Adcy6"" is
denoted as 'AC6-KQO', and littermate controls (Adcy6”") are indicated as "WT".
The breeding strategy is described in Figure 16.
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PF4crefwt Adcy6fioxflox
Cre*

PF4creiwt Adcysﬂox/wl PF4wtwt Adcyeﬂox/wl
Cre*
PF4wtwt Adcysﬂoxlﬂox PF4cre/wt Adcysﬂoxlﬂox PF4cre/wt Adcysﬂcxlwt
Cre*
ACE6 present in platelets AC6 absent in platelets AC6 absent in 50% of platelets
WT (littermate control) Adcy6 platelet -- Adcy6 platelet +/-

I I

PF4wtwt Adcyeﬂox/ﬂox PF4creiwt Adcyeflox/ﬂox

AC6 present in platelets AC6 absent in platelets

WT (littermate control) Adcy6 platelet /-

Figure 16. Breeding strategy for the platelet-specific AC6 knockout

mouse

PF4-cre*. Adcyf" and Adcy™ mice were produced by crossing PF4-cre mice with

Adcy™ mice as per the diagram above.
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2.6.3. Genotyping

Pups were ear notched at weaning (~3 weeks of age) to allow for identification
and isolation of genomic DNA (gDNA) for genotyping. This process was
critical for generating the platelet specific AC6 knockout mouse to ensure
desired outcomes were reached at each breeding stage.

Genotyping and mRNA analysis was carried out by polymerase chain reaction
(PCR). In the 1980s, Saiki and colleagues were the first to describe traditional
PCR (Saiki et al., 1985; Saiki et al., 1988). The general concept of PCR
includes primers, DNA polymerase, nucleotides, specific ions, and DNA
templates. It consists of cycles that denature DNA, anneal primers, and
extend DNA, and these critical steps have been unchanged since 1985. The
development of real-time quantitative PCR (gPCR) was a substantial
milestone in improving PCR methodologies; it allows for the monitoring of
DNA amplification in real-time via monitoring fluorescence (Holland et al.,
1991; Higuchi et al., 1992).

2.6.3.1. In-house genotyping

Genomic DNA was extracted from ear notches using a MyTagq™ extract PCR
kit (Bioline). Extraction buffer mix was added to each ear notch and incubated
at 75°C for 5 min. Samples were vortexed at least twice during incubation and
then deactivated by heating for 95°C for 10 min. Samples were then
centrifuged at high speed (12,000 x g) for 1 min to pellet any insoluble material
and cell debris. The supernatant containing genomic DNA was then
transferred to a fresh Eppendorf and diluted for PCR. PCR reactions were
carried out in 50 pL total volumes containing 1 yL of gDNA template along
with 25 uL of MyTaq™ Red master mix, 1 pL of each primer (forward, reverse
and in some cases common) and the remaining volume adjusted with water.
Reactions were performed using a touchdown PCR protocol as described in
Table 6 and the primers and sequences recommended by JAX for each
genotype are shown in Table 7.
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Temperature (°C) Time Cycles
94 2 min
94 20 sec
65 15 sec 10 cycles (0.5°C drop
per cycle)
68 10 sec
94 15 sec
60 15 sec 28 cycles
72 10 sec
72 2 min
10 hold

Table 6. PCR conditions for ADCY6 and PF4-cre genotyping

Temperature, time, and cycle conditions for ADCY6 and PF4-cre genotyping
by touchdown PCR.

Primer Sequence
ADCY6 F 5-CAG CTC CTT GTG TTC CCA TAG
ADCY6 R 5-AGC ACA GTG ACC AGC AAC AG
PF4-cre F 5-TGG GCA GGC AGT GAA GAT AA

PF4-cre R1 5-CAT GTC AAG AGG GTG CCACTG GA
PF4-cre R2 5-ATGTCC ATC AGG TTC TTC CTG AC

Table 7. Genotyping primers

Primer sequences used to identify genotypes for ADCY6 and PF4-cre.
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2.6.3.2. Agarose gel electrophoresis

For genotype determination of the PF4-cre/Adcy6-lox mouse line, PCR
products were separated using agarose gel electrophoresis, whereby smaller
DNA molecules migrate across the gel faster and further than larger ones.
Gels were cast in 8 cm x 15 cm gel tanks with two 16 well combs inserted. For
all in-house genotyping assays, 2% (2 g/100 mL) agarose gels in 100 mL of
1x TAE (40 mM Tris-HCI, 20 mM acetic acid, 1 mM EDTA, pH 7.6) were used.
The agarose in TAE was mixed using a 500 mL conical flask and brought to
melting in an 800 W microwave. Once heated and the agarose was dissolved
5 pL of ethidium bromide (10 mg/mL; Sigma-Aldrich) or GelRed® (Biotium)
was added to the gel mix and the gel was left to set. Next, the gel was added
to the tank and submerged in 1x TAE buffer. Next, 10 yL (0.5 pg/uL) of 50 bp
GeneRuler Ladder (Thermo Fisher Scientific) was added to appropriate lanes,
and a total of 12.5 yL PCR product was loaded to appropriate wells. Upon
connection to a PowerPac Basic power supply (Bio-Rad), electrophoresis was
carried out at 100V for 1.5 hrs.

Using UV illumination, gels were then imaged on a G:box (Syngene).
Genotypes were determined manually based on base pair (bp) results,
compared to expected primer bp, and verified by two independent parties.
Figure 17 demonstrates the desired product sizes for each genotype after gel

electrophoresis.
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Figure 17. In-house genotyping results for PF4-cre and ADCY6

PCR analysis was performed on isolated genomic DNA from ear notches. The PCR
product was measured by agarose gel electrophoresis and imaged via UV
illumination. Bands were compared to desired base pair (bp), and genotypes were

identified. The image represents 3 individual mice probed for both iCre and ADCYE6.
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2.6.3.3. Genotyping by Transnetyx

During the COVID-19 pandemic, whereby colony management was carried
out remotely, we decided to outsource genotyping to Transnetyx. The
genotyping was performed via Real-time PCR using a Tagman™ assay
system, a high throughput system that allowed genotyping results within 72
hrs. Example amplification plots are shown in Figure 18.

iCre (positive) ADCY6-FL homozygous (positive)

1 13 15 17 19 21 23 25 31 33 35 37 39 1 13 15 17 19 21 23 25 27 |29 31/33 35 37 39
10 12 14 16 18 20 22 24 264/28 30 32 34 36 38 .10 12 14 16 18 20 22 24 26 28 30//32 34 36 38

Cycle number

Figure 18. Example Real-Time PCR amplification plot from Transnetyx
genotyping

Ear notches were collected and sent to Transnetyx, whereby the tissues were lysed,
and DNA was purified. The isolated DNA was then analysed using a Tagman Real-
time PCR assay system. The data presented is an amplification plot for iCre (left) and
Adcy6-flox (right).
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2.6.4. Assessment of mRNA levels

To assess the expression of our gene of interest in platelets and tissues, we
used gPCR, which is widely considered to be the gold standard for gene
expression as a result of its high assay specificity, sensitivity and wide linear
dynamic range (Holland et al., 1991; Higuchi et al., 1992). Assessment of
ADCYE6 expression from mRNA was critical to establishing the specificity of

our AC6-KO mouse model.
2.6.4.1. Cell lysis of whole organs

Murine tissues (heart and kidneys) were initially added to an ice-cold cell
extraction buffer (ThermoFisher) before being transferred to a new tube
containing TRIzol. The sample was then lysed and homogenised using a
TissueLyser Il (Qiagen). The sample was then centrifuged at 17,000 x g for
10 minutes at 4°C. The supernatant was then transferred to a fresh RNase

free tube for further isolation as described in 2.6.4.3.
2.6.4.2. Cell lysis of platelets

For cell lysis, washed platelets (5x108 platelets/mL) were pelleted,
resuspended in TRIzol and incubated at RT for 5 minutes to ensure complete
dissociation of nucleoprotein complexes. RNA isolation for both tissues and

platelets was performed as described in 2.6.4.3.
2.6.4.3. RNA isolation

RNA was isolated from murine washed platelets and tissues using a
combination of TRIzol Reagent (ThermoFisher) and the PureLink RNA mini
kit (Invitrogen) following the manufacturer's protocol. TRIzol is composed of
guanidium thiocyanate (chaotropic agent to assist in the denaturation of
proteins) and phenol. TRIzol was used to lyse cells, releasing their cellular
contents (Chomczynski and Sacchi, 1987).

Chloroform (0.2 mL per 1 mL of TRIzol) was added, shaken vigorously for 15
seconds, and then incubated for 2 mins at RT. The lysate was then centrifuged
at 12,000 x g for 15 min at 4°C, causing phase separation. The upper
colourless liquid phase containing RNA was removed and transferred to a
fresh tube.
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Ethanol (70%) at equal volume was added and vortexed. A volume of up to
700 pL of the RNA sample was transferred to the spin cartridge. The cartridge
was centrifuged at 12,000 x g for 15 seconds at RT, and the flow-through was
discarded. This was repeated until the entire sample had been processed.
Once the sample had been processed, 700 pL of wash buffer 1 was added to
the spin cartridge and centrifuged at 12,000 x g for 15 seconds. The flow-
through was discarded, and 500 pL of wash buffer 2 (containing ethanol) was
added to the cartridge. The sample was centrifuged at 12,000 x g for 15
seconds, and the flow-through was discarded. This was repeated once and
then centrifuged further at 12,000 x g for 15 seconds to dry the membrane.
Next, 20 uL of RNase-free water was added to the centre of the spin cartridge.
The manufactures protocol suggests 30-100 pL, but it was found that 20 pL
was optimum for platelet RNA isolation. The spin cartridge was then incubated
for 1 min at RT and centrifuged with a recovery tube for 2 minutes at 12,000

Xg.
2.6.4.4. Quantification of isolated RNA

Isolated RNA was quantified by ultraviolet (UV) absorbance using a DS-11
spectrophotometer (Denovix). An absorbance reading at 260nm (A2e0)
measures the nucleic acids, whereas an absorbance at 280nm (A2go)
measures the amount of protein in the sample. The nucleic acid concentration
can be calculated from the 260 nm reading using the Beer-Lamber Law based
on the extinction coefficient for each nucleic acid (Grimsley and Pace, 2003).

RNA vyields and Azeo280 were consistent between WT and AC6-KO platelets
(Figure 19). The ratio of Azxeo and Azso is somewhat lower (A2s0/280 = 1.4) than
desired for downstream applications (Azso2s0 = 1.8-2.0); though this may be
attributed to the low levels of RNA present in platelets. The concentration of
RNA isolated was close to the lower detection limit of 10 ng/uL of the
spectrophotometer. However, we found that gPCR gene expression was
successful, which, as the name suggests, is considered an alternative method
of RNA quantification.
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Figure 19. RNA yield and purity from murine platelets

RNA vyield (A) and purity (B) from murine washed platelets (5x10° platelets/mL)
isolated using TRIzol and the PureLink RNA mini kit according to the manufacturer's
protocols. Platelet RNA samples were quantified by UV absorbance using a
spectrophotometer. Data presented as means = SD and compared between WT and

AC6-KO by an unpaired students t-test with Welch’s correction (n=4, ns=not

significant).
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2.6.4.5. Reverse transcription

Isolated mRNA was heated to 70°C for 10 minutes using a PCR heat cycler
(Bio-Rad) and placed on ice. The mRNA was added to the reverse
transcription master mix (Promega) containing Avian Myelobastosis Virus
Reverse Transcriptase (AMV RT) (Kacian and Myers, 1976) and further
incubated for 30 minutes using a reverse transcription protocol (Table 8), thus
converting RNA to cDNA. After reverse transcription, cONA samples were
diluted in DNase/RNase free water to ensure sufficient cDNA for real-time
gPCR.

Temperature (°C) Time (minutes)
25 10
42 15
95 5
4 Holding

Table 8. Reverse Transcription PCR conditions

2.6.4.6. Real-time quantitative PCR

Real-time quantitative polymerase chain reaction (QPCR) is an exponential
process that allows us to monitor the progress of PCR as it occurs in real-time
(Holland et al., 1991; Higuchi et al., 1992). Data is collected throughout the
PCR process, unlike other PCR methods where the data is collected at the
end. This allows for reactions to be characterised by the point in time when
amplification of a target is first detected rather than the amount of target
accumulated after a fixed number of cycles. It works on the principle that the
higher the starting copy, the sooner a significant increase in fluorescence is
observed.

This study carried out gPCR analysis using the TagMan® gene expression
method. The TagMan® assay uses the thermostable DNA polymerase
isolated from the heat-tolerant bacterium Thermus aquaticus (Taq) (Chien et
al., 1976). The TagMan® Gene Expression assay is based on 5' nuclease
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chemistry, whereby a fluorogenic probe is used to enable the detection of
specific PCR products as it accumulates during PCR. The assay contains a
pair of unlabelled primers and a TagMan® probe with a FAM™ dye label on
the 5' end and a minor groove binder (MGB), as well as a nonfluorescent
quencher (NFQ) on the 3' end (Arikawa et al., 2008).

The cDNA was added to the TagMan® gene expression PCR master mix,
TagMan primers (ThermoFisher) (Table 8), and H2O in a 96-well plate.
Samples were mixed using a plate spinner (Eppendorf) for 30 seconds before
gPCR analysis using a QuantStudio Real-Time PCR system (ThermoFisher).

In the first step of real-time qPCR, the temperature is raised to denature
double-stranded cDNA. During this stage, the signal from the fluorescent dye
(5' end) of the TagMan® probe is quenched by the NFQ (3' end). Next, the
temperature is lowered, allowing the primers and the probe to anneal to their
target sequences. Then the Taqg DNA polymerase synthesises new strands
using the unlabelled primers and the cDNA template. As the polymerase
reaches the TagMan® probe, the 5' endogenous nuclease activity cleaves the
probe, separating the dye from the quencher. Meaning that with each PCR
cycle, more dye molecules are released, leading to an increase in
fluorescence intensity which is proportional to the amount of amplified product
synthesised. Tagman® primers used throughout this study are displayed in
Table 9 below.

Gene TagMan® primers Exon boundary
ADCY6 Mm00475773_g1 10-12
ADCY5 Mm00674122_m1 20-21
ADCY3 Mm00460371_m1 11-12
GAPDH Mm99999915_g1 2-3

Table 9. TagMan® primers used for qPCR

The primers used and their exon boundary information for each gene of interest.
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A threshold was set to determine quantities of the target gene within a sample.
The general principle of using a threshold is to be able to visualise the
fluorescent signal from qPCR amplification; the signal must increase so that it
is above the detection limit of the machine and therefore is considered the
baseline. The number of cycles required is proportional to the initial starting
copy number of the target in the sample, meaning the more cycles needed for
the signal to increase above the threshold suggests the original copy number
is low. If few cycles are required, the copy number is high, which is essential
when detecting the absence or presence of a target gene. gPCR was run for
50 cycles to ensure a large enough window to assess whether ADCY6 was
knocked out successfully, and the threshold was set to 0.1.

2.6.4.7. Quantitation of gPCR results

Quantitation of MRNA expression was carried out using the comparative
threshold cycle (Ct) method, which uses the arithmetic formula 24t that
compares the Ct value of one target gene to another, such as a reference
house-keeping gene (e.g., GAPDH) in a single sample. This is known as
relative quantification, as changes in expression of the target gene are
compared to the endogenous control. Analysis of results involves normalising

the determined Ct value for a target gene to the control.

Ct values were generated using the Livak method (Livak and Schmittgen,
2001). This calculates the exponential amount of product produced from the
Ct value by subtracting the reference gene mean from the target gene Ct. This
results in delta Ct (ACt); next, the normalised Ct is transformed using 2-4¢t
which converts the logarithmic ACt into a linear value. This value is then
multiplied by 100 to result in the percentage expression of the target gene
compared to GAPDH. Each sample was carried out in duplicate, and an
average of ACt was calculated per sample. The average Ct for GAPDH was
24.4 + 0.76 (mean = SD).

2.6.5. In vivo methodologies

To translate in vitro findings into a more physiological setting, we performed
well established in vivo techniques to explore the role of thrombosis in the
AC6-KO mouse. Since platelet research is currently dependent on the use of

gene manipulation via transgenic mouse models, we employed the use of a
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well-characterised thrombosis injury model. This allows us to assess

thrombus formation in response to injury in real-time.
2.6.5.1. Thrombosis injury model using FeCl3

Many models studying real-time thrombus formation in mice have been
established since the model was first developed in the early 2000s (Falati et
al., 2002). Models including mechanical, laser, photoreactive and ferric
chloride (FeCls) injury are now commonplace in studying thrombosis in mice
(Rosen et al., 2001; Celi et al., 2003; Li et al., 2013; Darbousset et al., 2014).
FeCls induced thrombosis is one of the most widely used procedures to
assess murine thrombosis in real-time. In principle, it utilises the topical
application of FeCls to a vessel to induce a thrombotic injury (Kurz et al.,
1990).

FeCls is a chemical injury that causes significant oxidative stress, generating
free radicals leading to lipid peroxidation and destruction of endothelial cells,
ultimately resulting in occlusive thrombus formation (Eckly et al., 2011; Li et
al., 2013; Bonnard and Hagemeyer, 2015). The injury triggers platelet
adhesion and aggregation, and leukocyte recruitment through the expression
of several adhesion molecules. Thrombus formation can be directly observed
by intravital microscopy via fluorescent labelling of platelets and leukocytes,
allowing for several parameters including occlusion, thrombus formation over
time and size to be investigated (Celi et al., 2003). It's been reported that this
method is well suited to reproduce the coagulation cascade (Darbousset et
al., 2014).

Mesenteric vessels were chosen based on their ease of access, allowing us
to study the dynamics of thrombus formation while also allowing for multiple
vessels to be assessed per mouse, in line with the NC3Rs (replacement,
reduction and refinement) (Burden et al., 2015). Typically, the carotid artery is
used in this model; while the vessel is much larger and provides a solid model
to study occlusive thrombosis, we decided not to go ahead due to limited ease

of access and limited vessel number.

Mice were injected intraperitoneally with Ketamine and Medetomidine (2.5
uL/g body weight) (Table 10) and left until unconscious. Depth of anaesthesia
was assessed via withdrawal response before performing surgery. Once
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confirmed, the mouse was injected with Rhodamine 6G (0.25 mg/mL; 50 pL)
via the tail vein using a 30 G needle. A vertical incision was made on the
abdomen, and the abdominal viscera were gently squeezed out to expose the
intestine. The mouse was repositioned on its side whilst mesenteric vessels
were located. Once a vessel was located, the tissue was pinned, and black
plastic (3mm x 8mm) was placed under the vessel to reduce
autofluorescence. The mouse was then brought to the microscope stage, and
PBS was pipetted over the vessel to prevent drying. Once the vessel was lined
up under the microscope, the fluorescent (540 nm) light was turned on, and a
baseline image and video were captured. Once baseline imaging was
complete, the cross-section of the vessel was measured. Next, filter paper
(Tmm x 1mm) was soaked in FeCl; (7.5%) and placed onto the exposed
vessel for 30 seconds before images were taken sequentially every minute up
to 5 minutes, then every 5 minutes up to 30 minutes. Time for vessel occlusion
was recorded based on whether two independent parties still observed blood
flow. After 30 minutes, the mouse was subjected to schedule 1 via cervical

dislocation.

Ketamine (100 mg/mL) Medetomidine (1 mg/mL) H20

50uL 100uL S50uL

Table 10. Components of injectable anaesthetic for murine surgeries

The components and concentrations of anaesthetics that were administered via

IP injection at 2.5 yL / g body weight.

2.7. Data presentation and statistical analyses

2.7.1. Data presentation

Where flow cytometry data was presented as histograms or scatter plots,
CytExpert (v.2) was used for analysis and graphics. Where raw values
were presented, GraphPad Prism (v.9) and/or Microsoft Excel (Office 365)
were used. Throughout this study, data are presented as XX * standard
deviation.
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2.7.2. Statistical analysis

Statistical analysis was performed using GraphPad Prism (v.9). In cases of
single comparison, Student T-tests with Welch'’s correction were performed.
Whereas in cases whereby multiple parameters were compared, One-way
ANOVA with Dunnett’s multiple comparisons test or Two-way ANOVA with
Sidak’s multiple comparison test were carried out (unless otherwise stated).
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Chapter 3

Cyclic-AMP signalling in human and murine platelets

3.1. Introduction

Blood platelets play a key role in haemostasis by adhering to sites of vascular
injury. Under normal physiological conditions, platelets circulate in a quiescent
state. This is maintained by the constant exposure of endothelial-derived
platelet inhibitors prostacyclin (PGl2) and nitric oxide (NO). PGl> and NO act
to control platelet activation and extent of activation upon vascular injury by
activating cyclic nucleotide signalling pathways that ultimately lead to
inhibition of platelet function. NO is the major endothelial-derived activator of
3’,5’-cyclic guanosine monophosphate (cGMP) signalling (Mellion et al., 1981)
while PGl2 is the main physiological activator of 3’,5-cyclic adenosine
monophosphate (cCAMP) (Moncada et al., 1976). This study will primarily focus
on cAMP-mediated platelet inhibitory signalling stimulated by endogenous
PGl2 and in particular the role of adenylyl cyclase (AC) in the process.

To first characterise cAMP signalling in human and murine platelets, several
different tools were used that target different elements of the pathway. These
include a variety of CAMP-elevating agents such as PGl2, forskolin, adenosine
and 8-CPT-cAMP, along with agents such as SQ22536, H89, KT-5720 and
RP-8-CPT-cAMP, that target AC and PKA isoforms respectively. Throughout
this chapter, each of these agents has been characterised in their ability to
target different aspects of cCAMP signalling, along with the inhibition of platelet
function before they were used to characterise the AC6-KO mouse in
subsequent chapters.

3.1.1. Aims of chapter

e To characterise platelet cyclic-AMP signalling in human and murine
wild-type platelets

e To optimise cAMP-elevating and inhibiting agents in human and
murine wild-type platelets

e To assess platelet activation and inhibition by PGl2 in patients with

acute coronary syndrome (ACS)
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3.2. Isolation of human washed platelets

Many platelet studies use isolated platelets using the well-established
prostaglandin method of isolation, whereby platelets are inhibited with either
PGE1 or PGI2 (Vargas et al.,, 1982). This method produces isolated, also
known as washed platelets, that are highly sensitive to platelet activation,
likely due to the inhibition of physiologically relevant cyclic-nucleotide
inhibitory pathways. As this method relies on the activation of cAMP to prevent
residual platelet activation during the isolation process, it was not suitable for
studying cAMP signalling. Here an alternative method that reduces the pH of
using the buffers, established by Mustard and colleagues (Mustard et al.,
1989), was used. This method relies on lowering the pH of PRP to 6.4 to
prevent platelet activation. Washed platelets isolated via the pH method were
functionally compared to the PGIl> method of isolation using light transmission

aggregometry.

3.2.1. Assessment of functional response in human washed
platelets

Platelets were treated with collagen or thrombin and aggregation was
assessed for up to 5 minutes. Platelets isolated by either method were found
to be functionally responsive, and aggregation increased in an agonist
concentration-dependent manner. In platelets isolated by the PGl. method
(Figure 20 A-B) maximal percentage aggregation in response to thrombin (0.1
U/mL) and collagen (10 pg/mL) were 79.0 + 2.83% and 76.3 + 5.5%
respectively. While using, the pH method (Figure 20 C-D) of isolation we
observed no difference in maximal aggregation in response to thrombin (0.1
U/mL) and collagen (10 yg/mL), 73.7 £ 3.7% and 77.3 £ 3.7% respectively.
ECso analysis of the pH method identified as 3.9 pg/mL for collagen and 0.02
U/mL for thrombin, however at this concentration of thrombin aggregation
responses were variable so we opted for 0.05 U/mL for human platelet
aggregation studies (Figure 20 G-H). While the PGl> method, identified ECsg
values of 2.7 pug/mL for collagen and 0.01 U/mL for thrombin although we
found that thrombin exhibited an “all or nothing” response to activation (Figure
20 C-D).
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Based on ECso analysis we then compared isolation methods at collagen (5
pug/mL) (60.3 + 4.5 % pH method vs 68 £ 10% PGIl> method) and thrombin
(0.05 U/mL) (67.7 £ 6.0 % pH method vs 77.0 £ 2.8% PG> method). We found
no significant differences between the pH and PGIl> method of platelet
isolation, therefore we opted for the pH method throughout this study to
preserve cyclic nucleotide signalling pathways.
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Figure 20. Validation of human platelet isolation method

Human washed platelets (2.5x108 platelets/mL) were isolated via the prostacyclin
method (A-D) or the pH method (E-H) and treated with either collagen or thrombin at
marked concentrations under constant stirring (1000 rpm) at 37°C for up to 5 minutes.
Representative aggregation traces were generated by AggroLink Software
(Chronolog, USA). Bar graphs represent percentage light transmission at 5 mins
presented as means £ SD compared to the lowest concentration (One-way ANOVA
with Dunnets multiple comparisons test, n=3 for all experiments, ns= not significant,
*<0.05, and ****<0.0001). Line graphs represent ECso calculated by non-linear

regression as means + SD.
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3.2.2. Assessment of sensitivity to prostacyclin in human
washed platelets

Next the sensitivity of isolated platelets to PGl> was established. Washed
platelets were treated with PGl2 (1-1000 nM) for 1 min prior to stimulation with
collagen (5 pg/mL) or thrombin (0.05 U/mL). Inhibition of agonist induced
aggregation occurred in a concentration-dependent manner, reaching near
maximal inhibition with PGl2 (100 nM) for thrombin (12.1 + 4.9%) and PGI:
(1000 nM) for collagen (13.3 £ 7.2%). The concentration of PGl> that caused
50% inhibition (ICs0) of aggregation upon stimulation with collagen (5 pg/mL)
was 2.6 nM and 2.8 nM for thrombin (0.05 U/mL) (Figure 21 C-D).

These data confirm the ability of PGl2 to inhibit GPVI-mediated aggregation
by collagen and PAR-mediated aggregation by thrombin, suggesting that PGl
targets aspects of platelet function that are common between different

agonists.



-76 -

Collagen
(5 pg/mL)
PGI, o
A (M) l ) 120+ * kK k
T
100
100% I s
5 — NSz 1000 NM £ god
3 o 100nM 5
£ N e 10nM £ 60
g o
£ w1 nM < 404
- N -
s 204
2 fimngzm 0nM
3 N
o 0 1 10 100 1000
PGI, (nM)
B) Thrombin Bi) Collagen (5 pg/mL)
(0.05 U/mL)
PGI,
(nl"\/l) 1201 % % % %
‘ T
100%m= T[N . 100nM& 100-
5 N o<z 1000 NM g
3 \ \ 10nM 2 s
| ' ™~ $ 60
£ \ N1 5
£ nM 2
= L < 40
5 *
<11 miny 2 mi ~e 0nM .
!
0% v ] T T T T
0 1 10 100 1000
PGI, (nM)
Thrombin (0.05 U/mL)
C) D)
IC50 = 2.6nM IC50 = 2.8nM
120 - 120
100 - 100 - .
5 c
L 80 5 so0-
3 =
2 2
£ 807 ‘= 60
= £
® 407 2 40
20 20
0 o
0.001 0.01 0.1 1 10 100 1000 10000 0.01 04 1 10 I 00 01 000
PGl; (nM) + PGl, (M) +
Collagen (5 pgimL) Thrombin (0.05U/mL)

Figure 21. Inhibition of human washed platelets by PGl2

Human washed platelets (2.5x10® platelets/mL) were treated with increasing
concentrations of PGl (1-1000 nM) and stimulated with either collagen (A) or
thrombin (B) under constant stirring (800 rpm) at 37°C for up to 5 minutes.
Representative aggregation traces were generated by AggroLink Software
(Chronolog, USA). Bar graphs represent percent aggregation at 5 minutes. Data
presented as means + SD and compared to agonist alone by one-way ANOVA with
Dunnett’s multiple comparisons test (n=4, ****<0.0001). ICso was determined using a
modified Hill equation (C-D).
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3.3. Assessment of spreading of human washed
platelets on immobilised proteins

Having confirmed that washed platelets respond functionally to both
stimulators and inhibitors, we next sought to assess adhesion and spreading.
During injury platelets adhere and spread across the site of injury and undergo
cytoskeletal rearrangement (Aslan and Mccarty, 2013). Finger-like projections
known as filipodia and actin-rich sheets of lamellipodia allow for platelets to
significantly increase their surface area and stabilise platelet aggregates to

form a thrombus.

3.3.1. Optimisation of human platelet spreading conditions

In the first instance the conditions for assessment of platelet spreading were
optimised by examining the immobilised protein and platelet concentration.
Platelets (5x108 - 1x10® platelets/mL) were adhered on the surface of
immobilised fibrinogen (100 pg/mL) (Yusuf et al., 2017; Atkinson et al., 2018)
or collagen (50 pg/mL) (Mangin et al., 2018) for 45 mins prior to fixation,
permeabilization, staining with either FITC- or TRITC-phalloidin (Figure 22)
and visualised using fluorescence microscopy.

The number of adhered platelets decreased with diminishing platelet count for
when using either collagen (50 pg/mL) or fibrinogen (100 pg/mL). The total
area covered also decreased with platelet concentration and was consistent
between collagen and fibrinogen, apart from at 5x107 and 5x10° platelets/mL,
though likely an experimental error given it is an n=1 (Figure 22 A-B). Based
on the representative images and analysis, concentrations between 1 x107 -
2x107 platelets/mL were optimal for our spreading assay and are consistent
with previous studies (Yusuf et al., 2017; Atkinson et al., 2018; Khan et al.,
2020).
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Figure 22. Optimisation of the platelet spreading protocol in human
washed platelets

Washed platelets at different concentrations were spread on either fibrinogen (100
pug/mL) or collagen (50 pg/mL) for 45 mins, then fixed and stained with FITC-
phalloidin. Representative images taken using a Zeiss AX10 microscope with 63x oil
emersion (A). Bar graphs indicate number of adhered platelets and total area covered

from an average of 5 images (B) (n=1, scale bar =10 ym).
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3.3.2. Human platelet spreading on the surface of fibrinogen
in response to PGl:

After establishing conditions for platelets adhesion and spreading, the effects
of PGl2 on platelet spreading on immobilised fibrinogen was tested. Washed
platelets (2x107 platelets/mL) were treated with and without PGI, (10 nM) and
adhered to fibrinogen (100 pg/mL) over time.

We found no significant difference for number of platelets adhered per field of
view (FoV) and percentage surface area covered compared between platelets
treated with and without PGl>. For example, at 45 minutes the number of
platelets adhered per FoV was 55.5 + 3.2 without PGl, vs 39.3 + 15.7 with
PGl2 and the percentage surface area covered was 9.9 + 0.4% without PGl2
vs 5.7 £ 1.8% with PGl (Figure 23).
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Figure 23. Human platelet spreading in response to PGl2

Washed platelets (2x10” platelets/mL) were spread on fibrinogen (100 pg/mL) and
treated with PGl> (10 nM) at increasing time points up to 60 minutes. Platelets were
then fixed and stained with TRITC-phalloidin. Experimental design shown in (A).
Representative images taken using a Zeiss AX10 microscope (Zeiss, Cambridge,
UK) with 63x oil immersion objective (1.4 NA) and Zen Pro software (Zeiss,
Cambridge, UK) (B). Bar graphs indicate percentage surface area coverage (C) and
number of adhered platelets from an average of 5 images (D). Data presented as
individual values and compared between with and without PGI. by two-way ANOVA
with Sidak multiple comparisons test (Fbg = fibrinogen, n=2, ns = not significant,

scale = 10 ym).
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3.3.3. Adaptation of platelet spreading on fibrinogen in
response to PGl

After finding no significant difference between platelets treated with and
without PGl2, the spreading protocol was adapted to use the method
described by Yusuf and colleagues (Yusuf et al., 2017). In this experimental
design, washed platelets (2x107 platelets/mL) were spread on fibrinogen (100
pug/mL) for 25 min, washed twice with PBS to remove non-adherent platelets
and then treated with PGl2 (10 nM) at increasing time points prior to fixation.
The method continued as described in 3.3.2.

We found a clear reduction in the number of adhered platelets in the presence
of PGI. at shorter incubation times (2-5 mins). At 2 mins the number of
adhered platelets per FoV reduced from 7.4 £ 0.6 to 4.7 £ 0.2 in the presence
of PGl2 (10 nM) (p<0.005). Following the same trend, percentage area
covered also displayed a reduction in response to PGl.. At 2 mins the area
covered reduced from 1.7 £ 0.2% to 0.8 £ 0.0% in the presence of PGl
(p=0.004) (Figure 24).

Given the lack of response after a 10 min PGlz incubation, it’s likely that PGl
has degraded over time, suggesting that the longer incubation times are not
suitable. Due to the success of this method of assessing sensitivity to PGl on
spread platelets, we decided to use this method throughout the study.



-82-

A) PGI,
Platelet
spreading
25 mi
(25 min) |—| (2 min)
I—I (5 min)
———— (10 min)
} | (20 min)
} | (40 min)
| | (60 min)
+ Fibrinogen (100 pg/mL)
Fbg only + PGl, 15+ e +PGI, (10 nM)
5 % %% NS NS ns ns
(2]
2 min °
g 1T I TT 20 5]
S * ° ° °
Q.
2 5
5 min 'c_é:
k-]
<
0—
10 min 2 5 10 25 40 60
Time (min)
D)
e 3 k% k%% % k% NS ns
k: M
S .
3
40 min s 2 .
[ U -
< .o
']
60 min (7]
R
0- L

2 5 10 25 40 60
Time (min)

Figure 24. Inhibition of human platelet spreading by PGl2

Washed platelets (2x107 platelets/mL) were spread on fibrinogen (100 pg/mL) for 25
minutes, washed with PBS and then treated with PGl, (10 nM) at increasing time
points up to 60 minutes. Platelets were then fixed and stained with FITC-phalloidin.
Experimental design shown in (A). Representative images (B) and bar graphs
indicate percentage number of adhered platelets (C) and percentage area covered
(D) from an average of 5 images. Data presented as individual values and compared
between with and without PGl by two-way ANOVA with Sidak multiple comparisons
test (Fbg = fibrinogen, n=2, ns = not significant, *<0.05, **<0.01 and ***<0.001, scale

=10 ym).
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3.4. Expression of platelet surface markers in
response to agonists in human whole blood

Platelet activation was examined using fluorescent flow cytometry (FFC) in
whole blood. FFC is an attractive method for analysing platelet function as the
sample requirements are low (5 — 10 pL of whole blood) but its output is data-
rich. In this case, several surface markers were measured, the expression of
which have previously been shown to link to the extent of platelet activation
(Adelman, B. et al., 1985; Shattil, S.J. et al., 1985; Kennedy et al., 1997).

3.4.1. Activation induced platelet markers by three-
parameter flow cytometry

In the first instance, a three-parameter flow cytometry panel was used to
assess platelet activation which targeted CD62P (P-selectin), PAC1 (active
aibPB3) and CD42b (Adelman et al., 1985; Shattil et al., 1985; Kennedy et al.,
1997). This combination of markers allows us to measure two distinct aspects
of platelet activation, integrin activation and a-granule secretion, along with a
constitutively expressed platelet marker. Platelet activation was a determined
by changes in the surface protein expression in response to the potent platelet
agonist PAR1 peptide to mimic thrombin activation of the PAR1 receptor.
Antibodies were tagged with fluorescent conjugates; CD62P-PE, PAC1-FITC
and CD42b-APC.

Whole blood was stimulated with increasing concentrations of PAR1 peptide
(0.5 —-20 pM) and stained with fluorescent conjugates prior to analysis by flow
cytometry. The thrombin mimetic, PAR1 peptide generated a concentration-
dependent increase in both PAC1 and CD62P expression (Figure 25). In data
expressed as percentage of platelets positive, each marker reached near
100% expression at PAR1 (2 uM) and did not increase significantly beyond
this concentration of agonist. The percentage of PAC1 positive cells increased
from 45 £ 7.9 % (basal) to a maximal of 98.2 £ 1.9% (PAR1; 2 uM), while
CD62P positive cells increased from 10.6 £ 6.3 % (basal) to a maximal of 98.4
+ 0.4 % (PART; 2 uM) (p<0.0001).

In contrast, MedianFI| continued to increase beyond PAR1 (2 uM) for CD62P,
but not PAC1. CD62P expression increased from 425 + 15.1 (basal), to
24822.9 + 6842.0 (2 uM) and then a maximal of 39050.8 £ 9594.6 (10 pM)
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(p<0.0001). While PAC1 binding this increased from 2227.6 + 1628.5 (basal)
to 37254.6 + 6396.7 (2 pM) without further significant elevation (p=0.0009).
In addition, we found that percent positive at basal for the PAC1-FITC
antibody was unusually high (45.6 £+ 7.9%) however, this has also been
observed in studies by Frelinger et al (2015) and Michelson et al (2018).
Overall, these data demonstrate that platelets in whole blood are functional

and respond to agonist stimulation using three-parameter flow cytometry.
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Figure 25. Human platelet activation in response to PAR1 peptide by
three-parameter flow cytometry

Human whole blood was stimulated with PAR1 peptide (0.5-20 uM) and probed with
either CD62P (left) or PAC1 (right) for 20 minutes prior to fixation in 1% PFA/PBS.
CD42b-APC was used as a platelet marker and samples were analysed for 10,000
platelet positive events. Bar graphs represent percent positive (A) and Median
Fluorescence Intensity (MedianFl) (B). Data presented as means * SD and
compared to basal by one-way ANOVA with Dunnett’'s multiple comparisons test
(n=3, **<0.01, ***<0.001, and ****<0.0001).
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3.4.2. Assessment of PGlI2 sensitivity in human whole blood
using three-parameter flow cytometry

After establishing platelet activation by three-parameter flow cytometry in
response to PAR1 peptide the effects of PGl2 were tested (Figure 26).
Human whole blood was treated with PGl2 (0.1-1000 nM) for 2 mins prior to
stimulation with PAR1 peptide (5 pM). This concentration of PAR1 was
chosen based on the extent of platelet activation as shown in Figure 25.
Binding of PAC1 and CD62P was inhibited in a concentration-dependent
manner by the presence of PGl2 (0.1 — 1000 nM). PAC1 binding, and therefore
integrin activation was returned to basal (45.6 =+ 7.9 %) with maximal effects
observed at 100nM of PGl2 whereby antibody binding reduced from 98.9 +
0.7% 10 42.7 £ 9.6 % (p<0.0001). For, CD62P expression the effects of PAR1
peptide were reduced at 10 nM PGl., with maximal effects observed at 100
nM where the level of surface marker was reduced from 98.9 + 0.3% t0 8.3
1.9 % (p<0.0001) (Figure 26). These data confirm that the expression of key
platelet activation markers in whole blood can be inhibited by PGl-.
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Figure 26. Inhibition by PGIl: in human whole blood using three-

parameter flow cytometry

Human whole blood was pre-treated with PGIl, (0.1-1000 nM) for 2 mins and
stimulated with PAR1 peptide (5 uM). Platelets were then probed with either CD62P
(left) or PAC1 (right) for 20 minutes prior to fixation in 1% PFA/PBS. CD42b-APC
was used as a platelet marker and samples were analysed for 10,000 platelet positive
events. Bar graphs represent percent positive (A) and Median Fluorescence Intensity
(MedianFI) (B). Data presented as mean + SD and compared to basal and agonist
alone by one-way ANOVA with Dunnett's multiple comparisons test (n=3,
****<0.0001).
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3.4.3. Comparison between human platelet preparation
methods by four-parameter flow cytometry

After establishing various antibodies for specific characteristics of platelet
activation can be used via a three-parameter flow cytometry assay, we
decided to apply this method further by using a high throughput four-
parameter platelet activation panel. Initially, it was important to assess
whether the platelet preparation affected antibody binding in this assay before
translating this into murine platelets (Metcalfe et al., 1997).

Whole blood, in many cases, is the ideal platelet preparation as it is the most
physiologically relevant environment to assess platelet activation. However,
the use of whole blood in certain experimental conditions is not always
feasible. In cases where chemical reagents lose their specificity or activity in
whole blood, preparations such as platelet-rich plasma (PRP) and washed

platelets are used instead.

In this assay, four fluorescently labelled conjugates were used to assess four
different aspects of platelet activation in each sample (Table 11).

Name Antibody Binding Type of marker

CD42b Binds to CD42b expressed on the surface of platelets | Constitutive

PAC1 Binds to the activated form of the auBs receptor | Activation-dependent

complex on the surface of platelets

CD62p Binds to P-selectin expressed on the surface of | Activation-dependent

platelets after a-granule secretion

Annexin V | Binds to Annexin V which binds to platelets that | Activation-dependent

express phosphatidylserine on their surface

Table 11. Platelet specific fluorescent antibodies used in the four-
parameter flow cytometric assay
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Human whole blood and PRP from sodium citrate vacutainers were compared
with ACD-A vacutainer washed platelets from matched donors. Each platelet
preparation was stimulated with PAR1 peptide (10 uM) or CRP-XL (10 ug/mL)
to assess PAR1-mediated and GPVI-mediated activation, respectively. A
combination of PAR1 and CRP-XL was also used since this has been shown
to generate a specific pro-coagulant subpopulation of platelets as measured
by Annexin V (AnnV) binding (Tait et al., 1999; Munnix et al., 2003).

All platelet preparations displayed a concentration-dependent increase upon
stimulation with PAR1 peptide and CRP-XL (Figure 27). Whole blood and
PRP demonstrated a clear increase in CDG62P binding upon agonist
stimulation and did not increase further upon dual agonist stimulation. Whole
blood displayed an increase in CD62P binding from 15.9 £ 7.8 % positive
(basal) to 97.9 + 0.8 % positive (dual agonist), while PRP increased from 16.4
1 9.5 % positive (basal) to 82.4+ 28.6 positive (dual agonist). However, CD62P
binding at basal was highly elevated in washed platelets (58.9 + 24.1 %
positive) whereas whole blood and PRP remained consistently low. This is
likely a result of stress from the process of platelet isolation resulting in ~60%
of washed platelets being pre-activated (Figure 27 A). We also found that
upon stimulation with dual agonists, expression of CD62P was more sensitive
in washed platelets compared to whole blood (whole blood: 61169.5 £ 21980
MFI vs washed platelets:115289.8 £ 23701.1 MFI, p=0.01).

PAC1 binding was robust across each of the platelet preparations and
demonstrated a clear increase upon agonist stimulation (Figure 27 B). Whole
blood increased from 8.1 £ 10.1 % positive (basal) to 70.1 £ 31.3 % positive
(dual agonist), while PRP increased from 13.0 £ 17.4 % positive (basal) to
88.3 £ 10.8 % positive (dual agonist) and washed platelets increased from 7.0
+ 5.5 % positive (basal) to 93.3 + 8.8 % positive (dual agonist). The
percentage of PAC1 binding displayed no difference between platelet
preparations, while MFI demonstrated that washed platelets were more
sensitive to activation by dual agonists compared to whole blood (washed
platelets: 149167.7 + 22105.1 MFI vs whole blood: 76746.9 + 33315.7,
p=0.005)
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Binding of AnnV displayed a subtle increase upon stimulation and showed no
significant differences between platelet preparation. While AnnV expression
upon dual agonist stimulation was the most sensitive in whole blood (8880.4
+ 451.3 MFI) compared to PRP (3174.2 £ 2488.1 MF) and washed platelets
(4107.0 £ 1518.2 MFI). The degree of activation by dual agonist stimulation
was significantly higher in whole blood (p<0.0001) compared to PRP and
washed platelets. Basal AnnV in PRP was 918.6 + 252.9 (MFI), along with
washed platelets at 1650.4 + 116.8 (MFI), while whole blood was 281.8 +
130.5 (MFI). This may be due increased basal AnnV binding in PRP and
washed platelet preparations, which could affect the capacity for activation
(Figure 27 C). Where possible, and assay reagents do not require PRP or
washed platelets, whole blood should be used to assess PAC1, CD62P and
AnnV binding. Though, PAC1 and CD62P binding remain strong in other

platelet preparations.
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Figure 27. Comparison of human platelet preparation by four-parameter
flow cytometry

Human washed platelets (5x108 platelets/mL), platelet rich plasma and whole blood
were stimulated with PAR1 peptide (10 uM) or CRP-XL (1 pg/mL) and probed with
either CD62P (A), PAC1 (B) or AnnV (C) for 20 minutes prior to fixation in 1%
PFA/PBS. CD42b was used as a platelet marker and samples were analysed for
10,000 platelet positive events. Bar graphs represent percent positive (left) and Mean
Fluorescence Intensity (MeanFl) (right) over control. Data presented as means + SD
and compared between platelet preparation groups by two-way ANOVA with Sidak’s
multiple comparisons test (n=3, ns = not significant, *<0.05, ***<0.001, and
****<0.0001).
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3.4.4. Optimisation of the four-parameter activation panel
assay in human whole blood

After establishing that whole blood was the preferred platelet preparation for
the four-parameter activation panel, platelet activation in response to PAR1
and CRP-XL was assessed in more detail. Citrated whole blood was
stimulated with PAR1 (1 — 10 uM), CRP-XL (0.1 — 10 pg/mL) or a combination
of PAR1 (10 uM) and CRP-XL (10 pg/mL), and probed with CD62P, PAC1
and AnnV for 20 minutes before fixation with PFA.

All antibody binding increased in a concentration-dependent manner in
response to PAR1 (1-10 yM) and CRP-XL (0.1-10 pg/mL) (Figure 28). CD62P
binding increases from 12.2 + 3.2% positive (basal) to near maximal 97.1
0.2 % positive (PAR1; 5 uM) (p<0.0001) and does not increase further (Figure
28 A). While CD62P expression increases from 517.6 £ 152.7 MFI (basal) to
a maximal of 42215.3 + 17964.7 MFI (PAR1; 10 uM) (p=0.0006). CRP-XL-
induced (1 pg/mL) CD62P binding increased to near maximal 96.7 £ 1.5 %
positive and did not increase any further (p<0.0001). Expression of CD62P in
response to CRP-XL (1 pyg/mL) was also maximal with an MFI of 31849.1 +
2775.9.

Next, PAC1 binding in response to PAR1 peptide increased from 2.4 + 1.8 %
positive (basal) to a maximal of 95.4 + 4.2 % positive (1 uM) (p=0.0001), with
expression increasing from 1368.4 + 394.2 MFI (basal) to 36274.6 + 1344.8.1
MFI (10 puM) (p=0.0007). PAC1 binding also increased in response to CRP-
XL (1 pg/mL), reaching 82.1 + 11.28 % positive with PAC1 expression also
reaching maximal of 24035.5 + 7409.9 MFI (Figure 28 B).

AnnV binding was lower compared to CD62P and PAC1 as it requires both
PAR and GPVI signalling for PS to be exposed on the platelet surface. The
combination of PAR1 and CRP-XL caused an increase in AnnV binding from
1.5 £ 0.6% (basal) to 65.2 + 18.8% (dual agonist) (p<0.0001) (Figure 28 C).
Lastly, AnnV expression increased from 285.3 £ 159.5 MFI (basal) to 11906.9
+ 1913.5 MFI (dual agonist) (p<0.0001). The dual agonist approach did not
significantly increase CD62P and PAC1 expression over maximal PAR1 and
CRP-XL.



%* %
A) | R
I ns
150 *ok ok ok 800001 | * ok ok
o - | * % |
S & 600004 [ 1
o
2 1004 3 ns
S 8
2 = 40000
2 z
3 50 s
Q. = 20000
B
0- 0 T T T T I::-l T
Basal 1 5 10 01 1 10 = Basal 1 5 10 041 1 ‘_T
ES EsS
PAR1 (uM)  CRP-XL (ug/imL) 2 = PAR1 (uM)  CRP-XL (ug/mL) 2 =
o o2
== ==
% ¥
o o
B) 5 + 5 +
ns
% %k %k |
. ]
150+ 80000
- * ok ok K
O = 60000 | |
b4 Q
Iy 100 E = I
.g = 40000
3 g
o 50 @
o = 20000
B
0- o
Basal 1 5 10 01 1 10 = Basal 1 10 041 10 €~
ES ES
PAR1 (uM)  CRP-XL (ug/mL) ‘gi PART (M)  CRP-XL (ug/imL) 23
g2 es
I 25
x g :
©) 5 d g%
o o
* ok ko * ok K K
S I R 150001
s I ns -
€ 100- E 10000~
< * <
4 -
2 | | T
@ ] ns 8§ 5000
8 o0 l_l =
B
0- 0-
Basal 1 5 10 01 1 10 Basal 1 5 10 01 E"‘
Es ES
PAR1 (UM)  CRP-XL (ug/mL) 2 = PAR1 (uM)  CRP-XL (ugimL) 2 5
e f=gp=4
2% 2%
a & e
&* ]

Figure 28. Optimisation of a four-parameter activation panel in human

whole blood by flow cytometry

Human whole blood was stimulated with either PAR1 peptide (1-10 uM) or CRP-XL
(0.1-10 pg/mL) and probed with CD62P (A), PAC1 (B) and AnnV (C) for 20 minutes
prior to fixation in 1% PFA/PBS. CD42b was used as a platelet marker and samples
were analysed for 10,000 platelet positive events. Bar graphs represent percent
positive (left) and Mean Fluorescence Intensity (MeanFl) (right) over control. Data
presented as mean + SD and compared to basal by one-way ANOVA with Dunnett’s
multiple comparisons test (n=3, *<0.05, **<0.01, ***<0.001, and ****<0.0001).
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3.4.5. Impaired sensitivity to PGl in ACS patients’ post-MI
by four-parameter flow cytometry

Acute coronary syndrome (ACS) describes a range of conditions linked to
sudden and reduced blood flow to the heart (Libby, 2001). One of the main
conditions associated with ACS is myocardial infarction (MI) which is
characterised by platelet-driven atherothrombotic events which ultimately lead
to acute occlusion of a coronary vessel (Mitchell et al., 2008). Excessive
platelet activation is typically regulated by PGl> and NO, but these protective

mechanisms are overcome during Ml.

After optimising the four-parameter flow cytometry activation panel we sought
to assess the effect of PGIl2 on platelet activation in a “real world” scenario
using patient cohort of post-MI individuals (n=7) and comparing these to
healthy age-matched controls (n=15). Data from these patients were
invaluable, allowing us to compare phenotypic characteristics of the AC6-KO
mouse. Due to supply issues of CRP-XL, the assay used Convulxin (CVX), a
snake venom known to activate GPVI signalling pathways (Jandrot-Perrus et
al., 1997; Polgar et al., 1997). Whole blood was activated with PAR1 peptide
(20 pM) and Convulxin (500 ng/mL), in the presence or absence of PGl (100
nM) for 2 mins, and stained for PAC1, CD62P and AnnV (Figure 29).

Measurement of CD62P demonstrated that under basal conditions the
expression of the a-granule marker was increased in the subjects with ACS
(Figure 29 A). Here the level of CD62P 9.5 + 4.4 % positive (healthy)
compared to 23.0 + 15.3 % positive (acute) (p=0.02). No difference in the
levels of CD62P expression was observed at any of the agonists used.
However, it was noticeable that MFI were elevated for each agonist
concentration although this was only significant with PAR1 peptide alone.
Interestingly, CD62P binding appeared to be unaffected by the presence of
PGl2 in both cohorts and is consistent with previous studies (Hindle et al.,
2021).

Next, PAC1 binding at basal was unchanged between ACS patients and
healthy controls. PAC1 binding displayed a defect in PGI2 sensitivity in acute
platelets (90.8 + 12.4% positive) compared to control (68.1 £ 17.0% positive;
p<0.0001) (Figure 29 B). This was also confirmed by MFI values;
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12662.5+3989.1 (healthy) versus 26435.8+11100.7 (acute) (p=0.01), as well
displaying a similar elevated response to PAR1 peptide in ACS patients
compared to control (58410.3 + 19696.6 MFI vs 36690.7 + 7491.1 MFI,
p=0.03).

Finally, AnnV binding, and expression revealed the most difference between
the two cohorts. Basal AnnV binding was significantly elevated in platelets
taken from subjects with ACS compared to controls (70.3 £ 20.5 % positive,
vs 8.9 £ 1.9 % positive, p<0.0001) (Figure 29 C). Elevated AnnV expression
at basal was also observed (138.9 + 56.6 MFI vs 1577.6 £+ 1096.6 MFI,
p=0.008). The extent of AnnV binding upon agonist stimulation was
significantly higher in ACS compared to control, in particular with PAR1
peptide (86.3 £ 14.2 % positive vs 23.5 + 3.9 % positive, p=0.005). While MFI
values only observed significance for platelets treated with PAR1 peptide
alone 2756.3 + 1170.2 MFI (acute) vs 522.1 £ 160.7 MFI (healthy) (p<0.0001).
In addition to elevated basal and agonist stimulation, diminished sensitivity to
PGl> was observed in ACS patients compared to controls (72.6 £ 17.5 %
positive vs 23.6 £ 7.8 % positive, p=0.003) suggesting that platelets from
subjects with ACS may be pre-activated and therefore insensitive to the
effects of PGl2. This observed inability of PGI2 to inhibit AnnV expression was
also demonstrated by MFI| values in ACS patients compared to control (1915.3
+ 113.7 MFI vs 525.3 + 205.6 MFI, p=0.01).

Altogether, these data demonstrate a defect in PGI> sensitivity in patients
post-MI. Exposure of PS and integrin activation are largely affected in this
patient cohort, whereas expression of CD62P is less so. The capacity for
CD62P expression to be inhibited by PGl. even in healthy controls was
weaker compared to AnnV and PAC1 expression (Hindle et al., 2021). While
this defect in PGl2 sensitivity could be due to pre-activated platelets present
in platelets post-MI, impaired cAMP signalling could also be at play here.
Faults in cAMP signalling could be attributed to activation of PDEs, IP receptor
desensitisation or perhaps a fault in adenylyl cyclase activation in post-Ml
platelets (Fisch et al., 1997; Berger et al., 2018a; Bunting et al., 1983).
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Figure 29. Elevated platelet activation and impaired sensitivity to PGl in
ACS patients’ post-Ml

Human whole blood was stimulated with either PAR1 peptide (20 uM) or CVX (500
ng/mL) and probed with CD62P (A), PAC1 (B) and Annexin V (C) for 20 minutes prior
to fixation in 1% PFA/PBS. CD42b-BB700 was used as a platelet marker and
samples were analysed for 10,000 platelet positive events. Bar graphs represent
percent positive (left) and Mean Fluorescence Intensity (MeanFlI) (right) over control.
Data presented as mean + SD and compared between healthy and acute as well as
with and without PGI, by two-way ANOVA with Sidak’s multiple comparisons test,
n=>5, *<0.05, **<0.01, ***<0.001, and ****<0.0001).
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3.5. Optimisation of cAMP-elevating agents human
washed platelets

To understand different aspects of cAMP signalling the use of several
pharmacological tools that target different aspects of cAMP signalling were
employed. PGl was used to assess IP receptor-mediated cAMP production,
whereas forskolin, a diterpene isolated from the Indian plant called Forskohlii
(Seamon and Daly, 1981; Seamon et al., 1981), was used to examine cAMP
production via activating all AC isoforms, except AC9. Forskolin is a direct AC
activator and therefore allows us to assess cAMP signalling in a receptor-
independent fashion. Alternatively, adenosine increases cAMP production by
the G-protein-coupled A2 receptor, providing another signalling pathway for
assessing receptor-mediated cAMP production (Fredholm et al., 2001;
Johnston-Cox and Ravid, 2011). Lastly, 8-CPT-cAMP is a direct lipophilic
activator of cAMP leading to activation of PKA (Geiger et al., 1992).

3.5.1. Measurement of cAMP synthesis in human washed
platelets

Washed platelets (2x10% platelets/mL) were incubated with increasing
concentrations of PGl2 (1-100 nM), forskolin (1-20 uM) or adenosine (10-100
MM) and reactions were terminated by a lysis buffer containing 2.5%
dodecyltrimethylammonium bromide. Intracellular cAMP was measured using
a commercially available cCAMP enzyme immunoassay system (Cytiva).

All cAMP-elevating agents increased production of cAMP in a concentration
dependent manner. Interestingly, forskolin (20 uM) displayed a 5-fold higher
production of cAMP, while adenosine (100 uM) demonstrated a 3-fold higher
cAMP production compared to PGl> (100 nM) (Figure 30). Levels of cAMP
were elevated in response at to PGl at 2 mins and was sustained for up to
20 mins (5250.4 + 1284.9 fmol/10” platelets at 100 nM and 5250.4 + 1284.9
fmol/107 platelets, at 1000 nM). At 60 mins the levels of cAMP began to drop,
for platelets treated with PGI> at 100nM, cAMP returned to levels near basal
(1185.4 = 850.1 fmol/107 platelets at basal vs 1783.9 + 1112.0 fmol/10’
platelets at 60 mins). However, for PGl> at 1000 nM, the decline in cAMP
levels was more subtle (4177.5 + 971.2 fmol/107 platelets) likely due to
saturating the system with such a high concentration of PGl..
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Forskolin treated platelets increased from 46.5 + 38.2 fmol/107 platelets
(basal) to 22592.0 + 5605.4 fmol/107 platelets (20 uM), while adenosine
treated platelets increased from 1042 + 67.8 fmol/10’ platelets (basal) to

13982.0 + 822.4 fmol/107 platelets (100 puM).
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Figure 30. Optimisation of cAMP-elevating agents on cAMP production

in human washed platelets

Human washed platelets (2x10® platelets/mL) were incubated with increasing
concentrations of PGz (1-100 nM; n=5) (A) for 2 mins, PGl. at (100-1000nM; n=4)
over time (B), increasing concentrations of forskolin (1-20uM; n=3) (C) or Adenosine
(10-100 pM; n=2) (D) for 5 mins. Reactions were terminated by the addition of lysis
buffer containing 2.5% dodecyltrimethylammonium bromide and cAMP levels were
assayed with a commercially available enzyme immunoassay system (GE
Healthcare) and expressed as fmol cAMP/107 platelets. All assays were carried out
in duplicate with independent platelet donors. Data presented as means + SD and
compared to basal by one-way ANOVA with Dunnett’'s multiple comparisons test
(*<0.05, **<0.01, and ****<0.0001)
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3.5.2. PKA substrate phosphorylation in response to cAMP-
elevating agents in human washed platelets

Since establishing the effect of AC-activating agents on cAMP production, the
next series of experiments examined their ability to activate downstream PKA
signalling events. We used immunoblotting to measure phospho-VASPSer57,
a key PKA substrate in response to PGly, forskolin and 8-CPT-cAMP (a direct
PKA agonist). Washed platelets (5x108 platelets/mL) were treated with
increasing concentrations of PGl2 (1-1000 nM) for 2 mins, forskolin (1-20 uM)
and 8-CPT-cAMP (5-100 yM) for 5 mins, as well as PGl2 (100 nM), forskolin
(10 uM) and 8-CPT-cAMP (100 uM) for increasing periods of time (Figure 31).
Reactions were terminated by the addition of Laemmli buffer and separated
via SDS-PAGE to be analysed via immunoblotting.

Consistent with cAMP production, all cAMP-elevating agents increased
phospho-VASPSe'5 in a concentration-dependent manner. Treatment with
forskolin and 8-CPT-cAMP increased VASPS¢'57 phosphorylation consistently
over time (Figure 31 C-D), while PGI2 peaked at 2 minutes (93.7 + 25.2% p-
VASPSer157 expression over control) before declining (Figure 31 B) . Forskolin
and 8-CPT-cAMP are both strong activators of PKA compared to PGl>.
Understandably, as PGl2 acts through the IP receptor whereas forskolin and
8-CPT-cAMP take effect in a more direct fashion. Optimal incubation time for
PGl2 for immunoblot analysis was observed at 2 mins and was therefore the
chosen incubation time throughout this study. Altogether these data
demonstrate that platelets are responsive to different cCAMP-elevating agents.
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Figure 31. Optimisation of VASP phosphorylation in response to cAMP-
elevating agents in human washed platelets

Human washed platelets (5x10® platelets/ml) were lysed in 2x Laemmli buffer,
separated via SDS-PAGE and immunoblotted for p-VASPS*"'*" with a GAPDH
loading control. Platelets were stimulated with increasing concentrations of
prostacyclin for 2 min (A) or PGl2 (100 nM) over time (B) or forskolin (C) or 8-CPT-
cAMP (D) under constant stirring (1000 rpm) at 37°C. Bar graphs represent
densitometry analysis carried out using Imaged software. Data presented as mean *
SD and compared to basal by one-way ANOVA with Dunnett’s multiple comparisons
test (n=4, ns = not significant, *<0.05, **<0.01, ***<0.001, and ****<0.0001).
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3.5.3. Assessment of VASP phosphorylation in response to
PGIl: in human whole blood

To cross-validate responses to PGl, on PKA phosphorylation, we used a
phosphoflow assay, whereby assessment of intracellular phosphorylation can
be carried out in whole blood and analysed by flow cytometry (Spurgeon et
al., 2014). There are two phosphorylation sites of VASP, Ser157 and Ser239.
It is proposed that the former is preferential to PKA, while the latter is
preferential to PKG (Waldmann et al., 1987). However, cross-talk between
cAMP and cGMP is widely accepted and an elegant study by Spurgeon and
colleagues have shown that PGl> can phosphorylate VASP at both sites
(Spurgeon et al., 2014) as measured by phosphoflow cytometry and
immunoblotting. Based on this we decided to measure both sites of VASP in
response to PGl in this assay.

Whole blood was treated with increasing concentrations of PGl2 (1-100 nM)
for 2 mins before cells were fixed, permeabilised and stained for phospho-
VASPSe57 and phospho-VASPSe239 prior to analysis by flow cytometry.
Phosphorylation of VASP at both sites increased in a concentration-
dependent manner in response to PGl2 (Figure 32). Interestingly, at 100 nM
of PGl,, phosphorylation of VASPS2® gppeared to be more profound
compared to phosphorylation of VASPSe'57 (30.6 + 6.5-fold over basal vs
11.846.1 fold over basal, respectively). While phosphorylation of VASP at 10
nM of PGl2 was consistent between the two phosphorylation sites (9.7 + 5.3-
fold over basal VASPSe%7 vg 6.7 + 2.5-fold over basal VASPSe239),
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Figure 32. Assessment of VASP phosphorylation in human whole blood
via phosphoflow cytometry

Human whole blood was treated with increasing PGl. concentrations for 2 mins. Cells
were fixed, permeabilised, stained for desired phospho-protein and then analysed by
flow cytometry. Measuring for p-VASP®"" (A) and p-VASP®?* (B). Bar graphs
represent fold change over basal and heatmap represents mean fold change over
basal whereby an increase in fold change is indicated by a colour change to yellow
(C). Data presented as means + SD and compared to basal by one-way ANOVA with

Dunnett’s multiple comparisons tests (n=3, ns = not significant, *<0.05, and **<0.01)
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3.5.4. Phosphorylation of multiple PKA substrates in human
washed platelets

To cross-validate phospho-VASP data, we assessed PKA substrate
phosphorylation in response to cAMP-elevating agents using a pan phospho-
PKA substrates antibody. Washed platelets 5x108 platelets/mL were treated
with increasing concentrations of PGI2 (1-1000 nM) for 2 mins, forskolin (1-20
uM) and 8-CPT-cAMP (5-100 puM) for 5 mins (Figure 33). Reactions were
terminated by the addition of Laemmli buffer and separated via SDS-PAGE to
be analysed by immunoblotting.

Consistent with phosphorylation of VASP, the extent of general PKA substrate
phosphorylation increased in a concentration-dependent manner upon
treatment with cAMP-elevating agents. Whole-lane densitometry analysis
displayed a subtle increase in PKA substrate phosphorylation in platelets
stimulated with PGl2 (1-100 nM), while the phosphorylation at 1000 nM of PGl2
was much more profound (Figure 33 A). In addition, the extent of PKA
substrate phosphorylation was more intense in platelets incubated with
forskolin and 8-CPT-cAMP compared to PGl2 (Figure 33 B-C). Interestingly,
the band are ~150 kDa reduced with increasing PGI> concentrations, whereas
upon treatment with forskolin and 8-CPT-cAMP an increase was observed.
The variations observed are likely due to the differences in target. Forskolin
and 8-CPT-cAMP are direct cAMP-elevating agents, whereas PGIl; is

dependent on the IP receptor.
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Figure 33. Phosphorylation of PKA substrates in response to cAMP-
elevating agents in human washed platelets

Human washed platelets (5x10® platelets/mL) were lysed in 2x Laemmli buffer,
separated via SDS-PAGE and immunoblotted for p-PKA Substrates (RRXS/T) with
a GAPDH loading control. Platelets were stimulated with increasing concentrations
of PGl for 2 min (A) or forskolin for 5 mins (B) or 8-CPT-cAMP for 5 mins (C) under
constant stirring (1000 rpm) at 37°C. Representative images (left) and whole lane

densitometry analysis (right) (n=1).
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Another key aspect of CAMP signalling are phosphodiesterase’s (PDEs), in
particular PDE3A which hydrolyses the second messenger and can be
phosphorylated by PKA (Murthy et al., 2002).

PGl and forskolin induced a concentration-dependent increase in
PDE3ASe®12 phosphorylation (Figure 34). Platelets treated with forskolin
reached maximal PDE3AS®®'2 phosphorylation at 1 uM (174.1£28.5 % p-
PDE3ASe312) with no significant increase at the higher concentrations (10-20
MM) whereas PGl reached maximal at 100 nM (143.3+ 14.4 % p-
PDE3ASer312),
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Figure 34. Measurement of PDE3A phosphorylation by cAMP-elevating
agents

Human washed platelets (5x10® platelets/mL) were lysed in 2x Laemmli buffer,
separated via SDS-PAGE and immunoblotted for phospho-PDE3AS®?'2 with a total
PDE3A loading control. Platelets were stimulated with increasing concentrations of
PGI; for 2 min (A) or forskolin for 5 mins (B) under constant stirring (800 rpm) at 37°C.
Data presented as means + SD and compared to basal by one-way ANOVA with
Dunnett’'s multiple comparisons test (n=3, ns = not significant, *<0.05, **<0.01 and
****<0.0001).
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3.6. Optimisation of PKA inhibitors in human washed
platelets

Since establishing how cAMP-elevating agents affect cAMP production and
subsequent PKA substrate phosphorylation, the effect of different PKA
inhibitors on PGI: treated platelets were also assessed. Initial characterisation
of PKA inhibitors was performed in human washed platelets before
assessment in murine platelets and eventually AC6-KO platelets.

3.6.1. Inhibition of PGl:-induced VASP phosphorylation
using PKA inhibitors in human washed platelets

It was important to characterise and optimise the PKA inhibitors before
translating them into murine platelets. RP-8-CPT-cAMP, H89 and KT-5720
are direct PKA inhibitors (Dostmann et al., 1990; Bain et al., 2003; Gambaryan
et al., 2004; Lochner and Moolman, 2006) and SQ22536 is a direct AC
inhibitor (Emery et al., 2013). Washed platelets (5x108 platelets/mL) were
treated with increasing concentrations of RP-8-CPT-cAMP (50-250 pM),
SQ22536 (1-50 uM) and H89/KT-5720 (1-20 uM) for 25 mins at 37°C before
addition of PGl (100 nM) for a further 2 mins and VASP phosphorylation was

evaluated.

Each PKA inhibitor prevented phosphorylation of VASPS¢"57 in the presence
of PGI2 in a concentration dependent manner. Treatment with H89 and KT-
5720 (20 uM) combined reduced from 1.80 p-VASPSe'57 fold over basal
(PGl2, 100 nM) to 0.40 p-VASPSe'%7 fold over basal (Figure 35). While
platelets treated with RP-8-CPT-cAMP (50 pM) reduced VASP
phosphorylation to below basal (0.70-fold over basal: PGl2 100 nM). Lastly,
the direct AC inhibitor SQ22356 reduced PGl2-mediated VASP
phosphorylation from 1.70-fold over basal (PGI2,100 nM) to 0.06-fold over
basal (SQ22536, 50 uM).
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Figure 35. Optimisation of commercially available inhibitors of cAMP
signalling in human washed platelets

Human washed platelets (5x10® platelets/ml) were lysed in 2x Laemmli buffer,
separated via SDS-PAGE and immunoblotted for p-PKA Substrates (RRXS/T) with
a GAPDH loading control. Platelets were pre-treated with RP-8-CPT-cAMPs (A) or
SQ22536 (B) or H89 & KT-5720 (C) then stimulated with prostacyclin (100nM) for 2
min under constant stirring (00 rpm) at 37°C. Bar graphs represent densitometry

analysis carried out using ImageJ software, displayed as fold over basal (n=1).
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3.7. Validation of platelet isolation method for murine
wild-type washed platelets

As described in 3.2, it was important to establish an appropriate platelet
isolation method for murine platelets. The PGl> method was compared with
an adapted version of the pH method (Cazenave et al., 2004; Aurbach et al.,
2019). Murine whole blood was collected from the inferior vena cava under
inhalation anaesthetic into syringes containing ACD using a 25-G needle. The
quantity of blood obtained from a mouse at ~8 weeks of age is ~1 mL. The
method of isolation uses 1 volume of ACD for 5 volumes of murine whole
blood. Murine washed platelets were then isolated as described in 2.3.2. It
was important to assess whether this method was viable for the rest of the
study, so we compared it to the well-known PGl2 method of isolation using
C57BL/6 (wild type) mice.

3.7.1. Assessment of platelet function in murine platelets

Washed platelets isolated via the PGIl> method, or the adapted pH method
(denoted as pH) were stimulated with thrombin (0.05-0.1 U/mL), or collagen
(5-10 pg/mL) and aggregation was assessed for up to 5 minutes (Figure 36).
Comparison of the data shows no significant difference in percentage maximal
aggregation when stimulated with either thrombin or collagen. At 0.05 U/mL
of thrombin percentage max aggregation was near the same (58.6+15.9%
adapted pH method vs 54.0% PGl method), similarly collagen at 5 pg/mL
displayed no differences (47.5 + 0.7% adapted pH method vs 52.0% PGl
method). Confirming that platelets isolated via the adapted pH method are
functional and is a viable method for isolating murine platelets without
affecting cAMP signalling.
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Figure 36. Validation of murine platelet isolation method

Murine washed platelets (2x10°® platelets/mL) were isolated via the PGl, method (A)
or the pH method (B) and treated with either collagen or thrombin at marked
concentrations under constant stirring (100 rpm) at 37°C for up to 10 minutes.
Representative aggregation traces were generated by AggroLink Software
(Chronolog, USA). Bar graphs represent percentage aggregation at 5 minutes

presented as individual values, pH method (e) and PGl2 method (#).
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3.7.2. Response to PGl; in murine washed platelets

The sensitivity to the inhibitory effects of PGl2 in murine platelets was then
tested. Washed platelets (2x108 platelets/mL) were pre-treated with PGl (1-
100 nM) for 2 mins prior to stimulation with thrombin (0.05 U/mL) or collagen
(5 pg/mL), while aggregation was observed for up to 10 minutes. The
response to PGI. in both thrombin and collagen treated platelets was subtle
between 1-10 nM PGl2, while 100 nM of PGl2 significantly inhibited platelet
aggregation (Figure 37). Thrombin (0.05 U/mL) aggregation alone generated
86.7 £ 5.9 % aggregation, while in the presence of PGl. (100 nM) aggregation
reached only 6.6 + 2.8% aggregation (p<0.0001). Collagen (5 pg/mL) alone
reached 82.9 + 2.4 % aggregation which was then reduced to 15.7 £ 3.0 %
aggregation by PGl2 (100 nM) (p<0.0001).

Murine platelets appear to be less sensitive to PGl2 than human platelets,
however this could be due to the concentration of agonists used in this assay.
Based on the lack of clear dose response to PGl2, we decided to reduce the
agonist concentrations to 0.035 U/mL for thrombin and 2 pg/mL for collagen
to allow us to observe subtle changes in cAMP signalling in the AC6-KO.
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Figure 37. Sensitivity to PGI2 in wild-type murine platelets

Murine washed platelets (2x108 platelets/ml) were treated pre-incubated with
increasing concentrations of PGl (1-100 nM) for 2 mins and then stimulated with
either thrombin (0.05 U/mL) (A-B) or collagen (5 pg/mL) (C-D) under constant stirring
(800 rpm) at 37°C for up to 10 minutes. Representative aggregation traces were
generated by AggRAM software (Helena Biosciences, UK). Bar graphs represent
percentage aggregation at 10 minutes presented as means + SD and compared to
agonist alone by one-way ANOVA with Dunnett's multiple comparisons test (n=3,

ns= not significant, ****<0.0001).
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3.8. Validation of cAMP-elevating agents on cAMP
signalling in murine washed platelets.

After establishing cAMP-elevating agents in human platelets, we decided to
assess whether these tools were as equally effective in murine platelets.

3.8.1. Assessment of cAMP production in murine platelets

To establish whether the commercially available cAMP assay was viable to
use in murine platelets, we tested the effect of PGl, as either a function of
concentration or a function of time on cAMP production. Synthesis of CcAMP
in response to PGl increased over time, peaking at 30 secs (8167.6 + 2603.4
fmol/107 platelets) (Figure 38 A). In addition, production of cAMP increased in
a concentration-dependent fashion in the presence of PGl: (Figure 38 B).
These data confirm that the cAMP EIA kit is sufficient to assess production of

cAMP in murine platelets.
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Figure 38. Measurement of cAMP production in response to PGl in

murine platelets

Murine washed platelets (2x10° platelets/mL) were treated with PGI, (100 nM) over
time (A) or increasing concentrations of PGl. (1-100 nM) at 30 secs (B) at RT.
Reactions were terminated by the addition of lysis buffer containing 2.5%
dodecyltrimethylammonium bromide and cAMP levels were assayed with a
commercially available enzyme immunoassay system (Cytiva) and expressed as
fmol cAMP/107 platelets. All assays were carried out in duplicate. Data presented as
means + SD and compared to basal by one-way ANOVA with Dunnett’'s multiple
comparisons test (n=3, **<0.01, ***<0.001, and ****<0.0001).
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3.8.2. Assessment of VASP phosphorylation via immunoblot

in murine platelets

Since establishing that cAMP production in murine platelets in response to
PGlz, is comparable to human platelets, VASP phosphorylation in response
to different cAMP-elevating agents was also examined.

Phosphorylation of VASPSe'%7 increased over time in response to PGl
peaking at 2 mins (197.4 + 54.1 % p-VASPSe'%7) before returning to near
basal at 60 mins (50.9 + 44.5 % p-VASPSe157) (Figure 39 B). In response
increasing concentrations of PGly, phosphorylation of VASPSers?
phosphorylation increased peaking at 100 nM (96.5 + 33.5 % p-VASPSer's7)
and maintaining high levels of phosphorylation. We observed a similar trend
in response to increasing forskolin and 8-CPT-cAMP concentrations.
Forskolin-mediated Phosphorylation of VASPSe"57 increased with
concentration, peaking at 10 uM (70.1 £ 15.3 % p-VASPSe%7) and 8-CPT-
cAMP-mediated phosphorylation of VASPS¢'57 reached 153.2 + 43.5 % at
1000 pM.

While VASPSe'57 phosphorylation increased in response to PGls, forskolin
and 8-CPT-cAMP with rising concentrations (Figure 39), forskolin displayed a
weaker response compared to platelets treated with PG> and 8-CPT-cAMP.
This could suggest that murine platelets are more sensitive to inhibition by
PGl than human platelets, while human platelets could be more responsive
to inhibition by forskolin (Figure 31 & Figure 39). These data demonstrate that
murine platelets are responsive to cAMP-elevating agents as shown by a
concentration-dependent increase in VASPSe57 phosphorylation.
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Figure 39. Validation of cAMP-elevating agents in murine platelets by
measurement of p-VASPSer57

Murine washed platelets (5x10® platelets/mL) were lysed in 2x Laemmli buffer,
separated via SDS-PAGE and immunoblotted for p-VASPS*'*" with a GAPDH
loading control. Platelets were stimulated with increasing concentrations of PGl for
2 min (A) or PGI2 (100 nM) over time (B) or forskolin (C) or 8-CPT-cAMP (D) under
constant stirring (800 rpm) at 37°C. Bar graphs represent densitometry analysis
carried out using ImageJ software. Data presented as means + SD and compared to
basal by one-way ANOVA with Dunnett’s multiple comparisons test (n=3, ns = not
significant, *<0.05, **<0.01 ***<0.001 and ****<0.0001).
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3.8.3. Measurement of VASP phosphorylation in murine
whole blood by phosphoflow

After confirming that VASP phosphorylation was consistent in murine platelets
and human platelets, VASP phosphorylation in murine whole blood was
assessed by phosphoflow cytometry. Murine whole blood was treated with
increasing concentrations of PGl2 (0.1-100 nM) for 2 mins before cells were
fixed, permeabilised and stained for phospho-VASPS¢'%” and phospho-
VASPS¢239 prior to analysis by flow cytometry.

Phosphorylation of VASP at both sites increased in a concentration-
dependent manner in response to PGl (Figure 40). Consistent with human
VASP phosphorylation, at 100 nM of PGIlz, phosphorylation of VASPSe239
appeared to be even more profound compared to VASPSe157 (13.8 + 3.7-fold
over basal vs 3.5 * 0.4-fold over basal, respectively). While phosphorylation
of VASP at 10 nM of PGl> was consistent between the two phosphorylation
sites (1.8 = 0.8-fold over basal VASPSe"57 vs 2.0 + 1.4-fold over basal
VASPSe23)  These data confirm that phosphoflow assessment of VASP

phosphorylation is applicable in murine platelets.
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Figure 40. Measurement of VASP phosphorylation by phosphoflow
cytometry in murine whole blood

Murine whole blood was treated with increasing concentrations of PGI, for 2 min,
fixed using PhosFlow Fix/Lyse buffer (BD Biosciences), permeabilised and incubated
with phospho-specific antibodies (p-VASP*", p-VASP**"?*® and CD41; 1 pg/mL).
Cells were gated on platelet physical properties at 10k and then analysed for p-VASP
expression in CD41 positive cells. Data presented as means £ SD fold over basal in
heatmap (A) and bar chart (B). Data were compared by phosphorylation site using
two-way ANOVA with Sidak’s multiple comparisons test (n=3, ns = not significant,

**%%<().0001).
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3.8.4. Phosphorylation of PKA substrates in response to

cAMP-elevating agents in murine platelets

To cross-reference  murine  phospho-VASP data  demonstrated
immunoblotting and phosphoflow techniques, we evaluated PKA substrate
phosphorylation in response to cAMP-elevating agents, PGl (1-100 nM) and
forskolin (1-10 uM), using a pan phospho-PKA substrates antibody.
Consistent with VASP phosphorylation, the extent of PKA substrate
phosphorylation increased in a concentration-dependent manner upon
treatment with PGI2 and forskolin. Whole-lane densitometry showed a subtle
increase in PKA substrate phosphorylation in response to PGl2 (1-10 nM),
while phosphorylation at 100 nM was much clearer (Figure 41 B). However,
consistent with phospho-VASP blots, the response to forskolin was less
profound than PGl (Figure 41 B). These data confirm that PGl2 and forskolin
are responsive in murine platelets upon assessment of PKA substrate
phosphorylation. This provides a useful method to assess potential changes
in various PKA substrates in the AC6-KO at the same time.
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Figure 41. Assessment of phospho-PKA substrates in murine platelets

Murine washed platelets (5x10® platelets/mL) were lysed in 2x Laemmli buffer,
separated via SDS-PAGE and immunoblotted for pan phospho-PKA substrates with
a GAPDH loading control. Platelets were stimulated with increasing concentrations
of PGl for 2 min (right) or forskolin (left) under constant stirring (800 rpm) at 37°C.
Data presented as images (A) and whole lane densitometry bar graphs (B) analysed

using Imaged software (n=1).
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3.9. Validation of PKA inhibitors in murine wild-type
platelets

After confirming that phopsho-VASPS¢'%" and phospho-PKA substrate
antibodies are applicable for murine platelets in response to cAMP-elevating
agents, we decided to assess the effect of PKA inhibitors in murine platelets.

3.9.1. Inhibition of PKA in murine platelets measured by
VASP phosphorylation

Washed platelets 5x10% platelets/mL were treated with increasing
concentrations of RP-8-CPT-cAMP (50 - 250 uM), H89/KT-5720 (1 - 20 uM)
and SQ22536 (1 - 50 yM) and PGI2 (100 nM) induced VASP phosphorylation
measured. Each PKA inhibitor, except RP-8-CPT-cAMP, caused a significant
reduction in PGl2-mediated VASP phosphorylation (Figure 42). The RP-8-
CPT-cAMP compound reduced VASP phosphorylation from 132.8 + 34.6 %
p-VASPSe157 (PGlz, 100nM) to 83.2 + 29.0 % p-VASPSe57 (RP-8-CPT-cAMP,
500 pM). While H89/KT-5720 reduced VASP phosphorylation from 151.9 +
27.1% p-VASPSe57 (PGl,, 100nM) to 84.0 + 27.2% p-VASPSe57 (H89/KT-
5720, 20 uyM). The direct AC inhibitor caused the largest reduction in PGl2-
mediated VASP phosphorylation from 113.1 + 15.5% p-VASPSe"57 (PGl,,
100nM) to 39.9 + 9.8% p-VASPSe%7 (SQ22536 1 uM), and then further to 21.4
+ 7.8% p-VASPSe57 (SQ22536, 50 uM) (P<0.0001).

Excluding RP-8-CPT-cAMP, the PKA inhibitors successfully inhibited PGl>-
mediated VASP phosphorylation in murine platelets. In terms of the response
from RP-8-CPT-cAMP, perhaps a lower concentration of PGl would allow for
further inhibition.
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Figure 42. Optimisation of cAMP signalling inhibitors in murine platelets

Murine washed platelets (5x108 platelets/mL) were pre-treated with PKA inhibitors
for 25 mins under constant stirring (800rpm) at 37°C prior to the addition of PGI,
(100nM; 2 mins). (A) Direct PKA inhibitors RP-8-CPT-cAMP (B) and combination of
H89 and KT5720 and (C) AC inhibitor SQ22536. Representative images (left) and
densitometry bar graphs (right) carried out using ImagedJ software. Data presented
as means = SD and compared to PGI, alone by one-way ANOVA with Dunnett’s

multiple comparisons test (n=3, ns = not significant, *<0.05, **<0.01 and ****<0.0001).
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3.10. Optimisation of spreading in murine platelets

Using methods established by Yusuf et al., (2017) we decided to assess
platelet adhesion in murine washed platelets in the presence and absence of
PGl2 (10 nM). Washed platelets (1x107 platelets/mL) treated with thrombin
(0.05 U/mL) were spread on the surface of fibrinogen (100 pg/mL) for 25 mins
(Mazharian et al., 2007; Pleines et al., 2010), washed to remove non-adherent
cells, and then treated with PGl2 (10 nM) for 2 minutes before fixation.

In the presence of PGl the number of adhered reduced platelets from 44.7 +
3.9 (fibrinogen only) to 11.8 + 8.0, while the total area (um?) per FoV reduced
from 602.9 + 57.0 (fibrinogen only) to 97.7 + 67 (PGl2; 10 nM) (Figure 43).

These data confirm that spreading and adhesion is inhibited by PGl2, and this

method is applicable in murine platelets.

A) B) C)
100+ * 1000- * %k K
> —~ >
s £ °
2 w807 L 800 |
L2 - -~
[T 2 —_—
£ 60 E 600 L
N =
o I =
T 404 © 400
s <
2 =
“ T 20 £ 200-
: ) g e
+ c I 1 0 T T
0 10 0 10
PGl (nM) PGl, (nM)

Figure 43. PGI: inhibits spreading and adhesion in murine platelets
Washed platelets (1x107 platelets/mL) were spread on the surface of fibrinogen
(100 pg/mL) for 25 minutes before washing in PBS and then incubated with
PGl> (10 nM) for 2 mins prior to fixation. Data presented as representative
images (A), average number of adhered platelets per FoV (FoV = 5) (B) and
total area ym? per FoV (C). Data presented as means + SD data compared with
and without PGl two-way ANOVA with Tukey’s multiple comparisons test (n=3,

ns = not significant, *p<0.01 and ***<0.001, scale bar = 10 ym).
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3.11. Expression of surface markers on murine platelets

To further establish platelet function and morphology, we employed the use
of FFC in murine whole blood. A key part of this project is to establish a
phenotype in the AC6-KO mouse; therefore, it was important to assess
surface receptor expression in resting and activated murine whole blood using
FFC.

3.11.1. Expression of surface markers on murine
platelets by flow cytometry

Murine whole blood was pre-incubated with fluorescently conjugated
antibodies at saturating concentrations for 10 mins prior to fixation with 1%
PFA. Cells were then analysed for 10,000 platelet positive events
characterised by physical properties. The antibodies used and the extent of
expression for each receptor was consistent with the literature (Pleines et al.,
2010; Nieswandt et al., 2004). Confirming that this method of surface receptor
expression is viable in murine whole blood (Figure 44).
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Figure 44. Surface receptor expression in murine whole blood by flow
cytometry

Murine whole blood was pre-incubated with fluorescently conjugated antibodies at
saturating concentrations for 10 mins at RT prior to fixation with 1% PFA/PBS.
Samples were analysed for 10,000 platelet positive events based on physical platelet
characteristics. Data presented as Mean Fluorescence Intensity (MeanFl) and

expressed as means = SD (n=3). GP refers to glycoprotein.
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3.11.2. CRP-XL-mediated platelet activation in the
presence of PGIl; in murine whole blood

Murine whole blood was pre-treated with and without PGl2 (0.1 - 100 nM) for
2 mins before stimulation with CRP-XL (1 pg/mL) and probed with CD62P or
JON/A (activated ayibBs) for 20 mins.

Platelets demonstrated activation in response to CRP-XL (1 pg/mL) as
demonstrated by an increase in CD62P expression and JON/A binding
compared to basal, while PGl2 inhibited CRP-XL-mediated platelet activation
in a concentration-dependent manner (Figure 45).

CD62P binding went from 13.5 £ 10.2% (basal) to 68.3 + 24.0% (CRP-XL, 1
pug/mL) (p=0.0001) and was inhibited by PGl> at 100 nM (20.0 £ 6.3%
positive), returning CD62P binding to near basal levels (p=0.0003). While
CD62 expression was inhibited in the presence of PGl. (5 nM) with no further
significant inhibition despite increases in PGl concentration. CD62P
expression went from 3107.3 £ 989.8 MedianF| (CRP-XL, 1 pg/mL) to 297.2
+ 97.7 MedianFI (PGl2, 5 nM) (p<0.0001).

JON/A binding appeared to be more sensitive to CRP-XL stimulation and
inhibition by PGI2, compared to CD62P. Binding of JON/A went from 10.5 +
12.1% (basal), to 75.5 + 21.5% (CRP-XL, 1 yg/mL) (p<0.0001). JON/A binding
showed clear inhibition by PGl> at 10 nM (21.5 + 11.4%) (p=0.0001) and was
inhibited further at 100 nM (10.7 £ 5.5%) (p<0.0001). While, integrin activation
was inhibited at PGl. (10 nM), starting from 2126.1 + 432.1 MedianF| (CRP-
XL, 1 pg/mL) reducing to 316.6 + 27.9 MedianFI (PGl2, 10 nM) (p<0.0001).
These data confirm that murine platelets can be activated by CRP-XL (1
pug/mL) as well as inhibit CRP-XL-mediated platelet activation by PGl».
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Figure 45. Expression of P-selectin and integrin activation by CRP-XL in
the presence of PGl in murine whole blood

Murine whole blood was pre-treated with and without PGl; (0.1-100 nM) for 2 mins
before stimulation with CRP-XL (1 pg/mL) and probed for CD62P (A) and JON/A (B)
for 20 mins prior to fixation. CD41-BB700 was used to identify platelets, and samples
were analysed for 10,000 platelet positive events. Bar graphs represent percent
positive (left) and Median Fluorescence Intensity (MedianFI) (right). Data presented
as means + SD and compared to basal and agonist alone by one-way ANOVA
Tukey’s multiple comparisons tests (n=3, ns = not significant, *<0.05, **<0.01,
***<0.001 and ****<0.0001).
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3.11.3. PAR4 peptide-mediated platelet activation in the
presence of PGIl; in murine whole blood

Since murine platelets do not express the PAR1 receptor (Kahn et al., 1998)
the PAR1 peptide could not be used for murine FFC experiments. They do
however express a PAR4 receptor, therefore a PAR4 peptide (Connolly et al.,
1994) was used to mimic thrombin mediated signalling pathways by cleavage
of the PAR4 receptor. Murine whole blood was pre-treated with and without
PGl2 (0.1-100 nM) for 2 mins before stimulation with PAR4 peptide (100 uM)
and probed with CD62P or JON/A (activated aiib33) for 20 mins. Samples were
fixed using Fix/Lyse and then analysed by flow cytometry. A marker for CD41
was used to identify platelets and samples were gated for 10,000 CD41-
positive events (Figure 46).

CD62P binding went from 30.9 + 10.7% (basal) to 72.7 £ 16.9% (PAR4, 100
MM) and was reduced to 28.2 + 11.5% (PGl2, 20 nM) (p<0.0001) without
further inhibition. While CD62P expression, demonstrated maximal inhibition
at PGl2 (10 nM), with expression going from 1447.9 + 334.5 MedianFI| (PAR4,
100 puM) reducing to 269.3 + 82.7 MedianFI| (PGlz2, 10 nM).

JON/A binding, upon PAR4 stimulation and inhibition by PGI. appeared to be
more sensitive compared to CD62P binding. JON/A binding went from 10.4 +
4.5% (basal) to 90.2 + 10.8% (PAR4, 100 uM) (p<0.0001) and was reduced
to 12.9 + 4.7% (PGl2, 10 nM) (p<0.0001) near to basal. Extent of JON/A
binding displayed maximal inhibition at PGl2 (20 nM), with integrin activation
going from 2344.7 + 860.1 MedianF| (PAR4, 100 uM) reducing to 273.6 + 67.7
MedianFl (PGl2, 20 nM) (p<0.0001). Altogether, these data confirm that
CD62P expression and integrin activation are sensitive to PAR4 stimulation,

as well as inhibition by PGl>.
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Figure 46. Expression of P-selectin and integrin activation by PAR4 in
the presence of PGI;

Murine whole blood was pre-treated with and without PGl; (0.1-100 nM) for 2 mins
before stimulation with PAR4 (100 uM) and probed for CD62P (A) and JON/A (B) for
20 mins prior to fixation. CD41-BB700 was used to identify platelets, and samples
were analysed for 10,000 platelet positive events. Bar graphs represent percent
positive (left) and Median Fluorescence Intensity (MedianFI) (right) over control. Data
presented as means + SD and compared to basal and agonist alone by one-way
ANOVA with Tukey’s multiple comparisons tests (n=3, ns = not significant, *<0.05,
**<0.01, ***<0.001 and ****<0.0001).
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3.12. Discussion

Work presented in this chapter aimed to characterise the cAMP signalling
pathway in both human and murine platelets, as well as the pharmacological
tools to study the pathway under our own experimental conditions.

3.12.1. Validation of platelet isolation in human and
murine platelets

The use of the classic prostaglandin method (Vargas et al.,, 1982) was
inappropriate for this study as it would lead to activation of the cAMP signalling
pathway, which could cofound the data and potentially be ineffective in our
ACG6-KO mouse. An alternative method which relies on lowering the pH of
plasma to 6.4 without adding inhibitors was chosen for the isolation of human
platelets (Mustard et al., 1989) and an adapted pH method was used to isolate
murine platelets (Cazenave et al., 2004; Aurbach et al., 2019).

It was, therefore, important to validate these methods under our experimental
conditions. We found little difference in response to platelet agonists or the
sensitivity to the inhibitory actions of PGIl. between the two platelet
preparations. This was consistent between platelet prepared from human or
murine blood. Data from Figure 21 and Figure 37 showed that PGI2 can inhibit
both collagen and thrombin-induced aggregation in a concentration-
dependent manner in both human and murine platelets, respectively. The
concentration of PGI. required to achieve 50% inhibition (ICso) for human
platelets stimulated with collagen (5 pg/mL) was 2.6 nM and 2.8 nM for
thrombin (0.05 U/mL) (Figure 21). ICso values generated were consistent with
two studies by Radomski and colleagues (Radomski, M.\W. et al., 1987;
Radomski, M. W. et al., 1987). Interestingly, murine platelets displayed a
stronger response to agonists, which may account for the potential weaker
response to PGI. (Figure 37) compared to human platelets. Murine platelets
could be more sensitive to activation, and therefore a lower concentration of
each agonist may be required. Though evidence of this is lacking, it has been
reported that female mice are more sensitive to agonists than males (Leng et
al., 2004). However, this was not assessed as part of this study. Furthermore,
in subsequent chapters we decided to reduce agonist concentrations to 0.035

U/mL and 2 pg/mL for thrombin and collagen, respectively.
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3.12.2. Optimisation of methods to assess human and
murine platelet function

Upon activation, platelets adhere and spread across the injury site and
undergo profound changes to their morphology, release granule contents and
express surface receptors required for their function (Aslan and Mccarty,
2013; Raslan and Naseem, 2014). The aim of these experiments was to
establish that human and murine platelets were sensitive to agonists, and
antagonists in functional assays beyond aggregation.

Data presented in Figure 22 demonstrates that isolated human platelets were
able to adhere and spread on the surface of immobilised fibrinogen (100
pg/mL) and collagen (50 pg/mL) with increasing platelet concentrations.
Translating this assay into murine platelets, we used the same conditions,
however murine platelets were much smaller and therefore more challenging
to identify. Hence, we decided to use 0.05 U/mL of thrombin to ensure that
murine platelets adhere and spread on the surface of fibrinogen (Figure 43)
(Hughan et al., 2007).

In addition, we also assessed the effect of PGl. on platelet spreading and
optimised conditions before moving into murine platelets. Initially, human
platelets were spread on fibrinogen with and without PGl2 (10 nM) over time
(up to 60 minutes), however we found little to no effect from PGl (Figure 23).
As the differences were so subtle and not significant, we thought this might
be due to possible degradation of PGl over the time course. Therefore we
used methods described by Yusuf and colleagues (2017) whereby platelets
were spread for 25 mins, washed with PBS and then treated with PGl2 (10
nM) for 2 mins prior to fixation. This displayed a clear inhibitory response from
PGl2> which we didn’t observe previously (Figure 24). Based on the success
of this method we decided to apply this to murine platelets (Figure 43). As in
human platelets, murine platelets exhibited a clear inhibitory response to
PGl>. We demonstrated that the number of adhered murine platelets in the
presence of PGI2 (10 nM) was significantly reduced along with the percentage
surface area covered (Figure 43).
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To further assess platelet function, we employed the use of fluorescent flow
cytometry. In the first instance, to ensure that the appropriate platelet
preparation is used throughout this study we compared human washed
platelets, PRP and whole blood using a four-parameter activation panel
(Figure 27). Data presented in Figure 27 shows that in platelet activation
assays, whole blood was the optimal platelet preparation, especially upon
assessment of AnnV (Figure 27 C). Based on this, whole blood was also
chosen as the optimal platelet preparation for murine FFC assays. The low
sample volume allows us to undergo multiple experiments from one mouse
which is attractive for this study. Murine whole blood also demonstrated clear
platelet activation by PAR4 peptide and CRP-XL, as well as inhibition by PGl
in a three-parameter FFC assay (Figure 45). Observed binding for both
CD62P and PAC1 were inhibited by PGl in PAR4 peptide and CRP-XL
stimulated platelets.

We also assessed murine receptor expression at rest to establish the protocol
before moving onto the AC6-KO mouse (Figure 44). Expression of murine
platelet surface receptors were consistent with studies by Pleines et al.,
(2010) and Nieswandt et al., (2004).

Altogether, these experiments demonstrate that human and murine platelets
are responsive to activation by different agonists and exhibit inhibition of
platelet activation by PGl..

3.12.3. Elevated platelet activation and reduced PGl:
sensitivity in ACS patients post-Mi
Platelet hyperactivity is a key characteristic of atherothrombosis, yet the
distinct mechanisms remain unclear. Some arguments suggest that platelet
hyperactivity is a result of dyslipidaemia, which is a key risk factor for
myocardial infarction (MI) (Davi et al., 1998; Jackson, 2011), while others
suggest an impairment in platelet inhibitory mechanisms (Bunting et al., 1983;
Fisch et al., 1997; Van Geet et al., 2009; Berger et al., 2020). Though it is
likely multifactorial, perturbations in platelet cAMP signalling are possible to
play a key part in platelet hyperactivity. Some studies suggest that breakdown
of cAMP by PDEs is accelerated in cardiovascular disease (Berger et al.,
2020), while other studies have demonstrated reduced sensitivity to PGl2
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(Bunting et al., 1983; Akai et al., 1983; Burghuber et al., 1986). We, therefore,
decided to apply the four-parameter FFC activation panel to platelets from
patients’ post-MI and compared with age-matched healthy controls.

In data presented in Figure 29 we observed impaired sensitivity to PGlz in
ACS patients’ post-MI across all the platelet markers. Consistent with other
studies we found that basal CD62P binding was significantly elevated in
subjects with ACS compared to controls (Tschoepe et al., 1993; Itoh et al.,
1995; Minamino et al., 1998; Bath et al., 1998; Serebruany and Gurbel, 1999).

We also observed elevated CD62P expression in response to PAR1 peptide
in ACS patients, suggesting that these platelets could be more sensitive to
activation (Ault et al., 1999) (Figure 29 A). Though there was no difference in
CD62P expression between healthy and acute platelets upon treatment with
CVX or PAR1/CVX combined, healthy platelets demonstrated only a subtle
reduction in CD62P expression upon PGIl, treatment. Consistent with a study
by Hindle and colleagues (2021), whereby they observed a subtle and non-
significant reduction in CD62P expression upon PGl2 treatment, suggesting
that the control of CD62P expression is not linked to PGl..

PAC1 binding was elevated upon treatment with agonists in both healthy and
acute platelets, while platelets from ACS patients remained elevated even in
the presence of PGIl> compared to control. Expression of PAC1, like CD62P,
was also elevated in ACS patients upon PAR1 peptide stimulation, while
inhibition by PGI2 was significantly impaired compared to control (Figure 29
B)

Finally, ACS platelets displayed markedly elevated AnnV binding at basal, and
remained elevated upon agonist treatment and even in the presence of PGl2
compared to control. In addition, basal AnnV expression was elevated and
remained elevated upon treatment with PAR1 peptide compared to control,
while CVX and PAR/CVX combined demonstrated no difference in AnnV
expression between healthy and acute platelets. However, a clear defect was
observed in response to PGl2 as AnnV was significantly elevated in ACS
patients compared to control (Figure 29 C).

It's been well documented that levels of P-selectin (CD62P) are elevated in
patients with ACS (Tschoepe et al., 1993; Itoh et al., 1995; Minamino et al.,
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1998; Bath et al., 1998; Serebruany and Gurbel, 1999), while our data are
consistent with these reports, we have also reported the first evidence of
significantly elevated PAR-mediated platelet activation in ACS patients,

demonstrated by elevated P-selectin, ain33 activation and PS exposure.

In addition, we have shown that basal PS exposure is elevated in ACS
patients compared to controls. While this may be indicative of platelets that
are activated because of a cardiovascular event, these platelets could also be
due to micro-emboli that have left the occlusion site or a potential predicator
of future cardiovascular events. Elevated PS exposure has been
demonstrated in hospitalised patients with acute medical ilinesses and is
associated with increased pro-coagulant platelet activity (Porreca et al.,
2009). Interestingly, in these studies, levels of PS remained elevated upon
hospital discharge, despite antiplatelet treatment. In comparison to our data,
this suggests that elevated CD62P and PS exposure could be linked to PAR-
mediated platelet activity.

Current antiplatelet therapeutics target platelet secondary signalling events,
which include aspirin that targets TxA>-mediated platelet activity, and P2Y 12
receptor antagonists which target ADP-mediated platelet activity (Warner et
al., 2011). Though, PAR-mediated platelet activation presents the most potent
secondary signalling cascade aiding amplification of platelet activity
(Heemskerk et al., 2002). Given that our data demonstrates ACS platelets are
hyperresponsive to PAR signalling, this suggests that upon vascular injury,
patients post-MI, are more likely to display accelerated platelet activation,
which in turn may lead to recurrent cardiovascular events. Not only are ACS
platelets hyperresponsive to PAR1 peptide, but they also demonstrate
elevated PS exposure which can subsequently initiate thrombin activation,
supporting coagulation (Hoffman and Monroe, 2001; Monroe et al., 2002).

Though, pre-activated platelets post-MI could be a work here, impaired cAMP
signalling events are likely to also contribute. In addition to elevated platelet
activity at basal and in response to PAR1 peptide, we have also demonstrated
impaired sensitivity to PGIl2 as shown by reduced inhibition of integrin
activation and PS exposure (Figure 29). You could argue that elevated
response to PAR1 peptide, outweighs inhibitory mechanisms by PGlz in ACS.
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However, impaired PGl sensitivity in cardiovascular disease has been well
reported, some attribute this to IP receptor desensitisation (Bunting et al.,
1983; Fisch et al., 1997) or endothelial dysfunction (Gryglewski et al., 2001),
while others suggest accelerated PDE3A activity (Berger et al., 2020; Aburima
et al., 2021). Though the precise mechanisms involved are yet to be
elucidated.

3.12.4. Validation of methods to assess activation of
cAMP signalling pathway in human and murine
platelets

After establishing the effect of PGI2 on platelet function we decided to assess
the effect of different cAMP-elevating agents on the cAMP signalling pathway
itself. First, through the production of cAMP and then via assessment of
downstream PKA signalling. Strategically, it was important to ensure that
isolated human and murine platelets were responsive to activation and
inhibition before assessing the signalling events associated. Importantly, we
wanted to characterise normal cAMP signalling events before exploring the
ACG6-KO mouse.

We used PGI;, forskolin, adenosine and 8-CPT-cAMP to initiate cAMP
signalling in both human and murine platelets. PGl> was used to assess IP-
receptor-mediated cAMP production, whereas forskolin allows us to assess
AC-mediated cAMP production directly (Seamon and Daly, 1981; Seamon et
al.,, 1981). The use of adenosine provides an alternative pathway for
assessing receptor-mediated cAMP production via the Az receptor (Fredholm
et al., 2001; Johnston-Cox and Ravid, 2011), while 8-CPT-cAMP is a direct
cAMP activator (Geiger et al., 1992).

Our assessment of cAMP production demonstrated that PGl> and forskolin,
as well as adenosine, could trigger cAMP production in a concentration-
dependent manner in human platelets (Figure 30). We also assessed the
temporal dynamics of PGl2, and we showed that after 20 mins the extent of
PGl>-mediated cAMP production started to decline (Figure 30 B). We also
showed that with high concentrations of PGl2 (1 uM), cAMP levels remained
elevated after 20 mins. This was also consistent with time-course experiments

on PGlz-induced PKA phosphorylation events (Figure 31).
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Murine platelets also exhibited a concentration-dependent increase in cAMP
production in response to PGl> (Figure 38). We also decided to assess the
production of cCAMP in murine platelets at shorter time points to ensure peak
cAMP production was captured (Gorman et al., 1977). Downstream PKA
phosphorylation analysis by western blotting peaked at 2 mins PGl. (Figure
39), therefore we hypothesised that peak production of cCAMP would occur
more quickly. Consistent with our theory, the production of CAMP in murine
platelets peaked at 30 secs (8167.6 + 2603.4 fmol/107 platelets) and was
chosen as the optimal incubation time for PGl2 for cAMP analysis.

To cross-validate cAMP signalling events in both human and murine platelets,
we assessed PKA substrate phosphorylation in response to cAMP-elevating
agents. To measure downstream PKA activity we assessed PKA
phosphorylation events via immunoblotting and phosphoflow (Spurgeon et al.,
2014). In the first instance, we used an antibody for the well-established
phosphorylation of VASPSe%7 (Halbriigge et al., 1990; Horstrup et al., 1994)
and a PKA substrate profile antibody. Using the PKA substrate profile
antibody allowed us to confirm p-VASPSe%7 as well as simultaneously assess
multiple PKA substrates (Raslan et al., 2015a).

Data in Figure 31 showed that PGIy, forskolin and 8-CPT-cAMP were able to
induce phosphorylation of VASPS¢"57 in a concentration-dependent manner,
which was consistent with the PKA substrate profile presented in Figure 33.
Temporal regulation of VASPSe'S” by PGIl, was consistent with cAMP
production, peaking at 2 minutes in human platelets and declining after 20
minutes. To cross-examine phosphorylation of VASPSe57 and VASPSe23° we
used whole blood phosphoflow cytometry. Phosphorylation of VASP at both
sites increased with PGl concentration, interestingly VASPSe23 exhibited
greater phosphorylation at higher PGl2 concentrations compared to
VASPSe%7 - though this hasn’t been previously reported. Additionally,
phosphoflow analysis of murine VASP phosphorylation has not previously
been assessed.

Here we show that murine platelets also demonstrate concentration-
dependent VASPSe"57 phosphorylation in response to PGly, forskolin and 8-
CPT-cAMP (Figure 39). While differences between the two phosphorylation
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sites were more profound in murine platelets (Figure 40). Consistent with
human data, PGIl, induced VASP phosphorylation in a concentration-
dependent manner in murine platelets and therefore, these conditions were

used in subsequent chapters.

In addition, we also assessed the phosphorylation of PDE3AS®3'2 by PGI; and
forskolin in human platelets (Figure 34). The role of PDE3A within cAMP
signalling is to hydrolyse cAMP, ensuring that levels of cAMP do not exceed
the limit for platelet activation (Sim et al., 2004). Our results demonstrate that
PGl; induced a concentration-dependent increase in PDE3ASe312
phosphorylation. Forskolin, however, elevated PDE3ASe12 phosphorylation

at 1 yM were maintained even as concentration increased.

Altogether these experiments confirm that human and murine platelets are
responsive to various cAMP-elevating agents. We have also shown the
methods used to assess CcAMP production and downstream PKA
phosphorylation events are applicable in murine platelets.

3.12.5. Validation of methods to assess inhibition of
cAMP signalling in human and murine platelets

Since establishing that cAMP-elevating agents are appropriate in both human
and murine platelets, we set out to characterise inhibitors of the cAMP
signalling pathway in the presence or absence of PGl.. We used a variety of
commercially available inhibitors including RP-8-CPT-cAMP, H89 and KT-
5720 (Dostmann et al., 1990; Bain et al., 2003; Gambaryan et al., 2004;
Lochner and Moolman, 2006) to assess direct PKA inhibition and SQ22536 to
assess direct AC inhibition (Emery et al., 2013).

Human and murine platelets displayed inhibition of p-VASPSe'57 in the
presence of each inhibitor in a concentration-dependent manner (Figure 35
and Figure 42). Murine platelets appeared to be more sensitive to inhibition
by SQ22536 compared to human, while H89/KT5720 and RP-8-CPT-cAMP
were comparable between species. Although, reports have shown that H89,
KT5720 and RP-8-CPT-cAMP are not specific PKA inhibitors. It was found
that H89 and KT5720 target multiple protein kinases, which may account for
the weak response observed (Davies et al., 2000). H89 has been shown to
target PKBa, PKA and ROCK-II, while KT-5720 targets GSK3[3, PDK1, AMPK
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and PKA, which may lead to misinterpretation of results. Moving forward,
SQ22536 appears to be an appropriate inhibitor of CAMP signalling as it
specifically targets all ACs. Given the nature of the project, assessment of AC
inhibition is vital and allows us to demonstrate the role of ACs in platelet cCAMP
signalling. These experiments demonstrate that human and murine platelets
are responsive to cAMP-inhibiting agents, in particular the AC inhibitor,
SQ22536.

In conclusion, data presented in this chapter demonstrate that isolated
platelets and whole blood are both functional and responsive to activation and
inhibition. We have optimised the conditions required for different cAMP-
elevating agents to inhibit platelet activation, produce cAMP, and initiate
downstream PKA signalling events. We have also characterised cAMP-
inhibiting agents via immunoblotting in human and murine platelets, as well
as establishing appropriate conditions to assess PKA phosphorylation events
in washed platelets and whole blood. We have also shown that cAMP
signalling is impaired in patients post-MI, confirming that exploring different
aspects of cAMP is clinically relevant. Data from these patients were
invaluable, allowing us to compare phenotypic characteristics of the AC6-KO
mouse in subsequent chapters. Lastly, we've shown that all methods
established and characterised in this chapter are viable in both human and
murine platelets which is relevant for subsequent chapters.
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Chapter 4
Functional characterisation of the platelet specific
AC6-KO mouse

4.1. Introduction

Adenylyl cyclases (ACs) are key signal transducers of the platelet cAMP
signalling pathway. They couple endothelial-derived PGIl2, PGE1 and
adenosine to the production of cAMP which in turn maintains platelets in a
resting state while also leading to reduced platelet accrual at sites of vascular
injury (Cheng et al., 2003; Sim et al., 2004). Understanding the mechanisms
that influence platelet sensitivity to cAMP signalling is important in
understanding how platelet hyperactivity occurs during disease. PGl binds to
its IP receptor, which activates AC via Gas to elevate CAMP levels. The binding
of CAMP to the regulatory subunits of PKA leads to its activation and to the
phosphorylation of several signalling proteins that are associated with
inhibition of platelet function. AC activity is inhibited by ADP and potentially
thrombin which acts through GPCRs linked to Gai;, preventing cAMP synthesis
and breakdown, respectively (Zhang and Colman, 2007; Godinho et al.,
2015). Given that ACG6 is the major isoform in both human and murine studies,
we hypothesised that ACG6 is a critical node whereby cAMP controls platelet

function and thrombosis.

Since we have demonstrated a plethora of appropriate techniques to explore
platelet function in murine platelets as described in Chapter 3, this chapter
aims to demonstrate the functional characterisation of a novel platelet-specific
ACG6-KO mouse. In this chapter we assessed platelet morphology, function,
and thrombosis in WT versus AC6-KO platelets.

4.1.1. Aims of chapter
e Assess platelet function in AC6-KO mouse
e Establish phenotype of AC6-KO mouse
e Understand the role of AC6 physiologically
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4.2. Expression of AC6 in mice

According to proteomic and transcriptomic studies, AC6 is the predominant
AC isoform in human and murine platelets (Hanoune and Defer, 2001; Rowley
et al.,, 2011; Burkhart et al., 2012). While, chromosomal locations differ
between human and mouse ACs (Edelhoff et al., 1995), using a platelet-
specific AC6-KO mouse model allows us to explore the role of AC6 in platelet
function and thrombosis. Confirmation of the AC6-KO mouse was vital for the
progression of this study, in order to establish an appropriate breeding
strategy, mice were genotyped as described in 2.6.3.3. While assessment of
the platelet-specific AC6 deletion was carried out by gPCR and

immunoblotting techniques.

4.2 1. Confirmation of the platelet-specific AC6-KO mouse
by gPCR

The novel platelet specific AC6-KO mouse was generated via the cre-lox
system using the PF4 promotor to ensure that the AC6 gene was deleted in
cells of the megakaryocyte lineage only (Tiedt et al., 2007). To assess platelet
specificity of the AC6-KO mouse we tested for the presence or absence of
ACG6 gene (ADCY®6) in WT compared to AC6-KO platelets, kidney and heart
tissues using qPCR.

We found that AC6 was knocked out in platelets but the other tissues tested,
confirming that the deletion of AC6 was restricted to platelets (1.86 = 0.28%
ADCY6 expression in WT vs 0.02 + 0.01% ADCY6 expression in AC6-KO).
We also tested for the presence and absence of the other ACs in platelets
(AC5 and AC3) (Figure 47). AC5 was expressed in both WT and AC6-KO
platelets, whereas AC3 was not present in WT and ACG6-KO platelets,
consistent with the work of Rowley and colleagues (Rowley et al., 2011;
Burkhart et al., 2012; Zeiler et al., 2014).



- 139 -

Al) Aii) Aiii) —_
=1 AC6-KO
© * ok ok ok o § -
> 2.5+ > 2.5+ 505
8 ' a a
< 2.04 < 204 % 0.4
5 a ol
5 15 5 154 g 03-
o o o
o 1.0 o 1.0 ns 8 0.2+
g g g
£ 0.5+ % 0.5- | £ 0.1 ns
s S S ' :
% 9.0~ ® 0.0 o 0.0 | :
e WT AC6-KO B WT AC6-KO s WT AC6-KO
Platelets Platelets Platelets
Bi) Bii)
© ns ©
0 > 8-
g 2.0 5 8 ns
< < ' |
1.5- 6-
I I
o o 1
: :
S 1.0 T o 4-
(=} o
- -
S 05 S 2
s k=
Q []
o 0.0- T % 0= .
s WT AC6-KO = WT AC6-KO
Heart Kidney

Figure 47. Confirmation of platelet-specific AC6 knockout mouse by
gqPCR

RNA was isolated from murine washed platelets (5x108 platelets/mL) and tissues
using Trizol Reagent (Thermo Fisher) and the PureLink RNA mini kit (Invitrogen)
following manufacturers protocol. Reverse transcription was performed using a
Reverse Transcription System (Promega) following manufactures protocol and
gPCR was carried out using the Tagman® gene expression system (Thermo Fisher).
Gene expression was compared to a GAPDH control and bar graphs represent %
expression relative to GAPDH. ADCY expression in platelets (A) and tissues (B).
Data presented as means + SD and compared between the two groups using an

unpaired students t-test (n=3, ns = not significant, ****<0.0001).
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To cross-validate our qPCR data we assessed the total AC expression via
immunoblotting. Levels of AC protein expression were significantly reduced in
the AC6-KO compared to WT (107.6 + 35.9 % WT vs 37.1 + 3.2 % AC6-KO,
p=0.009) (Figure 48). These data confirm that ACG6 is knocked out in platelets
and that the other AC is still present, AC5, though expressed to a much lower

extent.
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Figure 48. Confirmation of the AC6-KO mouse by immunoblotting

Murine washed platelets (5x10® platelets/mL) were lysed in 2x Laemmli buffer,
separated via SDS-PAGE and assessed for total Adenylate Cyclase (AC) with a
GAPDH loading control. Bar graph represents densitometry analysis carried out
using Imaged software. Data presented as means + SD compared between the two

groups using an unpaired students t-test (n=3, **<0.01).
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4.3. Assessment of basic characteristics in the AC6-
KO mouse

Since establishing that our AC6-KO mouse model was specific to platelets,
we decided to assess basic characteristics of the AC6-KO mouse compared
to WT including weights, platelet counts, lifespan, and yield.

4.3.1. Assessment of mouse weights and isolated platelet
yields

To confirm that AC6-KO mice were comparable to WT mice we assessed
mouse weights at varying ages along with the yield of washed platelets
isolated from 1 mL of whole blood containing ACD. Prior to blood collection,
mice were weighed under anaesthesia and their weights were recorded
against their age and sex. Isolated platelets were then counted and, plotted
against sex and genotype (Figure 49). Bodyweights of WT and AC6-KO were
comparable between both sexes, and we found no differences in mouse
weight and platelet counts between WT and AC6-KO platelets, suggesting
that deletion of ACG6 in platelets does not affect mouse weight or isolated
platelet yield (Figure 49).
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Figure 49. Assessment of physical characteristics of the AC6-KO
mouse

Mouse weights and platelet yields were measured upon collection of blood.
Anesthetised mice were weighed and compared to their age (weeks). Platelet yields
were assessed via washed platelets isolated from 1 mL of whole blood collected in
ACD. Platelet pellets were resuspended in 250 pL of Modified Tyrode’s buffer and
were counted using a Coulter particle counter (Beckmann Coulter). Data presented
as means = SD (A) and individual values and means (B) were compared between
WT and AC6-KO by two-way ANOVA with Tukey’s multiple comparisons test (n=16,

ns = not significant).
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44. Assessment of platelet counts by flow cytometry in
the AC6-KO mouse
To cross-validate platelet yields, platelet numbers were counted by whole

blood flow cytometry in WT and AC6-KO.

No difference in CD41 positive events between WT and AC6-KO mice was
observed as shown by 336805 + 83260 platelets/pL (WT) vs 328497 + 99370
platelets/uL (AC6-KO), further confirming that a deletion of platelet-specific
ACG6 does not affect platelet count (Figure 50).
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Figure 50. Assessment of platelet counts by flow cytometry in the AC6-
KO mouse

Murine whole blood was incubated with CD41-BB700 for 20 minutes in the dark at
RT prior to fixation with 1% PFA/PBS. Platelets were gated first on physical
properties, then on CD41 positive events. Events were recorded for 2.5 minutes and
analysed by CD41 positive events per uL of whole blood. Data presented as means
+ SD and compared between the two groups using an unpaired students t-test (n=6,

ns = not significant).



- 144 -

4.4.1. Assessment of reticulated platelets by flow cytometry
in AC6-KO platelets

To determine whether a deletion of AC6 affected the presence of reticulated
(immature) platelets, we measured reticulated platelets by whole blood flow
cytometry using Thiazole Orange (TO). We observed no differences in the
presence of reticulated platelets between WT and AC6-KO platelets as
demonstrated (1313.9 + 20.8 MFI; WT vs 1260.3 + 165.2 MFI; AC6-KO),
suggesting that AC6 deletion in platelets does not affect platelet lifespan
(Figure 51).
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Figure 51. Assessment of reticulated platelets by flow cytometry

Murine whole blood was added to 1 mL of Retic-Count reagent (BD) and incubated
for 30 minutes in the dark at RT. Platelets were gated by physical properties and
analysed at 10,000 events. Bar graph represents median fluorescence intensity
(MedianFl) of Thiazole Orange. Data presented as means + SD and compared

between the two groups using an unpaired students t-test (n=3, ns = not significant).
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4.4.2. Assessment of platelet surface receptor expression
by flow cytometry in AC6-KO platelets

To further explore platelet morphology, we assessed the expression of platelet
surface receptors. We found no significant differences in platelet surface
receptor expression of CD36, CD42b, CD49, GPVI, CD49b, CD41 and CD61
between WT and AC6-KO platelets (Figure 52). Expression of these receptors
remains consistent between WT and AC6-KO platelets, confirming that the
removal of AC6-KO does not subsequently cause a reduction in other surface
receptors.

Overall, this series of experiments confirmed that the AC6-KO mouse model
is comparable to WT in terms of mouse weights, platelet yield, blood counts,
platelet lifespan and expression of surface receptors.
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Figure 52. Assessment of platelet surface receptor expression in AC6-
KO platelets

Murine whole blood was probed with fluorescently conjugated antibodies for platelet
surface receptors for 20 minutes prior to fixation in 1% PFA/PBS. Platelets were
gated by physical properties at 10,000 events. Bar graphs represent Mean
Fluorescence Intensity (MFI). Data presented as means + SD and compared
between each group by two-way ANOVA with Sidak’s multiple comparisons test

(n=4, ns = not significant).
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4.5. Assessment of platelet spreading adhesion to
fibrinogen in the AC6-KO mouse

To further characterise morphology or AC6-KO platelets, we assessed platelet
spreading and adhesion to fibrinogen in the presence and absence of PGl>.
We wanted to assess whether PGl2 could prevent or reduce platelet spreading
and adhesion in WT and AC6-KO platelets.

4.5.1. Platelet adhesion on fibrinogen in AC6-KO platelets
Using methods established by Yusuf et al., (2017) we first assessed platelet
adhesion on the surface of fibrinogen alone in the AC6-KO compared to WT.

Washed platelets (1x107 platelets/mL) treated with thrombin (0.05 U/mL) were
adhered to a surface of fibrinogen (100 pg/mL) for 25 mins (Mazharian et al.,
2007; Pleines et al., 2010) (Figure 53). No difference in platelet adhesion was
observed between WT and AC6-KO platelets. The number of platelets
adhered observed per FoV was 44.7 £ 4.0 (WT) versus 45.4 + 13.3 (AC6-KO),
while percentage area per FoV was 3.9 + 0.4 % (WT) versus 3.6 + 0.5 %
(AC6-KO). These data suggest that AC6 does not play a role in platelet
spreading and adhesion to fibrinogen.
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Figure 53. Assessment platelet spreading in the AC6-KO mouse
Washed platelets (1x107 platelets/mL) were spread on the surface of fibrinogen
(100 pg/mL) for 25 minutes prior to fixation. Data presented as representative
images (A), average number of adhered platelets per FoV (B) and average
percentage area per FoV (C). Data presented as means + SD and compared
between WT and AC6-KO using an unpaired students t-test with Welch’s

correction (n=3, ns = not significant, scale bar = 10 ym).
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4.5.2. The influence of PGI. on platelet adhesion to
fibrinogen in the AC6-KO mouse

Next, we decided to assess whether inhibition of spreading and adhesion of
platelets by PGl, was affected in the AC6-KO. Washed platelets (1x10’
platelets/mL) treated with thrombin (0.05 U/mL) were spread on the surface
of fibrinogen (100 pyg/mL) for 25 mins before washing with PBS to remove
non-adherent cells. PGI2 (10 nM) was then added and after 2 minutes, cells

were fixed and stained (Figure 54).

In WT platelets, there was a reduction in the number of adherent platelets in
the presence of PGIl2 from 44.7 + 4.0 (fibrinogen alone) to 11.8 + 8.0 (PGlz;
10 nM) (p=0.01). While the average percentage area per FoV was also
significantly reduced from 3.9 + 0.4 % (fibrinogen alone) to 0.6 £ 0.4 % (PGlz;
10 nM) (p=0.0001). The number of platelets adhered to fibrinogen in the
presence of PGl in the AC6-KO displayed a subtle reduction, however it was
not significant. Interestingly, the average percentage area per FoV showed a
decrease upon PGl treatment from 3.6 + 0.5 % (fibrinogen alone)to 1.5+ 0.0
% (PGlz2; 10 nM).

While PGI> had no effect on the number of platelets adhered to immobilised
fibrinogen in the AC6-KO. There seemed to be a significant reduction in
platelet spreading as the average percentage area per FoV was reduced.
Upon comparison between WT and AC6-KO platelets, in the presence of PGl2
we observed a less pronounced effect from PGl> in AC6-KO platelets
compared to WT, though this was not significant. The number of adhered
platelets in the presence of PGl, was 11.8 £ 8.0 (WT) compared to 24.3 + 10.4
(AC6-KO). While the average percentage area per FoV was 0.6 £ 0.4 % (WT)
compared to 1.2 + 0.5 % (AC6-KO). Suggesting a potential role for ACG6 in
PGl2>-mediated inhibition of platelet adhesion and spreading.
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Figure 54. Platelet spreading in response to PGl: in AC6-KO platelets
Washed platelets (1x10 platelets/mL) were spread on the surface of fibrinogen
(100 pg/mL) for 25 minutes before washing in PBS and then incubated with
PGl> (10 nM) for 2 mins prior to fixation. Data presented as representative
images (A), average number of adhered platelets per FoV (FoV=5) (B) and
average percentage area per FoV (C). Data presented as means + SD and first
compared between WT and AC6-KO using an unpaired students t-test with
Welch'’s correction. Then compared between the absence and presence of
PGl for each group by two-way ANOVA with Tukey’s multiple comparisons test

(n=3, ns = not significant, *<0.05 **<0.01 and ***<0.001, scale bar = 10 ym).
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4.6. Assessment of platelet aggregation in the AC6-KO
mouse

Next, we assessed platelet aggregation, as means of platelet function in WT
and AC6-KO platelets. We assessed platelet aggregation in response to
collagen, thrombin and U46619 and inhibition of platelet aggregation by PGl2
and GSNO.

4.6.1. AC6-KO mouse displays normal inhibition by PGl in
collagen-stimulated platelets

In first instance, we wanted to assess whether GPVI signalling was intact as
well as sensitivity to PGlzin the AC6-KO by treating washed platelets with and
without PGl prior to stimulation with collagen (Figure 55).

We found no difference in platelet aggregation between WT and AC6-KO
platelets upon stimulation with collagen (2 ug/mL) with and without PGl (0.1-
100 nM). We also found that both groups also displayed a concentration-
dependent inhibition of aggregation by PGl.. In WT platelets, aggregation
was reduced from 74.4 + 11.4 % aggregation (collagen alone; 2 yg/mL) to 9.8
+ 4.87 % aggregation (PGl2; 100 nM). While AC6-KO platelets displayed a
similar level of inhibition whereby aggregation went from 81.3 + 6.6 %
aggregation (collagen alone; 2 pg/mL) to 7.6 + 4.2 % aggregation (PGl2; 100
nM). These data indicate that AC6 does not play a role in PGl>-mediated
inhibition of collagen-stimulated platelet aggregation.
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Figure 55. Inhibition of collagen-mediated platelet aggregation by PGl.
is unaffected in AC6-KO platelets

Washed platelets (2x108 platelets/mL) were stimulated with PGI, (0.1 — 100 nM)
for 2 minutes prior to addition of collagen (2 pug/mL) and aggregation was
assessed for up to 10 minutes under constant stirring (800 rpm). Data
presented as means + SD shown by representative traces; WT (A) and AC6-
KO (B), and percentage max aggregation (C). Comparisons were made
between WT and AC6-KO by two-way ANOVA with Sidak’s multiple

comparisons test (n=5, ns=not significant).
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4.6.2. AC6-KO mouse show impaired response to PGl: in
thrombin-stimulated platelet aggregation

We next decided to assess PAR-mediated platelet aggregation in the AC6-
KO in the absence and presence of PGI2 (0.1-100 nM), prior to stimulation by
thrombin (0.035 U/mL) (Figure 56).

Interestingly we found that inhibition of thrombin-stimulated platelet
aggregation was significantly impaired in AC6-KO platelets compared to WT.
While treatment with thrombin alone displayed no difference between ACG6-
KO and WT platelets (WT: 81.5 + 11.5 % aggregation vs AC6-KO: 81.1 £+ 7.9
% aggregation). We found that WT platelets demonstrated a clear
concentration-dependent  inhibition  of  thrombin-mediated platelet
aggregation, whereas AC6-KO only displayed a subtle reduction upon
treatment with PGl2. Platelet aggregation in WT platelets was reduced from
81.5 + 11.5 % aggregation (thrombin alone) to 8.3 + 3.9 % aggregation (PGlz;
100 nM), whereas AC6-KO platelets fell from 81.1 + 7.9 % aggregation
(thrombin alone) to 40.0 + 23.7 % aggregation (PGl2; 100 nM). These data
demonstrate that ACG is likely involved in PGlz-mediated inhibition of PAR-

stimulated platelet aggregation.
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Figure 56. Impaired sensitivity to PGl2 in AC6-KO platelets upon PAR-

mediated platelet aggregation

Washed platelets (2x108 platelets/mL) were stimulated with PGI, (0.1 — 100 nM)

for 2 minutes prior to addition of thrombin (0.035 U/mL) and aggregation was

assessed for up to 10 minutes under constant stirring. Data presented as
means + SD shown by representative traces; WT (A) and AC6-KO (B), and

percentage aggregation (C). Comparisons were made between WT and AC6-

KO by two-way ANOVA with Sidak’s multiple comparisons test (n=4, ns=not

significant, **<0.01 and ****<0.0001).
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4.6.3. Murine AC6 is not involved PGl2-mediated inhibition
of U44619-stimulated platelet aggregation

Given that AC6-KO platelets display reduced sensitivity to PGl2 upon PAR-
mediated platelet aggregation, we hypothesised whether this defect was G-
protein specific. Therefore, we assessed platelet aggregation with and without
PGl2 (100 nM) upon stimulation with U46619 (0.5 pM), the more stable
thromboxane (TxAz) analogue (Figure 57).

We observed no differences in platelet aggregation by U46619 and inhibition
by PGl in U46619 stimulated platelets between WT and AC6-KO platelets.
WT platelet aggregation was 77.9 + 5.4 % aggregation (U46619 alone)
compared to 4.5 + 3.7 % aggregation (PGI2; 100 nM) and aggregation of AC6-
KO platelets went from 75.6 £ 3.5 % aggregation (U46619 alone) to 5.6 £ 4.6
% aggregation (PGl2; 100 nM). These data confirm that the PGl defect
observed in AC6-KO platelets in response to thrombin is most likely specific
to PAR-mediated signalling pathways rather than overall G-protein signalling.
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Figure 57. AC6 is not involved in PGl mediated inhibition of TxA:-
stimulated platelet aggregation

Murine washed platelets (2x108 platelets/ml) were treated with PGl (100 nM) for up
to 1 minute prior to the addition of the thromboxane A, analogue, U46619 (0.5 pM).
Aggregation was observed under constant stirring (800 rpm) at 37°C for up to 10
mins. Representative aggregation traces (A-B) were generated by AggRAM software
(Helena Biosciences, UK). Bar graph (C) represents percentage aggregation at 10
mins presented as means + SD and compared between WT and AC6-KO by two-

way ANOVA with Sidak’s multiple comparisons test (n=3, ns= not significant).
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4.6.4. Murine ACG6 is not involved in platelet inhibition by
nitric oxide

To ensure that cGMP signalling was not affected by the deletion of AC6, we
decided to assess platelet inhibition by GSNO (100 uM) (Archer, 1993), a well-
established NO donor, upon stimulation with thrombin (0.035 U/mL) and
collagen (2 pg/mL) (Figure 58).

We found no differences in GSNO-mediated inhibition of platelet aggregation
between WT and AC6-KO platelets. Aggregation upon thrombin stimulation in
WT platelets was 77.3 + 1.07 % aggregation (thrombin alone) compared to
15.7 £+ 4.5 % aggregation (GSNO; 100 pM). AC6-KO thrombin-mediated
platelet aggregation went from 76.1 £ 5.29 % aggregation (thrombin alone) to
11.1 £ 5.2 % aggregation (GSNO; 100 uM). Similarly, WT collagen stimulated
platelet aggregation went from 71.4 + 17.1 % aggregation (collagen alone) to
21.5 = 8.9 % aggregation (GSNO; 100 pM). AC6-KO collagen-mediated
platelet aggregation went from 70.7 + 8.4 % aggregation (collagen alone) to
16.7 £ 2.5 % aggregation (GSNO; 100 uM). Overall, these data demonstrate
that ACG6 is not implicated in cGMP-mediating signalling.
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Figure 58. Inhibition of platelet aggregation by GSNO in AC6-KO
platelets

Murine washed platelets (2x10°® platelets/ml) were treated with nitric oxide donor,
GSNO (100 pM) for up to 1 minute prior to the addition of thrombin (0.035U/mL) (left)

or collagen (2 pg/mL) (right). Aggregation was observed under constant stirring (800

rom) at 37°C for up to 10 mins. Representative aggregation (A — B) traces were

generated by AggRAM software (Helena Biosciences, UK). Bar graphs (C) represent

percentage aggregation at 10 mins presented as means + SD and compared
between WT and AC6-KO by two-way ANOVA with Sidak’s multiple comparisons

test (n=3, ns= not significant).
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4.7. Expression of platelet surface activation markers

To cross-validate the findings in the platelet aggregation assays, a three-
parameter whole blood flow cytometry activation panel was used to assess
expression of key platelet activation makers upon stimulation with PAR4
peptide and CRP-XL, with and without PGlo.

4.7.1. AC6-KO platelets demonstrate impaired PGI:
sensitivity in response to PAR4 peptide but not CRP-XL

Whole blood was pre-treated with increasing concentrations of PGl2 (0.1-100
nM) prior to addition of CRP-XL (1 pg/mL) or PAR4 peptide (100 uM) and
CD62P (P-selectin) and JON/A (active ainPs) expression was analysed by
flow cytometry (Figure 59).

We found no difference in PGlz-mediated inhibition of CRP-XL stimulated
CD62P expression and JON/A binding between WT and AC6-KO platelets.
Inhibition of CRP-XL-mediated CD62P expression and JON/A binding was
near maximal inhibition at PGl2 (20 nM) and did not further increase in both
WT and AC6-KO, respectively. The percentage inhibition of CRP-XL mediated
CD62P expression in WT platelets was 76.6 + 14.7 % (PGl2; 20 nM) and in
ACG6-KO platelets it was 80.4 + 8.3 % (PGl2; 20 nM). This was also observed
for the percentage inhibition of CRP-XL mediated JON/A binding. The
percentage inhibition of JON/A binding in WT platelets was 76.5 £ 14.7 %
(PGl2; 20 nM), while in AC6-KO platelets it was 80 + 8.3 % (PGl2; 20 nM),
demonstrating no significant difference in PGl>-mediated inhibition of CRP-XL
driven platelet activity in WT and AC6-KO platelets.

In contrast, upon PAR4 peptide stimulation, AC6-KO platelets displayed
markedly impaired PGl2> sensitivity compared to WT. Inhibition of PAR4-
mediated CD62P expression in WT platelets was 80.3 + 13.6 % inhibition
(PGl2; 20 nM), whereas AC6-KO platelets were inhibited by 30.3 £ 6.7 %
inhibition (PGl2; 20 nM) (PGl2 20 nM WT vs AC6-KO, p<0.0001). This trend
was also observed in inhibition of PAR4-mediated JON/A binding, whereby
WT platelets showed 85.9 + 5.9 % inhibition (PGl2; 20 nM) while AC6-KO
platelets demonstrated 65.8 £ 14.9% inhibition (PGl2; 20 nM) (PGl2 20 nM,
WT vs AC6-KO, p=0.0003). Therefore, consistent with platelet aggregation
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data, these data demonstrate that AC6 is involved in inhibition of PAR-
mediated, but not GPVI-mediated platelet activity by PGl>.
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Figure 59. Impaired PGI: response upon stimulation with PAR4 peptide
by flow cytometry in the AC6-KO mouse

Murine whole blood was stimulated with either PAR4 (100 uM) or CRP-XL (1 pg/mL)
and probed CD62P (left) and JON/A (right) for 20 minutes prior to fixation in fix-lyse
(BD). CD41-BB700 was used as a platelet marker and samples were analysed for
10,000 platelet positive events. Bar graphs represent percentage inhibition based on
median fluorescence intensity. Data presented as means + SD and compared
between WT and AC6-KO by two-way ANOVA with Sidak’s multiple comparisons
test (n=5, ns = not significant, ***<0.001, ****<0.0001).
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4.7.2. Effect of PGI. on the exposure of phosphatidylserine
in AC6-KO platelets

After establishing that inhibition of PAR-mediated platelet activation is
impaired in the AC6-KO, we decided to assess whether this defect was
present upon inhibition of phosphatidylserine (PS) exposure by PGl.. Platelet
activation by PAR and GPVI receptors leads to the generation of two
subpopulations of platelets, pro-aggregatory and pro-coagulant populations
(Agbani and Poole, 2017). Pro-aggregatory platelets are defined by activated
integrin aipP3, which acts to support platelet aggregation and clot retraction.
While a pro-coagulant platelet population is characterised by mitochondrial
membrane depolarisation (Choo et al., 2017), sustained calcium influx (Choo
et al., 2012) and exposure of PS on their surface (Podoplelova et al., 2016).
Exposure of PS helps to facilitate blood coagulation by binding to coagulation
markers to generate thrombin (Monroe et al., 2002) and is, therefore, a key
marker for platelet activation. PS exposure is measured by AnnV binding and
requires activation of both PAR and GPVI receptors in order to undergo PS
translocation to the platelet surface (Tait et al., 1999). Previously we have
shown that PS exposure is inhibited by PGIz in human platelets (Hindle et al.,
2021).

PGlz induced a concentration dependent inhibition of both CRP-XL alone and
dual agonist stimulation in WT and AC6-KO platelets. However, consistent
with data in Figure 59, stimulation with CRP-XL alone presented no difference
in percentage inhibition by PGIl2 between WT and AC6-KO (Figure 60 A),
therefore we decided to assess whether stimulation of both PAR- and GPVI-
mediated signalling pathways would display the defect.

Upon dual agonist stimulation, percentage inhibition by PGIl2 (100 nM) was
significantly reduced in AC6-KO platelets compared to WT. The greatest
difference observed was at PGI2 (10 nM) whereby WT platelets displayed 59.7
1 23.1 % inhibition whereas AC6-KO platelets showed 20.9 + 20.5 % inhibition
of PS exposure (p=0.003). The difference was still observed at PGl2 (100 nM)
with WT platelets showing 77.4 £ 11.8 % inhibition while AC6-KO platelets
displayed 50.1 £ 17.0 % inhibition of PS exposure (p=0.03) (Figure 60 B). In
combination with work presented in Figure 59, these data confirm that AC6

is involved in controlling the extent of PAR-mediated platelet activation.
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Figure 60. Impaired inhibition of PS exposure by PGI. upon stimulation
with PAR4 peptide in AC6-KO platelets
Murine whole blood was stimulated with either CRP-XL (1 pg/mL) or in combination
with PAR4 peptide (100 uM) and probed with AnnV for 20 minutes prior to fixation in
fix-lyse (BD). CD41-BB700 was used as a platelet marker and samples were
analysed for 10,000 platelet positive events. Bar graphs represent percentage
inhibition based on mean fluorescence intensity (MeanFI). Data presented as means
+ SD and compared between WT and AC6-KO by two-way ANOVA with Sidak’s

multiple comparisons test (n=4, ns = not significant, *<0.05, and **<0.01).
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4.8. Assessment of thrombosis by FeCls injury in the
AC6-KO mouse

To apply these findings to a more physiological setting we assessed
thrombosis in real-time in response to FeCls injury in WT and AC6-KO mice
using fluorescent intravital microscopy methods.

4.8.1. Murine platelet AC6 mediates thrombosis
To further assess the physiological role of ACG6 in platelet function, we induced
thrombosis in mesenteric vessels via FeCls injury and measured thrombus
formation in real-time. Injury was assessed up to 30 minutes or until vessel

occlusion occurred (Figure 61).

We found a striking difference between WT and AC6-KO mice in response to
injury. Firstly, AC6-KO mice were observed to have a more rapid vessel
occlusion time, 17.7 + 4.3 min (AC6-KO) compared to 26.3 £ 3.3 min
(p=0.003) (WT). Furthermore, the percentage size of thrombus over time was
markedly increased in AC6-KO mice, for example at 7.5 mins post-injury AC6-
KO mice displayed 17.2 £ 10.8 % thrombus size while WT was 1.9 £ 3.5 %
thrombus size. These data suggest that platelet AC6 plays a key physiological

role in controlling thrombosis.
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Figure 61. Murine AC6 mediates thrombosis
Filter paper (1mm x 1mm) pre-soaked in FeCls (7.5%) was placed on top of
exposed mesenteric vessels for 30 seconds of anaesthetized mice. Injury was
assessed up to 30 minutes or until vessel occlusion. Images were taken every
minute up to 5 minutes, then every 5 minutes up to 30 minutes. Percentage
thrombus size over time and occlusion time was taken from an average of two
vessels per mouse. Data presented as means + SD and compared between
WT and AC6-KO. Time to occlude analysed by an unpaired students t-test and
percentage thrombus size over time was analysed by two-way ANOVA with

Sidak’s multiple comparisons test (n=6 mice, *<0.05, **<0.01, and ****<0.0001).



- 165 -

4.8.2. AC6-KO mice form clots that are less stable

After establishing that ACG6 plays a role in thrombosis we analysed the kinetics
of thrombus formation in each individual mouse. This approach examined the
levels of fluorescence to determine whether this remains constant over the
time course (Figure 63). We used the approach previously described by Duval
and colleagues (2021) to determine thrombus stability. A fall in thrombus size
(fluorescence) greater than 15% between each time point was considered an
embolic event (Figure 62 C). Thrombus size under 5% was considered a
background signal and was excluded from analysis.

We observed more falls in thrombus size between subsequent time points in
the AC6-KO compared to WT (Figure 62 A-B). AC6-KO mice displayed a 2-
fold increase in the number of embolic events compared to WT. Additionally,
the percentage decrease in thrombus size per time point in the AC6-KO was
2.7-fold greater compared to WT (Figure 62 D). While the time for the first
embolic event to occur was 2.7-fold lower in the AC6-KO compared to WT
(Figure 62 E). While not significant, these data represent an emerging

phenotype whereby thrombus stability is altered by the loss of ACG6.
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Figure 62. Clot stability is reduced in AC6-KO mice
Following injury to mesenteric vessels with FeCls (7.5 %) for 30 secs, clot size
was measured over time in WT (A) and AC6-KO (B). Dashed lines represent
individual injuries, red line represents average thrombus area and bold lines
represent a reduction in thrombus size greater than 15% (embolic event). The
number of embolic events (C) was lower in WT mice compared to AC6-KO and
the percentage decrease in thrombus area was greater in AC6-KO compared
to WT (D). A reduction in time of first embolic event was also observed in AC6-
KO compared to WT (E). Data presented as individual values, with horizontal
bars indicating means + SD and analysed by an unpaired students t-test (C and

E) and Kolmogorov-Smirnov test (D).
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4.9. Discussion

In this part of the study, we have used a conditional genetic approach to
investigate the functional role of ACG6 in platelet function in vitro and in vivo.
The data suggests that the AC6-KO mouse is specific to platelets and platelet
morphology is unchanged between AC6-KO and WT. We have also
demonstrated that the AC6-KO mouse displays an impaired response to PGI>
in PAR but not GPVI mediated platelet activity. In addition, we have found that
ACG6 mediates thrombosis as well as contributes to thrombus stability.

4.9.1. Confirmation of platelet specific AC6-KO mouse
The development of a platelet specific AC6-KO was vital for this study;
therefore, it was important to establish whether our breeding strategy
generated an ACG6 deletion in platelets alone. In combination with routine
genotyping, we used gPCR techniques to assess the absence or presence of
the AC6 gene (ADCY®6) in WT vs AC6-KO platelets. We have shown that
ADCY6 was successfully deleted in platelets and remained intact in other
tissues known to express the enzyme (Figure 47). Assessment of expression
of AC3 and AC5, showed that AC5 was present in both WT and AC6-KO
platelets. While AC3 was not present in either, consistent with other studies
(Rowley et al., 2011; Burkhart et al., 2012). This was cross validated by
immunoblotting techniques whereby total AC expression was assessed
(Figure 48). We found a significant reduction in total AC expression in AC6-
KO platelets compared to WT, confirming the presence of another AC, likely
ACS5 (Rowley et al., 2011; Burkhart et al., 2012). While ACS5 is not present in
human platelets, the deletion of platelet specific AC6 allows us to identify the
role of AC6 on platelet function. These data demonstrate that AC6 is

specifically knocked out in platelets and that the other AC, AC5, is intact.

4.9.2. Basic characterisation of the AC6-KO mouse
Examination of the genetically modified mice in terms of body weight, isolated
platelet yield, platelet counts in whole blood, reticulated platelets, and surface
receptor expression, demonstrated that these parameters were comparable

between the two strains.

Critically, we looked at the isolated platelet yields from ~1 mL of whole blood
generated by WT and AC6-KO mice as means of estimating platelet count.
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We observed no difference in isolated platelet yield in WT and ACG6-KO
platelets (Figure 49). While not significant, male AC6-KO platelets displayed
a higher yield, but this was likely due to the age of the mice.

To cross-validate this, we then measured platelet counts in whole blood using
flow cytometry whereby CD41 positive events were recorded for 2.5 minutes
and analysed by CD41 positive events per yL of whole blood. Consistent with
data in Figure 49 we found no difference in CD41 positive events/uL whole
blood between WT and AC6-KO platelets, giving further confirmation that
removal of AC6 does not affect platelet counts (Figure 50). Murine platelet
counts are variable across different studies (Bull et al., 1965; Levin and Ebbe,
1994, Jirouskova et al., 2007; Fukuda et al., 2017; Aurbach et al., 2019). A
study by Aurbach and colleagues (2019) compared blood collection, platelet
isolation methods, as well as platelet counting methods via flow cytometry and
a bioanalyzer. They found that differences in platelet counts were largely due
to mouse strain, genetic modifications, and methodology. We found that our
CD41 positive events by cytometry were lower compared to these studies,
however, it is important to note that we did not use beads for our platelet count
analysis, therefore the data are not directly comparable. Instead, our data
demonstrates the number of CD41 positive events, which were first gated by
platelet physical characteristics, then by CD41 positive events. Arguably using
beads is a more accurate measurement (Nieswandt et al., 2004), as the beads
create a comparative standard count, however, counts were consistent
between each experiment and we observed no difference between WT and
ACG6-KO platelets. In addition, to maximise murine blood usage, we collected
blood into ACD as described in 2.3.1 to allow for whole blood and washed
platelet experiments to be carried out from one mouse, other studies used
ETDA or Heparin for whole blood analysis, which could be attributed to the
differences we observed (Jin et al., 1997; Banfi et al., 2007; Aurbach et al.,
2019). In addition, our yield from washed platelets counts using a coulter
particle counter were more consistent with the literature (Figure 49), therefore
the low numbers observed in both strains by flow cytometry were no cause for

concern.

To establish whether platelet lifespan was affected by deletion of platelet AC6

we measured the presence of reticulated platelets using flow cytometry, as an
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indirect method to assess platelet maturity. We observed no difference in the
presence of reticulated platelets in AC6-KO compared to WT suggesting that
ACG6 does not play a key role in platelet lifespan (Figure 51). In hindsight we
should have used a platelet marker to establish the percentage of reticulated
platelets within the platelet population as described by Hamad et al., (2021).
Our data is presented as MedianFI of thiazole orange, on the principle that
the more thiazole orange present in a cell, the more genetic material and

hence, the younger the platelet is.

We next assessed surface receptor expression in WT and AC6-KO platelets
by flow cytometry (Figure 52). We found no difference in surface receptor
expression between WT and AC6-KO platelets and were consistent with other
studies using genetically modified mice (Pleines et al., 2010; Munzer et al.,
2017).

Finally, we assessed platelet morphology via platelet adhesion and spreading
upon fibrinogen (Figure 53). We observed no difference in spreading and
adhesion between WT and AC6-KO upon fibrinogen (100 pg/mL). Platelet
spreading and adhesion was normal in AC6-KO platelets compared to WT,
which allowed us to then assess the effect of PGI2 on platelet spreading and
adhesion (Figure 54). While the presence of PGl2 had no effect on the number
of platelets adhered in the AC6-KO compared to WT (Figure 54 B), we did
however observe a significant reduction in platelet spreading as displayed by
a reduction in percentage area per FoV (Figure 54 C). Though there was a
reduction, it was to a much lesser extent than WT platelets, suggesting that
AC6 may have a role in PGl>-mediated inhibition of platelet spreading.
Comparison between WT and AC6-KO demonstrated that PGIl> had a more
profound reduction in WT platelets to AC6-KO platelets, however, this was not
significant. In theory, a loss of AC6 should reduce the effect of PGl2, however,
we did not observe such a reduction. It's worth noting that platelets were pre-
treated with 0.05 U/mL thrombin to initiate spreading and compared to other
studies (Mazharian et al., 2007; Pleines et al., 2010) this was a much higher
thrombin concentration, which may contribute to a lack of difference upon
PGl. treatment between WT and AC6-KO platelets. Overall, studies of the
basic characterisation of these platelets demonstrates that AC6-KO platelets
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are comparable to WT platelets and deletion of AC6 does not affect general
platelet morphology.

4.9.3. AC6-KO platelets display impaired response to PGl: in
PAR but not GPVI-mediated platelet activation

We then set out to establish platelet function in the AC6-KO mouse compared
to WT. In the first instance, we assessed platelet aggregation in the presence
and absence of PGlz. Despite the loss of ACG6, platelet aggregation upon
thrombin or collagen alone remained normal and unchanged between WT and
ACG6-KO, suggesting that AC6 per se does not influence responsiveness to
key agonists. To our surprise we found that sensitivity to PGl2 was only
affected when platelets were stimulated with thrombin but not collagen. This
was not linked to all GPCRs since U46619 aggregation was unaffected
(Figure 57). Upon activation, platelets release ADP leading to the synthesis
of TxA2 which acts to both promote platelet activation and recruit additional
platelets to the site of injury (Offermanns, 2006). To support platelet activation,
ADRP triggers Ga; leading to the selective inhibition of AC5 and AC6 (Godinho
et al., 2015). ADP and TxA:z work in synergy to enhance platelet activity
(Koupenova and Ravid, 2018), while ADP was not tested, the use of U46619
allowed us to assess whether the inhibitory defect observed in response to
thrombin-mediated platelet aggregation was PAR-specific or G-protein linked.
We observed no such defect in response to PGl upon stimulation with
U46619 in AC6-KO platelets compared to WT. Suggesting that the impaired
PGl2 response in AC6-KO platelets (Figure 56) is most likely PAR-mediated.

Previously it was reported that the IP receptor and AC5/6 are co-expressed in
microdomains that control the extent of CAMP generation, along with PKA in
platelets (Raslan, Z. and Naseem, K.M., 2015; Raslan et al., 2015b). While
others document that AC5 and AC6 from rat brains, interact with A-kinase
anchoring protein (AKAP) 79/150, directing cAMP signalling via PKA towards
a (B-adrenergic receptors, G-protein and AC network (Bauman et al., 2006;
Dessauer, 2009). Highlighting that ACs could be in close proximity to specific
receptors, facilitating the control of cAMP signalling. Therefore, it could be
possible that AC6 resides in a complex with PAR receptors, facilitating
opposing signals from Gs and Gi.
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While cross-talk between cAMP and cGMP signalling does exist this is
typically restricted to the action of PDEs (Manns et al., 2002; Moorthy et al.,
2011). PDEs act to control the levels of cyclic nucleotides via hydrolysis of
cAMP and cGMP. PDE3A regulates cAMP through a cGMP-inhibited
mechanism, while PDE2 acts via a cGMP-stimulated process, marrying the
two pathways together (Manns et al., 2002; Weber et al., 2017). Previously, a
study by Wangorsch et al., (2011), demonstrated stimulation of AC-mediated
cAMP production in silico using forskolin and iloprost did not impact cGMP
signalling (Wangorsch et al., 2011). Despite this, it was important to examine
whether this was the case in murine platelets. Using GSNO as a NO-donor,
we found no difference between WT and AC6-KO platelets, with respect to
inhibition of aggregation (Figure 58).

Platelet aggregation is the culmination of multiple platelet functions and
therefore is important to assess. However, it was also important to ascertain
if individual platelet functions were affected. Using flow cytometry to measure
integrin activation, a-granule secretion, and PS exposure, we found that the
ability of PGl> to inhibit each was compromised in AC6-KO but not WT in
response to PAR4 peptide. These data highlight a number of important issues.
Firstly, the loss of ACG6 is linked to PAR activation, secondly, given that
multiple functions are affected, compromised cAMP signalling by the absence
of AC6 is common to multiple platelet functions and thirdly, the defect is
apparent in whole blood (Figure 59 — 60).

Elevation of platelet cAMP levels is regulated by the opposing activity of AC
and PDEs (Hunter et al., 2009) with PAR-mediated platelet activity known to
increase the hydrolysis of cCAMP by PDE3A (Zhang and Colman, 2007). We've
demonstrated in both washed platelets and whole blood, that a loss of AC6 is
linked PGl>-mediated inhibition of PAR stimulated platelet activity. Though
Hunter and colleagues (2009) demonstrated that PDE3A activity upon platelet
activation is PKC mediated, thus linked to both collagen- and thrombin-
mediated platelet activation, their work primarily focussed on thrombin-
mediated PKC activity. Based on our data, the removal of ACG6, therefore,
impairs cAMP-mediated inhibition by PGl>, while the combination of PAR
activation increases PDE3A activity, likely resulting in diminished inhibition of
PAR-mediated activity.
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4.9.4. AC6 plays a key role in mediating thrombosis and
thrombus stability in mice

The extent of platelet activity at the site of injury is strictly controlled by cAMP
signalling in response to tonic inhibition by PGl2, as well as NO-stimulated
cyclic nucleotide signalling (Beaulieu and Freedman, 2013). In addition, the
marginalisation of platelet during blood flow facilitates their exposure to PGlo.
Upon vascular injury, platelets enter the site of injury in a high cAMP/cGMP
state, with exposure to high agonist concentrations leading to PDE activity,
resulting in reduced inhibitory signalling. Therefore, one could argue that a
loss of AC6, and successive impaired cAMP signalling, are likely to present a
prothrombotic phenotype.

To establish a physiological function of platelet AC6 we assessed thrombosis
in real-time via FeCls injury of mesenteric vessels, and we found clear
differences between WT and AC6-KO mice (Figure 61). In the absence of
platelet AC6, the mice displayed a markedly quicker vessel occlusion time.
Furthermore, the size of the thrombus area over time was noticeably
increased compared when compared to WT. These data suggest that whilst
the reduced sensitivity to the inhibitory effects of PGI2 in vitro relate primarily
to PAR-mediated platelet activity, in the complex conditions found in vivo, this
defect is linked to an abnormal thrombotic response.

Overall, the data suggests that ACS5 is still intact in these platelets and that
they retain the ability to synthesise some cAMP, though the levels of the cyclic
nucleotide produced are not sufficient to maintain a normal response to injury.
Further, that ACG6 plays a key role in response to injury. Thrombus size can
be influenced by its stability and the possibility of embolisation. We examined
the potential role of platelet AC6 in mice by assessing “drops or falls” in
fluorescence using methods established by Duval and colleagues (2021).
Thromboembolic events involve fragments of thrombi leaving the growing
thrombus and affecting downstream organs such as the lung or brain. These
thromboembolic events include pulmonary embolism and stroke, which affect
over 1 million people annually worldwide (Machlus et al., 2011; Huisman et
al., 2018; Jame and Barnes, 2020). While we did not track emboli, our analysis
observed unstable thrombus formation with an increase in embolic events in

the absence of platelet AC6 (Figure 62). The parameters that Duval and
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colleagues used, considered anything greater than a 25% loss as an embolic
event, whereas we opted for a loss of over 15% as we argued that this is still
a substantial loss of the thrombus. Especially as subsequent embolic events
occurred at the later stages of thrombus formation, with a loss of over 15%
were observed in the AC6-KO compared to WT.

Thrombosis injury models highlight that accelerated thrombosis and unstable
thrombi go hand in hand (Duval et al., 2021). Even in studies whereby embolic
events have not been analysed, it's clear that data exhibiting an accelerated
thrombotic phenotype displays drops in thrombus growth over time (Berger et
al., 2020). Instead of relying on anticoagulants for treating thrombotic events,
future treatments should account for thrombus quality and stability. We have
shown that the loss of ACG6 results in unstable thrombus formation, though the
mechanisms are unclear, this could be linked to downstream PKA signalling

events.

Overall, the data described in this chapter provide an interesting insight to the
role of AC6 in platelet function and thrombosis. We've demonstrated that AC6
is linked to inhibition of PAR-mediated signalling but not GPVI, the extent of
thrombus formation and stability. Work described in the subsequent chapter
will aim to establish the role of AC6 in cAMP signalling.
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Chapter 5
Characterisation of AC6-mediated signalling in the
AC6-KO mouse

5.1. Introduction

Reduced sensitivity to PGlz in cardiovascular disease and diabetes mellitus
have been reported several early studies, though the precise mechanisms are
yet to be elucidated (Akai et al., 1983; Burghuber et al., 1986). While some
studies attribute reduced PGI: sensitivity and impaired cAMP signalling to IP
receptor expression (Knebel et al., 2015), other factors could be at play.
Impaired PGI. sensitivity and subsequent cAMP signalling in disease could
be attributed to a fault in AC activity. More recently, impaired platelet AC
signalling in was identified in ACS and hyperglycaemia (Imam et al., 2019).
They also found that post-receptor AC-dependent signalling was a major
source of variability in individual patients’ responsiveness to P2Y . receptor
antagonists, highlighting the importance of understanding AC-mediated cAMP
signalling in disease and disease treatment (Imam et al., 2019). Work in this
chapter aims to elucidate the relative contribution of AC6 to basal and
stimulated cAMP production as well as downstream PKA signalling events.

5.1.1. Aims of chapter
e To assess the relative contribution of AC6 in platelet cAMP production
e To identify PKA substrates linked to AC6 activation
e To identify downstream signalling consequences as a result of AC6
deletion

5.2. Assessment of platelet cAMP production in AC6-
KO platelets

After demonstrating a functional defect in response to PAR-mediated
inhibition by PGl2 in AC6-KO platelets as well as accelerated thrombosis
(Chapter 4) we decided to assess whether this was linked to altered cAMP

signalling as a result of AC6 deletion.
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5.2.1. Assessment of cAMP production in response to PGl:
in AC6-KO platelets

We found no differences in basal cAMP concentrations between AC6-KO and
WT, suggesting that AC6 does not contribute significantly to basal cAMP
production. In contrast, AC6-KO platelets showed significantly reduced
responses to PGlz-induced cAMP generation (Figure 63). PGl2 (1 -100 nM)
induced a concentration-dependent increase in intracellular cAMP (Figure 63
B) in both strains of mice. However, the concentration of the cyclic nucleotide
was significantly lower in AC6-KO platelets (PGl 100 nM, p<0.0001).
Production of cAMP in WT platelets was increased from 237.1 £+ 147.4
fmol/107 platelets at basal, peaking at 30 secs of PGl (100 nM) to 8167.6 +
2603.3 fmol/107 platelets. While AC6-KO platelets went from 278.6 + 134.1
fmol/107 platelets (basal) to 2359.2 + 823.6 fmol/107 platelets (30 secs; PGl
100 nM, p<0.0001). (Figure 63 A). Importantly the absence of AC6 did abolish
cAMP generation in response to PGla.
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Figure 63. Impaired PGl.-mediated cAMP production in AC6-KO
platelets

Murine washed platelets (2x108 platelets/mL) were treated with PGl, (100 nM) over
time (A) or increasing concentrations of PGl, (1-100 nM) for 30 secs (B) at RT.
Reactions were terminated by the addition of lysis buffer containing 2.5%
dodecyltrimethylammonium bromide and cAMP levels were assayed with a
commercially available enzyme immunoassay system (Cytiva) and expressed as
fmol cAMP/107 platelets. All assays were carried out in duplicate, and data presented
as means + SD and compared between WT and AC6-KO by two-way ANOVA with
Sidak’s multiple comparisons test (n=5, ns=not significant, *<0.05 **<0.01, and
****<0.0001).
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5.2.2. Effect of SQ22536 on cAMP production in AC6-KO
platelets
In an attempt to understand the source of basal cAMP in the ACG6 deficient

platelet used the direct AC inhibitor, SQ22536 (Emery et al., 2013). We
hypothesised that using SQ22536 would block any remaining AC activity
therefore would abolish PGl>-mediated cAMP production (Figure 64).

Interestingly, we only found a partial reduction in cAMP synthesis in response
to SQ22536 in WT, with no effect in AC6-KO platelets. In WT platelets, a
significant reduction in cAMP synthesis was only observed at PGl> (100 nM),
whereby cAMP reduced from 8167.6 + 2603.4 fmol/107 platelets (PGl, alone)
to 4855.3 + 1517.7 fmol/10” platelets (SQ22536 + PGl> 100 nM; p=0.02).
While AC6-KO platelets displayed no significant difference upon SQ22536
treatment, cAMP production went from 2359.2 + 823.6 fmol/107 platelets (PGl.
alone) to 3243.3 £ 551.7 fmol/107 platelets (SQ22536 + PGl 100 nM). These
data suggest that SQ22536 may only target AC6 and not ACS in murine
platelets.
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Figure 64. SQ22536 displays no effect on cAMP production in AC6-KO
platelets

Murine washed platelets (2x10® platelets/mL) were pre-treated with and without
SQ22536 (100 uM) for 25 minutes at 37°C prior to the addition of PGI2 (10 — 100 nM)
for 30 secs at RT. Reactions were terminated by the addition of lysis buffer containing
2.5% dodecyltrimethylammonium bromide and cAMP levels were assayed with a
commercially available enzyme immunoassay system (Cytiva) and expressed as
fmol cAMP/107 platelets. All assays were carried out in duplicate, and data presented
as means = SD and compared using a two-way ANOVA with Sidak’s multiple
comparisons. Comparisons were made between WT and AC6-KO (black text), as
well as basal versus PGl treatment, and PGI; treatment versus PGl2 with SQ22536
for WT (blue text) and AC6-KO (orange text), (n=3, ns= not significant, *<0.05,
***<0.001 and ****<0.0001).
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5.3. Expression of downstream PKA substrates is
intact in AC6-KO platelets

The aim of the next series of experiments was to understand the effects of
ACG deletion on cAMP signalling by examining the phosphorylation of known
PKA substrates. However, we first examined the expression of two known
substrates of PKA to ensure that any changes in phosphorylation were not

due to changes in total protein content (Figure 65).

Total VASP expression was 120.3 + 12.2 % (WT) compared to 135.7 £ 4.4 %
(AC6-KO), while total PDE3A expression was 165.4 + 23.9 % (WT) compared
to 138.5 + 18.1 % (AC6-KO). These data confirm that downstream PKA
substrates are intact in the AC6-KO, therefore any potential differences
observed in phosphorylation are not attributed to protein expression of VASP
and PDE3A.
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Figure 65. Measurement of downstream PKA substrate expression in
ACG6-KO platelets

Murine washed platelets (5x10® platelets/mL) were lysed in 2x Laemmli buffer,
separated via SDS-PAGE and immunoblotted for total VASP and total PDE3A with a
GAPDH loading control. Representative images (A) and whole lane densitometry bar
graphs (B). Data presented as means + SD and compared between WT and AC6-

KO using an unpaired students t-test (n=3, ns = not significant).
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5.4. Phosphorylation of PKA substrates in response to
cAMP-elevating agents in AC6-KO platelets

After establishing an ACG6-specific defect in cAMP production in response to
PGl2 we decided to assess downstream PKA signalling via measurement of
phospho-PKA substrates in response to cAMP-elevating agents, including
PGl2, forskolin and 8-CPT-cAMP.

5.4.1. Assessment of phospho-PKA substrates in AC6-KO
platelets

Since establishing that protein expression of VASP and PDE3A were intact in
the AC6-KO, we first assessed pan phospho-PKA substrates in response to
PGl2 and forskolin (Figure 66).

We observed no difference between WT and AC6-KO in phospho-PKA
substrates upon stimulation with PGl2 or forskolin. Phosphorylation of PKA
substrates increased with PGI2 and forskolin concentration in both WT and
ACG6-KO platelets. In WT platelets, phosphorylation of PKA substrates went
from 23.1 £ 5.5 % (basal) to 157.1 + 34.1 % (PGl2; 100 nM) and AC6-KO
platelets went from 19.7 £ 11.1 % (basal) to 134.2 + 27.8 % (PGl2; 100 nM).
Stimulation with forskolin also displayed a similar trend, though to a much
lesser extent. In WT platelets, phosphorylation of PKA substrates went from
17.7 £ 2.2 % (basal) to 31.1 £ 8.8 % (forskolin; 10 uM) while AC6-KO platelets
went from 11.7 £ 3.0 % (basal) to 37.7 £ 5.8 % (forskolin; 10 uM). Interestingly,
representative images do display a subtle reduction in phospho-PKA
substrates in AC6-KO compared to WT for both PGI> and forskolin treated
platelets. Suggesting that there may be some subtle changes to individual
PKA substrates that have been lost during whole lane densitometry analysis.



- 182 -

PGl, (nM) PGl, (nM) Forskolin (uM) _ Forskolin (uM)
w = T s
& 1 10 100 & 1 10 100 & 011 10 S 01 1 10
- - - e e e o |e— 250KkDa
J % ~ s |<«— 150kDa p—— - e o50kDa
- -
<— 100kDa et o e o e 150kDa
<— 75kDa <— 100kDa
< 75kDa
Phospho-PKA - | wst | *+— 50kDa Phospho-PKA
(RRXS/T) (RRXSIT) - & w |+ s0kDa
<— 37kDa i b % | <+ 37kDa
v | | . o | < 5kDa -— - - S—— ¥ PY
SARDES |—-—-‘||—*‘—- <= 37kDa GAPDH |————||_——-—— = 37kDa
WT AC6-KO WT AC6-KO
= WT
AC6-KO
- 1004
200 ns ns

-
o
o
1
©
o
1

(=2
o
L

|
il

Basal 0.1 1 10

H
o
1

o
o
1
N
o
1

o
L

[~}
L
% p-PKA Substrates / GAPDH

% p-PKA Substrates /| GAPDH
3
1

PGl, (nM) Fsk (uM)

Figure 66. Assessment of phospho-PKA substrates in AC6-KO
platelets by immunoblotting

Murine washed platelets (5x10® platelets/mL) were lysed in 2x Laemmli buffer,
separated via SDS-PAGE and immunoblotted for p-PKA substrates (RRXS/T) with a
GAPDH loading control. Platelets were stimulated with increasing concentrations of
PGI; for 2 min (left) or forskolin (right) under constant stirring (800 rpm) at 37°C. Data
presented as images (A-B) and whole lane densitometry bar graphs (C-D) analysed
using ImageJ software. Comparisons were made between WT and AC6-KO platelets
by two-way ANOVA with Tukey’s multiple comparisons test (n=1-2, ns = not

significant).
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5.4.2. Assessment of individual PKA substrates in AC6-KO
platelets in response to PGl2

Next, we decided to assess phosphorylation of individual PKA substrates
upon treatment with PGl> to establish whether individual PKA substrates are
linked to AC6. Upon treatment with PGl we observed a concentration-
dependent increase in both WT and AC6-KO platelets across all the phospho-
PKA substrates (Figure 67).

Stimulation with PGI;, displayed impaired phosphorylation of VASPSe157,
VASPSe23° and GSK3B%¢™ in AC6-KO platelets compared to WT. Differences
in VASPSer157 phosphorylation emerged at PGl> (10 nM) with WT platelets
demonstrating 45.6 + 29.8 % compared to AC6-KO showing 13.6 £ 2.7 %
(p=0.01) (Figure 67 D). The differences were more profound at higher
concentrations of PGl, (100 nM), whereby VASPS¢"'57 phosphorylation was
136.5 + 36.8 % in WT platelets whereas AC6-KO platelets displayed 94.7 +
15.8 % (p=0.003). Differences in VASPS¢23 phosphorylation were only
present at PGl2 (100 nM), whereby WT platelets demonstrated 156.2 + 48.8
% whereas AC6-KO platelets displayed 91.8 £ 24.6 % (p<0.0001) (Figure 67
C). Phosphorylation of GSK3BSe® also displayed a similar level of
phosphorylation between WT and AC6-KO at PGIl. (100 nM). WT platelets
were 135.2 £ 24.7 % while, AC6-KO platelets were 91.4 + 6.6 % (p=0.001)
(Figure 67 E). These data demonstrate impaired phosphorylation of certain
PKA substrates in AC6-KO platelets compared to WT in response to PGl..
However, the differences observed are not completely ablated, therefore the
other AC must be playing a role here. In contrast we found that the
phosphorylation of PDE3AS®3'2 was unaffected by the absence of AC6
(Figure 67 B).
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Figure 67. Assessment of individual PKA substrates in AC6-KO
platelets upon treatment with PGl

Murine washed platelets (5x108 platelets/mL) were treated with PGI> (1 — 100n M) for
2 mins (A). Samples were lysed in 2x Laemmli buffer, separated via SDS-PAGE and
immunoblotted for p-PDE3AS®?'2 (B), p-VASP®*?**° (C), p-VASP®*"" (D) and p-
GSK3B%*" (E) with a GAPDH or total PDE3A loading control. Representative images
(A) and densitometry bar graphs (B-E) analysed using ImageJ software. Data
presented as means + SD and compared between WT and AC6-KO by two-way
ANOVA with Sidak’s multiple comparisons test (n=3, ns = not significant, *<0.05.
**<0.01, and ****<0.0001).
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5.4.3. Assessment of individual PKA substrates in AC6-KO
platelets in response to forskolin

Since establishing impaired phosphorylation of certain PKA substrates in
ACG6-KO platelets in response to PGl2, we decided to stimulate AC directly
using forskolin (Figure 68). The use of forskolin in combination with the AC6-
KO allows us to identify contribution of the other AC present (AC5) in PKA
substrate phosphorylation.

We observed a defect in PKA substrate phosphorylation in response to
forskolin. Phosphorylation of VASPSe'57 displayed differences emerging at
forskolin (1 uM) with WT platelets at 100.2 + 31.2 % versus AC6-KO platelets
at 66.5 £ 13.6 % (p=0.004). This was also demonstrated at higher
concentrations of forskolin (100 uM), whereby WT platelets were 113.2 + 14.0
% compared to AC6-KO platelets at 81.9 £ 17.0 % (p=0.008) (Figure 68 D).
Consistent with this, VASPS¢23% phosphorylation followed a similar trend. At
forskolin (1 pM), WT platelets were 45.5 £ 9.7 % compared to AC6-KO
platelets at 20.9 + 5.9 % (p=0.04). Differences in VASPS¢23% phosphorylation
became more significant at higher concentrations of forskolin (10 yM). WT
platelets showed VASPS¢239 phosphorylation at 135.5 + 30.3 % whereas AC6-
KO platelets displayed 88.8 + 14.1 % (p<0.0001) (Figure 68 C). GSK3p%e
phosphorylation displayed a clear defect in AC6-KO platelets upon forskolin
treatment. Differences emerged at forskolin (1 yM) and remained at higher
concentrations of forskolin (10 uyM). At forskolin (1 pM), WT platelets were
115.4 £ 4.4 % versus AC6-KO platelets at 47.6 + 18.7 % (p<0.0001). At a
higher concentration of forskolin (10 uM), WT platelets increased to 154.8 +
344 % whereas AC6-KO platelets remained at similar levels of
phosphorylation at 48.5 + 9.0 % (p<0.0001) (Figure 68 E). We observed no
difference in PDE3AS®312 phosphorylation between WT and AC6-KO platelets
upon treatment with forskolin, this further confirms that AC6 is linked to cAMP
production but not breakdown (Figure 68 B). In combination with data
presented in Figure 67, we have shown that phosphorylation of VASP and
GSK3pBSe™® are impaired in AC6-KO platelets in response to forskolin, though
not completely lost, suggesting that AC5 and ACG6 are both linked to these
PKA substrates.
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Figure 68. Assessment of individual PKA substrates in AC6-KO
platelets upon forskolin treatment

Murine washed platelets (5x10° platelets/mL) were treated with forskolin (0.1 — 10

uM) for 5 mins (A). Samples were lysed in 2x Laemmli buffer, separated via SDS-
PAGE and immunoblotted for p-PDE3AS"?'2 (B), p-VASPS¢?* (C), p-VASPS*"%" (D)
and p-GSK3p%*" (E) with a GAPDH or total PDE3A loading control. Representative

images (A) and densitometry bar graphs (B-E) analysed using ImageJ software. Data

presented as means + SD and compared between WT and AC6-KO by two-way

ANOVA with Sidak’s multiple comparisons test (n=3, ns = not significant, *<0.05.
**<0.01, and ****<0.0001).
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5.4.4. Assessment of p-VASP in AC6-KO platelets in
response to 8-CPT-cAMP

To ensure that downstream PKA phosphorylation events were intact in the
AC6-KO, and observed differences are specifically linked to AC6, we
employed the use of 8-CPT-cAMP, a direct PKA activator. The use of 8-CPT-
cAMP allows us to bypass the IP receptor and ACs to activate PKA directly,
therefore allowing us to assess downstream signalling events of PKA (Geiger
et al., 1992). We assessed 8-CPT-cAMP mediated phosphorylation of
VASPSe57 and found no difference between WT and AC6-KO, suggesting
that changes detected are specifically linked to AC6 and not changes to
downstream cAMP signalling (Figure 69).
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Figure 69. Assessment of p-VASPS¢'57 jn AC6-KO platelets upon 8-CPT-
CAMP stimulation

Murine washed platelets (5x108 platelets/mL) were treated with 8-CPT-cAMP
(1 = 100 pM) for 5 mins (A). Samples were lysed in 2x Laemmli buffer,
separated via SDS-PAGE and immunoblotted for p-VASP®¢"'%” with a GAPDH
loading control Representative images (A) and densitometry bar graphs (B)
analysed using ImageJ software. Data presented as means + SD and
compared between WT and AC6-KO by two-way ANOVA with Sidak’s multiple

comparisons test (n=3, ns = not significant)



- 188 -

5.4.5. Assessment of p-VASP by phosphoflow in response
to PGl2in AC6-KO platelets

After establishing a difference in VASP phosphorylation events in the AC6-
KO compared to WT in washed platelets. We decided to explore intracellular
phosphorylation of VASP in a more physiological setting using whole blood
phosphoflow techniques (Hindle et al., 2021; Spurgeon et al., 2014) (Figure
70).

We observed no significant difference in VASPSe"'57 phosphorylation between
WT and ACG6-KO platelets upon stimulation with PGl2 (0.1 — 100 nM).
However, heatmaps do indicate a subtle difference in VASPSe157
phosphorylation between WT and AC6-KO at PGl2 (10 — 100 nM) (Figure 70
A). In contrast, VASPS¢239 phosphorylation demonstrated a more profound
difference between WT and AC6-KO upon stimulation with PGI2 (10 - 100nM)
(Figure 70 B). At PGl> (10 nM), WT platelets displayed 7.6 + 4.4-fold over
basal while AC6-KO showed 2.8 * 1.3-fold over basal (p=0.03).
Phosphorylation of VASPS2% in WT platelets was 16.9 + 5.0-fold over basal
(PGl2; 100 nM), whereas AC6-KO platelets displayed 11.9 + 3.7-fold over
basal (PGl2; 100 nM) (p=0.04).
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Figure 70. Impaired VASP phosphorylation in response to PGIl2 in AC6-
KO platelets

Murine whole blood was treated with increasing concentrations of PGI, for 2 min,
fixed using PhosFlow Fix/Lyse buffer (BD Biosciences), permeabilised and incubated
with phospho-specific antibodies (p-VASP*", p-VASP**"?*° and CD41; 1 pg/mL).
Cells were gated on platelet physical properties at 10,000 events and then analysed
for p-VASP expression in CD41 positive cells. Data presented as means + SD fold
over basal shown by heatmaps. Data compared between WT and AC6-KO by two-
way ANOVA with Sidak’s multiple comparisons test (n=5).
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5.5. Discussion

The extent of platelet activity is controlled by cyclic nucleotide signalling upon
constant exposure to endothelial-derived PGl2 and NO (Arnold et al., 1977,
Moncada, 1982). The cAMP signalling cascade represents a major inhibitory
pathway that controls platelet function, haemostasis and thrombosis and our
understanding of its specific regulation is limited. Work described in this
chapter demonstrates that a loss of AC6 impairs cAMP production and causes
subtle changes in downstream PKA substrate phosphorylation in response to
cAMP-elevating agents. These signalling defects observed in the AC6-KO are
likely to contribute to the functional defects observed in Chapter 4. Here we
have used ELISA, immunoblotting and phosphoflow approaches to assess
the role of ACG6 in platelet cAMP signalling.

5.5.1. Impaired cAMP production upon PGl treatment in
AC6-KO

Production of cCAMP is a key regulator of platelet function, thus impaired cAMP
signalling is linked to reduced sensitivity to PGI2 in cardiovascular disease
(Fisch et al., 1997; Bunting et al., 1983; Berger et al., 2020). We have already
demonstrated clear functional defects linked to a loss of ACG6, therefore we
wanted to assess how the cAMP signalling pathway was impacted by the
deletion of AC6. We suspected a loss of AC6 results in diminished cAMP
production based on the PAR-mediated functional defect upon treatment with
PGl. observed in Figure 56 and Figure 59, in addition to accelerated
thrombosis as demonstrated in Figure 61. We observed no differences in
basal cAMP production between WT and AC6-KO, suggesting that in vitro,
platelet AC6 does not control ‘basal’ cAMP production i.e., without exogenous
stimulation of AC by PGl>.

Consistent with this, in the absence of PGlz-stimulated Gs activity, platelets
exhibit ongoing turnover of cAMP to reach an equilibrium sufficient enough to
limit spontaneous platelet activation (Feijge et al., 2004). Suggesting that the
levels of CAMP at basal are controlled by PDE3A activity, rather than ACs
(Feijge et al., 2004). In addition, Noe et al., (2010) attributed basal cAMP
generation in platelets to a combination of signalling via Gi2, Gz and Gs, though
the biochemical role of AC in basal cAMP activity has yet to be explored. Using
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FRET analysis Lissandron and colleagues (2005), identified specific pools of
cAMP that are localised to distinct PDE isoforms (Stangherlin and Zaccolo,
2012). Remarkably, PKA has been shown to phosphorylate and activate
PDE3A in platelets, providing a regulatory feedback mechanism to control
platelet cAMP signalling (Macphee et al., 1988; Hunter et al., 2009). Data
presented here offers another alternative that basal cAMP synthesis could be
attributed to the other AC present, AC5. ACG6-KO platelets demonstrated a
significantly reduced sensitivity to PGI. induced cAMP generation, given that
this was not completely ablated, suggests that IP receptors are linked to
multiple ACs, which could potentially exist in different locations within a cell.

To further assess the relative contribution of AC6 to cAMP production in
response to PGl2, we used a direct AC inhibitor SQ22536 (Emery et al., 2013).
We hypothesised that using SQ22536 would mimic a full-body AC knockout
and therefore would prevent PGl-mediated cAMP production, allowing us to
also assess the contribution of AC5 (Figure 64). Interestingly, only a partial
reduction in CAMP generation was observed in the presence of SQ22536 in
WT but not AC6-KO platelets. At higher concentrations of PGl,, WT platelets
demonstrated a significant reduction in cAMP generation in response to
SQ22536 whereas AC6-KO platelets displayed no such reduction. This could
suggest that SQ22536 does not target AC5, however, there have been no
reports demonstrating this. Nevertheless, it is possible that the specificity of
SQ22536 is questionable. An alternative AC inhibitor does exist, NKY80,
though this is said to be less potent than SQ22536 and more selective to AC5
and AC2 (Onda et al., 2001). While this could be useful to inhibit ACS5,
SQ22536 is more widely used to inhibit ACs. Additionally, the concentrations
of SQ22536 used in cell biology studies vary across numerous studies
(Haslam, 1973; Kunapuli et al., 1999; Woulfe et al., 2002; Yang et al., 2002;
Emery et al., 2013), and further, the use of AC inhibitors typically requires the
addition of AC-activators to confirm inhibition, therefore adds complexity to
experimental design and output. First reports of SQ22536 on human platelets,
identified an IC50 of 13 pyM of SQ22536 in the presence of PGE1 (1 uM)
(Haslam, 1973). Interestingly, Yang et al., (2002) demonstrated that the
presence of SQ22536, failed to restore a normal response to epinephrine in a
Ga; knock-out mouse. They also comment that an SQ22536 concentration of
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300 uM is sufficient to inhibit PGl.-stimulated cAMP formation to the same
extent as ADP or epinephrine, although, this data was not shown. Similarly,
Woulfe et al., (2002) also report that 300 uM is sufficient to inhibit PGl2-
stimulated cAMP production to levels comparable to AC inhibition by ADP,
again this data was not shown and concentrations of PGl> were not reported.
While Lova et al., (2002) suggests that SQ22536 (300 yM) maximally inhibited
forskolin stimulated AC inhibition, again concentrations of forskolin were not
reported. Alternatively, in HEK cells an IC50 value of 5 yM (SQ22536) was
reported in the presence of forskolin (25 yM), while NS-1 cells demonstrated
inhibition of forskolin-stimulated cAMP generation at 1 mM of SQ22536
(Emery et al., 2013). While our data presented in Figure 42, demonstrates,
the ability of SQ22536 to reduce PGl>-mediated VASP phosphorylation in
murine platelets at much lower concentrations than reported, we were unable
to replicate this in the cAMP ELISA. Either SQ22536 requires further
optimisation in experiments assessing cAMP production of murine platelets or
it does not target ACS at the concentrations used in this assay. Arguably, the
use of a platelet specific AC-KO mouse negates the need for such inhibitors.

Overall, we have demonstrated that a loss of AC6 contributes to impaired
cAMP production in response to PGly, though it is not ablated. This could be
attributed to ACS5 taking on a compensatory role in response to PGly, or it's
the combination of AC6 and AC5 that control platelet cAMP production.
Though this does not compensate for the thrombotic phenotype observed in
Figure 61. We have also shown that ACG6 is not responsible for basal cAMP
production, suggesting that this could be a role for AC5 or PDEs. Lastly, we
have found that in the presence of an AC inhibitor (SQ22536), WT platelets
displayed a reduction in cAMP generation, while this had no effect on AC6-
KO platelets.

5.5.2. The expression of downstream PKA substrates is
intact in AC6-KO platelets

Before assessing the impact of impaired cAMP production on downstream
PKA substrates, we decided to assess the expression of key PKA substrates
via immunoblotting. Our hypothesis was to ensure that the expression of PKA
substrates were intact in the AC6-KO before analysing their subsequent

phosphorylation events (Figure 65). We found that total VASP and total
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PDE3A expression were intact in AC6-KO platelets compared to WT, allowing
us to be confident that any changes in phosphorylation were not linked to
impaired expression of these proteins.

5.5.3. Impaired PKA substrate phosphorylation in response
to PGI2 and forskolin in AC6-KO platelets

We next set out to establish whether impaired PGl>-mediated cAMP
production, as a result of AC6 deletion, had any downstream PKA signalling
implications using a pan phospho-PKA antibody in response to PGl> and
forskolin (Figure 66). While whole lane densitometry did not demonstrate any
significant differences between WT and AC6-KO in response to PGl. or
forskolin. We did observe a subtle reduction in representative blots at ~50 kDa
in AC6-KO platelets. Due to the nature of quantifying pan antibodies via
whole-lane densitometry, potential changes may have been lost. It's worth
noting that several PKA substrates are ~50 kDa (p-VASPSe57 p-VASPSer239,
p-GSK3BSe® and p-GSK3a®°?") therefore it's likely that these bands may
overlap. However, we examined individual PKA substrates in response to
cAMP-elevating agents such as PGl2 (Figure 67), forskolin (Figure 68) and 8-
CPT-cAMP (Figure 69) and these data were much clearer. We found that the
phosphorylation of VASP was significantly reduced but not completely lost in
the AC6-KO, suggesting that AC5 could be playing a role here. Nevertheless,
it is important to note that even though the effect on signalling was modest it
was significant enough to impair platelet function as demonstrated in Chapter
4. Furthermore, we observed a clear reduction in VASP phosphorylation in
response to forskolin, identifying AC6 as a clear mediator of cAMP-mediated
PKA activity. The production of cAMP is controlled by the opposing activity of
PDE3A and ACs (Raslan et al.,, 2015a), therefore we wanted to assess
whether a loss of AC6 impacted activatory phosphorylation of PDE3ASe312, |n
contrast to phosphorylation of VASP, we observed no difference in
PDE3ASe12 phosphorylation in AC6-KO platelets upon stimulation with PGl
or forskolin, highlighting that AC6 is not involved in the breakdown of cAMP.
Notably, this is the first evidence that specific AC isoforms are not linked to all
PKA substrates.

Given that PGl stimulation allows us to assess receptor-mediated stimulation
of cAMP (including Gas), while forskolin directly activates all ACs (except AC9)
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(Seamon and Daly, 1981; Seamon et al., 1981), differences observed in the
AC6-KO between PGl>- and forskolin-mediated PKA phosphorylation events
are likely attributed to the IP receptor, G-protein and ACG6 signalling
relationship. In support, overexpression studies in cardiac fibroblasts show
that ACG6 selectively enhances (32-adrenergic receptor signalling, but not other
Gas-coupled receptors (Liu et al., 2008) suggesting that distinct AC isoforms
are linked to specific Gas-coupled receptors, while direct activation of AC by

forskolin does not account for this.

Phosphorylation of VASP is the gold standard for assessment of downstream
PKA phosphorylation events, the antibodies are robust and highly reported
(Waldmann et al., 1987; Butt et al., 1994; ElDaher et al., 1996). Importantly,
phosphorylation of VASPS®" 157 is proposed to be preferential to PKA, while
VASPSe2% jg preferential to PKG (Smolenski et al., 1998). Here we show that
phosphorylation of VASP at both sites is present in WT platelets treated with
PGl or forskolin, demonstrating that cAMP-mediated PKA activation can lead
to phosphorylation at both sites. We also measured VASPSe%7
phosphorylation in response to the direct PKA activator, 8-CPT-cAMP to
assess whether downstream signalling was intact and that the observed
differences in Figure 67 and Figure 68 were linked to loss of AC6 (Figure 69).
We found no difference between WT and AC6-KO in response to 8-CPT-
cAMP, confirming that downstream PKA signalling is preserved in the AC6-
KO.

Interestingly, GSK3p has been reported to contribute to thrombus stability
(Laurent et al., 2015), based on data described in Chapter 4, we wanted to
assess whether a loss of AC6 implicates the phosphorylation of GSK3pSe™. It
has been documented that GSK3pB is active at rest, inhibiting glycogen
synthase (GS), which is a key regulator of glycogenesis in platelets and other
cell types (Frame and Cohen, 2001; Li et al., 2008). Reports suggest that
GSK3[ activity at rest primes platelets for aggregation (Laurent et al., 2015),
though the exact mechanisms are unclear. However, upon platelet activation,
GSK3B becomes phosphorylated by PKB/Akt which in turn, switches off its
activity giving rise to glycogen synthase activity, thus glycogenesis. Recent
reports have demonstrated that GSK3p5¢™ is also phosphorylated by PKA,
however it is unclear why (Beck et al., 2014). It could be argued that this may
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allow resting platelets to metabolise glycogen in a tick over manner. We
therefore hypothesised that PKA-mediated phosphorylation of GSK3B5¢™ may
be impaired upon AC6 loss. Interestingly, we observed reduced PGl2> and
forskolin induced phosphorylation of GSK3B%°"® in AC6-KO platelets (Figure
67 E and Figure 68 E). Notably, the differences were more profound upon
forskolin treatment, suggesting that this is primarily AC6 linked, as AC5 has
been unable to compensate. Thus, we have found that AC6-KO platelets
displayed impaired phosphorylation of VASPSe57 VASPSe239 gnd GSK3pSer
upon stimulation with PGl. and forskolin, suggesting that these PKA
substrates are linked directly to AC6 activation. While the differences are
profound, they are not completely ablated which gives rise to a role for AC5

in the phosphorylation of these PKA substrates.

Overall, the data presented in this chapter demonstrate a clear cAMP/PKA
signalling defect in response to PGl and forskolin as a direct result of AC6
loss. These signalling defects are likely to account for the functional
differences observed in Chapter 4, especially accelerated thrombosis as
described in Figure 61.
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Chapter 6
Conclusions and future directions

6.1. Validation of the cAMP signalling pathway in
human, murine and patient platelets

Our initial studies validated well-known platelet functional and signalling
techniques in human control, human patient, and murine platelets.
Strategically it was important to validate known aspects of CAMP signalling to
ensure that once the AC6-KO mouse was generated, techniques were
optimised, established and translatable to murine platelets. This approach
allowed us to have a more streamlined experimental design to ensure
maximal output from each mouse, in keeping with the NC3Rs (Burden et al.,
2015).

To examine the potential pathophysiological importance of cAMP signalling,
we assessed platelet activation and inhibition by PGl in patients with ACS.
Consistent with other studies, we found that patients with ACS, exhibit
elevated CD62P expression and PS exposure under basal conditions, as well
as impaired sensitivity to PGl2 (Tschoepe et al.,, 1993; Itoh et al., 1995;
Minamino et al., 1998; Bath et al., 1998; Serebruany and Gurbel, 1999;
Porreca et al., 2009). Elevated expression of p-selectin (CD62P) has been
linked to delayed and unsuccessful thrombolysis is patients post-Ml (Gurbel
et al.,, 1998), while elevated PS exposure has been linked to thrombin
activation (Hoffman and Monroe, 2001). Increased expression of CD62P and
PS exposure at basal could also be linked to impaired sensitivity to
endogenous PGl: in circulation, thereby shifting platelets to a more activatory
and hyperactive state.

Interestingly, we also demonstrate the first evidence of significantly increased
sensitivity to PAR1 peptide in platelets from ACS patients.
Hyperresponsiveness to PAR1 in combination with elevated PS exposure,
and subsequent thrombin activation, can lead to coagulation, therefore
perpetuating the cycle of platelet activation and thrombus formation (Hoffman
and Monroe, 2001; Monroe et al., 2002). Given that these platelets were pre-
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activated and hyperresponsive even after a cardiovascular event suggests
that they may be more likely to exhibit recurrent events, despite intervention.

Platelet hyperactivity is a well-known trait of atherothrombosis. While the
precise mechanisms are uncertain, some studies suggest this is primarily
linked to dyslipidaemia, a known risk factor for Ml (Davi et al., 1998; Jackson,
2011; Berger et al., 2018b). Though others suggest this is a result of impaired
platelet inhibitory mechanisms (Bunting et al., 1983; Fisch et al., 1997; Van
Geet et al., 2009; Berger et al., 2020) or a combination of the two. Impaired
platelet sensitivity to PGI2 in cardiovascular disease has been extensively
reported (Bunting et al., 1983; Akai et al., 1983; Burghuber et al., 1986), with
our data validating that platelet PGl2 sensitivity is impaired in patients with
ACS, though the distinct mechanisms underpinning this are unclear. Studies
have linked impaired cAMP signalling to IP receptor desensitisation,
endothelial dysfunction, impaired PGI2/AC integrity, reduced VASP
phosphorylation and accelerated cAMP breakdown by PDEs, (Bunting et al.,
1983; Akai et al., 1983; Burghuber et al., 1986; Fisch et al., 1997; Van Geet
et al., 2009; Noe et al., 2010; Imam et al., 2019; Berger et al., 2020). Though
surprisingly, the distinct role of ACs and their isoforms, had not yet been
explored. Further understanding the contribution of AC6, the predominant
isoform in human and murine platelets, to cAMP signalling, may give insight

into why this protective mechanism fails in cardiovascular disease.

6.1.1. Key findings

e Confirmation of the pH method of platelet isolation to assess platelet
function and cAMP signalling in human and murine platelets

e Validation of light transmission aggregometry, static platelet spreading
and adhesion, fluorescent flow cytometry, ELISA, immunoblotting and
phosphoflow techniques to assess platelet function and cAMP
signalling in human and murine platelets to apply to clinical studies and
our AC6-KO mouse model

e Elevated platelet activation at basal, impaired PGl. sensitivity and
elevated PAR1 peptide response in ACS patients
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6.2. Characterisation of the platelet specific AC6-KO
mouse and the role of AC6 in platelet function

To understand the role of ACG6 in platelets, we successfully generated a novel
platelet specific AC6-KO mouse. While the other ACs are present, this model
still allows us to assess the specific contribution of AC6 to platelet cAMP
signalling and function which has not been previously reported. Therefore, this
is the first genetic mouse model to assess the cAMP signalling pathway
directly.

Numerous mouse models have been used to explore cAMP signalling
indirectly within a variety of cell types, for example, IP receptor-null mice
display normal platelet aggregation and accelerated thrombosis (Murata et al.,
1997), while whole body Gai; knockout mice display impaired AC inhibition by
ADP (Jantzen et al., 2001). In skeletal muscle cells, PKA-RIla knockout mice
were found to be normal with no physiological defects and PKA anchoring was
not impaired (Burton et al., 1997). In contrast, a microRNA study
demonstrated that the absence of the PKA-RII subunit in mouse platelets lead
to reduced activation by dual stimulation with adrenalin and PAR4 peptide
(Nagalla et al., 2011). In addition mice lacking platelet specific sGC
demonstrate accelerated thrombosis in response to injury (Rukoyatkina et al.,
2011; Zhang et al., 2011), while patients with mutations that severely reduce
sGC expression display impaired NO-mediated cGMP formation and an
increased risk of Ml (Erdmann et al., 2013). It was not unreasonable to
suggest that a loss of AC6 could exhibit a similar phenotype.

Upon assessment of our platelet specific AC6-KO mouse in vitro, we found
that basal cAMP synthesis was unaffected by the loss of AC6, consistent with
earlier studies where basal cAMP was found to be persistently produced
regardless of Gas stimulation in human platelets (Feijge et al., 2004; Noe et
al., 2010). Notably, cAMP production was not completely lost, hinting at a
potential role in cAMP production for the other AC present, AC5. In contrast
to basal cAMP, stimulation with PGl led to diminished production of the cyclic
nucleotide in the absence of AC6, demonstrating the IP receptor is linked to
AC6-mediated cAMP synthesis. This loss of cAMP was associated
diminished p-VASPSe57  p-VASPSe239 and p-GSK3B%e, indicating that PKA
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mediated phosphorylation of these substrates were linked, at least in part, to
AC6-derived cAMP. Critically, the phosphorylation of PDE3ASe™312 in
response to PGl or forskolin treatment was unaffected by the absence of AC6
and provides the first crucial evidence that distinct PKA substrates may be
linked to specific AC isoforms. Further, the data indicate that loss of PKA
substrate phosphorylation observed is linked to cAMP production and not
breakdown. Consistent with this, it has been suggested that ACG6 is not tightly
coupled to cAMP hydrolysis and resides in an area in the cell that is distinct
from PDE3A (Gros, R. et al., 2006).

From the perspective of platelets as haemostatic cells we found that platelet
counts, adhesion and surface receptor expression were unaffected by the loss
of ACG6. In addition, functional assessment found that platelet aggregation and
activation in response to collagen, CRP-XL, thrombin, PAR4 peptide and TxA>
were normal in the AC6-KO. Surprisingly, inhibition of PAR- but not GPVI-
mediated platelet functions including inhibition of PAR-mediated platelet
aggregation, CD62P expression, integrin activation (aunf3) and PS exposure
by PGl were significantly impaired in AC6-KO platelets. Demonstrating that
a loss of AC6 does not affect all platelet agonists, whereas PGl>-mediated
inhibition of PAR-stimulated platelet activity is impaired in the absence of ACG6.

While our in vitro data suggests that ACG6 is not linked to basal platelet cCAMP
activity, it does shed some light on impaired the cAMP signalling which we
have shown in ACS patient samples (Figure 29). This is the first evidence of
AC6-mediated cAMP signalling, linked to a specific agonist. Given that
inhibition of GPVI and TP signalling was unaffected by the loss of ACG6, this
could suggest that the other AC is reserved for the control of collagen and
TxA2-mediated platelet activity, while AC6 signalling controls PAR-mediated
activity. Although our in vivo studies demonstrate a clear overall thrombotic
phenotype in the absence of AC6, suggesting that ACG6 is the main AC isoform
responsible for mediating thrombosis.

Our data, and that of others, highlights that ACs in the plasma membrane are
likely to exist in complexes to form signalosomes with G-proteins, GPCRs,
protein kinases and PDEs (Gros et al., 2006a; Ostrom et al., 2012; Raslan
and Naseem, 2015). Compartmentalisation of signalling proteins within
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platelets and other cell types often involve lipid rafts, which are specific
membrane microdomains that contribute to spatiotemporal organisation. It is
thought that lipid rafts provide a specific location for PGl>-mediated inhibition
of platelet activity. It has been demonstrated that the IP receptor and AC5/6
are co-expressed in these types of microdomains and is proposed to control
the extent of cAMP production (Raslan et al., 2015b). While many reports
suggest that cAMP is constrained to lipid rafts (Liu et al., 2008; Raslan and
Naseem, 2015; Raslan et al., 2015a), an alternative hypothesis suggests that
cAMP is a diffusible second messenger and therefore has access to large
areas of a cell, thus deeming the location of CAMP irrelevant (Johnstone et
al., 2018). Consistent with platelet studies, overexpression studies in cardiac
fibroblasts show that ACG6 selectively enhances [2-adrenergic receptor
signalling, but not other Gas-coupled receptors (Liu et al., 2008) suggesting
that AC isoforms could be constrained to lipid rafts along with specific GPCRs.
It has also been reported that AC microdomains are consistent among species
and stable in their localisation (Ostrom et al., 2002; Cooper and Tabbasum,
2014). While, AC6 is present in both lipid raft and non-raft fractions along with
PKA in platelets (Raslan and Naseem, 2015).

In addition to localisation in membrane microdomains, A-anchoring kinase
proteins (AKAPs) can tether effector proteins and their downstream targets to
facilitate cAMP signalling events (Tasken and Aandahl, 2004). Importantly
there is evidence that AKAPs also control upstream signalling events by
positioning cCAMP effector proteins in close proximity to -adrenergic receptors
and cAMP machinery (Davare et al., 2001; Fraser et al., 2000). In rat brains,
AC5 and ACG6 interact AKAP79/150, directing cAMP signals via PKA towards
a 3-adrenergic receptors, G-protein and AC network, though this was shown
to facilitate phosphorylation of AC to inhibit cAMP synthesis (Bauman et al.,
2006). It could be possible that model is present in platelets to allow control of
PAR receptor signalling. While we did not study lipid rafts or AKAPs, the AC6-
KO provides insight into its relative contribution to basal and PGl.-stimulated
cAMP production, and its ability to control PAR-mediated activity. Importantly,
PAR-mediated platelet activity represents the most potent secondary
signalling cascade (Heemskerk et al., 2002). Given that we have
demonstrated that a loss of AC6 impairs PGl>-mediated inhibition of PAR
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platelet activation, it begs the question, are PAR receptors and ACG6 spatially
constrained to microdomains within platelets? A complex containing IP
receptors, Gs, AC6, PAR receptors and G, along with downstream signalling
machinery could pose a mechanism whereby platelet activity is controlled by
the opposing action of ACs and PAR receptors.

Tovey and colleagues (2008) defined cAMP signalling in human embryonic
kidney cells, as having two nodes of action. Firstly, binary nodes, whereby
cAMP passes directly from AC6 to IP3R2, and secondly, analogue nodes,
whereby local gradients of cAMP concentration regulate cAMP effectors in a
location more remote from AC. They describe binary signalling as a localised
delivery of cAMP, while analogue signalling is more dependent on localised
cAMP hydrolysis (Tovey et al., 2008). Given that our data demonstrates that
AC6 is not linked to PDE3ASe12 phosphorylation, it could suggest that PDE3A
activity is dependent on analogue signalling by cGMP and PKA
phosphorylation, and could reside elsewhere in the cell, remote from ACG.
While control of PAR-mediated activity could be more dependent on binary
cAMP signalling. Though we do not yet know specifically which PAR-coupled
G-protein is linked to ACBG, it could be argued that PARs linked to Gi, which
are known to inhibit AC, could reside in microdomains with ACs or specifically
ACG.

The current evidence of PAR receptors existing in microdomains, suggests
while there is only a weak localisation of PAR1 receptors in cholesterol-rich
microdomains, this still contributes to efficient PAR1 signalling in platelets
upon PAR1-peptide stimulation (Rabani et al., 2020). While PAR1 is known to
be targeted to lipid rafts/caveolae membrane microdomains of endothelial
cells (Bae et al., 2007), studies have shown that this membrane targeting
regulates PAR1 cleavage specificity by serine proteases in plasma (Bae et
al., 2008). Though further work is required to elucidate the location of PAR

receptors in relation to AC in platelets.

Taken together we have proposed two updates to the cAMP signalling
pathway whereby AC6 and PAR reside in A) lipid rafts or B) close proximity

connected by AKAPs as demonstrate in Figure 71.
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Figure 71. Two proposed cAMP signalling pathways

Proposed cAMP pathways based on data described from this study and
adapted from (Dessauer, 2009). A) represents a model of cAMP signalling
whereby certain PAR receptors and ACs are connected by lipid raft
microdomains, controlling cAMP production and platelet activation. While other
PAR receptors remain distinct from AC. B) demonstrates PAR receptors and
ACs connected by an AKAP, ensuring close proximity of downstream signalling
machinery.
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Our physiological data showed that the absence of AC6 in mice results in an
accelerated thrombosis phenotype in the context of tonic endothelial
inhibition. The assumption is that this is likely attributed to impaired platelet
cAMP production and downstream PKA signalling events, due to a loss of
ACG6. Consistent with our functional data, studies using IP null mice
demonstrate normal aggregation, but accelerated thrombosis in vivo (Yang et
al., 2002). Thus, the loss of different components of the PGIl2-cAMP signalling
pathway results in a defective haemostatic response, illustrating the
fundamental role of the pathway in normal physiology. Therefore, the
targeting of this pathway may have some role in reducing unwanted platelet
activation associated with arterial thrombosis. Certain studies by Sim and
colleagues (Sim et al., 2004) have shown that inhibition of PDE3A is
cardioprotective, whether a strategy of activating specific ACs could also be

used remains to be determined.

To our surprise, we also found that the AC6-KO displays impaired thrombus
stability, resulting in embolic events. Though the precise mechanisms are
unclear and yet to be explored, we suspect this is linked to impaired
GSK3BSe™® phosphorylation as demonstrated in Figure 67 (Laurent et al.,
2015). It has been shown that phosphorylation resistant GSK3[3 mice, display
reduced PAR-mediated platelet activation and impaired in vitro thrombus
formation (Moore et al., 2021). In contrast, AC6-KO mice demonstrate
accelerated thrombosis and impaired PGl>-mediated inhibition of PAR activity,
however thrombi formed were unstable and PGl;-mediated GSK3pSer®
phosphorylation was diminished. Suggesting that, in addition to inhibitory Akt-
mediated phosphorylation of GSK3p%®, PKA-mediated  GSK3pSer®
phosphorylation promotes thrombus stability (Barry et al., 2003). While
impaired cAMP signalling leaves GSK3BS¢® active, which has been
associated with unstable thrombus formation (Zhou et al., 2013; Laurent et
al., 2015; Moore et al., 2021). Interestingly, phosphorylation of GSK3pSe
occurs at the same site by PKA and PKB, suggesting it could be possible that
PKA- and PKB-mediated phosphorylation of GSK3BSe™® control different
platelet functions or that GSK3B%¢™ resides in different locations in close
proximity with PKA or PKB (Barry et al., 2003; Beck et al., 2014). In addition,
inhibitory phosphorylation of GSK3B%™® was reported to support PAR-



- 204 -

mediated platelet function (Moore et al., 2021). However, in AC6-KO platelets,
where phosphorylation of GSK3BS¢® was impaired, PAR-mediated platelet
aggregation remained unchanged. Though this defect in GSK3pSe
phosphorylation is only observed in response to PGl.. and forskolin-stimulated
cAMP signalling.

While agonist induced aggregation and activation remain unaffected by the
loss of ACG, in vivo models represent a more physiological setting whereby
we can assess the contribution of AC6 on tonic inhibitory mechanisms in
response to injury. Given that basal cAMP synthesis was unaffected by the
loss of AC6 in combination with constant exposure to PGl in circulation,
suggests that platelets are unlikely to spontaneously activate in the absence
of ACG. It's more likely that the extent of platelet activation when challenged
in the presence of impaired endogenous inhibitory cAMP signalling, results in
this thrombin defect. Differences in function or expression of AC6 in ACS
patients, could shed light on the extent of a thrombotic event or risk of
subsequent embolic events. It's already been reported that dysfunction of AC
activity impacts the efficacy of P2Y 12 receptor antagonists (Imam et al., 2019),
highlighting that this could be an area of interest in terms of whether someone
is predisposed to a more profound and/or recurrent thrombotic event (despite

intervention).

6.2.1. Key findings

e Successful generation of a novel platelet-specific AC6-KO mouse

e ACG6-KO displays impaired cAMP production and specific downstream
PKA signalling events

e ACG6-KO demonstrates impaired PGl2 sensitivity in PAR- but not GPVI-
mediated platelet activity

e ACG plays a key physiological role in thrombosis and thrombus stability

6.3. Future directions

6.3.1. Further functional assessment of the AC6-KO mouse
While several approaches were taken to understand the role of AC6 in platelet
function and thrombosis, direct analysis of haemostasis was not explored.
Given our data demonstrates accelerated thrombosis, we question whether
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haemostasis is also affected by the loss of AC6. Further studies using well-
established tail bleeding time (TBT) assays could ascertain whether ACG6 is
involved in haemostasis, or whether it is restricted to mediating thrombosis
(Dejana et al., 1979; Dejana et al., 1982; Greene et al., 2010; Liu et al., 2012;
Brake et al., 2019; Mohammed et al., 2020).

In addition, while we demonstrated impaired thrombus stability in the AC6-KO
mouse, the downstream implications and mechanisms involved are yet to be
elucidated. Further in vivo thrombosis injury experiments and analysis of
embolic events are required to establish whether a loss of AC6 significantly
impairs thrombus stability. In addition, using the in vivo Xtreme™ (optical and
X-ray) imaging system, it would be possible to assess the location of emboli
lost from the original injury. This could provide information on whether a loss
of ACG6 leads to emboli travelling to different locations in the body such as the
lung or brain. Using models of inferior vena cava (IVC) thrombosis and
pulmonary embolism (PE) in combination with Xtreme™ imaging, would also

be advantageous to apply to the AC6-KO mouse (Duval et al., 2021).

We also wonder what impact the loss of AC6 has on other disease models.
Murine models of atherosclerosis or diabetes could highlight whether the
absence of AC6 is a driver of platelet hyperactivity in these diseases. Platelets
from apolipoprotein-E (ApoE) deficient mice, a model used to assess
atherosclerosis, demonstrate circulating activated platelets which exacerbate
atherosclerosis (Huo et al., 2003). It could be possible that a loss of AC6 and
impaired endogenous PGlz-mediated inhibition of platelets in circulation

further elevates platelet hyperactivity and accelerates thrombosis

6.3.2. Further assessment of AC6 signalling
Though we were unable to identify AC6-specific downstream PKA substrates
and whether specific G-proteins were implicated by the absence of ACG6.
Future work involving, phospho- and G-protein arrays would allow us to
establish specifically which PKA substrates and G-proteins are affected by the
loss of AC6. This would help us to understand the relationship between G-
proteins, PAR receptors, ACs and PKA substrates in platelets (Fang et al.,
2003; Marcus et al, 2003; Qureshi et al., 2009; Syu et al., 2020).
Understanding which phospho-proteins are affected by the loss of ACG6



- 206 -

specifically, could also highlight proteins implicated in clot stability, leaning
towards a mechanism whereby AC6 controls thrombus stability.

To establish whether AC6 and PAR receptors reside in a complex, along with
ACB6-specific pools of cCAMP and downstream PKA substrates, future work
could include subcellular fraction in combination with immunoblotting analysis
of G-proteins, AC, PAR receptors and phospho-PKA substrates (Raslan and
Naseem, 2015). To establish pools of cCAMP as well as PKA activity, ELISAs
of subcellular fractions could also be applied. It would be sensible to apply
these methods to the AC6-KO though analysis of whether ACs are linked to
PAR receptors could also be carried out in human platelets.

Additionally, given that a loss of AC6 results in impaired inhibition of PAR-
mediated activity, we postulate that ACG is linked to PAR receptors either by
lipid rafts or AKAPs. Though we did not explore this, future studies could
include proximity ligation assays (PLA), dual-colour expansion and confocal
microscopy with colocalization analysis to assess whether ACs and PAR
receptors are spatially linked in both human and AC6-KO platelets (Jarvius et
al., 2007; Hermann et al., 2010; Thulin et al., 2018; Montague et al., 2020;
Heil et al., 2022).

6.3.3. Relevance of AC6 in human platelets
As platelets do not contain a nucleus, commonly used in vitro genome editing
techniques such as siRNA knockdown is not possible. Therefore,
understanding the role of genes and subsequent encoded proteins within
platelets presents many challenges, largely overcome by the use of mouse
models. A clear limitation of this study is the use of mouse models to underpin
the role of ACG in platelets, future work therefore must incorporate translating
these findings into man. An alternative to using knockout mouse models are
the use of proteolysis-targeting chimeras (PROTACSs), whereby a PROTAC
molecule with two covalently-linked ligands recruits a target protein and E3
ubiquitin ligase together triggering proteasomal degradation of the target
protein (Sakamoto et al., 2001; Schneekloth et al., 2004). Though commonly
used to target BCL-XL to alleviate on-target thrombocytopenia associated with
BCL-XL inhibition by anti-cancer therapies (Zhang et al., 2020; Li et al., 2022).

PROTACSs are a new area of platelet biology currently being explored, which
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could allow us to assess specific protein function in human platelets. While
this has not yet been explored in platelet cAMP signalling, using PROTACs to
degrade ACs and their specific isoforms could provide a more relevant model
for future studies, reducing the need for knockout mouse models (Burden et
al., 2015).

6.3.4. Clinical studies

In contrast to PROTAC studies, patient samples could provide an even more
relevant model to explore the role of ACs in disease. To date isoform specific
AC antibodies are poor, and isoform specific activators and inhibitors do not
yet exist. Therefore, establishing the role of isoform specific ACs in patients
does present challenges for future studies. Although given that ACG6 is the
predominant isoform in human and murine platelets (Rowley et al., 2011;
Burkhart et al., 2012; Zeiler et al., 2014), the data presented in this study, hints
that AC6 is the main driver of cAMP signalling in platelets. To establish
whether AC expression or AC activity is affected in disease, patient samples
could be assessed for expression via gPCR and AC activity in response to
PGl> and forskolin. Analysis of pan-AC expression via immunoblotting in
combination with qPCR analysis of specific AC isoforms could allow us to
establish whether AC or AC6 expression is impaired in cardiovascular
disease. Though this will not reveal functional information, if levels of AC6
expression are lower in disease, it could hint at a potential point of failure and
will contribute to our understanding of how platelets become hyperactive in
disease. In addition, functional assessment either by platelet aggregation or
FFC in the presence of forskolin could tell us whether activation or inhibition
is impaired in patients, linked to AC. In combination with the expression
analysis this could highlight which AC is potentially implicated in
cardiovascular disease. Providing a potential new target for future
therapeutics or a diagnostic target to predetermine cardiovascular events.
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