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Abstract

The activation of blood platelets is a critical haemostatic response that
serves to prevent haemorrhage, but unregulated platelet activation is
associated with arterial thrombosis. Endothelial-derived inhibitors
prostacyclin (PGly) and nitric oxide (NO) activate protein kinase-mediated
signalling cascades to regulate platelet function and prevent vascular
thrombosis. These signalling cascades involve a number of complex protein
phosphorylation reactions, which regulate different aspects of platelet
function. Dissecting the signalling events that regulate platelet function could
facilitate the development of novel antiplatelet agents. Intraplatelet protein
phosphorylation is commonly measured by immunoblotting, which is not
conducive to whole blood analysis and therefore may not provide an
accurate representation of signalling events in a (patho)physiological context.
Therefore, the major aim of this thesis was to develop methodologies that
could examine platelet signalling events in a more physiological context. In
particular, we wanted to develop methodologies that could evaluate the
ability of PGI, to modulate blood platelet activity. Using whole blood flow
cytometry, PGI, was found to inhibit platelet fibrinogen binding and P-selectin
expression, two independent markers of platelet activation. The inhibition of
platelet function by PGI, corresponded with increased phosphorylation of
proteins known to be targeted by PGl,-mediated signalling cascades
including vasodilator-stimulated phosphoprotein (VASP). In the next series of
experiments, we developed an assay to evaluate these signalling events in
whole blood. This phosphoflow assay was sensitive enough to accurately

and reproducibly detect subtle dose- and time-dependent changes in protein



phosphorylation in whole blood that were consistent with immunoblotting
protocols with washed platelets. The application of fluorescent barcoding
protocols to this assay enabled the simultaneous staining and acquisition of
24-96 samples in a single analysis tube. To exploit the high-throughput
nature of the method and demonstrate its value as a drug discovery platform,
we screened a library of 70 prostaglandins for their ability to stimulate
intraplatelet VASP phosphorylation. The screen revealed three previously
uncharacterised molecules that stimulated cAMP formation, induced VASP
phosphorylation, and inhibited platelet aggregation. Because whole blood
samples could be processed after cold storage, the method could be
performed on samples obtained at remote locations such as clinical sites. To
this end, we showed that the method could be used to measure signalling
events in patients with polycystic ovary syndrome (PCOS), an endocrine
disorder associated with platelet dysfunction. We envisage that the method
will be useful for basic scientists, clinicians, and pharmacologists seeking

novel therapies.
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Chapter 1

General Introduction

1.1 Introduction

Haemostasis is an important physiological process that maintains the fluidity
of blood within the vascular system. A number of mechanisms have evolved
to maintain haemostasis in healthy vasculature. Vascular endothelium lines
the entire cardiovascular system and separates blood from thrombogenic
factors that lie within the vascular wall. Circulating blood platelets are central
to the haemostasis. They circulate in close contact with the endothelium, but
do not adhere to the vessel or to one another under normal physiological
conditions. Damage to the vasculature exposes the subendothelium to
flowing blood and stimulates a rapid haemostatic response that serves to
prevent haemorrhage. This begins with the adherence and activation of
platelets, although effective haemostasis also requires the concerted actions
of plasma coagulation factors to form a haemostatic plug that prevents blood

loss (Heemskerk et al., 2002).

The shear stress induced by flowing blood pushes small platelets into close
proximity with the vascular endothelium to ensure the rapid recruitment of
platelets to sites of damage and allow the efficient regulation of platelet
function by the vessel wall. Indeed, the vascular endothelium is an active
antithrombotic surface that secretes protective factors such as prostacyclin
(PGIl,) and nitric oxide (NO), which inhibit platelet activation through distinct
biochemical mechanisms (Schwarz et al., 2001). Pathological conditions can
attenuate the antithrombotic properties of the vasculature endothelium

(Ruggeri, 2002) while platelets themselves can become resistant to the



Chapter 1

endothelial-derived inhibitors PGIl, and NO (Van Geet et al., 2009, Chirkov
and Horowitz, 2007). Endothelial and/or platelet defects can alter the balance
of normal haemostasis and cause thrombosis, which describes the process
of pathological clot formation. Since unregulated platelet activation can
predispose serious clinical events such as myocardial infarction and stroke
(Ruggeri, 2002), it is critical to increase our understanding of the

mechanisms that drive platelet function.

1.2 The formation of blood platelets

Platelets are small anucleate cells (2-4 yuM diameter) that circulate for
approximately 10 days in the normal bloodstream (Kaushansky, 2005). Low
platelet counts, or thrombocytopenias, are associated with pathological
bleeding while high platelet counts can cause adverse cardiovascular events
(Thaulow et al., 1991). To maintain a normal platelet count (150000-400000
cells/uL), an adult must produce approximately 10! platelets per day
(Kaushansky, 2005). The acidic peptide thrombopoietin stimulates platelet
formation from precursor cells called megakaryocytes, which reside in the

bone marrow (Kaushansky, 1995).

During megakaryocyte maturation, platelet-specific proteins such as von
Willebrand factor (VWWF) and P-selectin are synthesised and sent to the cell
surface while plasma proteins such as fibrinogen are internalised and
packaged into platelet-specific granules (Heijnen et al., 1998, Handagama et
al., 1987). Mature megakaryocytes contain an expansive demarcation

membrane that results from invagination of the plasma membrane (Patel et

2
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al., 2005). Demarcation membranes are laden with essential organelles and
platelet-specific glycoproteins (Debili et al., 1990). These membranes
elongate to form pseudopodial extensions called proplatelets (Patel et al.,
2005). Motor proteins transport organelles and platelet-specific granules
along cytoskeletal tracks to proplatelet tips where nascent platelets assemble
(Richardson et al., 2005). These proplatelet tips extend through vascular
membranes and release platelets into the bloodstream (Patel et al., 2005).
The exact mechanism by which platelets are liberated from proplatelets

remains undetermined.

1.3 The structure of blood platelets

Platelets circulate as quiescent discoid cells but undergo radical shape
change in response to haemostatic agonists such as collagen and VWF
(Yuan et al., 1999). Activated platelets emit irregular membrane protrusions
called filopodia and lamellipodia, which facilitate adhesion and aggregation at

the site of haemorrhage (Figure 1.1) (Jackson, 2007).
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Figure 1.1. Electron microscope images of platelet structure. (A)
Quiescent platelets circulate as discoid cells with wrinkled surfaces that
result from complex membrane invaginations. (B) Platelets extend filopodia
and lamellipodia in the early stages of activation. (C) The wrinkled surface
disappears as the cell spreads among its lamellipodia into (D) a fully spread
platelet (White, 2012).

1.3.1 Platelet membrane

The outermost layer of the platelet surface, called the glycocalyx, contains
receptors that facilitate adhesion, aggregation, and coagulation (Hartwig,
2006). The glycocalyx sits on a lipid bilayer, which contains an extensive
network of membrane invaginations known as the open canalicular system

(OCS). The OCS serves as a conduit for the uptake and transfer of particles
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to platelet storage granules (White, 1970) and represents a membrane
reservoir that evaginates to facilitate platelet spreading and filopodia
formation (Hartwig, 2002). The cytoplasmic side of the platelet membrane
associates with filamentous proteins. These proteins are thought to interact
with the cytoplasmic domains of transmembrane receptors and regulate the
biochemical signalling processes that drive platelet activation (White, 2012).
These filamentous proteins comprise the platelet cytoskeleton, which
maintains the discoid shape of quiescent platelets and drives the
morphologic changes that are required for adhesion and aggregation

(Hartwig and DeSisto, 1991).

1.3.2 Platelet cytoskeleton

The cytoplasmic side of the platelet membrane is supported by a series of
interconnecting spectrin filaments, which bind actin to form an expansive
cross-linked structure that regulates platelet function (Hartwig, 2012). Actin
filaments bind myosin to create an arrowhead structure with membrane-
oriented barbed ends, which elongate by addition of actin monomers and
actin-profilin complexes (Pollard et al., 2000). Actin polymerisation is limited
by the availability of free barbed ends, which are capped by gelsolin in
quiescent platelets. Gelsolin can be removed by phosphoinositides, which
are synthesised in response to haemostatic agonists such as thrombin
(Hartwig et al., 1995). In addition to gelsolin, actin-binding proteins such as
Arp2/3, capZ, and thymosin-B4 interact with barbed ends and regulate actin

filament elongation (Pollard et al., 2000). Importantly, this elongation process



Chapter 1

provides a mechanical force required to extend lamellipodia (Tilney et al.,
1981). While the cytoskeleton drives morphologic alterations, it can also
sequester and localise kinases, phosphatases, and GTPases to regulate the

magnitude of signalling events (Diviani and Scott, 2001, Kolch, 2005).

1.3.3 Platelet cytosol

The platelet cytosol is a glycogen-rich domain that contains mitochondria and
a dense tubular system, which regulates platelet activation by sequestering
and releasing calcium (Hartwig, 2002). In addition, the cytosol contains a
number of distinct granular organelles, which contain membrane proteins
and soluble cargo (Table 1.1). Upon platelet activation, these granules fuse
with the platelet membrane and release their contents into the extracellular
space (Flaumenhaft, 2003). Alpha granules release growth factors such as
platelet-derived growth factor and chemokines such as platelet factor 4 that
promote wound healing and angiogenesis as well as factors involved in
coagulation such as factor V, fibrinogen, and VWF. By contrast, dense
granules release substances such as adenine nucleotides that promote the
recruitment and activation of additional platelets (Hartwig, 2002). While
numerous kinases have been implicated in the platelet release reaction
(Yoshioka et al., 2001), it is cytoskeletal reorganisation that facilitates the
membrane fusion events that mediate granule secretion (Flaumenhatft et al.,
2005). Indeed, the mechanical force that accompanies cytoskeletal
rearrangement drives granules to the centre of the platelet where they are

ideally positioned to fuse with the OCS (Stenberg et al., 1984).
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Table 1.1. Important platelet granule contents.

Alpha granules Dense granules
Factor V ADP

Fibrinogen ATP
Platelet-derived growth factor Calcium
Platelet factor 4 GTP

P-selectin Magnesium
Thrombospondin Potassium
VWF Serotonin

1.4 Role of platelet function in haemostasis

1.4.1 Platelet adhesion

Platelets express a variety of surface receptors that mediate their adhesion
to the subendothelial matrix. The subendothelium is exposed by injury or the
rupture of atherosclerotic plaques and contains proteins such as collagen
that support the adhesion and activation of platelets. In the early phase of
haemostasis, the plasma protein VWF binds to collagen and undergoes a
conformational change that enables it to bind the GPIb receptor complex and
initiate transient tethering and rolling on the subendothelium (Ruggeri and
Mendolicchio, 2007). The transition from rolling to stable adhesion requires
the cooperation of integrin aB: and GPVI, which bind subendothelial
collagen at the site of haemorrhage (Nieswandt and Watson, 2003). The
subsequent activation of G protein-coupled receptors (GPCRs) and

v
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interactions between fibrinogen and integrin allbf3 result in platelet
aggregation and the formation of a stable haemostatic plug (Figure 1.2)
(Bennett and Vilaire, 1979). The complex and dynamic process of platelet
activation is driven by intracellular protein kinases, which associate with
platelet surface receptors and transmit phosphorylation-based signals to
distinct cellular compartments. In platelets, kinase signalling cascades trigger
a variety of functional responses including cytoskeletal reorganisation,

spreading, and granule secretion (Gibbins, 2004).

thrombus growth

thrombin ADP

|

thrombin

|
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Figure 1.2. Platelet adhesion at sites of vascular injury. Initial adhesion
(tethering) to the subendothelial matrix occurs when GPIb interacts with
collagen-bound VWF. Adhesion is stabilised when ayB; and GPVI bind
collagen resulting in allbp3 activation and the release of soluble agonists
while exposed tissue factor triggers the formation of thrombin, which
potentiates platelet activation. Activated allbB3 then binds fibrinogen
resulting in platelet aggregation and formation of a stable haemostatic plug
(Sachs and Nieswandt, 2007).
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1.4.2 Initiation of platelet adhesion

1.4.2.1 GPIb signalling

The initial step in platelet adhesion involves interactions between GPIb and
conformationally active VWF, which binds to subendothelial collagen at sites
of vascular injury (Ruggeri and Mendolicchio, 2007). The interaction between
GPIb and VvWF stimulates actin polymerisation and cytoskeletal
reorganisation through a shear-sensitive signalling cascade that is
dependent on Src family kinases (Yuan et al., 1999, Asazuma et al., 1997).
These kinases are essential for the phosphorylation and activation of PLCy2,
which mediates IP3 production and calcium mobilisation in adherent platelets
(Mangin et al., 2003). Calcium mobilisation is a critical signalling event that
triggers a series of biochemical and morphological events such as shape
change that contribute to platelet aggregation (Feinstein et al., 1985). Src
kinase inhibition upon GPIb-vWF ligation abolishes PLCy2 phosphorylation,
calcium mobilisation, shape change, and adhesion, emphasising the
importance of these signalling proteins downstream of the GPIb receptor

complex (Wu et al., 2003).

1.4.3 Stabilisation of platelet adhesion

1.4.3.1 GPVI signalling

The initial capture of platelets on the subendothelium is stabilised by
interactions between GPVI and collagen. The immunoglobulin receptor GPVI

is expressed only on platelets and megakaryocytes and is important for
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normal platelet-collagen adhesion. GPVI recognises a glycine-proline-
hydroxyproline (GPO) amino acid sequence in collagen, which is mimicked
by GPVI-selective agonists such as collagen-related peptide (CRP). Platelet-
collagen interactions induce GPVI clustering and tyrosine kinase signalling,
which mediates integrin activation and promotes stable adhesion (Figure 1.3)

(Gibbins, 2004).
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Figure 1.3. GPVI signalling cascade. GPVI ligation induces tyrosine
phosphorylation of the FcRy ITAM by Fyn and Lyn resulting in Syk activation
and the physical association of various adapter proteins and kinases at the
platelet membrane. PI3-K and PLCy2 mediate the formation of IP3, which
stimulates calcium mobilisation and numerous functional responses that
stabilise adhesion (Watson et al., 2005).
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Collagen stimulates tyrosine phosphorylation of the FcRy ITAM, leading to its
association with Syk, and the subsequent phosphorylation of PLCy2
(Farndale et al., 2004). FcRy phosphorylation occurs rapidly after collagen
stimulation (Gibbins et al., 1996) and is essential for the recruitment and
activation of Syk (Poole et al., 1997). The cytoplasmic tail of GPVI contains
an SH3-recognition motif that is essential for interaction with Fyn and Lyn
kinases, which mediate the phosphorylation of FcRy (Suzuki-lnoue et al.,
2002). Fyn and Lyn are also required for the optimal phosphorylation of Syk,
LAT, SLP-76, and PLCy2, which form a signalling complex at the platelet
membrane (Quek et al., 2000). PLCy2 contains two catalytic regions
enclosing two SH2 domains and one SH3 domain. The C-terminal SH2
domain associates directly with SLP-76 and LAT, but indirectly with Syk, Lyn,
and FcRy upon collagen stimulation (Gross et al., 1999). Once this complex
is assembled, PLCy2 generates |IP; and DAG, resulting in calcium release
and the activation of PKC, which phosphorylates additional proteins that are
required for platelet activation (Gross et al., 1999). Another protein called
PI3-K associates with FcRy and LAT in this signalling complex and interacts
indirectly with PLCy2 to facilitate calcium mobilisation (Pasquet et al., 1999).
Vav proteins and adapters such as Gads also assemble at the platelet
membrane and contribute to the phosphorylation-based signalling events
that mediate collagen-induced calcium mobilisation and platelet activation

(Pearce et al., 2004, Asazuma et al., 2000).
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1.4.3.2 Integrin a,B; signalling

Integrin a,B; mediates stable adhesion to collagen following the activation of
GPIb and GPVI (Santoro, 1986, Staatz et al., 1989). a,B; is important but not
essential for adhesion, and its requirement is largely determined by collagen
structure since a,B;-blocking antibodies abolish adhesion and aggregation
on solubilised but not native collagen (Savage et al., 1999). Although
collagens can undergo modification in pathological states, they are
predominantly native (and insoluble) in normal blood vessels; and since a,p;-
inhibited platelets can adhere to native collagen, it seems that a,p; is
dispensable for normal adhesion. Studies suggest that GPIb-dependent
mechanisms can compensate for a,p; dysfunction since impaired adhesion
of a,B;-deficient washed platelets can be restored by addition of exogenous

VWF (Chen et al., 2002).

While interactions between a,B; and collagen are enhanced by inside-out
signals from GPIb and GPVI (Nieswandt and Watson, 2003), a,B; itself can
generate signals that stabilise platelet-collagen adhesion. Suzuki-Inoue et al.
(2001) found that ayB; ligation induced the Src and PI3-K-dependent
activation of Rac and PAK. ayB: ligation also induces the tyrosine
phosphorylation of Src, Syk, SLP-76, and PLCy2, resulting in the release of
intracellular calcium (Inoue et al., 2003). Since similar signalling events occur
downstream of GPVI, it is conceivable that a,p; can compensate for GPVI
dysfunction. Indeed, mice lacking the GPVI collagen receptor display only

moderate increases in bleeding times (Nieswandt et al., 2001).
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1.4.4 Platelet aggregation

1.4.4.1 Integrin allbB3 signalling

Platelet aggregation and thrombus formation are dependent on the binding of
soluble fibrinogen to allbB3 (Bennett and Vilaire, 1979). In quiescent
platelets, cytoskeletal proteins exert constraining effects on allbB3 and
decrease its affinity for soluble ligands. Haemostatic agonists relieve these
constraints by activating an inside-out signalling cascade that allows the
integrin to acquire a high affinity for fibrinogen (Bennett et al., 1999). Platelet
agonists such as collagen induce calcium mobilisation, the production of
DAG, and the subsequent activation of the calcium and DAG-regulated
guanine nucleotide exchange factor | (CalIDAG-GEFI) and Rapl-B, which
promotes integrin activation through its adapter molecule RIAM and talin
(Lee et al., 2009). Another protein that mediates inside-out signalling is
kindlin-3. This protein binds directly to the B3 tail and triggers integrin
activation (Moser et al., 2008). Kindlin-3 appears to be indispensable for
normal platelet function since Kkindlin-3-deficient platelets do not bind

fibrinogen or aggregate (Moser et al., 2008).
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Figure 1.4. allbB3 signalling cascade. Outside-in signalling stimulates the

Src kinase-dependent phosphorylation and activation of Syk and the physical
association of various signalling proteins at the platelet membrane. PI3-K
and PLCy2 stimulate intracellular calcium mobilisation resulting in numerous

functional responses that promote stable adhesion (Watson et al., 2005).

allbB3-fibrinogen binding, together with receptor clustering, triggers an
outside-in signalling cascade that enhances platelet aggregation and
thrombus formation (Figure 1.4) (Phillips et al., 2001). allbB3 is a
heterodimeric transmembrane receptor comprised of allb and B3 subunits,
which associate with the adapter protein RACK1 and PKCpB (Buensuceso et
al., 2005). In addition, the tyrosine kinase c-Src selectively associates with
B3 subunits through its SH3 domain and is positively regulated by tyrosine
autophosphorylation (Sun et al., 2002). allbp3 clustering causes c-Src
autophosphorylation and the phosphorylation and activation of Syk, which
associates with the B3 subunit upon fibrinogen binding (Arias-Salgado et al.,
2003, Woodside et al., 2001). Syk mediates the tyrosine phosphorylation of

SLP-76, which associates with Vavl and Gads in fibrinogen-adherent
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platelets (Wonerow et al.,, 2002, Obergfell et al., 2001). SLP-76 also
associates with the adapter protein SLAP-130 and the actin-binding protein
VASP in fibrinogen-adherent platelets (Obergfell et al., 2001). The
significance of this complex, which localises at the platelet membrane, has
not been determined. However, it is thought that recruitment of VASP to
integrin-based focal complexes enhances cytoskeletal reorganisation and
platelet adhesion (Obergfell et al., 2001). PLCy2 and PI3-K play an important
role in calcium mobilisation downstream of allb3 (Wonerow et al., 2003,
Nesbitt et al.,, 2002). PI3-K in particular appears to be important for
cytoskeletal reorganisation, spreading, and aggregation. Indeed, its main
substrate PIP2 associates with talin and regulates actin polymerisation in
vivo (Fukami et al., 1994) but PI3-K inhibitors block their association and
inhibit platelet adhesion, aggregation, and spreading on fibrinogen (Heraud

et al., 1998).

1.4.5 Thrombus propagation

1.4.5.1 GPCR signalling

While the initial adhesion of platelets on the subendothelium requires GPIb,
GPVI, and the integrins ayB; and allbB3, the recruitment of additional
platelets to the growing thrombus requires soluble mediators such as ADP,
TXA;, and thrombin, which signal through GPCRs (Figure 1.5) (Offermanns,
2006). These receptors possess seven transmembrane domains, which
connect an extracellular N-terminus to an intracellular C-terminus. GPCR

activation leads to the recruitment of heterotrimeric GTP-binding proteins, the
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rapid formation of GDP, and the release of a highly-reactive Ga-subunit,

which can modulate a variety of signalling cascades (Karnik et al., 2003).

Adherent platelets release dense granule contents such as ADP, which acts
to potentiate secretion and aggregation. ADP-mediated platelet activation
occurs through at least three distinct receptors: the P2X; ionotropic receptor,
which mediates the rapid influx of extracellular calcium; the Gg-coupled P2Y4
receptor, which mediates shape change and reversible aggregation through
the mobilisation of intracellular calcium; and the Gj-linked P2Yi, receptor,
which mediates the inhibition of adenylyl cyclase (Daniel et al., 1998).
Adherent platelets also release the arachidonic acid metabolite TXA,, which
signals through the Giz13- and Gg4-coupled TP receptor (Offermanns et al.,
1994, Knezevic et al., 1993). Unlike ADP and TXA;, thrombin is not released
by activated platelets but is formed by the exposure of tissue factor to
coagulation proteins at sites of vascular injury (Coughlin, 2005). Thrombin-
mediated platelet activation occurs predominantly through PAR-1 (Andersen
et al., 1999) which is activated when thrombin cleaves its N-terminal domain,
unmasking a tethered ligand that self-activates the receptor (Vu et al., 1991).
PAR-1 couples to G113, Gg, and G; proteins, which activate distinct signalling
cascades (Coughlin, 2005). Thrombin-mediated platelet activation may also
proceed through the Gizn3 and Gg-coupled PAR-4, but this receptor is
thought to be largely redundant and only responds to high concentrations of

thrombin (Coughlin, 2005).
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Figure 1.5. GPCR signalling cascades. The soluble agonists ADP, TXA,,
and thrombin bind Gi2/13, Gg, or G; protein-coupled receptors, which activate
calcium-dependent (G4 and Gj) or calcium-independent (Giz13) signalling
cascades resulting in degranulation, shape change, and aggregation
(Offermanns, 2006).

The central effector of GPCR-mediated platelet activation is PLC[, which
generates IP3; and DAG, resulting in calcium mobilisation, granule secretion,
and aggregation (Offermanns, 2006). Wild-type platelets, but not G4-deficient
platelets, secrete ATP and aggregate in response to ADP, thrombin, and the

TP receptor agonist U46619. Wild-type platelets also activate PLCB and
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stimulate IP; formation and [Ca®']; release in response to these agonists
(Offermanns et al., 1997). These results indicate that G4-coupled receptors
regulate PLC signalling and the degranulation and aggregation of adherent

platelets.

Despite their functional abnormalities, Gq-deficient platelets still change
shape in response to ADP, thrombin, and U46619 (Offermanns et al., 1997).
By contrast, G4-deficient platelets incubated with Rho kinase or Rho GTPase
inhibitors show minimal shape change (Klages et al., 1999). Since TP
receptors couple to Gip13- and Gq-proteins, U46619-activated Ggy-deficient
platelets can be used to examine Gi13-mediated signalling. U46619 induces
the phosphorylation of c-Src, Syk, and MLC in Gq-deficient platelets. While
MLC phosphorylation is maintained in the presence of tyrosine kinase
inhibitors and calcium chelators, it is abolished by Rho kinase and Rho
GTPase inhibitors (Klages et al., 1999). These results suggest that Gio/13-
coupled receptors mediate platelet shape change through a Rho-dependent,
tyrosine kinase/calcium-independent, signalling cascade. The activation of
Rho is likely mediated by the GTP exchange factor p115 RhoGEF, which
associates with Gi3 subunits and stimulates their intrinsic GTPase activity

(Kozasa et al., 1998).

Gi-coupled receptors stimulate the recruitment and activation of PI3-K
leading to calcium mobilisation and platelet activation (Rittenhouse, 1996). In
addition, Gj-coupled receptors mediate the inhibition of adenylyl cyclase
(Offermanns, 2006). In unstimulated platelets, the inhibition of adenylyl
cyclase alone does not cause aggregation (Savi et al., 1996). Stimulation of

P2Y;, and PAR-1 activates G; proteins and inhibits adenylyl cyclase-
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mediated cAMP formation (Ohlmann et al., 1995). ADP and thrombin inhibit
forskolin-stimulated cAMP accumulation in wild-type but not Gi-deficient
platelets. Moreover, ADP- and thrombin-induced aggregation is impaired in
Gi-deficient platelets (Jantzen et al., 2001). Together, these results suggest
that platelet aggregation requires concomitant activation of Gg-coupled
receptors and Gi-mediated inhibition of cAMP formation. The second
messenger cCAMP is an important regulator of platelet function that can inhibit
many of the processes that drive adhesion and aggregation. The mechanism
of action of CAMP and other inhibitors is discussed in detail in the following

sections.
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1.5 Regulation of platelet function

Although platelet activation is critical to haemostasis, it is subject to tight
regulation in healthy vasculature to prevent spontaneous thrombosis. The
vascular endothelium plays an important role in platelet regulation by
neutralising platelet releasates and secreting vasoactive substances to
prevent excessive platelet activation. CD39 is expressed on the endothelial
cell surface and acts on the platelet releasate by hydrolysing ADP to limit
platelet recruitment and aggregation (Gayle et al., 1998). Platelet function is
also regulated by the endothelial-derived inhibitors PGIl, and NO, which
stimulate adenylyl cyclase (AC) and soluble guanylyl cyclase (sGC) leading
to the elevation of intracellular cyclic nucleotides and the activation of cAMP
and cGMP-dependent signalling cascades. The extent of platelet inhibition is
dependent on the rates of cCAMP and/or cGMP synthesis and their rates of

degradation by cyclic nucleotide-dependent phosphodiesterases (PDES).

The following sections describe the endothelial-derived mediators that
regulate platelet function with a particular focus on the mechanisms that

initiate, propagate, and terminate cyclic nucleotide signalling.

1.5.1 Prostacyclin

PGIl; is a labile signalling molecule derived from the oxidation of fatty acids
that inhibits platelet function through a cAMP-dependent signalling cascade
(Tateson et al., 1977). In the bloodstream, albumin binds PGI, to protect it

from rapid degradation (Tsai et al., 1991) and to enhance interactions with its
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adenylyl cyclase-activating IP receptor (Tsai et al., 1991, Gorman et al.,
1977). Vascular endothelial cells secrete PGI;, in response to shear stress,
which stimulates calcium mobilisation (James et al., 1995, Frangos et al.,
1985). Calcium activates cytosolic phospholipase A, which liberates
arachidonic acid from membrane phospholipids (Leslie, 1997). Thereatfter,
arachidonic acid undergoes a series of COX-mediated conversions to the
unstable metabolites PGG, and PGH;, (Moncada et al., 1976) with the latter

being converted to PGI, by the enzyme PGI, synthase (Weksler et al., 1977).

1.5.2 Nitric oxide

The vascular endothelium secretes the gaseous free radical NO, which
inhibits platelet function through a cGMP-dependent signalling cascade
(Schwarz et al., 2001). NO synthesis is mediated by endothelial nitric oxide
synthase (eNOS), which belongs to a family of enzymes that convert L-
arginine to NO and L-citrulline. eNOS is constitutively expressed and can be
activated by ATP, bradykinin, vascular endothelial growth factor (VEGF), and
laminar shear stress and/or cyclic strain (Sessa, 2004). Mechanical stress or
strain activates eNOS through calcium- and kinase-dependent mechanisms.
Indeed, these forces cause mechanosensitive ion channels to open leading
to rapid calcium influx; and they also induce the phosphorylation and
activation of intracellular protein kinases such as PKB (Rizzo et al., 1998,
Dimmeler et al., 1998). Under basal conditions, eNOS associates with
caveolin-1; but in response to the mechanical force of flowing blood and

subsequent calcium influx, eNOS dissociates from caveolin-1 and associates
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with calmodulin (Rizzo et al., 1998). The association with calmodulin
correlates with an increase in eNOS activity and this is further potentiated by
intracellular calcium release (Rizzo et al.,, 1998). PKB stimulates NO
synthesis by phosphorylating and activating eNOS (Fulton et al., 1999).
AMPK, PKC, and CaM kinase Il have also been implicated in the
phosphorylation and regulation of eNOS, which contains at least five different

phosphorylation sites (Mount et al., 2007).

1.5.3 Adenylyl cyclases

PGl, exerts its antiplatelet properties through receptor-mediated activation of
adenylyl cyclases (ACs) (Armstrong, 1996). ACs are membrane-bound
enzymes whose activity is regulated by G-protein coupled receptors. The
enzymes contain two transmembrane domains, each linked to a cytosolic
domain. The cytosolic domains, labelled C; and C,, are subdivided into Ci,
and Cy,, and Cjy, and Cy, (Hurley, 1999). The conserved Ci, and Cyq
domains dimerise and catalyse the formation of cAMP from ATP (Cooper,
2003) while the C;, and Cy, domains contain regulatory sites whose

functions are incompletely understood (Figure 1.6) (Hurley, 1999).

Nine membrane-bound AC isoforms and one soluble isoform have been
identified. While early transcriptome studies suggested that platelets
contained AC3, AC6, and AC7 (Rowley et al., 2011), recent proteome
studies suggest only the presence of AC6 (Burkhart et al., 2012). All AC
isoforms can be activated by Gs-coupled receptors (Tang and Hurley, 1998).

The Ci, and Cy4 domains contain negatively-charged binding sites for the
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positively charged Gs protein. Upon platelet activation, It is thought that GTP-
loaded G first binds to C,, and promotes dimerisation with C;, (Yan et al.,
1997). The resultant C1,/C,, heterodimer contains an active catalytic site that

hydrolyses ATP to form cAMP (Yan et al., 1997).

Clb
(CaM,PKA)
(PP2B(?),Ca?*(?))
(low affinity G, (7))

GS(I

GBY

Figure 1.6. Structure of mammalian AC. AC contains two transmembrane
domains (M; and M), linked to C; and C, cytosolic domains. The C,, and
C,, domains dimerise and catalyse the formation of cAMP from ATP while
the C;, and Cy, domains contain regulatory sites for G-protein subunits,
calcium, PKA, and PKC (Tang and Hurley, 1998).

Gi-coupled receptors such as P2Y;, and PAR-1 can inhibit the activity of
some AC isoforms (Offermanns, 2006). G; proteins strongly inhibit AC1, AC5,
and ACG6 activity in the absence of Gg proteins, indicating that Gj-mediated
inhibition is noncompetitive and that G;- and Gs proteins bind to distinct sites
on AC (Taussig et al.,, 1994). To a lesser extent, G; can also inhibit AC3,

ACS8, and AC9 (Cooper, 2003). For AC6, which is found in platelets, Gi-
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mediated inhibition is abolished by mutation of Ci,, but not Ci, or C,
(Dessauer et al., 1998). It is thought that G; binding to the C;, domain, which
lies close to the catalytic site, disturbs the optimal alignment of the C1./Csa

heterodimer and inhibits ATP hydrolysis (Tang and Hurley, 1998).

Almost all mammalian ACs are regulated either directly or indirectly by
calcium-dependent signalling cascades (Halls and Cooper, 2011). For
example, AC1 and AC8 are stimulated by calcium in a CaM-dependent
manner (Fagan et al., 1996) while AC7 appears to be calcium insensitive
(Cooper et al.,, 1995). By contrast, AC3 undergoes phosphorylation and
inhibition in HEK-293 cells incubated with the calcium ionophore A23187 but
not in cells incubated with CaM kinase inhibitors (Wei et al.,, 1996). The
expression of constitutively active CaM kinase Il completely inhibits AC3
activity suggesting that the cyclase is regulated through a calcium-dependent
signalling cascade (Wayman et al., 1995). AC5 and AC6 are also subject to
inhibition by calcium (Willoughby and Cooper, 2007). AC6, which exists in
platelets, is inhibited by addition of submicromolar calcium in CaM-deficient
NCB-20 cells suggesting that calcium regulates the cyclase through a direct
mechanism (Yoshimura and Cooper, 1992). It has been suggested that
calcium binds to the Cy, domain and inhibits AC6 independently of calcium-

dependent protein kinases (Wu et al., 1993).

Like Gs-coupled receptors, AC isoforms undergo desensitisation within
minutes of activation. Gs-stimulated AC6 is inhibited by PKA, which
phosphorylates the Cj, domain (Chen et al, 1997). PKA-mediated
phosphorylation of AC6 may contribute to desensitisation of the cAMP

signalling cascade such that cAMP formation is transient and does not
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increase to such an extent that platelet activation is compromised. By
contrast, the ubiquitous kinase PKC phosphorylates and inactivates AC6
through a cAMP/calcium-independent mechanism since the suppression of
AC6 during Gs-receptor desensitisation is blocked by PKC inhibition in
EGTA-containing calcium-free buffers (Lai et al., 1997). In platelets, AC6
may be downregulated by regulator of G-protein signalling 2 (RGS2), which
attenuates Gs activity by stimulating intrinsic GTPase activity (Noé et al.,

2010).

1.5.4 Guanylyl cyclases

In platelets, the heterodimeric hemoprotein soluble guanylyl cyclase (sGC) is
the principle receptor for NO (Hobbs, 1997). sGC contains a- and B-subunits,
which dimerise and catalyse the formation of cGMP from GTP (Harteneck et
al., 1990). The a- and B-subunits contain N-terminal ligand-binding domains
and C-terminal catalytic domains. N-terminal truncation of the a- and [3-
subunits results in loss of sensitivity to the NO-releasing compound GSNO
(Wedel et al., 1995) indicating that these domains are essential for enzyme
activation. Truncated N-terminal domains of -subunits do not contain heme
and are insensitive to NO (Wedel et al., 1994); and while truncated N-
terminal domains of a-subunits contain heme moieties, these mutants are
still insensitive to NO (Koglin and Behrends, 2003). These results suggest
that both subunits are required for NO stimulation, but that the B-subunit is
critical for interactions between NO and heme. sGC activation occurs when

NO binds to the heme group and disrupts interactions between heme and
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histidine residues found on the B-subunit allowing GTP to bind and undergo

conversion to cGMP.

The catalytic activity of sGC is rapid and peaks within seconds of NO
stimulation. Thereafter, sGC undergoes rapid desensitisation, characterised
by a decline in cGMP formation as NO dissociates from the heme domain
(Friebe and Koesling, 2003). Neither the addition nor the removal of calcium
affects NO-stimulated sGC, suggesting that desensitisation occurs through a
calcium-independent mechanism (Bellamy et al.,, 2000). While sGC s
thought to localise in the cytosol (Garbers, 1979), agonist-induced calcium
elevations might drive its translocation to the platelet membrane, which is the
preferred site of NO action (Zabel et al.,, 2002). There is no additional
evidence that sGC undergoes spatial regulation in platelets. However, the
effect of intracellular messengers on the subcellular distribution of sGC is a
novel concept that requires further investigation. While the mechanism of
sGC desensitisation is incompletely understood, the duration and intensity of
the cGMP response appears to be largely dependent on PDEs since cGMP
formation is prolonged in NO-stimulated platelets incubated with the PDE
inhibitors sildenafil and EHNA (Bellamy et al., 2000, Mullershausen et al.,

2001).

1.5.5 Phosphodiesterases

PDEs can terminate PGI,- and NO-stimulated signalling events and are thus
important regulators of cellular function in platelets and other cells (Schwarz

et al., 2001). PDEs form a large group of enzymes that hydrolyse the 3’
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cyclic phosphate bond of either cAMP or cGMP, yielding their inactive 5
metabolites. While cyclic nucleotides can be transported across the platelet
membrane, the catalytic action of PDEs represents the only known
mechanism for rapidly lowering cellular cyclic nucleotide content and
regulating cAMP- and cGMP-mediated signalling events (Bender and Beavo,

2006).

Platelets contain three different PDE isozymes, including cGMP-stimulated
PDE2A, cGMP-inhibited PDE3A, and cGMP-specific PDE5 (Haslam et al.,
1999b). Binding of cGMP to allosteric binding sites induces the PDE2A-
catalysed degradation of both cAMP and cGMP. By contrast, binding of
cGMP to PDES3A inhibits the preferential hydrolysis of cCAMP. PDE3A can be
phosphorylated and activated by PKA in a negative feedback loop to ensure
that cCAMP levels do not increase to levels that might compromise platelet
activation (Hunter et al., 2009). PDE5 contains a high-affinity noncatalytic
binding site for cGMP. Binding of cGMP stimulates the phosphorylation and
activation of PDEDS, either by PKA or PKG, leading to the rapid hydrolysis of

cGMP (Turko et al., 1998).

Since PDE activity is regulated by cGMP, the concentration of CAMP is
partially dependent on platelet sensitivity to NO and other activators of sGC.
Studies have demonstrated significant cross-talk between cAMP/cGMP-
dependent signalling cascades. Indeed, cAMP has been shown to play an
important role in NO/cGMP-mediated platelet inhibition due to cGMP-
mediated inhibition of PDE3A (Jensen et al., 2004). The relative contributions
of PDE isozymes to platelet function are incompletely understood. PDE2A is

likely the most important regulator of cCAMP since PDE2A inhibition results in
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higher levels of intraplatelet cAMP than PDE3A inhibition (Manns et al.,
2002). However, inhibition of PDE3A but not PDE2A causes VASP
phosphorylation and the inhibition of calcium mobilisation and aggregation
(Manns et al., 2002). Accordingly, PDE5 inhibition blocks thrombin-induced
secretion via cGMP-mediated inhibition of PDE3A and subsequent elevation
of CAMP levels (Dunkern and Hatzelmann, 2005). Studies have shown that
PDE3A can be phosphorylated and activated by PKB (Zhang and Colman,
2007) and/or PKC (Hunter et al., 2009) in thrombin-stimulated platelets. It is
likely that platelet agonists downregulate cyclic nucleotide signalling in order

to potentiate the platelet activation response.

1.5.6 Protein kinase A

The only known intracellular target for cAMP is protein kinase A (PKA), a
tetrameric holoenzyme with two catalytic subunits and a dimeric regulatory
subunit. Differential expression of these subunits gives rise to different
isoforms with distinct biochemical properties in different cell types. PKA
isoforms are classified by their regulatory subunits into type | (PKA-I) and
type Il (PKA-II), both of which are present in platelets (Burkhart et al., 2012).
The regulatory subunits contain N-terminal dimerisation domains that bind to
the catalytic subunits and C-terminal domains that bind free cAMP (Skalhegg
and Tasken, 2000). Binding of four cAMP molecules to the C-terminal
domains leads to a reversible conformational switch and the release of active

catalytic subunits, which phosphorylate local protein substrates that contain
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an arginine-arginine-X-serine/threonine sequence (RRXS/T), where X is a

hydrophobic amino acid (Figure 1.7) (Skalhegg and Tasken, 2000).
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Figure 1.7. cAMP-mediated activation of PKA. Inactive PKA is a
tetrameric protein containing two regulatory (R) and two catalytic (C)
subunits. Binding of four cAMP molecules to the regulatory subunits leads to
the release of ATP-bound catalytic subunits, which phosphorylate specific
serine and threonine residues on a variety of protein substrates (Murray,
2008).

PKA isoforms show different subcellular localisation in different cell types.
PKA-I is soluble (Meinkoth et al., 1990) whereas PKA-IlI associates with A
kinase anchoring proteins (AKAPs), which sequester the inactive
holoenzyme in distinct subcellular compartments (Skalhegg and Tasken,
2000). Spatiotemporal regulation of PKA isoforms has been demonstrated in
human T cells where the subcellular localisation of PKA-II does not change
but PKA-I translocates and associates with cellular substructures such as

antigen-receptor complexes. In unstimulated T cells, PKA-I resides
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homogenously in the cytosol while PKA-II localises at the nucleus. After
TCR-CD3 stimulation, PKA-I colocalises with antigen-receptor complexes at
the plasma membrane while PKA-II remains at the nucleus (Skalhegg et al.,
1994). Active PKA-I was found in CD3 precipitates from stimulated, but not
unstimulated, T cells (Skalhegg et al, 1994). These CD3-PKA-|
coprecipitates were associated with cAMP formation and increased
phosphotransferase activity suggesting that cellular substructures can
activate PKA-I through physical interaction (Skalhegg et al., 1994). Similar
interactions have been observed in B cells (Levy et al., 1996), but few PKA-I-
specific anchoring proteins have been identified. By contrast, a substantial
number of PKA-II-specific AKAPs have been characterised along with dual-

specificity AKAPs, which can bind both PKA isoforms (Carnegie et al., 2009).

AKAPs contain a PKA binding domain that sequesters the holoenzyme to
cellular substructures in order to localise kinase activity to relevant
substrates. AKAPs often recruit additional enzymes such as PDEs in order to
limit the cAMP signalling response (Wong and Scott, 2004). For example,
muscle-selective AKAP (MAKAP) associates with PKA-II and PDE4 in rat
myocytes (Dodge et al., 2001). In mAKAP precipitates, PKA activity is
enhanced by PDE4 inhibition while PDE4 activity is diminished by PKA
inhibition (Dodge et al., 2001). Since PKA phosphorylates and activates
PDE4 (Sette and Conti, 1996), these results suggest that mMAKAP assembles
a signalling module that regulates PKA-mediated phosphorylation through
feedback inhibition. Interactions between AKAPs, PKA, and PDEs have also
been observed in leukocytes (Asirvatham et al., 2004) and Sertoli cells

(Taskén et al., 2001). A number of potential AKAPs have been identified in
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platelets but their roles in the regulation of cCAMP signalling have not yet
been established (Burkhart et al., 2012, Rowley et al., 2011). In platelets,
PKA isoforms and their substrates are confined to distinct cellular
compartments. For example, PKA and substrates including GPIb and VASP
are almost exclusively associated with the plasma membrane, which reflects
the ability of CAMP to target surface receptors and cytoskeleton-associated
proteins (El-Daher et al., 1996). Other substrates including the IP3 (type I)
receptor associate with intracellular membranes, which may represent the
sites where calcium mobilisation is regulated (Raslan and Naseem, 2014). It
is reasonable to assume that PKA is also present in the platelet cytosol
where substrates such as RhoA and PDE3 reside (Aburima et al., 2013,

Hunter et al., 2009).

1.5.7 Protein kinase G

The main intracellular receptor for cGMP is protein kinase G (PKG), a
homodimeric enzyme with three functional domains: an N-terminal
dimerisation domain, a regulatory domain, and a catalytic domain (Hofmann
et al.,, 2000). There are two PKG families: the soluble PKGI and the
membrane-bound PKGII (Francis et al., 2010). PKGI exists as a- and B
splice variants that have different N-terminal sequences and different
affinities for cGMP (Francis et al., 2010). While PKGla has a well-defined
role in smooth muscle cells (Pfeifer et al., 1999), PKGIf is the main effector
of NO/cGMP signalling in platelets (Eigenthaler et al., 1992). Indeed,

platelets lacking PKG show increased adhesion and aggregation in vivo and
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loss of NO sensitivity in vitro (Massberg et al., 1999). PKG is homologous to
PKA and has a similar mechanism of action. Binding of four cGMP molecules
to its regulatory domain stimulates N-terminal autophosphorylation,
elongation, and the release of active catalytic subunits, which phosphorylate
serine and threonine sites on local protein substrates (Wall et al., 2003).
PKG regulates platelet function by phosphorylating a variety of proteins
including VASP (Halbriigge et al., 1990), PI13-K (Pigazzi et al., 1999), and the

TXA; receptor (Reid and Kinsella, 2003).

Molecular scaffolds called G kinase interacting proteins (GKIPs) can regulate
the scope and magnitude of cGMP signalling by sequestering PKG to cellular
substructures. MLCP has been identified as a GKIP in smooth muscle cells
(Surks et al., 1999). PKGIla and MLCP colocalise at the plasma membrane,
where NO/cGMP is abundant; and at actin-myosin fibres, which regulate
contraction (Surks et al., 1999). Since MLCP targets PKGla to actin-myosin
fibres and since PKGIa activation increases MLCP activity (Nakamura et al.,
1999), their association is thought to be important for the coordinated
regulation of smooth muscle contraction. By contrast, PKGIB interacts with
actin-binding proteins (Casteel et al., 2013, Schwappacher et al., 2013) and
associates with the transcription regulator TFIl-I in cGMP-stimulated BHK
cells (Casteel et al., 2002). In unstimulated BHK cells, PKGI resides in the
cytosol while TFII-I localises at the nucleus. After cGMP stimulation, PKGIf
colocalises with TFII-I at the nucleus where PKGIB phosphorylates TFlI-I and
enhances its transcriptional activity (Casteel et al., 2002). PKG may undergo
similar spatial regulation in platelets. Indeed, PKGIB associates with the IP;

(type 1) receptor and the IP3 receptor-associated cGMP kinase substrate
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(IRAG) in platelet membranes. PKG phosphorylates IRAG and inhibits 1P3-
mediated calcium release but mutant IRAG causes defective inhibition of
calcium mobilisation in NO/cGMP-stimulated platelets (Antl et al., 2007).
PDES5 can also regulate PKGIB activity by forming an intraplatelet complex
with the IP3 (type 1) receptor and IRAG (Wilson et al.,, 2008). Since
interactions between PKG and GKIPs appear to play an important role in
platelet inhibition, loss of these spatiotemporal interactions may contribute to
atherothrombotic-related disease. The importance of PKG in regulating
platelet function has been recognised and therapeutic agents have been
developed to stimulate cGMP signalling in the absence of NO, which
platelets themselves may become resistant to in certain disease states
(Stasch et al., 2011). Interestingly, recent studies have demonstrated weak
sGC activation in platelets stimulated with VWF (Gambaryan et al., 2008) and
collagen (Riba et al., 2008). These NO-independent mechanisms of sGC
activation are incompletely understood but may contribute to feedback

platelet inhibition.

1.5.8 PKA/PKG substrates and platelet function

Unless selectivity for cCAMP versus cGMP is high, there will be cross-talk
between cyclic nucleotide signalling cascades where cAMP cross-activates
PKG and/or cGMP cross-activates PKA (Jiang et al.,, 1992, Francis et al.,
2010). The activation of PKA and/or PKG leads to the phosphorylation of
proteins that contain RRXS/T consensus motifs (Pearson and Kemp, 1991).

Although some of these proteins are targets for both kinases, others are
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differentially regulated by cyclic nucleotide signalling molecules (Figure 1.8,
Table 1.1). The following section describes the various substrates for PKA

and/or PKG and explores their roles in platelet function.
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Figure 1.8. Regulation of cyclic nucleotide signalling cascades. Cyclic
nucleotide signalling can be activated by PGIl, and NO or inhibited by ADP
and thrombin. The phosphorylation of downstream targets results from
complex interplay between cyclic nucleotide-dependent phosphodiesterases
and protein kinases, which may have overlapping substrate specificities

(Schwarz et al., 2001).
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Table 1.2. PKA and/or PKG substrates in human platelets.

Phosphoprotein PKA PKG Function Reference
Inhibition of (Chen and
ABP v actin Stracher,
polymerisation 1989)
Hettasch and
Caldesmon v Unknown (
Sellers, 1991)
Inhibition of M I
anganello
Gis v Rho kinase (t |91999)
etal,
signalling
Inhibition of F d
ox an
GPIbB v actin
Berndt, 1989)
polymerisation
Beck et al.,
GSK-3a v Unknown (
2014)
Inhibition of Butt et al
utt et al.,
HSP27 v actin ( 2001)
polymerisation
Inhibition of (Cavallini et
avallini e
IP; Receptor v v calcium 1. 1996)
al.,
mobilisation
Enhanced
PDE3 v cAMP (Macphee et
al., 1988
degradation )
Siess et al.,
Rap1-B v v Unknown (
1990)
Inhibition of (Aburi .
urima e
RhoA v Rho kinase 1. 2013)
al.,
signalling
VASP S, v Inhibition of (Butt et al.,
GPIIb-llla 1994)
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1.5.8.1 Actin polymerisation

Platelet activation is driven by reorganisation of the actin cytoskeleton, which
is required for shape change and stable interactions between allbp3 and
fibrinogen (Fox et al., 1996). Cytoskeletal reorganisation is regulated through
the phosphorylation of numerous protein substrates. One of the best
characterised substrates is VASP, which plays an important role in
cytoskeletal reorganisation by regulating actin bundling and polymerisation
(Harbeck et al.,, 2000). VASP is a microfilament-associated protein that
contains two Ena/VASP homology domains, which mediate interactions with
specific cytoskeletal proteins; and one proline-rich domain, which facilitates
actin polymerisation through recruitment of the G-actin binding protein,
profilin (Reinhard et al., 2001). Intraplatelet VASP is a major substrate for
both PKA and PKG (Butt et al., 1994). It appears to play an important role in
platelet inhibition since VASP-deficient mice are unresponsive to NO and
show enhanced adhesion to the subendothelium (Massberg et al., 2004). It is
well established that PKA preferentially phosphorylates serine 157 while
PKG preferentially phosphorylates serine 239 (Butt et al., 1994).
Phosphorylation on serine 157, in the proline-rich domain, alters the binding
properties of VASP and inhibits actin polymerisation. Additional
phosphorylation on serine 239, an F-actin binding site, further inhibits
filament formation (Harbeck et al., 2000). These post-translational
modifications are significant because phosphorylation, particularly on serine
157, correlates with the inhibition of fibrinogen binding to allbB3 and the
inhibition of platelet aggregation (Horstrup et al., 1994). Thus, VASP

phosphorylation can be used as a marker of platelet inhibition. Since VASP
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Is sensitive to cAMP/cGMP-elevating agents, it can provide important
information about endothelial function and the bioavailability of PGIl, and NO
(Schéafer et al., 2004). In addition, it can be used to assess the in vivo
response to antiplatelet drugs that target the P2Yi, receptor such as
clopidogrel (Hollopeter et al., 2001). The cAMP-elevating agent PGE; and
ADP are commonly used to evaluate P2Y;, inhibition by clopidogrel (Glenn
et al., 2014, Schwarz et al., 1999b). PGE; binds to its AC-coupled receptor
and stimulates VASP phosphorylation while ADP binds to its P2Y 1, receptor
and inhibits AC-mediated signalling events. Thus; in platelets co-stimulated
with  PGE; and ADP, the level of VASP phosphorylation is directly

proportional to the level of P2Y 1, inhibition.

Actin-binding protein (ABP) is an important component of the cytoskeleton
that stabilises the platelet membrane against the mechanical forces of
flowing blood (Cranmer et al., 2011). Upon platelet activation, ABP
undergoes calpain-mediated proteolytic cleavage leading to cytoskeletal
reorganisation and shape change (Hartwig and DeSisto, 1991). PKA can
phosphorylate ABP to inhibit cleavage and maintain the stability of the
cytoskeleton (Chen and Stracher, 1989). In addition, ABP anchors
membrane proteins such as GPIb to the cytoskeleton to promote adhesion
and downstream signalling (Feng et al.,, 2003). PKA can phosphorylate
GPIbB and inhibit actin polymerisation (Wardell et al., 1989) and adhesion on
VWF (Bodnar et al., 2002). Although GPIbB phosphorylation can be detected
in unstimulated platelets (Zahedi et al., 2007), the receptor undergoes
substantial phosphorylation in response to cAMP-elevating agents (Bodnar

et al., 2002). Another actin-binding protein called caldesmon facilitates actin-
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myosin interactions. Caldesmon undergoes phosphorylation in PGl,-
stimulated platelets, but the functional significance of this modification has
not been determined (Hettasch and Sellers, 1991). Heat shock proteins are
important regulatory components of the platelet cytoskeleton (Zhu et al.,
1994). Heat shock protein 27 (HSP27) has been identified as a substrate for
PKG, which phosphorylates threonine residues and inhibits actin
polymerisation in platelets (Butt et al., 2001). In addition, PKA can
phosphorylate other heat shock proteins but their roles in platelet function

are unclear (Edwards et al., 2012).

Glycogen synthase kinase-3 (GSK-3) is an established regulator of glycogen
metabolism and protein synthesis (Frame and Cohen, 2001) but recent
studies have shown that the kinase plays an additional role in cytoskeletal
reorganisation (Tang et al., 2011). GSK-3 regulates actin polymerisation by
activating Rac and suppressing RhoGAP (Sun et al., 2009) while the kinase
may also drive the protrusion of filopodia and lamellipodia (Etienne-
Manneville and Hall, 2003). GSK-3 lies downstream of the GTPase Rapl-B
(Arimura and Kaibuchi, 2007), which is a substrate for both PKA and PKG in
human platelets (Lapetina et al., 1989). Another GTPase pathway involves
RhoA, which is phosphorylated by PKA leading to inhibition of MLCP and
likely inhibition of actin polymerisation and shape change (Aburima et al.,
2013). Interestingly, RhoA has been shown to regulate the phosphorylation
of GSK-3 in fibroblasts (Eng et al., 2006) but their relation in platelets is
unclear. GSK-3 exists as constitutively active a and B isoforms that are
negatively regulated by phosphorylation (Force and Woodgett, 2009). The

phosphorylation and inhibition of GSK-3 can be induced by cAMP-elevating
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agents or cCAMP analogues (Fang et al., 2000, Oberprieler et al., 2010). Both
GSK-3 isoforms are present in human platelets but their roles have not been
defined (Barry et al., 2003). Some laboratories have shown that GSK-3
inhibition potentiates aggregation (Li et al., 2008) while others have shown
that GSK-3 inhibition attenuates aggregation (Barry et al.,, 2003). Such
discrepancies might be explained by the differential roles of GSK-3 isoforms.
Indeed, one study measured aggregation in GSK-3p-deficient mice (Li et al.,
2008) while the other measured aggregation in human platelets treated with

nonselective compounds that could inhibit both isoforms (Barry et al., 2003).

1.5.8.2 Calcium mobilisation

Various aspects of platelet activation, including shape change, secretion, and
integrin activation, are dependent on calcium mobilisation (Varga-Szabo et
al., 2009). Platelet agonists stimulate the production of IP; and DAG, which
mediate calcium mobilisation from internal and external sources. While 1P3
mediates calcium release from the DTS, DAG mediates calcium entry from
the extracellular space. Extracellular calcium enters platelets through store-
operated channels such as Orail (which is sensitive to IP3), non-store-
operated channels such as TRPC6 (which is sensitive to DAG), and
membrane P2X; channels (which are sensitive to ATP) (Varga-Szabo et al.,
2009). The endothelial-derived inhibitors PGIl, and NO strongly inhibit
agonist-induced calcium mobilisation from intracellular and extracellular
sources (Geiger et al., 1994). The signalling mechanisms that inhibit calcium

mobilisation are incompletely understood but likely involve the IP3 receptor
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since TRPCEG is insensitive to phosphorylation by PKA (Hassock et al., 2002)
and P2X; is not affected by cAMP elevation (Fung et al., 2012). IP; receptors
are known PKA substrates and their phosphorylation has been shown to

inhibit calcium mobilisation (Quinton and Dean, 1992).

1.6 Aims of the study

Uncontrolled platelet activation can lead to arterial thrombosis and serious
cardiovascular events such as myocardial infarction and stroke. Platelet
activation is driven by a plethora of phosphorylation-based signalling events.
A major challenge is to understand how signalling proteins and pathways
integrate to drive different aspects of the platelet activation process. The
phosphorylation of intraplatelet proteins is commonly measured by
immunoblotting but this approach is cumbersome and does not facilitate
large-scale analyses or provide the statistically-rich data that is required to
obtain a detailed understanding of the molecular mechanisms that regulate

platelet function.

Since flow cytometry can overcome the limitations of immunoblotting, the aim
of this study was to develop a flow cytometric assay for high-throughput
analyses of phosphorylation-based signalling events in platelets with a
particular focus on cyclic nucleotide signalling cascades, which modulate
platelet function and can be used to assess antiplatelet agents and

antagonists of the ADP receptor P2Y,. The aim will be achieved by:
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1. Demonstrating that flow cytometry can detect the functional effects of
platelet agonists and cyclic nucleotide-elevating agents such as PGl;
in whole blood.

2. Optimising a flow cytometry protocol for the high-throughput analysis
of phosphorylation-based signalling events in response to cyclic
nucleotide-elevating agents in whole blood.

3. Demonstrating clinical and pharmacological application of the assay
with a focus on drug screening in order to identify novel antiplatelet

agents.
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Methods
2.1 Materials

Antibodies against phosphoVASP-ser'®’, phosphoVASP-ser?®,
phosphoGSK-3a-ser?, and phosphoPKA Substrate (RRXS/T) were from Cell
Signaling Technology (Watford, UK). Anti-integrin B3 was from Santa Cruz
(Wembley, UK). Anti-CD45-PE, anti-CD62P-PE, anti-CD42a-FITC, anti-
CD42b-FITC, PE Mouse IgG;, FITC Mouse IgG;, BD CompBeads, BD
Phosflow Lyse/Fix Buffer, BD Perm/Wash Buffer, BD Perm Buffer Il, and BD
Perm Buffer Il were from BD Biosciences (Oxford, UK). Anti-fibrinogen-FITC
was from Dako (Stockport, UK). Pacific Blue, Alexa Fluor 488- and Alexa
Fluor 750 succinimidyl esters, and Alexa Fluor 647 anti-rabbit IgG were from
Molecular Probes (Paisley, UK). DyLight 800 succinimidyl ester was from
Thermo Scientific (Loughborough, UK). Paraformaldehyde (PFA) solution
was from Electron Microscopy Sciences (Hatfield, PA). S-nitrosoglutathione
(GSNO) and 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) were from
Calbiochem (Feltham, UK). Milrinone and zaprinast were from Tocris
Bioscience (Bristol, UK). BW A868C, erythro-9-(2-hydroxy-3-nonyl)adenine
(EHNA), H89, 1-Methyl-3-isobutylxanthine (IBMX), Cyclic AMP EIA Kit,
PGE,, PGIl,, 16,16-dimethyl-6-keto PGE;, 16-phenyl tetranor PGE;, 5-trans
PGD,, Prostaglandin Screening Library Il, and R0O1138452 were from
Cayman Chemical Company (Cambridge, UK). TRAP was from Anaspec
(Cambridge, UK). Horm collagen (type | and IlI) was from Nycomed (Zurich,
Switzerland). CRP-XL was obtained from Richard Farndale (Cambridge,

UK). All other materials were from Sigma-Aldrich (Poole, UK).
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2.2 Preparation of washed platelets

Unless otherwise stated, blood was drawn from healthy volunteers who had
not taken medication known to affect platelet function for the previous 14
days. Experiments were conducted in accordance with the Declaration of
Helsinki and approved by the Ethics Committee at the Hull York Medical

School.

In this study, washed platelets were prepared by lowering the pH of platelet-
rich plasma to 6.4, thereby preventing platelet activation during centrifugation
(Mustard et al., 1989). Unlike prostaglandin-based techniques, pH-lowering
methods maintain platelet sensitivity to cyclic nucleotide-elevating agents,
which were used throughout this study. Blood was obtained from the median
cubital vein using a 21-gauge butterfly needle. The initial 5 mL was discarded
to exclude artifactually activated platelets. Blood was drawn into acid-citrate-
dextrose (2.9 mM citric acid, 29.9 mM sodium citrate, 72.6 mM NacCl, 113.8
mM glucose, pH 6.4) and centrifuged for 20 min (200g, 20°C). Resultant
platelet-rich plasma was treated with 0.3 mM citric acid and centrifuged for
12 min (800 g, 20°C). The supernatant was removed and platelet pellets
were suspended in wash buffer (5 mM glucose, 5 mM KCI, 9 mM NacCl, 10
mM EDTA, 36 mM citric acid, pH 6.4), centrifuged for 12 min (800g, 20°C),
and then resuspended in modified Tyrode’s buffer (0.5 mM MgCl,, 0.55 mM
NaH,PO,, 2.7 mM KCI, 5 mM HEPES, 5.6 mM glucose, 7 mM NaHCO3, 150

mM NacCl, pH 7.4).
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2.3 Platelet count

Manual platelet counts were performed using a hemocytometer. Washed
platelets were diluted (1:100) in 1% (w/v) ammonium oxalate to lyse
contaminating red blood cells. The dilution was then loaded onto a
hemocytometer. After 10 min, the hemocytometer was mounted onto a light
microscope and platelets were counted using a 40x objective. After

correcting for the initial dilution, counts were expressed as platelets/mL.

2.4 Electrophoresis and immunoblotting

Electrophoresis allows the separation of charged macromolecules in an
electric field. When applied to a matrix such as a gel, it can be used to
separate molecules based on their size and charge. SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) uses a combination of SDS and polyacrylamide
gel to separate proteins according to their molecular mass by electrophoretic

migration.

2.4.1 SDS-polyacrylamide gel electrophoresis

Prior to SDS-PAGE, samples are boiled in Laemmli buffer containing SDS
and B-mercaptoethanol. While SDS intercalates with hydrophobic protein
sites, B-mercaptoethanol breaks disulfide bonds. These interactions disrupt
protein structure and impart a negative charge on polypeptide subunits.
Since charge no longer affects electrophoretic mobility, proteins migrate

toward the anode based on their molecular weight.
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During SDS-PAGE, proteins are separated on a porous gel of
polyacrylamide. The porosity of a gel is proportional to its acrylamide
concentration, which can be tailored to the protein of interest. Gels that
contain low concentrations of acrylamide enable better resolution of proteins
with high molecular weights while gels that contain high concentrations of
acrylamide enable better resolution of proteins with low molecular weights.
Gradient gels, in which the concentration of acrylamide varies from low to
high, allow excellent resolution to be obtained from lysates that contain
proteins with diverse molecular weights. Gradients from 4-20% are routinely
used to separate proteins in whole-platelet lysates (Gibbins and Mahaut-

Smith, 2004).

2.4.2 Sample preparation for SDS-PAGE

Washed platelets (2.5x10° platelets/mL) were stimulated at 37°C in 96-well
plates containing the appropriate agonists. This approach was used to
replicate sample preparation for flow cytometry. In some cases, platelets
were incubated with the PKA and sGC inhibitors H89 (10 pM, 20 min) and
ODQ (20 pM, 20 min) before stimulation with PGI; (0-100 nM, 2 min) and NO
(0-10 pM, 2 min). Platelets were lysed with 2x Laemmli sample buffer and
boiled (5 min) before lysate proteins (30 pL) and biotinylated protein
standards (5 pL) were loaded onto Bio-Rad Mini-PROTEAN TGX Precast
Gels (either 10% or 4-20%) (Hemel Hempstead, UK) and run at 300 V for 15-

20 min.
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Samples underwent SDS-PAGE using a discontinuous buffer system in
which chloride and glycinate ions form a tight mobile boundary around
samples to yield stacked narrow bands that provide high resolution. Samples
migrate through two regions: the stacking gel, which condenses samples into
well-defined bands; and the resolving gel, which separates proteins based on

their molecular weight.

2.4.3 Immunoblotting

Several techniques, including immunoblotting and in vitro kinase assays,
require the proteins separated by electrophoresis to be transferred to a solid-
phase membrane. Immunoblotting is frequently used to electrophoretically
transfer proteins from polyacrylamide gels to nitrocellulose or polyvinylidene
difluoride (PVDF) membranes. Electrotransfer occurs primarily through
hydrophobic interactions between the protein and the membrane. While
nitrocellulose membranes are relatively inexpensive, they are not suitable for
repeated probing or fluorescent visualisation and proteins can completely
traverse the membrane during prolonged electrotransfer. Conversely, PVDF
membranes are mechanically stronger than nitrocellulose and have a higher

protein binding affinity (Gibbins and Mahaut-Smith, 2004).

After SDS-PAGE, gels were sandwiched between an optimised buffer,
membrane, and filter paper combination (Bio-Rad Tans-Blot Turbo PVDF
Transfer Pack) and proteins were transferred to PVDF membranes (25 V, 7
min) using the Bio-Rad Trans-Blot Turbo Transfer System (Hemel

Hempstead, UK).
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2.4.4 Immunodetection of phosphorylated proteins

Platelet function is driven by a plethora of phosphorylation-based signalling
events. Our challenge is to understand how these signalling events drive
different aspects of the platelet activation process. Immunodetection is
commonly used to visualise phosphorylated proteins on PVDF membranes.
These protein-loaded membranes are incubated with primary
phosphospecific antibodies and then with horseradish peroxidase (HRP)-
conjugated secondary antibodies. Visualisation occurs through an enhanced
chemiluminescent (ECL) system, where HRP reacts with H,O, and luminol
resulting in the emission of blue light (428 nm). This chemiluminescent light
is captured on blue-sensitive x-ray film and used in the qualitative analysis of

protein phosphorylation.

After transferring proteins from the gel to the membrane, membranes were
washed for 5 min with Tris-buffered-saline-Tween (0.1%) and then blocked
for 60 min with 5% non-fat milk in Tris-buffered-saline-Tween (0.1%) to
prevent nonspecific antibody binding. These membranes were incubated
overnight at 4°C with the indicated phosphospecific antibodies (diluted
1:1000 in Tris-buffered-saline containing 0.2% BSA and 0.1% Tween 20).
Membranes were then washed for 5 min with Tris-buffered-saline-Tween
(0.1%) and incubated for 45 min at room temperature with HRP-conjugated
secondary antibodies (diluted 1:10000 in Tris-buffered-saline containing
0.1% Tween 20) and HRP-linked anti-biotin (1:2000). After 4 washes (15
min) with Tris-buffered-saline-Tween (0.1%), membranes were developed

using an ECL detection system.
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In some cases (to confirm equal loading), membranes were stripped for 15
min with Restore Western Blot Stripping Buffer (Thermo Scientific, UK),
which contains SDS to dissociate antibody-antigen complexes. These
membranes were washed for 5 min with Tris-buffered-saline-Tween (0.1%),
blocked for 30 min with 5% non-fat milk in Tris-buffered-saline-Tween
(0.1%), and then reprobed with anti-integrin B3 (diluted 1:1000 in Tris-
buffered-saline containing 0.2% BSA and 0.1% Tween 20). Membranes were
incubated overnight at 4°C, washed for 5 min with Tris-buffered-saline-
Tween (0.1%) and incubated for 45 min at room temperature with HRP-
conjugated secondary antibodies (diluted 1:10000 in Tris-buffered-saline
containing 0.1% Tween 20) and HRP-linked anti-biotin (1:2000). After 4
washes (15 min) with Tris-buffered-saline-Tween (0.1%), membranes were

developed by ECL.
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2.5 Flow cytometry

Flow cytometry enables the rapid and quantitative analysis of individual cells
as they pass through one or more laser beams. Resultant scattered and/or
fluorescent laser light is converted into an electronic signal and used to
interpret relative cell size and granularity. Specific cell populations with
distinct morphologic properties can therefore be identified within
heterogeneous samples such as whole blood. Prior to analysis, cells are
normally stained with fluorescent-labelled antibodies that recognise cellular
antigens. As they pass through the light source, bound antibodies emit
fluorescence that is directly proportional to the amount of antigen present on
or inside the cell. Through multiple detectors and emission filters, cytometers
can selectively capture fluorescence across the entire visible and infared
spectrum. Thus, antibodies coupled to fluorophores with different emission
properties enable the simultaneous detection of multiple antigens on the

same cell.

2.5.1 Sample preparation for flow cytometry

For the examination of platelet activation, samples were prepared according
to a well-established method in which blood is diluted and incubated with
appropriate antibodies, agonists, and/or inhibitors, and then fixed prior to
analysis (Metcalfe et al., 1997). Freshly-obtained citrated blood (5 pL) was
diluted in modified Tyrode’s buffer (50 pL) containing anti-CD62P-PE (2 pL)
and anti-fibrinogen-FITC (2 pL). Agonists (5 pL) were added, mixed by gentle

vortexing, and left for 10 min. Samples were then fixed with 0.2% (v/v)
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formylsaline (0.5 mL) and left for 10 min. Negative controls containing
citrated blood (5 pL), modified Tyrode’s buffer (50 L), and either PE Mouse
IgG; (2 pL) or anti-fibrinogen-FITC (2 pL) and 3 mM EDTA (to prevent

fibrinogen binding to allbf3) were also prepared.

For platelet-leukocyte aggregates, citrated blood (50 pL) was diluted in
modified Tyrode’s buffer (50 pL) containing anti-CD45-PE (5 pL) and anti-
CD42a-FITC (5 pL). Agonists (5 yL) were added, mixed by gentle vortexing,
and left for 10 min. Samples were then diluted with BD Phosflow Lyse/Fix
Buffer (1 mL), vortexed, and left for 10 min. Negative controls containing
citrated blood (50 uL), modified Tyrode’s buffer (50 pL), and either PE Mouse
I9gG; (5 yL) and anti-CD42a-FITC (5 pL) or FITC Mouse IgG; (5 yL) and anti-

CD45-PE (5 pL) were prepared as previously described (Li et al., 1999).

2.5.2 Flow cytometric analysis of platelet activation

Samples were analysed using a BD LSRFortessa. To correct for spectral
overlap between PE- and FITC-labelled antibodies, automatic compensation
was applied using BD CompBeads Anti-mouse IgG/Negative Control
Compensation Particle Set. In brief, BD CompBeads Negative Control and
Anti-mouse 1gG were diluted in modified Tyrode’s buffer (50 pL) containing
either anti-CD62P-PE (2 pL) or anti-fibrinogen-FITC (2 pL) (for platelet
activation), or anti-CD45-PE (5 pL) or anti-CD42a-FITC (5 pL) (for platelet-
leukocyte aggregation). After 15 min, compensation controls were diluted in
modified Tyrode’s buffer (2 mL), pelleted (200g, 23°C, 10 min), decanted,

and then suspended in modified Tyrode’s buffer (0.5 mL). Samples were
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subsequently acquired using the BD FACSDiva Compensation Setup
feature, where compensation is automatically calculated and applied to the

experiment file.

Platelet activation was examined using antibodies against CD62P and
human fibrinogen. CD62P is expressed on the platelet surface after
degranulation while fibrinogen binds to allbB3. Activated platelets bind these
antibodies and can be distinguished from inactive platelets according to their
fluorescence intensity (Figure 2.1). For the determination of CD62P
expression and fibrinogen binding, platelets were gated on their
characteristic scatter properties and 10,000 events were analysed for median
fluorescence. To ensure that data were representative of the entire platelet
population, we confirmed the accuracy of gating in separate samples
containing the platelet-specific marker CD42b. Gates were adjusted until
>95% of the gated population stained positive for anti-CD42b-FITC versus
FITC Mouse IgG; (Figure 2.2). CD62P expression and fibrinogen binding
were analysed on gated cells and expressed as the percentage of positive
cells above a predefined threshold, which was set at 2% to exclude negative

fluorescence as previously described (Metcalfe et al., 1997).
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(A) UNACTIVATED PLATELETS

LASER EXCITATION
7 ' J

(B) ACTIVATED PLATELETS

LASER EXCITATION

FLUORESCENCE

Figure 2.1. Flow cytometric analysis of platelet activation. (A) Inactive
platelets bind few activation-dependent antibodies and generate little
fluorescence whereas (B) activated platelets bind many activation-dependent

antibodies and generate intense fluorescent signals.
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Figure 2.2. Flow cytometric identification of platelets in whole blood.
(A) Platelets were gated on their scatter properties. (B) Cells within the gate
were positive for the platelet-specific marker CD42b (blue trace) above an

appropriate negative threshold (red trace).

For platelet-leukocyte aggregates, monocyte and neutrophil subpopulations
were identified based on measures of light scatter and CD45 expression
(Figure 2.3). To determine the percentage of leukocytes binding platelets,
these subpopulations were analysed for the platelet-specific antigen CD42a

(Li et al., 1999). Data were analysed with FlowJo (TreeStar, Ashland, OR).
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Figure 2.3. Flow cytometric identification of leukocyte subpopulations
in whole blood. Monocytes (M) and neutrophils (N) were gated on

measures of forward- and side scatter.

2.6 Phosphoflow cytometry

Flow cytometry is often used to examine the expression of cell surface
markers, the expression of which is the result of complex intracellular
signalling events. As flow cytometry protocols have developed in scope and
complexity, it has become possible to measure intracellular signalling events
such as protein phosphorylation. Since phosphorylation-based signalling
events are reversible, this application requires the fixation of stimulated intact
cells whose membranes must be permeabilised so that fluorescent-labelled
phosphospecific antibodies can access their intracellular epitopes. As
samples pass through the cytometer, they emit fluorescence that is
proportional to the level of phosphorylation inside the cell. This rapid and
convenient technique is suitable for routine laboratory use and correlates

with immunoblotting. As part of this project, we developed a flow cytometric
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method for the analysis of signalling events in washed platelets and those in

whole blood.

2.6.1 Sample preparation for phosphoflow cytometry

We tested various fixation, permeabilisation, and staining techniques to
determine the optimal conditions for sample preparation (see Chapter 4,
section 2). Washed platelets (1x10° platelets/mL, 10’ cells, 100 pL) were
stimulated at 37°C in 96-well polypropylene plates containing the appropriate
agonists, antagonists or inhibitors. After stimulation, platelets were fixed for
10 min with paraformaldehyde (PFA) solution (1.5% final concentration, 100
uL). Platelets were then pelleted (1000g, 4°C, 10 min), supernatants were
aspirated, and platelets were permeabilised for 10 min with Triton X-100
(0.1%) in phosphate buffered saline (PBS, 1.8 mM KH;PO4 10 mM
Na;HPO,4, 2.7 mM KCI, 137 mM NaCl, pH 7.4) (200 pL). Permeabilised
platelets were pelleted, washed with PBS, pelleted again and then
resuspended in PBS (100 pL) containing the indicated phosphospecific
antibodies (2 pg/mL). Platelets were stained on ice for 30 min, washed with
PBS (200 pL), pelleted and then resuspended in PBS (100 pL) containing
Alexa Fluor 647 (1 pg/mL). We used Alexa Fluor 647-labeled secondary
antibodies to generate fluorescent signals because our phosphospecific
antibodies were not available as fluorophore-labelled conjugates. Platelets
were stained on ice in the dark for 45 min, washed with PBS (200 pL),
pelleted, resuspended in PBS (200 uL), and then transferred to FACS tubes

for flow cytometric analyses using a BD LSRFortessa. Whole blood analyses
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were performed using 15 pL of citrated blood and followed the same
procedure except that samples were fixed with BD Phosflow Lyse/Fix Buffer

(300 pL) according to the manufacturer’s protocol.

2.6.2 Fluorescent cell barcoding

In fluorescent cell barcoding (FCB), samples are labelled (or barcoded) with
amine-reactive fluorophores, which bind covalently to the primary amine
groups (R-NHy) of cellular proteins. These fluorophores can be combined in
different ratios to create unique fluorescent signatures for individual samples
(Krutzik and Nolan, 2006). Since reacted fluorophores covalently attach to
cells, unbound fluorophores can be washed away, allowing multiple
barcoded samples to be combined in a single well for staining and
acquisition in a single analytical run, increasing throughput and decreasing
acquisition time. FCB was incorporated into the standard protocol described
in section 2.6.1 (Figure 2.4) where fixed and permeabilised platelets were
washed, resuspended in PBS (200 pL) and then transferred to a 96-well

plate containing appropriate dilutions of the indicated fluorophores.
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e nBl Bt i TR T
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Figure 2.4. Fluorescent cell barcoding. Samples are stimulated, fixed, and
then permeabilised. In standard phosphoflow, these samples are stained
with phosphospecific antibodies and analysed individually. In FCB,
permeabilised samples are barcoded with different intensities of amine-
reactive fluorophores (e.g., Pacific Blue), combined into a single well, and
then stained with phosphospecific antibodies. During analysis, combined
barcoded samples are deconvoluted according to the unique fluorescent
signatures of the original samples yielding the same robust signalling data as

the standard protocol (Krutzik and Nolan, 2006).
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Fluorophores were prepared at 40x concentrations in PBS and equal
volumes (5 pL) were pipetted into the wells of a fresh 96-well plate according
to the matrices shown in Figures A1-A5. The final volume in each well was
brought up to 200 pL by addition of platelet suspensions from the original
plate in which samples were stimulated, fixed, and permeabilised. Samples
were thoroughly mixed with fluorophores by pipetting up and down. Samples
were barcoded on ice in the dark for 30 min before unbound fluorophores
were removed by two washes in PBS (200 pL). Barcoded samples were
combined into a single well and pelleted (1000g, 4°C, 10 min) if the resulting
volume was greater than 100 pL. The combined barcoded sample (100 pL)
was stained with primary and secondary antibodies as described in section

2.6.1 and then transferred to a single FACS tube for flow cytometric analysis.

Platelets were barcoded with a number of different fluorophores, including
Alexa Fluor 488, Alexa Fluor 750, DyLight 800, and Pacific Blue (for
examples see Figures Al-A5), allowing us to create up to 96 distinct
fluorescent signatures. Automatic compensation was applied using unstained
samples as negative controls and single-colour highly-barcoded samples
(those stained with the highest concentration of one particular fluorophore
but no others) as positive controls. Small volumes of unmixed barcoded
samples were set aside at the sample combination step for use as
compensation controls. Fluorophores with distinct emission profiles were
selected to minimise spillover into adjacent channels so that the median
fluorescence intensity (MFI) of the parameter of interest did not fluctuate in a
pattern reflecting the FCB matrix. To check the accuracy of compensation,

we set aside a small volume of the combined barcoded sample prior to
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antibody staining. This sample was acquired and barcoded populations were
gated and analysed for Alexa Fluor 647 fluorescence. If fluorescence
fluctuated between barcoded populations, the compensation matrix was
adjusted until spillover was eliminated. Thus, we could be certain that
variations in Alexa Fluor 647 fluorescence represented variations in protein

phosphorylation and not variations in the intensity of barcoding markers.

Platelets were gated on their scatter properties and 10,000 events were
analysed per sample for median fluorescence. Unlike the standard protocol,
FCB experiments require an additional step where barcoded populations are
deconvoluted (or separated by gating) into the individual samples they
represent. Here, samples were deconvoluted from two-dimensional plots of
scatter versus fluorescence as previously described (Figure 2.5) (Krutzik et
al., 2011). Fold change was calculated by dividing the MFI of the stimulated
sample by that of the unstimulated sample. It is important to recognise that
unstimulated samples represent basal levels of phosphorylation and that
these levels may change as soon as blood is drawn from the body and
platelets are removed from physiological systems that can modulate their
signalling activity such as the vascular endothelium, which actively secretes
PGIl, and NO. To minimise data variation due to delays between sampling
and analysis, blood samples were processed as soon as possible after
venepuncture. Data were presented either as histograms, where a shift along
the x-axis and a transition to brighter colours represents an increase in
phosphorylation; or as heatmaps, where brighter squares represent an
increase in phosphorylation. Data were analysed with Cytobank (Kotecha et

al., 2010).
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Figure 2.5. Deconvolution method for fluorescent cell barcoding.
Stimulated, fixed, and permeabilised platelets were barcoded with Pacific
Blue (0, 0.04, 0.2, and 1 pg/mL), combined into a single well, and then
stained with Alexa Fluor 647 (AF647)-conjugated phosphospecific
antibodies. During sample acquisition, platelets were gated on their scatter
properties (FSC versus SSC). Plotting FSC versus Pacific Blue reveals four
distinct populations that correspond to the original four samples. Once gated,
these populations can be analysed as individual samples for phosphospecific
fluorescence (AF647).
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2.7 Measurement of platelet aggregation in vitro

Platelet aggregation plays an important role in thrombosis (Ruggeri, 2002)
and is the end result of a series of complex signalling processes. Platelet
aggregation is commonly measured by optical aggregometry using the
method developed by Born (Born, 1962) where the extent of aggregate
formation is proportional to the transmission of light through a platelet
suspension. Unstimulated platelets form a turbid suspension of cells that
impede light transmission. Following agonist stimulation, the formation of
aggregates reduces the turbidity of the suspension and increases the
transmission of light through the platelet suspension. Aggregation was

expressed as a percentage and measured in real-time (Figure 2.6).

In this study, washed platelets (2.5x10° platelets/mL) were pre-incubated at
37°C with the indicated prostaglandin analogues in the presence or absence
of antagonists for 2 min prior to stimulation with collagen (5 pg/mL), and
aggregation was measured for 3 min under continuous stirring (1000 rpm)
using a Chrono-log optical aggregometer. Calibration was performed using
unstimulated platelets (0% aggregation) and modified Tyrode’s buffer (100%

aggregation).
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Figure 2.6. Optical measurement of platelet aggregation. (A)
Unstimulated platelets form a turbid suspension of cells that impede light
transmission (yellow arrow). After stimulation, the formation of aggregates
reduces turbidity and increases the transmission of light through the platelet
suspension. (B) Light transmission is expressed as a percentage (0-100%)

and measured in real time as the platelets aggregate.
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2.8 Measurement of platelet cAMP

cAMP levels were determined wusing a well-established enzyme
immunoassay (EIA) kit according to the manufacturer’s protocol. The assay
is based on the competition between free CcAMP and an
acetylcholinesterase-conjugated cAMP (CAMP tracer) to occupy a limited
number of cAMP binding sites on a cAMP-specific rabbit antibody. The
amount of free CAMP is variable while the amount of CAMP tracer is constant
in every assay. Therefore, the amount of cAMP tracer bound to the cAMP
rabbit antibody is inversely proportional to the amount of free CAMP in the

sample.

2.8.1 Sample preparation for the measurement of platelet cAMP

Washed platelets (2x10° platelets/mL) were treated with prostaglandins (1
uM) for 2 minutes at 37°C. Reactions were terminated by addition of lysis
buffer containing 0.1 M HCI to inhibit endogenous phosphodiesterase
activity. Samples were then centrifuged (1000g, 4°C, 10 min), and
supernatants were diluted (1:4) with EIA buffer. To improve assay sensitivity,
standards and diluted supernatants were acetylated by addition of potassium
hydroxide and acetic anhydride according to the manufacturer’s protocol.
Since cAMP antibodies are raised against cAMP-acetylcholinesterase (CAMP
tracers), they have a low affinity for free cAMP. Acetylation induces a
structural change that enhances the immunogenicity of free cAMP, allowing it

to bind antibodies with a greater affinity.
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Standards, samples, cAMP tracer, and a cAMP-specific rabbit antibody were
added to an anti-rabbit IgG-coated assay plate and incubated for 18 hr at
4°C. The plate was then washed and filled with Ellman’s reagent, which
contained an acetylcholinesterase substrate. The resultant enzyme-substrate
reaction yielded a yellow-coloured product that was measured at 405 nm
using a microplate spectrophotometer (Thermo Scientific Multiskan GO,
Loughborough, UK). The intensity of the colour was proportional to the
amount of CAMP tracer bound to the well, which was inversely proportional to

the amount of free cCAMP in the sample.

Data were analysed with the Cayman Chemical EIA Analysis Tool. All
assays were carried out in triplicate with independent donors and cAMP was

expressed as fmol/10° platelets.

2.9 Statistical Analysis

Results, expressed as means = SEM, underwent one-way ANOVA with
Tukey HSD using GraphPad Prism 6 (GraphPad Software, La Jolla, CA).

Significance was accepted at P <0.05.
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Analysis of Platelet Function

3.1 Introduction

Blood platelets are central to thrombosis, haemorrhage, and inflammation
(Wagner and Burger, 2003). Under normal physiological conditions, platelets
are maintained in a resting state by the endothelial-derived inhibitors,
prostacyclin (PGI,) and nitric oxide (NO). To prevent haemorrhage, platelets
aggregate to form a primary haemostatic plug and stimulate the coagulation
cascade at sites of vascular injury. The formation of a stable haemostatic
plug requires the degranulation of activated platelets and the binding of
fibrinogen to integrin allbB3. Antibodies against fibrinogen and granule-
specific proteins such as P-selectin (CD62P) have emerged as powerful
tools for the detection and quantification of activated platelets (Michelson et
al., 2000). While P-selectin and allbf3 are important mediators of platelet-
platelet aggregation, they also mediate the adhesion of activated platelets to
leukocytes. Platelet-leukocyte aggregates are thought to be sensitive
markers of platelet activation (Michelson et al., 2001), but little is known
about the pathways that are capable of inducing interactions between these
cells. Platelets can be activated by multiple pathways. Key among these are
the ADP, collagen, and thrombin-mediated pathways. Here, we show that
these pathways have distinct effects on the aggregation of platelets with

important leukocyte subpopulations (monocytes and neutrophils).

A major aim of this study is to demonstrate that PGl, inhibits platelet function
and that its inhibitory properties can be detected by flow cytometry in whole

blood. CD62P expression and fibrinogen binding are regulated through
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different mechanisms and represent different aspects of the platelet
activation process. Here, we show that PGl, inhibits CD62P expression and
fibrinogen binding downstream of several different receptor systems. This
suggests that PGI, regulates multiple signalling pathways and multiple

aspects of platelet function.

3.2 PGl; inhibits platelet aggregation

Platelet function is commonly examined by light transmission aggregometry
(LTA). Although LTA is considered the gold standard for platelet function
testing (Harrison, 2009), it lacks physiological relevance because whole
blood samples must be manipulated to obtain washed platelet suspensions.
In initial experiments, we used LTA to show that the physiological inhibitor
PGl, could inhibit collagen-induced platelet aggregation (Figure 3.1). Here,
washed platelets were pre-incubated with PGI, (0-100 nM) prior to
stimulation with collagen (5 pg/mL). Collagen alone induced a maximal
aggregation response that was inhibited in a dose-dependent manner by
PGlI, (Figure 3.1A). PGI, produced potent inhibition of platelet aggregation
with an I1Csp value of 12 nM (Figure 3.1B). In the following sections, we show
that flow cytometry can be used to examine the effects of PGI, on different
aspects of platelet function (CD62P expression and fibrinogen binding) both

rapidly and conveniently in whole blood.
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Figure 3.1. PGl inhibits platelet aggregation. (A) Traces, representative
of three independent experiments, show that PGI; inhibits collagen-induced
platelet aggregation in a concentration-dependent manner. (B) Dose-
response curve reveals the potency of PGI,, where data points represent the
mean + SEM from three independent experiments. Platelets were stimulated

with collagen (5 pg/mL) following pre-incubation (2 min) with PGl,.

3.3 Analysis of platelets in whole blood

Whole blood flow cytometry can be performed either by single-colour
analysis in which the platelet population is identified by forward- and side
scatter or by two-colour analysis in which the sample is colabelled with an
antibody raised against a platelet-specific antigen such as CD42b (Goodall
and Appleby, 2004). Single-colour methods are simple and economic but
often exclude platelets whose scatter properties fall outside the normal
range. Two-colour methods are therefore preferred for the analysis of
samples from patients with giant platelet syndromes or storage pool
disorders. Antibody binding can be expressed either as median fluorescence
intensity (MFI) or as the percentage of platelets staining positive for a

particular antibody. Percentage positive data better represent the expression
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of antigens that are not normally present on the platelet surface (such as
CD62P and fibrinogen) while MFI better represents the expression of
antigens that are constitutively expressed. Unlike MFI, percentage positive
data are not affected by variations in signal intensity that may result from

photobleaching or variations in reagent lots.

In the first part of the study, we performed multiparameter analyses of
CD62P expression and fibrinogen binding in response to a number of distinct
platelet agonists and then evaluated whether these responses were sensitive
to inhibition by PGI,. Platelets were gated on forward- and side scatter
characteristics and the accuracy of gating was confirmed in a separate

sample using the platelet-specific marker CD42b (see section 2.5.2).

3.3.1 ADP-induced platelet activation

To assess in vitro platelet activation, we measured both CD62P expression
and fibrinogen binding in whole blood samples incubated with ADP (0.1-10
uM) (Figure 3.2A and B). Submicromolar ADP (0.1 pM) did not induce
CD62P expression when compared with unstimulated platelets but significant
increases were observed in response to 1 uM ADP (39 £ 6%) and 10 uM
ADP (71 £ 5%) (Figure 3.2C). Submicromolar ADP (0.1 uM) failed to induce
fibrinogen binding but significant increases were detected on platelets
stimulated with 1 uM ADP (40 £ 8%) and 10 uM ADP (68 + 6%) (Figure

3.2C).
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Figure 3.2. Flow cytometric analysis of ADP-induced platelet activation.

(A) CD62P expression and (B) fibrinogen (FGN) binding in unstimulated

platelets (red trace), those stimulated with ADP (10 uM) (blue trace), and

those stimulated with ADP (10 uM) after pre-incubation with PGIl, (10 nM)

(orange trace). (C) ADP-induced CD62P expression and fibrinogen binding is
concentration-dependent. (D) PGI; inhibits ADP-induced CD62P expression

and fibrinogen binding in a concentration-dependent manner. Data from four

independent experiments are expressed as means = SEM (*P <0.05).
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3.3.2 The effect of PGl, on ADP-induced platelet activation

To determine the in vitro effects of PGl, on ADP-induced CD62P expression
and fibrinogen binding, whole blood samples were pre-incubated with PGI;
(0.1-10 nM, 2 min) before stimulation with ADP (10 pM). Consistent with
previous observations (Figure 3.2C), ADP induced substantial CD62P
expression (71 + 5%) and fibrinogen binding (68 + 6%). CD62P expression
was significantly inhibited (48%) by 0.1 nM PGlI, with further inhibition (67%)
at 1 nM PGl; (P <0.05). CD62P expression on platelets incubated with 10 nM
PGIl, was not significantly different from that on unstimulated platelets
indicating complete inhibition of degranulation (Figure 3.2D). Fibrinogen
binding was significantly inhibited (39- and 61%) by 0.1- and 1 nM PGl, with
complete inhibition at 10 nM PGI, (Figure 3.2D). These data confirm the
concentration-dependent ability of PGIl, to inhibit ADP-induced platelet

activation.

3.3.3 CRP-XL-induced platelet activation

Having examined ADP-induced platelet activation, we next measured CD62P
expression and fibrinogen binding on platelets stimulated with the GPVI-
selective agonist CRP-XL (Morton et al., 1995). While the physiologic GPVI
agonist collagen cross-links and aggregates platelets, CRP-XL can be used
without hindrance in flow cytometric analyses of platelet activation (Kehrel et
al., 1998). CRP-XL (0.1 pg/mL) did not induce platelet activation under the
conditions used here but higher concentrations (1- and 10 pg/mL) of the

peptide induced significant CD62P expression and fibrinogen binding (P
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<0.05). CD62P expression increased significantly in response to 1 pg/mL
CRP-XL (48 = 12%) and 10 pg/mL CRP-XL (95 + 2%) while fibrinogen
binding increased on platelets stimulated with 1 pg/mL CRP-XL (49 + 14%)

and 10 pg/mL CRP-XL (96 + 2%) (Figure 3.3A, B and C).
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Figure 3.3. Flow cytometric analysis of CRP-XL-induced platelet
activation. (A) CD62P expression and (B) fibrinogen (FGN) binding in
unstimulated platelets (red trace), those stimulated with CRP-XL (10 pg/mL)
(blue trace), and those stimulated with CRP-XL (10 pg/mL) after pre-
incubation with PGI, (10 nM) (orange trace). (C) CRP-XL-induced CD62P
expression and fibrinogen binding is concentration-dependent. (D) PGl,
inhibits CRP-XL-induced CD62P expression and fibrinogen binding in a
concentration-dependent manner. Data from three independent experiments
are expressed as means + SEM (*P <0.05).
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3.3.4 The effect of PGl, on CRP-XL-induced platelet activation

Having demonstrated that PGI, could inhibit ADP-induced platelet activation,
we sought to determine whether PGI, could inhibit GPVI-mediated platelet
activation. Subnanomolar PGl, (0.1 nM) did not affect CD62P expression or
fibrinogen binding on platelets stimulated with CRP-XL (10 pg/mL) but
significant inhibition was observed at 1- and 10 nM PGI, (P <0.05) (Figure
3.3D). CD62P expression was significantly inhibited (11%) by 1 nM PGl with
further inhibition (94%) at 10 nM PGl,. Fibrinogen binding was significantly
inhibited (12%) by 1 nM PGlI, with complete inhibition at 10 nM PGl; (Figure
3.3D). These data reveal that PGI, can inhibit GPVI-mediated platelet

activation.

3.3.5 TRAP-induced platelet activation

We next measured CD62P expression and fibrinogen binding through G
protein-coupled PAR receptors, which are responsible for thrombin-mediated
platelet activation. Thrombin-mediated platelet activation occurs
predominantly through PAR-1, which is activated when thrombin cleaves an
amino-terminal extension unmasking a self-activating tethered ligand
(Andersen et al., 1999). While the physiologic PAR agonist thrombin cross-
links fibrin and causes clotting in whole blood samples, the PAR-1 activating
peptide SFLLRN (TRAP) can be used without hindrance in flow cytometric
analyses of platelet activation (Goodall and Appleby, 2004). TRAP (1 uM) did
not significantly induce platelet activation under the conditions used here but

near-maximal CD62P expression and fibrinogen binding were observed in
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response to 5- and 10 uM TRAP (Figure 3.5A, B and C). CD62P expression
increased significantly on platelets stimulated with 5 pM TRAP (96 = 2%) and
10 uM TRAP (98 + 1%) while fibrinogen binding increased in response to 5

UM TRAP (92 + 3%) and 10 uM TRAP (93 * 1%) (P <0.05).
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analysis of TRAP-induced platelet

activation. (A) CD62P expression and (B) fibrinogen (FGN) binding in

unstimulated platelets (red trace), those stimulated with TRAP (10 uM) (blue
trace), and those stimulated with TRAP (10 uM) after pre-incubation with
PGIl, (10 nM) (orange trace). (C) TRAP-induced CD62P expression and
fibrinogen binding is concentration-dependent. (D) PGI, inhibits TRAP-
induced CD62P expression and fibrinogen binding in a concentration-

dependent manner. Data from five independent experiments are expressed

as means = SEM (*P <0.05).
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3.3.6 The effect of PGl, on TRAP-induced platelet activation

Consistent with previous observations for ADP and CRP-XL (Figures 3.2D
and 3.3D), PGI, inhibited TRAP-induced platelet activation in a
concentration-dependent manner (Figure 3.4A, B and D). Subnanomolar
PGl, (0.1 nM) failed to inhibit CD62P expression and fibrinogen binding on
platelets stimulated with TRAP (10 pM) but significant inhibition was
observed at 1 nM PGI, where CD62P expression and fibrinogen binding
were inhibited by 15- and 25% respectively (P <0.05). Further inhibition was
observed at 10 nM PGI, where TRAP-induced platelet activation was
completely abolished (P <0.05) (Figure 3.4D). Together, these data show
that PGI, can inhibit ADP, CRP-XL, and TRAP-induced platelet activation
suggesting that PGI, targets aspects of platelet function that are common to

P2Y1,, GPVI, and PAR receptor systems.

3.4 Platelet-leukocyte aggregation in whole blood

It has been suggested that platelet-leukocyte aggregates are sensitive
markers of platelet activation ex vivo. Here, platelet-leukocyte aggregates
were detected by two-colour flow cytometry in which leukocytes were first
identified as CD45 positive cells and then discriminated into monocyte and
neutrophil subpopulations according to measures of forward- and side
scatter. To determine the percentage of leukocytes binding platelets, these
subpopulations were analysed for the platelet-specific antigen CD42a

(Goodall and Appleby, 2004). We avoided antibodies against CD42b
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because its epitope is often masked in platelet-leukocyte aggregates

(McEver, 2007).

Our data show that monocytes (5%) and neutrophils (4%) associate with
platelets in untreated whole blood (Figure 3.5). After stimulation with ADP
(10 uM), the monocyte population binding platelets increased from 5- to 16%
while the percentage of neutrophils binding platelets increased from 4- to
5%. CRP-XL (10 pg/mL) induced a higher percentage of platelet-monocyte
(59%) than platelet-neutrophil (16%) aggregation while TRAP (10 uM)
induced 64% platelet-monocyte versus 46% platelet-neutrophil aggregation.
These data show that different agonists induce varying degrees of platelet-

leukocyte aggregation in whole blood.
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Figure 3.5. Flow cytometric analysis of agonist-induced platelet-

leukocyte aggregation. Platelet-leukocyte aggregation in untreated whole
blood samples and those incubated with ADP (10 uM), CRP-XL (10 pg/mL),
and TRAP (10 uM).

experiments.

Representative data from

three

independent
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3.5 Discussion

Over the past three decades, the flow cytometric analysis of platelet function
has become increasingly popular. In the 1980s, whole blood assays were
developed for the measurement of platelet activation in vivo. When whole
blood was incubated with exogenous agonists, these assays could predict
the reactivity of circulating platelets in vitro (Shattil et al., 1987). Whole blood
flow cytometry provides physiologic relevance while assays of platelet-rich
plasma or washed platelets suffer from artifactual activation resulting from
obligatory cell isolation procedures (Ejim et al., 1990, Wehmeier et al., 1991).
Moreover; whole blood assays require only microliters of blood, making it
possible to study neonates and individuals with thrombocytopenias

(Michelson, 1996).

Flow cytometric assays of platelet activation normally employ antibodies
against P-selectin (CD62P) and human fibrinogen, which represent different
aspects of the platelet activation process. In this chapter, our aim was to
establish basic methodology for the flow cytometric analysis of platelet
activation and to determine whether we could detect inhibition by PGI,. We
used antibodies against CD62P and human fibrinogen that were coupled to
fluorophores with different emission properties, enabling the simultaneous
detection of both antigens. We demonstrated significant increases in CD62P
expression and fibrinogen binding after stimulation with ADP, CRP-XL, and
TRAP. These agonists induced platelet activation with varying degrees of
potency. Goodall and Appleby (2004) found that TRAP (0.1-5 pM) induced
>90% CDG62P expression and fibrinogen binding while ADP (10 uM) induced

20-25% CDG62P expression and 70-80% fibrinogen binding. We detected
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more CD62P expression (71%) on ADP-stimulated platelets but our
incubation times were shorter, which could explain greater retention of
CD62P on the platelet surface. Indeed, activated platelets shed >60% of
surface P-selectin within 2 hours when incubated at room temperature in
whole blood (Berger et al., 1998). CRP-XL (10 pg/mL) induced >90% CD62P
expression and fibrinogen binding consistent with previous observations

(Jones et al., 2009, Joutsi-Korhonen et al., 2003).

While the immediate signalling mechanisms of different receptor systems are
likely to differ, most agonists converge on a set of common intracellular
targets (Varga-Szabo et al., 2009). Degranulation and P-selectin expression
is a common response to all agonists. Platelet degranulation is a signalling
amplification mechanism that serves to enhance platelet activation,
encourage aggregation, and stabilise the growing thrombus. Binding of
fibrinogen to allbB3 is common on agonist-stimulated platelets and facilitates
homotypic (platelet-platelet) and heterotypic (platelet-leukocyte) aggregation
(Gawaz et al., 1991). Both granule secretion and the activation of allbB3 are
dependent on calcium mobilisation (Siess, 1989). ADP, CRP-XL, and TRAP
activate distinct signalling pathways that converge on phospholipase C
(PLC), which mediates the release of intracellular calcium through IP3
receptors (Li et al., 2010). We identified TRAP as the most potent agonist,
suggesting that PAR-1 is more efficiently coupled to PLC than P2Yi, or
GPVI. Indeed, TRAP stimulates more substantial calcium responses than
ADP or collagen (Chatterjee et al., 2010). The PLC signalling node is likely
targeted by PGl,, which inhibits CD62P expression and fibrinogen binding on

platelets stimulated with ADP, CRP-XL, and TRAP.
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A major aim of this study is to use flow cytometry to examine platelet cyclic
nucleotide signalling. With this in mind we first wished to demonstrate that
PGl,, which stimulates cAMP production and activates cAMP-dependent
protein kinase (Haslam et al., 1999a), was active under our assay conditions.
In platelets and megakaryocytes, this kinase phosphorylates and inactivates
IP3 receptors causing substantial inhibition of calcium release (Quinton and
Dean, 1992, Tertyshnikova and Fein, 1998). However, it is unlikely that the
inhibitory properties of PGIl, are entirely dependent on the inhibition of
calcium mobilisation. Indeed, the downstream cAMP-dependent protein
kinase phosphorylates a number of targets that regulate platelet function
through different mechanisms (Schwarz et al., 2001). PGl; inhibited CD62P
expression and fibrinogen binding in response to ADP consistent with
previous observations (Aye et al., 2014). For the first time, we demonstrated
that PGI, inhibits CD62P expression and fibrinogen binding on platelets
stimulated with CRP-XL and TRAP. However, PGIl, was only effective
against these agonists at high concentrations (10 nM). The lack of potent
inhibition might result from minimal convergence between GPVI/PAR-1 and

cAMP signalling pathways.

Flow cytometric assays of platelet function are frequently used to assess the
efficacy of antiplatelet therapies in clinical disorders. Fibrinogen binding
assays are normally performed to monitor the efficacy of allbf3 antagonists.
These anti-integrin agents are prescribed to reduce the risk of ischemic
complications following percutaneous coronary intervention (Coller, 1997).
Assays have also been developed that can measure, either directly or

indirectly, the percentage of allb3 receptor occupancy (Jennings and White,
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1998, Konstantopoulos et al., 1995). Platelet surface P-selectin is widely-
regarded as the gold standard marker of platelet activation (Michelson and
Furman, 1999). Because this adhesion molecule is expressed only on
activated cells, it has achieved popularity as an independent predictor of
future cardiovascular risk (Blake and Ridker, 2001). While P-selectin
expression is irreversible in vitro, circulating degranulated platelets rapidly
lose their surface P-selectin in vivo (Michelson et al., 1996). Since the in vivo
half-life of detectable platelet-leukocyte aggregates is significantly longer
than the in vivo half-life of platelet surface P-selectin, it has been suggested
that these aggregates are more sensitive markers of platelet activation than
P-selectin positive cells (Michelson et al.,, 2001). Nonetheless, the
measurement of platelet-leukocyte aggregates has, perhaps owing to
increased technical demands, failed to displace the P-selectin assay as the

method of choice for measuring the activation state of circulating platelets.

We have shown that ADP, CRP-XL, and TRAP induce the aggregation of
platelets with monocytes and neutrophils. These agonists induce CD62P
expression and fibrinogen binding to allbB3. Both of these antigens interact
with leukocyte counter-receptors, including PSGL-1, Mac-1, and LFA-1
(McEver, 2007). The leukocyte glycoprotein PSGL-1 binds CDG62P,
facilitating the adhesion of activated platelets to circulating leukocytes and
the rolling and arrest of circulating leukocytes on surface-adherent activated
platelets (Fernandes et al., 2003, Smyth et al., 2001). Leukocyte integrin
Mac-1 then binds allbp3-bound fibrinogen to stabilise platelet-leukocyte
aggregates (Lishko et al., 2004). To enhance adhesion, Mac-1 also binds

CD42b and JAM-3 on the platelet surface membrane (Simon et al., 2000,
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Santoso et al., 2002). Mac-1 activation is mediated by Src family kinases and
results from the binding of PSGL-1 to CD62P (Evangelista et al., 2007). The
cytoplasmic domain of PSGL-1 associates with the integral membrane
protein Naf-1. PSGL-1 engagement induces the tyrosine phosphorylation of
Naf-1, the recruitment of PI3K, and the functional upregulation and activation
of Mac-1 (Wang et al., 2007). PSGL-1 signalling also mediates the activation
of leukocyte integrin LFA-1, which binds fibrinogen and ICAM-2 on activated
platelets (McEver, 2007). Chemokines, released from degranulated platelets,
play an important role in leukocyte recruitment in vivo (von Hundelshausen et
al.,, 2007). Binding of leukocytes to activated platelets is thought to
accelerate thrombus formation. Indeed, leukocytes deliver tissue factor-
bearing microparticles to developing thrombi (Falati et al., 2003). Moreover,
the presence of leukocytes promotes fibrin deposition at sites of vascular
injury (Palabrica et al.,, 1992). While platelet-leukocyte interactions are
considered beneficial to natural clotting and wound healing processes, in
various disease states these interactions correlate with unfavourable clinical
outcomes. For example, platelet-leukocyte interactions have been shown to
exacerbate rheumatoid arthritis (Gasparyan et al.,, 2011), predispose
asthmaticus (Pitchford et al., 2003), and enhance tumour metastasis (Kim et
al., 1998). Platelet-leukocyte interactions have also been implicated in the
pathogenesis of bowel, kidney, lung, and skin diseases (Totani and
Evangelista, 2010). Given their important role in a variety of clinical
conditions, platelets and the molecular determinants of platelet-leukocyte

interactions could represent attractive targets for therapeutic intervention.
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This chapter has described the analysis of platelet function by multicolour
flow cytometry. We have demonstrated increased CD62P expression and
fibrinogen binding on platelets stimulated with ADP, CRP-XL, and TRAP and
shown that these agonists have distinct effects on platelet-leukocyte
interactions. We have also demonstrated the significant and reproducible
inhibition of platelet activation by PGIl,. Having demonstrated that whole
blood flow cytometry is sensitive to low concentrations of this inhibitor, we
will next develop methodology to assess the impact of PGl, on cyclic
nucleotide signalling, which regulates platelet function at the intracellular
level. Like traditional assays of platelet function, platelet signalling is
commonly measured in washed platelets and therefore lacks physiological
relevance. Having shown that flow cytometry can be used to analyse
platelets in the complex milieu of whole blood, the major question posed by

this thesis is “why not look at platelet signalling events in whole blood too?”
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Flow Cytometric Analysis of Platelet Signalling Events

4.1 Introduction

The activation of blood platelets at sites of vascular injury is a critical step in
the haemostatic response preventing haemorrhage. Uncontrolled platelet
activation is associated with arterial thrombosis (Ruggeri, 2002), which can
predispose to serious clinical events such as myocardial infarction and
stroke. Endogenous inhibitor mechanisms have evolved to regulate platelet
activation and prevent vascular thrombosis. These are mediated by the
vascular endothelium and include CD39 and the endothelial-derived
inhibitors prostacyclin (PGl;) and nitric oxide (NO). Shear stress drives
platelets to the periphery of blood vessels where they are ideally positioned
to encounter PGI, and NO, which maintain platelets in a resting state. These
endogenous inhibitors stimulate adenylyl cyclase (AC) and soluble guanylyl
cyclase (sGC) respectively, leading to the activation of cAMP- and cGMP-
dependent signalling cascades. cAMP- and cGMP-dependent protein
kinases phosphorylate a multitude of target proteins, including vasodilator-
stimulated phosphoprotein (VASP) (Butt et al., 1994), actin-binding protein
(ABP) (Chen and Stracher, 1989), and the IP3; receptor (Cavallini et al.,
1996) to prevent platelet activation, while phosphodiesterases (PDES)
hydrolyse cyclic nucleotides to terminate signalling. cAMP- and cGMP-
dependent protein kinases have unique target specificities but also synergise
to create diversity in target selection (Butt et al., 1994). Transgenic animal
studies show that these kinases cannot compensate for each other since
cAMP signalling is normal in platelets lacking cGMP-dependent protein

kinase but NO/cGMP-mediated VASP phosphorylation and platelet inhibition
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is impaired, indicating that both kinases are required for the coordinated
regulation of platelet function (Massberg et al., 1999). A number of
antiplatelet therapies including iloprost, dipyridamole, cilostazol, and
clopidogrel attempt to harness the inhibitory potential of cyclic nucleotide
signalling.  Rapid measurement of cyclic nucleotide-dependent
phosphorylation events, particularly in high risk patient populations, could
facilitate a better understanding of the molecular mechanisms underlying
thrombosis, compliance with and effectiveness of current therapies, and

facilitate the identification of novel antiplatelet compounds.

The activity of cyclic nucleotide signalling is normally assessed by measuring
the phosphorylation status of established substrate proteins such as VASP
whose phosphorylation state is regulated by cAMP- and cGMP-dependent
protein kinases (Butt et al., 1994). In many research laboratories, the
phosphorylation states of intraplatelet proteins are measured through
immunoblotting. While this approach is reproducible, it has a number of
limitations in that it requires large numbers of cells and is incompatible with
whole blood. Thus; while immunoblotting is useful for examining signalling
events in cell biology studies, it is not conducive to large-scale signalling
profiing or drug screening. As an alternative, the flow cytometric
measurement of protein phosphorylation can overcome some of these
limitations. This approach relies on well-characterised phosphospecific
antibodies and can provide rapid information on intracellular phosphorylation
events in complex mixtures of cells such as those present in whole blood. To
facilitate the detection of short-lived intracellular phospho-epitopes, cells

must be fixed and permeabilised prior to staining. The development of
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innovative fluorescent cell barcoding (FCB) protocols by the Nolan laboratory
enables multiplexing of samples for flow cytometry experiments. This
provides the possibility of developing high-throughput flow cytometric assays
to facilitate the generation of large signalling datasets and rapid screening of
entire compound libraries (Krutzik and Nolan, 2006, Krutzik et al., 2007).
Despite the potential power of this technology, its full potential has not been
realised because it has not yet been applied to primary human cells. In this
chapter, our aim was to validate a reproducible phosphoflow protocol that
could use FCB to provide a high-throughput flow cytometric platform for the
measurement of intraplatelet protein phosphorylation. To achieve this, we
used VASP phosphorylation as a marker of cyclic nucleotide signalling

(Walter et al., 1993). The outline of this approach is highlighted in Figure 4.1
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3. Analyze on flow cytometer

LASER EXCITATION
1. Induce

phosphorylation

2. Fix, permeabilize,
stain with
phosphospecific

antibodies ‘

FLUORESCENCE

PHOSPHORYLATION

Figure 4.1. General staining protocol for phosphoflow cytometry. First,
platelets are stimulated to induce intracellular signalling and the
phosphorylation of a target protein. Next, platelets are fixed, permeabilised,
and stained with fluorophore-labelled phosphospecific antibodies against the
target protein. Finally, platelets are analysed on a flow cytometer, where an

increase in fluorescence correlates with an increase in phosphorylation.

4.2 Optimisation of fixation, permeabilisation, and staining techniques

Our major aim was to optimise and validate a flow cytometric method for
large-scale analyses of phosphorylation-based signalling events in human
platelets. Figure 4.1 illustrates a general protocol, where stimulated platelets
are fixed, permeabilised, and then stained with fluorophore-labelled
phospho-antibodies that emit fluorescence that is directly proportional to the
level of intracellular protein phosphorylation. The success of phosphoflow
cytometry is dependent on several variables including (a) fixation, which

preserves the phosphorylation states of intracellular proteins by immobilising
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kinase and phosphatase activity, (b) permeabilisation, which facilitates the
passage of antibodies into the cell by creating pores in lipid bilayers, and (c)
antibody staining time, which affects antigen saturation and the intensity of
fluorescent signals. Given the importance of these variables, we performed a
series of experiments to determine the optimal conditions for fixation,
permeabilisation, and staining. These experiments were performed using
antibodies against phosphoVASP-ser'>’, which are accepted as being robust
and specific, having been used in numerous immunoblotting and flow
cytometry studies (Oberprieler et al., 2010, lyu et al., 2011, Halbrligge et al.,

1990).

4.2.1 Cellular fixation

Using constant staining times, we first examined a number of different
fixation conditions for their ability to maximise the fold change in
fluorescence between unstimulated and PGI; (100 nM)-stimulated samples.
Platelets were stimulated with PGI, and then fixed with either 1.5, 2, or 3%
paraformaldehyde (PFA) for 10 min. PFA is a common fixative and
concentrations between 1.5- and 3% have been effective in various cell
types (Krutzik and Nolan, 2003). PFA penetrates cell membranes and forms
irreversible methylene cross-links with amino, imino, amido, guanidyl,
hydroxyl, carboxyl, and aromatic groups on proteins, thereby immobilising
biological activity (Melan, 1999). PFA is particularly useful because platelets
fixed with this agent do not retain their propensity for nonspecific binding,

thus obviating the need for blocking agents (Buchwalow et al., 2011). The
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variations in fixative concentration used here did not affect PGl,-induced
phosphoVASP-ser'®” (Figure 4.2) since all concentrations provided an
approximate 8-fold increase in fluorescence. For economy, we selected the
lowest effective concentration (1.5% PFA) as optimal. Varying fixation time at
the optimal concentration (5-30 min) altered quantitative measures of
phosphorylation (Figure 4.3). While there were no significant changes in
VASP phosphorylation between 5 and 10 min, longer fixation times resulted
in significantly lower staining intensities (14.3 = 0.2, 5 min; 14.9 + 0.5, 10
min; 12.1 £ 0.1, 20 min; 10.2 £ 0.8, 30 min; P <0.05), potentially due to
excessive PFA-induced cross-linking. Based on these data, we decided that

optimal fixation could be achieved using 1.5% PFA for 10 min.
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Figure 4.2. Optimisation of fixative concentration. Washed platelets were
treated with PGI, (100 nM, 1 min) and then fixed with varying concentrations
of PFA (10 min), permeabilised with 0.1% Triton X-100 (10 min), and stained
with phosphoVASP-ser'>’ (2 ug/mL, 30 min) and Alexa Fluor 647 (1 pg/mL,
30 min). Data represents the mean + SEM from three independent

experiments.
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Figure 4.3. Optimisation of fixation time. Washed platelets were treated
with PGl (100 nM, 1 min) and then fixed with 1.5% PFA for varying times,
permeabilised with 0.1% Triton X-100 (10 min), and stained with
phosphoVASP-ser*>” (2 pg/mL, 30 min) and Alexa Fluor 647 (1 pg/mL, 30
min). Data represents the mean + SEM from three independent experiments
(*P <0.05).

4.2.2 Phosphoprotein staining

PhosphoVASP-ser®’ antibodies were not available as fluorophore-labelled
conjugates so Alexa Fluor 647-labelled secondary antibodies were employed
to generate fluorescence. Alexa Fluor 647 is an extremely bright and
photostable small-molecule fluorophore that is suitable for intracellular
staining (Krutzik and Nolan, 2003). A series of experiments were performed
to determine the optimal conditions for staining in terms of antibody
concentrations and incubation times. In the first instance, antibody incubation

times were examined. Incubation with phosphoVASP-ser™’

(2 pg/mL) from
15-60 min led to a time-dependent increase in fluorescence that was optimal
at 30 min (Figure 4.4). Incubation with Alexa Fluor 647 (1 pg/mL) from 15-60

min also led to a time-dependent increase in fluorescence but optimal
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staining was observed at 45 min (Figure 4.5). Optimal concentrations for the
primary phosphospecific- and fluorophore-labelled secondary antibodies,

determined by titration, were 2- and 1 pg/mL respectively.
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Figure 4.4. Optimisation of phosphospecific antibody staining time.
Washed platelets were treated with PGI, (100 nM, 1 min), fixed with 1.5%
PFA (10 min), permeabilised with 0.1% Triton X-100 (10 min), and then
stained with phosphoVASP-ser™’ (2 pg/mL) for varying times and Alexa
Fluor 647 (1 pg/mL, 30 min). Data represents the mean + SEM from three

independent experiments (*P <0.05).
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Figure 4.5. Optimisation of Alexa Fluor 647 staining time. Washed
platelets were treated with PGI, (100 nM, 1 min), fixed with 1.5% PFA (10
min), permeabilised with 0.1% Triton X-100 (10 min), and then stained with
phosphoVASP-ser'>” (2 pg/mL, 30 min) and Alexa Fluor 647 (1 pg/mL) for
varying times. Data represents the mean + SEM from three independent

experiments (*P <0.05).

4.2.3 Cell membrane permeabilisation

Permeabilisation of the cell membrane is a critical requirement for the entry
of primary and secondary antibodies into PFA-fixed cells. Using the optimal
conditions for fixation and staining (sections 4.21 and 4.2.2), we compared a
number of detergent- and alcohol-based permeabilisation reagents for their
abilites to stain phosphoVASP-ser®’, phosphoGSK-3a-ser®, and
phosphoPKA substrates (RRXS/T). Reagents included Triton X-100, the
saponin-containing BD Perm/Wash Buffer, and the methanol-containing BD
Perm Buffers Il & Ill. Triton X-100 has previously been used to permeabilise
platelets for intracellular staining (Schwarz et al., 1999b). At concentrations
of 0.1-0.5%, this detergent efficiently solvates all lipid bilayers and vyields

irreversible permeabilisation. Saponin is a mild detergent that intercalates
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with cell membranes and solvates cholesterol (Jamur and Oliver, 2010).
Because intercalation is reversible, the saponin-containing buffer was used
in all washing and staining steps. Alcohol-based permeabilisation is a
common intracellular staining technique. Alcohols, such as methanol,
dissolve membrane lipids and render cells irreversibly permeable (Jamur and
Oliver, 2010). The choice of permeabilisation reagent had the largest impact
on staining levels, with fold changes showing significant variation depending
on the protein of interest and the reagent used (Figure 4.6). Permeabilisation
with 0.1% (10.1 = 0.4) and 0.5% (10.0 £ 0.8) Triton X-100 produced

significantly higher phosphoVASP-ser*®’

staining than BD Perm/Wash Buffer
(5.6 + 0.8) (P <0.05). Triton X-100 also provided better phosphoVASP-ser™>’
staining than BD Perm Buffers Il & 11l (8.6 £ 0.7 & 8.9 + 1.5) but this was not
significant. While no significant differences were detected between
phosphoGSK-3a-ser” and phosphoPKA substrate (RRXS/T), the data
suggested that permeabilisation with 0.1% Triton X-100 could provide

consistently high fluorescence and this reagent was therefore used in future

experiments.
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Figure 4.6. Optimisation of permeabilisation reagent. Washed platelets
were treated with PGIl, (100 nM, 1 min), fixed with 1.5% PFA (10 min),
permeabilised with different reagents, and then stained with the indicated
phospho-antibodies (2 pg/mL, 30 min) and Alexa Fluor 647 (1 pg/mL, 30
min). Data represents the mean + SEM from three independent experiments
(*P <0.05).

4.3 Validation of antibodies for phosphoflow cytometry

Having developed an optimised flow cytometry protocol (section 4.2), we
compared its performance to immunoblotting, which is regarded as the gold
standard method for analysing phosphorylation-based signalling events.
Washed platelets were treated with PGI, or the NO donor GSNO, and then
divided into two aliquots for either immunoblotting or phosphoflow cytometry
analysis. PGIl, (50 nM) induced substantial phosphorylation of VASP on

ser’®” and ser®® with the former being a more robust response (Figures 4.7A
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and B). By contrast, GSNO (20 pM) induced significant phosphorylation on
ser® (Figure 4.7B) with only minor effects on ser™’ consistent with reports
that ser® is preferentially phosphorylated by PKG (Buitt et al., 1994). These
signalling events lay downstream of PKA and cGMP because PGl,-induced
phosphorylation events were diminished in the presence of the PKA inhibitor
H89 (10 uM) (Chijiwa et al., 1990) (Figure 4.7A) while GSNO-induced
phosphorylation events were abolished after pretreatment with the sGC
inhibitor ODQ (20 puM) (Garthwaite et al., 1995) (Figure 4.7B). Changes in
phosphorylation were detectable by both immunoblotting and flow cytometry.
In all cases, increases in band density were mirrored by rightward shifts
along the horizontal axes of histogram overlays and brighter coloured
squares on heatmaps, which indicate increases in fluorescence and

phosphorylation.
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Figure 4.7. Flow cytometric measurement of intraplatelet protein
phosphorylation mirrors immunoblotting. Platelets were either
unstimulated or stimulated with PGI; (50 nM, 1 min) or GSNO (20 pM, 2 min)
in the presence or absence of the PKA- and sGC inhibitors H89 (10 uM, 20
min) and ODQ (20 uM, 20 min). Thereafter, platelets underwent lysis for
immunoblotting or fixation and permeabilisation for phosphoflow cytometry.

Blots and histograms are representative of five independent experiments.
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To demonstrate that the method had the capacity to measure other cyclic
nucleotide-mediated signalling events, we examined phosphoGSK-3a-ser®,
which has been identified as a PKA substrate in leukocytes (Oberprieler et
al., 2010) (Figure 4.7C), and the phosphorylation of other PKA substrates
using an antibody that recognises proteins with a consensus sequence
(RRXS/T) for PKA phosphorylation (Figure 4.7D). GSK-3a underwent
phosphorylation on ser?’ after stimulation with PGl, Consistent with its
designation as a PKA substrate, we found no evidence of GSK-3a
phosphorylation in platelets stimulated with GSNO, but observed complete
ablation of phosphorylation by H89 (Figure 4.2C). In flow cytometry analyses,
the maximal fold change values for phosphoGSK-3a-ser?* and phosphoPKA
substrate (RRXS/T) were lower than those for phosphoVASP, possibly owing
to subcellular localisation and/or differences in the abundance of target
proteins. In immunoblotting, signal strength (band density) is the product of
an HRP-catalysed reaction that can be enhanced by longer exposure of the
membrane to light-sensitive film. In standard flow cytometry protocols, signal
strength (fluorescence) is not the product of enzymatic amplification but it is
limited by the abundance of the protein of interest. Indeed, cells that contain
phosphoproteins of low abundance will bind fewer antibodies and emit less
fluorescence than cells that contain phosphoproteins of high abundance.
Thus, fold change values for less abundant targets will be lower than those
for more abundant targets. Proteomics studies have shown that VASP is
more abundant than GSK-3a in human platelets (Burkhart et al., 2012). It is
therefore not surprising that our phosphoVASP-ser®’ (10.5) and ser®° (8.5)

values were higher than those for phosphoGSK-3a (1.9) (Figure 4.7). This
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concept is further complicated by subcellular localisation. In immunoblotting,
cells are lysed and protein complexes are denatured, separated, and then
transferred to a solid-phase membrane that facilitates binding between
antibodies and their phosphoprotein targets. By contrast, flow cytometry is
performed on intact cells in which protein-protein complexes are fixed and
often buried in subcellular compartments. Unlike immunoblotting, these
phospho-epitopes may be inaccessible to antibodies resulting in weak
fluorescent signals such as those obtained for phosphoPKA substrate
(RRXS/T). While the immunoblot shows an abundance of bands, the
maximal fold change values (1.4) for phosphoPKA substrate (RRXS/T) were
relatively low (Figure 4.7D). While these values may be confounded by high
levels of basal phosphorylation (Figure 4.7D), it is possible that antibody
binding was restricted by the subcellular localisation of PKA substrates.
Indeed, these substrates often form multiprotein signalling complexes in
distinct subcellular compartments (Taskén and Aandahl, 2004). As a result,
their phospho-epitopes may be masked within protein interfaces making
them difficult to detect by flow cytometry. Despite between-target differences
in fluorescence intensity, our data show close consistencies between
immunoblotting and flow cytometry with changes in band density mirrored by
changes in fluorescence, confirming previous reports that the latter is a valid
method for measuring intracellular protein phosphorylation (Krutzik and

Nolan, 2003).
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Figure 4.8. Phosphoflow cytometry can detect dose- and time-
dependent changes in phosphorylation. Washed platelets were
stimulated with PGI; (0, 1, 10, or 100 nM) for 2 min, or stimulated with PGl
(10 nM) for the indicated times. Thereafter, platelets underwent lysis for
immunoblotting or fixation and permeabilisation for phosphoflow cytometry.

Data are representative of five independent experiments.

4.4 Fluorescent cell barcoding enables large-scale signalling profiling

Having established an optimised protocol for the flow cytometric
measurement of intraplatelet protein phosphorylation, we next examined
whether the method could be used to quantify the kinetics of VASP
phosphorylation and its sensitivity to several CAMP elevating agents. Both
immunoblotting and flow cytometry could detect subtle changes in
phosphoVASP-ser® at 1 nM PGl, (Figure 4.8A). PhosphoVASP-ser'®’
peaked at 10 nM PGI, where immunoblot bands were dense and histograms
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and heatmaps were bright. No further increases in phosphorylation were
detected at 100 nM PGI, (Figure 4.8A). Flow cytometry could also detect

time-dependent changes in phosphoVASP-ser’

that were mirrored by
immunoblotting (Figure 4.8B). Here, PGIl, (10 nM) stimulated a moderate
increase in phosphoVASP-ser™ at 0.66 min. Band densities and
fluorescence reached maximal levels between 2 and 18 min but decreased

thereafter (Figure 4.8B) reflecting the action of protein phosphatases.

Despite the sensitivity of our optimised protocol, its application to large-scale
analyses would encounter limitations relating to antibody reagent expense,
staining variability, and sample acquisition throughput. To overcome these
limitations, we developed a multiplexing protocol where fixed and
permeabilised platelets are labelled (or barcoded) with different
concentrations of multiple amine-reactive fluorophores to create unique
fluorescent signatures for individual samples. Barcoded samples are
combined into a single well for simultaneous antibody staining and
acquisition. This approach eliminates between-sample variability that may
result from inconsistencies in staining volume and antibody concentration. In
addition, since many samples are combined into a single tube, data
acquisition times are reduced. For example, an experiment that requires 24
samples can be combined into a single tube and stained as a single sample
(Figure 4.9). Only one tube is run on the cytometer, eliminating the need to
load and unload 24 separate samples. During analysis, the original samples
can be traced (or deconvoluted) according to their differentiable fluorescent

barcodes (Kotecha et al., 2010).
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Figure 4.9. Workflow for FCB, deconvolution and data presentation.
Various concentrations of Pacific Blue and Alexa Fluor 488 dyes were added
to the wells of a 96-well plate. The addition of stimulated, fixed, and
permeabilised platelets to these wells created 24 samples with unique
fluorescent signatures. After barcoding, all 24 samples were combined into a
single tube and labelled with the appropriate antibodies. After acquisition,
each set of multiplexed samples were deconvoluted into individual samples
by their distinct fluorescent barcodes. Antibody-specific fluorescence was

then determined for each of the groups and presented as a heat map.
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Initially, we labelled platelets with Alexa Fluor 488 and Pacific Blue (Figure
4.9) to examine the kinetics of VASP phosphorylation across six time points
and four concentrations of various cAMP-elevating agents. Samples were
stimulated, fixed and permeabilised in a 96-well plate according to the
standard protocol (section 4.2). Samples were then transferred to a fresh 96-
well plate containing different concentrations of Alexa Fluor 488 and Pacific
Blue to create 24 samples with unique fluorescent signatures. After labelling,
these samples were combined into one well, stained with primary and
secondary antibodies, and analysed by flow cytometry. Using specialist
software, the original 24 samples were identified by gating the different
intensities of Alexa Fluor 488 and Pacific Blue in a process termed
deconvolution. After deconvolution of 24 barcoded samples, we generated
heatmaps, where brighter colours indicate greater degrees of
phosphorylation, to enable the direct visualisation of signalling trends at each

dose and time point.

As highlighted in Figure 4.10B, VASP underwent rapid time- and
concentration-dependent phosphorylation on both ser**” and ser®®® in PGl.-
stimulated platelets. While ser®™” underwent substantial and prolonged
phosphorylation, ser®*® underwent transient phosphorylation that decreased
at earlier time points. Minor increases in phosphoVASP-ser'®’ were detected
at 1 nM PGl; but substantial increases were detected at 10 nM PGl, (Figures
4.11 and 4.12). At this concentration, significant phosphorylation occurred at
0.66 min (11.9 + 3.2), peaked at 18 min (19.6 + 3.8), and decreased at 54
min (6.8 £ 1.8) (P <0.05). By contrast, PGl, (10 nM)-induced phosphoVASP-

ser® reached significance at later time points (14.1 + 2.9, 2 min) and
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peaked earlier (18.9 = 3.7, 6 min). PGIl, (100 nM) caused significant
phosphoVASP-ser'®” at 0.66 min (15.5 + 2.1) and peaked at 54 min (26.2 +
2.9) while phosphoVASP-ser®® peaked at 18 min (21.1 + 3.9) and decreased
at 54 min (17.1 = 2.2). PGIl, was more potent than PGE;, which failed to

239 at concentrations

induce significant phosphorylation on either ser*’ or ser
below 100 nM (Figure 4.13). PGE; (100 nM) caused significant
phosphoVASP-ser'>” at 0.66 min (16.8 + 1.7) and peaked at 54 min (21.6 +
1.3). PGE; (100 nM)-induced phosphoVASP-ser*® also reached significance
at 0.66 min (4.7 £ 0.6) and peaked at 54 min (8.6 £ 0.9). Forskolin, the cell-
permeable activator of AC (Seamon and Daly, 1980), induced gradual
increases in phosphorylation at both serine residues (Figures 4.15 and 4.16).
However; unlike the receptor-mediated agonists PGI, and PGE;, significant
increases in phosphorylation were not detected until 2 min since additional
time is required for forskolin to traverse the cell membrane and bind its
intracellular target. Forskolin (1 uM) caused significant phosphorylation on
ser’®” (15.3 + 2.1) but not ser’® (P <0.05) indicating that ser’®’ is more
sensitive to this agent (Figure 4.15). Forskolin (10 pM) induced significant
phosphoVASP-ser'®” at 2 min (4.5 + 2.0) but required 6 min (9.6 + 0.6) to
induce significant phosphorylation on ser®*® (P <0.05). By contrast, 100 UM
forskolin induced significant phosphoVASP-ser®® at 2 min (5.2 + 1.0). In all
cases, forskolin was optimal at 54 min when maximal phosphorylation on
ser’® (29.3 + 3.5) and ser®® (22.0 + 3.8) was observed (Figure 4.16).
Adenosine induced weak phosphorylation of phosphoVASP-ser'®” and had

little effect on phosphoVASP-ser®*® (Figures 4.17 and 4.18). Adenosine (1

uM) induced significant phosphoVASP-ser®*” at 6 min (3.0 + 0.7) but required
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18 min to induce significant phosphoVASP-ser®® (1.9 + 0.1) (P <0.05).
Higher concentrations of adenosine (10- and 100 puM) induced rapid and
robust phosphorylations but these did not exceed 6.9 + 0.7 for ser™’ or 2.7 +
0.2 for ser®® (Figures 4.17 and 4.18). VASP underwent more robust

157 than ser”® in response to the cAMP-elevating

phosphorylation on ser
agents used here consistent with reports that ser'™ is the preferential
phosphorylation site for PKA (Butt et al.,, 1994). We observed different
responses to each agonist, suggesting that the receptors for PGl,, PGE;,
and adenosine have different cCAMP-generating abilities, which may reflect

the involvement of different AC isoforms or differences in the localisation of

downstream effector molecules.
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Figure 4.10. Two-dimensional FCB enables large-scale signalling
profiling. (A) Washed platelets were barcoded with Pacific Blue and Alexa Fluor
488. (B) Prior to FCB, platelets were stimulated with PGI, (0, 1, 10, or 100 nM),
PGE; (0, 1, 10, or 100 nM), forskolin (0, 1, 10, or 100 pM), or adenosine (0, 1, 10, or
100 pM) for the indicated times. Heatmap data are representative of four
independent experiments.
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Figure 4.15. Statistical analysis of phosphoVASP-ser'® and ser®® in
response to forskolin. Quantitative dose-response data were exported and
then analysed at five different timepoints for (A) ser® and (B) ser®. Data

represents the mean + SEM from four independent experiments (*P <0.05).
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Figure 4.17. Statistical analysis of phosphoVASP-ser'® and ser®® in
response to adenosine. Quantitative dose-response data were exported
and then analysed at five different timepoints for (A) ser™ and (B) ser?®.
Data represents the mean + SEM from four independent experiments (*P

<0.05).
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Figure 4.18. Statistical analysis of phosphoVASP-ser'®” and ser?® in
response to adenosine. Quantitative time-response data were exported
and then analysed at three different concentrations for (A) ser®” and (B)
ser®®. Data represents the mean + SEM from four independent experiments
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4.5. Fluorescent cell barcoding enables the detailed interrogation of

cyclic nucleotide signalling events

We next used three barcoding dyes to examine a number of agents that
have been shown to modulate cyclic nucleotide signalling, thereby
demonstrating the sensitivity of the assay to established modulators (Figure
4.19A). We first used the IP receptor antagonist RO1138452 (Jones et al.,
2006) to confirm receptor-dependent and independent signalling. PGI,- and
PGE;-induced phosphoVASP-ser’® was completely abolished in the
presence of RO1138452, indicating that these agents signal through the IP
receptor (Figure 4.18B). By contrast, this receptor antagonist had no effect
on phosphorylation in platelets incubated with forskolin consistent with its
receptor-independent mechanism. Using ADP, we next tackled the effects of
Gi-mediated signalling on cAMP-dependent phosphorylation events. ADP is
known to induce P2Y, receptor-mediated inhibition of AC (Hollopeter et al.,
2001) (Figure 4.18B). ADP inhibited AC agonist-induced phosphoVASP-
ser™ indicating that it exerts its effects downstream of multiple AC-coupled
receptor systems and on the multiple AC isoforms that forskolin is known to
activate (Seamon and Daly, 1980). Using caffeine, we then tested whether
the assay was sensitive enough to detect the distinct effects of a chemical
inhibitor. Caffeine is an adenosine receptor antagonist and a nonselective
PDE inhibitor (Fredholm, 1985). Caffeine blocked adenosine-induced
phosphoVASP-ser*®” but potentiated phosphorylation induced by other AC
agonists (Figure 4.18B) consistent with its dual effects. Finally, we examined
the effects of other PDE inhibitors on cyclic nucleotide signalling. The

nonselective PDE inhibitor IBMX (Beavo et al., 1970) potentiated
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phosphoVASP-ser'® in stimulated but not unstimulated platelets (Figure
4.18B) while the PDE3A-selective inhibitor milrinone (Mary Tang et al., 1994)
was found to increase both basal and all agonist-induced phosphoVASP-
ser’® (Figure 4.18B). Importantly, the PDE2-specific inhibitor EHNA
(Podzuweit et al., 1995) and the PDES5-specific inhibitor zaprinast (Corbin
and Francis, 2001) did not affect basal levels of phosphorylation (Figure
4.18B). However, these inhibitors potentiated phosphoVASP-ser'® in
stimulated platelets consistent with reported cross-talk between cyclic
nucleotide signalling cascades (Haslam et al., 1999b). Thus, our assay was
sensitive enough to accurately detect the effects of known modulators of

cyclic nucleotide signalling.
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Figure 4.19. Three-dimensional FCB facilitates interrogation of cyclic
nucleotide signalling. (A) Washed platelets were barcoded with Pacific
Blue, Alexa Fluor 488, and Alexa Fluor 750. (B) Prior to FCB, platelets were
either unstimulated or stimulated with PGI; (10 nM, 2 min), PGE; (10 nM, 2
min), adenosine (10 puM, 2 min), or forskolin (10 pM, 2 min) after
pretreatment with either RO1138452 (10 uM, 20 min), caffeine (1 mM, 20
min), ADP (10 pM, 10 min), IBMX (10 pM, 20 min), EHNA (10 pM, 20 min),
milrinone (10 pM, 20 min), or zaprinast (10 puM, 20 min). Data are

representative of four independent experiments.
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4.6 Fluorescent cell barcoding facilitates the analysis of platelet

signalling events in whole blood

The analysis of platelet function in whole blood is critical for the evaluation of
both novel and established platelet inhibitors. We thus adapted our method
for whole blood analyses and harnessed the ability of the cytometer to
discern specific cell populations from heterogeneous mixtures based on their
distinct light scatter properties. To simplify whole blood analyses, BD
Phosflow Lyse/Fix buffer was used to lyse red blood cells and fix platelets in
a single step. Red cell lysis enables better resolution of the platelet
population, which can overlap with small erythrocytes on plots of forward
versus side scatter. The change in fixative did not affect the scatter
properties of whole-blood platelets when compared to washed platelets
(Figure 4.20Ai and Bi). We applied the FCB protocol to whole blood samples
by examining the signalling kinetics of phosphoVASP-ser®®’ and ser?® in
response to PGl,. The time- and concentration- dependent phosphorylation
of VASP in response to PGI, could be detected in washed platelets and
those present in whole blood, indicating that the methodology could be used
to examine platelet signalling events under (patho)physiological conditions

(Figure 4.20Aii and Bii).
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Figure 4.20. Application of FCB to examine platelet signalling in whole

blood. Fixed and permeabilised (Ai)
platelets were barcoded with Pacifi
treatment with PGl (0, 1, 10, and 100

washed platelets or (Bi) whole-blood
c Blue and Alexa Fluor 488 after

nM) for the indicated times. Barcoded

samples were combined and stained with phosphoVASP-ser™’ or

phosphoVASP-ser?® and Alexa Fluor 647. Heatmaps were comparable

between (Aii) washed platelets and

(Bii) whole-blood platelets. Data are

representative of three independent experiments.
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4.7 Examination of sample storage conditions on phosphorylation

We wished to determine whether fixed whole blood samples could withstand
freezing and therefore undergo processing at a later time. Whole blood
samples were treated with PGIl, (10 or 100 nM) before fixation, and then
either permeabilised and stained immediately or stored at 4°C or -20°C
overnight before permeabilisation and staining with phosphoVASP-ser™’.
Samples that were stored at 4°C overnight showed reduced phosphoVASP-

ser®®’

staining compared to those processed immediately. Samples stored at
-20°C were the most stable, where staining was reduced from 15.5- to 10.5-
fold and from 18.6- to 13.0-fold for 10 and 100 nM PGil, respectively. Thus,
while there were small reductions in staining, the samples were still

sufficiently stable to provide meaningful readouts on signalling events (Figure

4.21).

Same Day -20°C (24 hr) 4°C (24 hr)
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Figure 4.21. Fixed whole blood samples can be stored overnight with
minor losses in signal intensity. Prior to fixation, whole blood samples
were either untreated or treated with PGI, (10 or 100 nM) for 2 min. Samples
underwent either immediate analysis or next day analysis after storage at -
20°C or 4°C.
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4.8 Discussion

Understanding the signal transduction mechanisms that drive platelet
function may allow the identification of new targets or therapeutic agents.
Cyclic nucleotide signalling cascades are potent global modulators of platelet
function and may therefore present targets for antithrombotic agents. The
activity of cyclic nucleotide signalling can be determined by measuring the
phosphorylation status of VASP, which is sensitive to modification by both
PKA and PKG (Butt et al., 1994). Traditional phosphoproteomic approaches
have several drawbacks that do not lend themselves to high-throughput
analyses. The flow cytometric assay developed here facilitates large-scale
analyses of compounds that modulate cAMP- and potentially cGMP-

dependent signalling in platelets.

Phosphoflow has been widely applied in the field of immune signalling (Table
4.1) but its application to platelets has not achieved wide use or popularity.
Schwarz and colleagues first demonstrated that phosphoVASP could be
measured in platelets by whole blood flow cytometry but their approach has
never been fully exploited (Schwarz et al., 1999b). To develop methodology
for the flow cytometric analysis of platelet signalling events, we applied a
series of general phosphoprotein staining techniques to washed platelets
and those in whole blood. Our flow cytometric method could detect subtle
time- and concentration-dependent changes in phosphorylation, was
sensitive to kinase inhibition, and showed comparable results with
immunoblotting. Immunoblotting has been used to cross-validate
phosphoflow protocols in cell lines (Krutzik and Nolan, 2003) and murine

splenocytes (Krutzik et al., 2007). In all cases, flow cytometry analyses
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correlated closely with immunoblot analyses over a wide range of conditions.
While flow cytometry has many advantages over immunoblotting, it is not
well-suited to the analysis of low-abundance signalling proteins and/or those
buried in subcellular compartments. Through enzymatic amplification,
immunoblotting is capable of detecting very small amounts of protein with
large signal-to-noise ratios and since immunoblotting is performed on cell
lysates (as opposed to intact cells) there are no concerns about antigen

accessibility.

Having established a standard protocol, the key innovations were to apply
FCB first to washed platelets and then to whole-blood platelets. Evaluating
platelets in whole blood more accurately reflects the complex in vivo
environment and is technically less demanding than immune cell analyses
because platelets possess distinct scatter properties and can therefore be
identified without surface markers. To the best of our knowledge, this is the
first time FCB has been applied to primary human cells. Indeed, previous
applications have been confined to cell lines (Krutzik and Nolan, 2006) and
primary murine cells (Krutzik et al., 2007). FCB offers significant advantages
over traditional phosphoproteomic approaches. The multiplexing step allows
large-scale analyses to be completed in only a few hours while reducing
reagent consumption and eliminating pipetting error and staining variability.
Using two fluorophores, we showed that 24 samples could be multiplexed to
resolve dose- and time-response relationships for multiple AC agonists.
These analyses spanned six timepoints and four concentrations of various
cAMP-elevating agents and were equivalent to 48 separate dose-response

or 32 separate time-response immunoblots. While these analyses could be
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completed in only a few hours using FCB flow cytometry, they would take
several weeks using standard immunoblot techniques. Moreover, samples
could be frozen overnight without significantly affecting assay performance,
which could facilitate use of the assay in laboratories that are remote for the
flow cytometry platform. Using three fluorophores, we then multiplexed 40
samples to examine known modulators of CAMP signalling. The assay was
sensitive enough to detect changes in phosphoVASP-ser'®’ both in response
to multiple cAMP-elevating stimuli and to compounds that have been shown
to influence cAMP signalling including receptor antagonists, kinase inhibitors,
and PDE inhibitors. Since FCB labelling intensity correlates with cell size and
the abundance of amines within the cell, smaller cells such as platelets label
less intensely than larger cells (Krutzik et al., 2011). At the same time,
fluorophores that are excited optimally by a laser require lower
concentrations than fluorophores that are not optimally excited (Krutzik et al.,
2011). We selected fluorophores for optimal excitation, allowing intense
fluorescent signals to be obtained from the platelet population. It is
recommended to label cells with no more than 1 pg/mL (Krutzik et al., 2011)
but we achieved optimal labelling at 1.5 pg/mL. This concentration has
successfully been used to label murine splenocytes, which are similar in size
to human platelets (Krutzik and Nolan, 2006). This concentration was diluted
fivefold to produce differentially labelled populations that did not bleed into
one another, thus enabling clear identification and deconvolution of

multiplexed samples.

To fully exploit potential applications of our method, it will be important to

characterise entire signalling cascades by analysing multiple targets within
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the same sample. In the present study, we were unable to perform
multiparameter analyses due to the absence of directly-labelled primary
antibodies. We used fluorophore-labelled secondary antibodies to determine
the extent of protein phosphorylation but these reagents are not conducive to
multiparameter analyses because they can cross-react with different primary
antibodies and generate false positive signals. Reagents aside, the
maximum number of phosphoproteins that can be analysed in any given cell
type is limited by hardware specifications. While three laser cytometers can
detect up to ten separate parameters, sophisticated five laser machines can
detect around twenty. Preliminary data shows that directly-labelled
antibodies raised against kinases that mediate platelet activation are fully
conducive to multiparameter analyses. This raises the possibility that multiple
components of one or more platelet signalling cascades could be analysed
simultaneously. These antibodies have successfully enabled the
simultaneous analysis of multiple phosphoproteins in cell lines (Shachaf et
al., 2007), primary murine splenocytes (O'Gorman et al., 2010), and isolated
human peripheral blood cells (Irish et al., 2010). Since numerous signalling
cascades are ubiquitous and since kinase inhibitors are an important and
emerging class of targeted therapeutic agents (Cohen, 2002) our whole
blood assay for platelets could serve as a model system for quantifying the in
vivo effects of novel kinase and phosphatase inhibitors that are intended for
therapeutic application in other cell types. Our flow cytometric method could

therefore be applied across a broad range of therapeutic areas.
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Phosphoproteins

Specimen

Fixation

Permeabilisation

FCB

Reference

PhosphoERK-
thr2®2 /tyr204
PhosphoJNK-
thres /tyrlss

Jurkat

1.6% PFA

100% Methanol

N/A

(Kinoshita et
al., 2012)

PhosphoSTAT1-tyr’™
PhosphoSTAT3-tyr’®
PhosphoSTAT4-tyr®*
PhosphoSTAT5-tyr®*

Leukocytes in

human whole blood

BD Phosflow
Lyse/Fix
Buffer

100% Methanol

<36

samples

(Thomas et
al., 2011)

PhosphoERK-
thr*®/tyr®®
PhosphoSTAT3-tyr’®
PhosphoSTAT5-tyr®*

Hematopoietic stem

and progenitor cells

1.6% PFA

90% Ethanol

N/A

(Gibbs et al.,
2011)

PhosphoAKT-ser*"
PhosphoSTAT5-tyr®*

Hematopoietic stem

cells

2% PFA

90% Ethanol

N/A

(Heffner et al.,
2011)

PhosphoBTK/ITK-tyr>>"
Phospho-p38-
thr'®/tyr'®
PhosphoERK-
thr*®/tyr®®
PhosphoSFK/LCK-
tyros
PhosphoSYK/ZAP70-
tyr*®/tyr®?
Phospho-NFkB-p65-
ser’®
PhosphoSTAT1-tyr’™
PhosphoSTAT3-tyr’®
PhosphoSTATS5-tyr®*
PhosphoSTAT6-tyr***
PhosphoCBL-tyr"®
PhosphoPLCy2-tyr’*
PhosphoBLNK-tyr®
PhosphoAKT-ser*"
PhosphoS6-

ser?®/ser®®®

Peripheral blood

mononuclear cells

1.6% PFA

100% Methanol

9-27

samples

(Irish et al.,
2010)

PhosphoSTAT1-tyr"™
PhosphoSTAT3-tyr’®
PhosphoSTAT4-tyr®%
PhosphoSTAT5-tyr®*
PhosphoSTAT6-tyr®*

Murine splenocytes

1.5% PFA

100% Methanol

(O'Gorman et
al., 2010)

PhosphoSTAT5-tyr®*

Murine splenocytes

1.5% PFA

100% Methanol

N/A

(O'Gorman et
al., 2009)
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PhosphoSTAT1-tyr™™
PhosphoSTAT3-tyr’®
PhosphoSTAT5-tyr®
PhosphoSTAT6-tyr®*

Murine splenocytes

1.5% PFA

100% Methanol

N/A

(Hale et al.,
2009)

PhosphoERK-

thr?®2 /tyr2°4
PhosphoSTAT5-tyr®*
PhosphoS6-

ser?®/ser®®®

Peripheral blood
mononuclear cells
U937

1.6% PFA

95% Methanol

N/A

(Kotecha et
al., 2008)

Phospho-p38-
thri®/tyrte2
PhosphoERK-
thr?%tyr2*
PhosphoJNK-
thri®/tyr'es
PhospholkBa-
ser¥/ser®
PhospholKKa-
ser'"®/ser'®
Phospho-cRAF-ser®®
Phospho-cRAF-ser®*®
Phospho-cRAF-ser®®
PhosphoELK-ser’®
Phospho-cJUN-ser”
PhosphoBAD-ser**?
PhosphoBAD-ser'*®
PhosphoMEK-thr***
PhosphoMEK-ser’®®
PhosphoVAV1-tyr'®
Phospho-NFkB-p65-
Ser529
PhosphoSTAT1-tyr’™
PhosphoSTAT3-tyr’®
PhosphoSTAT5-tyr®*
PhosphoPLCy1-tyr®
PhosphoAKT-ser*™
PhosphoAKT-thr*®

ST486

2% PFA

100% Methanol

N/A

(Shachaf et
al., 2007)

Phospho-p53-ser™
Phospho-p53-ser®
Phospho-p53-ser®’
Phospho-p53-ser*®
Phospho-p53-ser*®

Acute myeloid

leukemia

1.6% PFA

100% Methanol

N/A

(Irish et al.,
2007)

Phospho-p38-
thr'®/tyr'®
PhosphoSTAT1-tyr’™
PhosphoSTAT3-tyr’*
PhosphoSTATS5-tyr®*
PhosphoSTAT6-tyr**

U937

Murine splenocytes

1.6% PFA
BD Phosflow
Lyse/Fix
Buffer

100% Methanol

24

samples

(Krutzik et al.,
2007)
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PhosphoERK-

thr2®2 /tyr204
PhosphoSTAT5-tyr®
PhosphoS6-

ser®/ser®®®

Hematopoietic stem

and progenitor cells

2% PFA

95% Methanol

N/A

(Van Meter et
al., 2007)

PhosphoBTK/ITK-tyr*™
Phospho-p38-

thre® /tyrlsz
PhosphoERK-

thr2®2 /tyr204
PhosphoSYK/ZAP70-
tyr352 /tyr319

Peripheral blood

mononuclear cells

1.6% PFA

100% Methanol

N/A

(Irish et al.,
2006)

PhosphoERK-
thr?%tyr2*
PhosphoSTAT1-tyr’*
PhosphoSTAT3-tyr’®
PhosphoSTAT5-tyr®*
PhosphoSTAT6-tyr®*

U937
Jurkat
Murine splenocytes

1.6% PFA

100% Methanol

4-96
samples

(Krutzik and
Nolan, 2006)

PhosphoSTAT3-tyr’®
PhosphoSTAT5-tyr®*

Murine splenocytes

1.6% PFA

100% Methanol

N/A

(Krutzik et al.,
2005a)

Phospho-p38-
thr'®/tyr'®
PhosphoSTAT1-tyr’™
PhosphoSTAT3-tyr’®
PhosphoSTATS5-tyr®*

Murine splenocytes

1.5% PFA

100% Methanol

N/A

(Krutzik et al.,
2005b)

PhosphoSTAT1-tyr’™

U937

1.6% PFA

100% Methanol

N/A

(Stitz et al.,
2005)

Phospho-p38-
thr'®/tyr'®
PhosphoERK-
thr*®/tyr®®
PhosphoSTAT1-tyr’™
PhosphoSTAT3-tyr’*
PhosphoSTATS5-tyr®*
PhosphoSTAT6-tyr**

Acute myeloid

leukemia

1.6% PFA

100% Methanol

N/A

(Irish et al.,
2004)

Phospho-p38-
thr'®/tyr'®
PhosphoERK-
thr*®/tyr®®
PhosphoJNK-
thr'®/tyr'®
PhosphoSTAT1-tyr’™
PhosphoSTAT5-tyr®*

PhosphoSTAT6-tyr®*

U937
Jurkat

1.5% PFA

100% Methanol

N/A

(Krutzik and
Nolan, 2003)
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Pharmacological and Clinical Applications of Phosphoflow Cytometry

5.1 Introduction

Atherothrombosis is the leading cause of morbidity and mortality worldwide,
and will become increasingly prevalent in Western countries (Mathers and
Loncar, 2006). To alleviate the continued burden of atherothrombotic-related
disease, there are clinical and pharmacological requirements for the (a)
identification of high risk patients, (b) monitoring of therapies in patients with
established disease, and (c) identification of novel targets and therapies.
Thrombotic complications accompany a wide range of clinical conditions
including insulin resistance. The procoagulant state associated with insulin
resistance is thought to be partly associated with platelet hyperactivity
(Tschoepe et al.,, 1990). In healthy blood vessels, platelet activation is
counterbalanced by inhibitory signalling cascades that are activated by
endothelial-derived prostacyclin (PGl,) and nitric oxide (NO). These inhibitors
stimulate cAMP- and cGMP-dependent protein kinases, which phosphorylate
downstream target proteins such as vasodilator-stimulated phosphoprotein
(VASP) to prevent excessive platelet activation (Horstrup et al., 1994).
However, there is potential for platelet resistance to these inhibitors in certain
disease states. Such resistance has been identified in type 2 diabetes, an
insulin resistant state associated with premature cardiovascular mortality
(Davi et al., 1982, Modesti et al., 1991). Insulin resistance is also a feature of
polycystic ovary syndrome (PCOS), an endocrine disorder affecting 5-7% of
premenopausal women (Franks, 1995). Women with PCOS are
phenotypically similar to diabetics since 80% are obese and 33% are

hyperlipidemic (Ehrmann et al., 2006). Platelet hyperactivity has been
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observed in PCOS (Dereli et al., 2003) and the condition is associated with
an increased risk of atherothrombosis. However, the molecular mechanisms

underpinning platelet dysfunction in PCOS have not been determined.

Flow cytometry is an indispensable platform for the assessment of platelet
function in atherothrombotic-related disease but the majority of applications
have been confined to the quantification of surface antigens such as P-
selectin or allbB3 (Linden et al., 2004). Since platelet function is regulated by
the activation or inhibition of kinase signalling cascades, the analysis of
phosphorylation-based signalling events could allow for a more sensitive and
specific characterisation of disease status. Additionally, these analyses could
facilitate the identification of defective signalling cascades and aid in the
identification of compounds that can favourably modulate these cascades to
improve clinical outcomes. Using phosphoVASP as a marker of cyclic
nucleotide signalling, we demonstrate how phosphoflow can be applied in
the context of drug screening, identifying three novel agents that inhibit
platelet aggregation through cAMP-dependent mechanisms. We then
demonstrate how the method can be used to assess platelet function and

PGl; sensitivity in PCOS.
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5.2 Fluorescent cell barcoding facilitates the identification of cAMP-

mediated platelet inhibitors in whole blood

Since VASP phosphorylation correlates with the inhibition of platelet
aggregation (Horstrup et al., 1994), we reasoned that phosphoVASP-ser™’
could serve as a marker for identifying potential antiplatelet agents. To this
end, we designed a three-dimensional FCB scheme to screen a library of 70
prostaglandins (96 multiplexed samples) for their ability to induce
phosphoVASP-ser™®” in whole-blood platelets (Figure A3). PGl,-induced
phosphoVASP-ser™>” was used as a positive control and a hit threshold was
drawn 3 SD from the mean MFI of PGl,-stimulated controls. Six screening
library compounds induced phosphoVASP-ser'®” above the hit threshold
(Figures 5.1A and B). Two of these compounds, 16-phenyl tetranor PGE;
and 16,16-dimethyl-6-keto PGE;, referred to as C5 and D5 according to their
respective coordinates in the screening plate (Figure 5.2A), induced 26.9 and
26.6 fold increases in phosphoVASP-ser™’. Since C5 and D5 had previously
undetermined biological activity, they underwent further characterisation. A
third compound, 5-trans PGD, (D2), also underwent follow-up analyses
(Figure 5.2A). This compound, which induced a moderate level of
phosphoVASP-ser®’ (16.4), was selected because its biological activity was,
like compounds C5 and D5, completely unknown. We obtained similar data

using washed platelets, confirming the accuracy of the screen (Figure 5.3).
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Figure 5.1. Three-dimensional FCB facilitates whole blood screening
and identification of antiplatelet compounds. (A) Heatmap visualisation of
the screen, where coloured squares indicate novel hits. (B) PhosphoVASP-

ser™ plot, where coloured data points represent novel hits.
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Table 5.1. Statistical values from the prostaglandin library screen.

Control Number of wells Mean MFI Standard deviation V4
Negative |12 448.1 31.3
Positive 12 18992.8 1002.3 0.84

To evaluate the quality of our cell-based screen, we calculated the Z’-factor
from control samples (Table 5.1). The Z-factor, a screening window
coefficient reflecting the dynamic range and variability of control
measurements, was 0.84 indicating excellent assay performance (Zhang et
al.,, 1999). In follow-up analyses, all three compounds induced
phosphoVASP-ser'®” and ser?®, confirming the results of our initial screen.
These compounds induced phosphorylation with a potency order of
C5>D5>D2. The ability of these compounds to induce phosphoVASP-ser®’
was reflected by their ability to stimulate intraplatelet cAMP production
(Figure 5.4), where the same order of potency was observed. The signalling
activities of these compounds were validated at five doses across six time
points (30 multiplexed samples) with a two-dimensional FCB scheme with
Alexa Fluor 488 and Pacific Blue (Figure A4). As highlighted in Figures 5.2
and 5.3, VASP underwent time- and concentration-dependent
phosphorylation on both ser'® and ser’® in response to C5. Ser'®’
underwent rapid phosphorylation while ser®>® peaked at later time points.
PhosphoVASP-ser>” was more sensitive to lower concentrations (1- and 10
nM) of C5 than ser®® (Figures 5.2 and 5.3). C5 induced higher levels of

phosphorylation at all concentrations and time points tested than D2 or D5.
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Compound C5 (100 nM) induced significant phosphoVASP-ser™” at 40 sec
(25.4 £ 6.2) and this was maintained over 54 min (P <0.05). By contrast, C5
(100 nM) did not induce significant phosphoVASP-ser?®® until 6 min (17.1 +
5.3) (P <0.05). C5 (1000 nM) caused significant phosphorylation on ser®’
(29.0 + 6.4) and ser®® (19.1 + 3.8) within 40 sec and peaked at 54 min (P
<0.05). Compound D2 induced substantial phosphorylation on ser**’ and
ser® at 1000 nM and peaked at 18 min (Figures 5.2 and 5.3). Ser™’ was
more sensitive to D2 (1000 nM) than ser®*. Low concentrations (1-100 nM)
of D2 had modest effects on phosphoVASP-ser™’ and minimal effects on
ser®?. Compound D5 caused significant phosphoVASP-ser®” and ser®® at
100 nM (P <0.05). D5 (100 nM)-induced phosphoVASP-ser®®’ and ser®*®
peaked at 6 min and decreased thereafter. The kinetics of phosphorylation
were similar in D5 (1000 nM)-stimulated platelets (Figures 5.2 and 5.3). The
time- and concentration-dependent changes in phosphoVASP-ser®’ and

ser®®® confirmed the results of our initial screen.
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Figure 5.2. Two-dimensional FCB facilitates validation of antiplatelet
compounds in whole blood. (A) Chemical structures of compounds C5,
D2, and D5. (B) Hit validation. Prior to FCB, whole blood samples were
treated with compound C5, D2, or D5 (0, 1, 10, 100, and 1000 nM) for the

indicated times.
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Figure 5.3. Two-dimensional FCB facilitates validation of antiplatelet
compounds in washed platelets. (A) Chemical structures of compounds
C5, D2, and D5. (B) Hit validation. Prior to FCB, washed platelets were
treated with compound C5, D2, or D5 (0O, 1, 10, 100, and 1000 nM) for the

indicated times.

135



Chapter 5

4

23

cAMP
(fmol/108 platelets)

Figure 5.4. Hit compounds elevate intraplatelet cAMP. Stimulation with
compounds C5 (1 pM, 2 min), D2 (1 pM, 2 min), or D5 (1 uM, 2 min) elevates
cAMP in washed platelets. Data represents the mean + SEM from three

independent experiments (*P <0.05).

5.3 Hit compounds inhibit platelet aggregation

Having identified novel agents that activate cAMP signalling, we next
determined their effects on platelet function. Compounds C5, D2, and D5
inhibited collagen-induced platelet aggregation in a concentration-dependent
manner (Figure 5.5A) with respective ICsq values of 330 nM, 488 nM and 881
nM (Figure 5.5B). The antiplatelet properties of compound D2, but not
compounds C5 or D5, were completely abolished in the presence of BW
A868C, suggesting that D2 signals exclusively through the DP receptor
(Figure 5.6A). The anti-aggregatory effects of compounds C5 and D5, but not
compound D2, were largely but not completely abolished in the presence of
RO1138452, suggesting that compounds C5 and D5 signal through the IP

receptor (Figure 5.6B).
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Figure 5.5. Hit compounds demonstrate antiplatelet properties. (A)
Traces, representative of three independent experiments, show that hit
compounds inhibit collagen-induced platelet aggregation in a concentration-
dependent manner. (B) Dose-response curves reveal the respective
potencies of the hit compounds, where data points represent mean values
from three independent experiments. Platelets were stimulated with collagen

(5 pg/mL) following pre-incubation (2 min) with each compound.
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Figure 5.6. Hit compounds signal through prostanoid receptors. (A) The
DP-receptor antagonist, BW A868C (1 uM, 10 min), blocks the anti-
aggregatory effects of compound D2 (1 uM, 2 min), but not compounds C5 (1
UM, 2 min) or D5 (2 uM, 2 min). (B) The IP-receptor antagonist, RO1138452
(1 uM, 10 min), blocks the anti-aggregatory effects of compounds C5 (1 pM,
2 min) and D5 (2 pM, 2 min), but not compound D2 (1 uM, 2 min). Washed
platelets were stimulated with collagen (5 pg/mL) following pre-incubation

first with the receptor antagonist and then with the hit compound.
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5.4 Fluorescent cell barcoding facilitates signalling profiling in PCOS

Whole blood flow cytometry is a valuable clinical tool that enables the
(patho)physiological assessment of platelet function (Michelson et al., 2000).
Insulin resistant states such as PCOS are associated with platelet
hyperactivity and PGl resistance (Modesti et al., 1991, Dereli et al., 2003).
To try and elucidate the mechanism(s) for platelet dysfunction in PCOS, we
explored the possibility that cyclic nucleotide signalling cascades were
compromised. To this end, we designed a two-dimensional FCB scheme to
measure prostaglandin-induced phosphoVASP-ser'®” and ser®® in nine
PCOS patients versus nine healthy controls (Figures 5.7 and A5). PCOS was
diagnosed by the presence of two of three characteristics including
oligomenorrhea, clinical and/or biochemical hyperandrogenism, and
polycystic ovaries on ultrasound as per the Rotterdam diagnostic criteria
(Rotterdam ESHRE/ASRM-sponsored PCOS Consensus Workshop Group,
2004). PCOS subjects were clinically obese (BMI=30) and had higher blood

pressure than controls (Table 5.2).
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Table 5.2. Anthropometric parameters and biochemical markers for

study participants.

CON (N =9) PCOS (N=09)

Height (cm) 167.1+2.4 167.7 +2.8
Weight (kg) 66.2+2.9 88.3 +5.0*
BMI (kg/m?) 23.8+0.9 31.0 + 1.4*
Systolic BP (mmHg) 109.8 £5.3 121.0+£ 2.7
Diastolic BP (mmHg) 68.8 £ 3.2 81.2 + 3.9*
Cholesterol (mmol/L) 5.7+0.2 49+0.4
LDL (mmol/L) 3.8+0.3 3.0+0.3
HDL (mmol/L) 15+0.1 1.2+0.1*
Triglycerides (mmol/L) 1.1+£0.2 1.1+0.2
Cholesterol/HDL 3.7+0.3 3.7+04

Note. BMI, body mass index; BP, blood pressure; LDL, low-density
lipoprotein; HDL, high-density lipoprotein. Data are presented as means *

SEM (*P<0.05).

140



Chapter 5

CON P01-P09 PCOS P01-P09

Unstimulated

PGl, (0.1 nM)

PGl, (1 nM)

PGl, (10 nM)

PGl, (100 nM)

PGl, (1000 nM)

PGl, (10 nM) + ADP (0.1 uM)
PGl, (10 nM) + ADP (1 uM)
)

)

)

)

)

)

)

PGI, (10 nM) + ADP (10 uM
C5 (1000 nM

D2 (1000 nM

D5 (1000 nM

ADP (0.1 yM

ADP (1 uM

ADP (10 pM

Unstimulated
PG, (0.1 nM)
PGI, (1 nM)
PGI, (10 nM)
PGI, (100 nM)
PG, (1000 nM)
PGI, (10 nM) + ADP (0.1 uM)
PG, (10 nM) + ADP (1 uM)
PGl, (10 nM) + ADP (10 pM)
C5 (1000 nM)
D2 (1000 nM)
D5 (1000 nM)
ADP (0.1 pM)
ADP (1 pM)
ADP (10 pM)

vin [T Jmax

Fold Change

Figure 5.7. FCB facilitates large-scale profiling of cyclic nucleotide
signalling in PCOS patients. Heatmap representation of signalling profiles
from nine control (CON P01-P09) and nine PCOS (PCOS P01-P09) patients.
Data were normalised to the maximal level of phosphorylation for each
individual patient.
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5.4.1 PGly-induced VASP phosphorylation is not diminished in PCOS

To determine platelet sensitivity to PGIl,;, our multiplexed analyses
incorporated a six-point dose-response from which ECsy values were
calculated. In brief, quantitative phosphoflow data were normalised to span
the range from 0-100% and plotted against the logarithm of PGl,
concentration (Figures 5.8 and 5.9). Normalisation was required for statistical
comparisons between groups. PCOS and control ECso values were not
significantly different for either phosphoVASP-ser*>’ (PCOS = 4.6 nM, CON
= 5.5 nM, P >0.05) or phosphoVASP-ser®*® (PCOS = 28.3 nM, CON = 33.7
nM, P >0.05). However, ECs, values were lower for phosphoVASP-ser™’
than for ser® indicating that PGI, preferentially targeted ser'®’. These data
suggest that the cyclic nucleotide signalling response to PGI; is not

diminished in PCOS.
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Figure 5.8. Dose-response curves of PGl, on phosphoVASP-ser®’ in
PCOS versus controls. Dose-response curves derived from phosphoflow
analyses reveal PGI, sensitivity in PCOS patients (grey curve) versus
healthy controls (black curve). Data were normalised to the maximum

response for each patient and expressed as means + SEM.
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Figure 5.9. Dose-response curves of PGl, on phosphoVASP-ser®® in
PCOS versus controls. Dose-response curves derived from phosphoflow
analyses reveal PGI, sensitivity in PCOS patients (grey curve) versus
healthy controls (black curve). Data were normalised to the maximum

response for each patient and expressed as means + SEM.
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5.4.2 ADP-mediated inhibition of PGl,-induced VASP phosphorylation is

not enhanced in PCOS

Next, our multiplexed analyses examined the ability of ADP to inhibit PGl,-
induced phosphoVASP-ser®™” and ser®°. ADP inhibits cyclic nucleotide
signalling and promotes platelet activation through its ability to induce P2Y 1,
receptor-mediated inhibition of adenylyl cyclase (Hollopeter et al., 2001).
Compared to PGI; alone (10 nM, 2 min), co-stimulation with ADP (0.1-10 uM,
2 min) and PGI; (10 nM, 2 min) diminished VASP phosphorylation on both
ser’®” and ser?°. Submicromolar ADP (0.1 pM) caused significant inhibition
of VASP phosphorylation (Figures 5.10 and 5.11) but this was not
significantly different between groups. Greater levels of inhibition were
observed at 1- and 10 uM ADP but again these were not significantly
different between groups. As a negative control, ADP alone (0.1-10 uM, 2
min) had no effect on phosphoVASP-ser'®’ or ser®®® (Figure 5.7). These data
suggest that the propensity for ADP to inhibit cyclic nucleotide signalling is

not enhanced in PCOS.
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Figure 5.10. ADP-mediated inhibition of PGIl,-induced phosphoVASP-
ser™ in PCOS and controls. ADP inhibits PGl,-induced phosphoVASP-

ser™” in a concentration-dependent manner. Data are expressed as means +

SEM.
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Figure 5.11. ADP-mediated inhibition of PGIl,-induced phosphoVASP-
ser® in PCOS and controls. ADP inhibits PGl,-induced phosphoVASP-

ser® in a concentration-dependent manner. Data are expressed as means +

SEM.
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5.4.3 Novel inhibitors induce VASP phosphorylation in PCOS

Having identified three novel modulators of cyclic nucleotide signalling, we
examined their ability to induce phosphoVASP-ser®®’ and ser”®® in PCOS
subjects (Figures 5.12 and 5.13). After stimulation with either C5 (1 uM, 2
min), D2 (1 pM, 2 min), or D5 (1 pM, 2 min), phosphoVASP-ser'®’ and ser®*
were not significantly different between PCOS or controls. Only D2 induced
significantly less phosphoVASP-ser®’ than PGl, (1 pM, 2 min). By contrast,

239

all three compounds induced significantly less phosphoVASP-ser=** than

239 than

PGIl, while C5 induced more robust phosphorylation on ser
compounds D2 and D5. These data suggest that our novel platelet inhibitors

can modulate cyclic nucleotide signalling in clinical populations.
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Figure 5.12. Novel agents induce phosphoVASP-ser™’ in PCOS and
controls. Stimulation with PGl (1 uM, 2 min), C5 (1 uM, 2 min), D2 (1 pM, 2
min), or D5 (1 pM, 2 min) induced phosphoVASP-ser™’. Data represents the

mean = SEM.
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Figure 5.13. Novel agents induce phosphoVASP-ser®® in PCOS and
controls. Stimulation with PGI; (1 uM, 2 min), C5 (1 uM, 2 min), D2 (1 pM, 2
min), or D5 (1 pM, 2 min) induced phosphoVASP-ser?®®. Data represents the

PGl2 C5 D5

mean = SEM.
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5.5 Discussion

Identifying and monitoring high risk patients and developing new antiplatelet
drugs is critical to alleviating the continued burden of atherothrombotic-
related diseases. Cyclic nucleotide signalling cascades are potent regulators
of platelet function and may therefore present targets for antithrombotic
agents. The activity of cyclic nucleotide signalling can be determined by
measuring the phosphorylation status of VASP. In this chapter, we used our
phosphoflow assay to measure cyclic nucleotide signalling in PCOS, an
endocrine disorder associated with high thrombotic risk (Carmina and Lobo,
1999). In addition, we demonstrated application of our assay to drug
screening against freshly-obtained human cells in the complex milieu of
whole blood. Using this approach, we identified three structurally-novel
prostaglandins that signal through cAMP-dependent mechanisms and inhibit

platelet aggregation.

The relevance of our assay for clinical or pharmacological application, such
as the evaluation of drug efficacy or identification of novel antiplatelet agents,
would have been Ilimited by the use of washed platelets. Indeed,
manipulation of whole blood may lead to artifactual platelet activation and
there is limited value screening drugs in the absence of plasma lipids and
proteins. To overcome these limitations, we adapted our method for whole
blood analyses (see section 4.6). Since flow cytometric analyses of protein
phosphorylation can be applied throughout the drug development process,
we used our method to screen a library of prostaglandins against human
platelets in the physiological milieu of whole blood. Since platelets are

abundant in the blood, we could readily obtain sufficient numbers of cells
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(from <1.5 mL whole blood) to screen entire 96-well plates. We anticipated
that our cell-based screen, designed to detect phosphoVASP-ser'®’, would
uncover efficacious antiplatelet agents. Using a prostaglandin screening
library (Table Al), we identified three previously uncharacterised lipids that
stimulated VASP phosphorylation. In follow-up assays, these lipids of no
known biological effect were shown to interact with prostanoid receptors,
elevate intraplatelet cAMP, and inhibit platelet aggregation. These lipids
stimulated phosphoVASP-ser'>’ and ser®® with varying degrees of potency.
Using the IP receptor antagonist RO1138452, we demonstrated that
compounds C5 and D5 signalled through the same receptor as PGI, (Jones
et al.,, 2006) but inhibited collagen-induced platelet aggregation at much
higher concentrations. While compound D2 signalled through a different
receptor, it was also a less potent inhibitor than PGl,. It is possible that the
different compounds have different receptor binding affinities and/or they
activate different adenylyl cyclase isoforms to induce the varied inhibitory

responses seen here.

Aside from its role in drug development, flow cytometry has emerged as a
powerful tool for the analysis of phosphorylation-based signalling cascades
in clinical populations. Studies have shown that potentiated signalling
responses can predict clinical outcomes in acute leukemias (lrish et al.,
2004) and the immune response to chronic infections such as HIV
(Schweneker et al., 2008) and HCV (Franceschini et al., 2009). Phosphoflow
has also enabled researchers to identify the aberrant kinase activity that
drives the progression of these diseases (Irish et al., 2010). Platelet cyclic

nucleotide signalling is sometimes compromised in cardiovascular conditions
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(Chirkov and Horowitz, 2007, Van Geet et al., 2009) and insulin resistant
states such as diabetes mellitus (Davi et al., 1982, Modesti et al., 1991).
PCOS is an insulin resistant state associated with platelet hyperactivity
(Dereli et al.,, 2003) but the signalling mechanism(s) driving platelet
dysfunction have not been determined. To try and elucidate the
mechanism(s) underpinning platelet dysfunction in PCOS, we stimulated
whole blood samples with known modulators of cyclic nucleotide signalling
and measured intraplatelet VASP phosphorylation. We found that PGl,-
induced VASP phosphorylation was not diminished in PCOS, suggesting that
impaired cyclic nucleotide signalling is not a mechanism for platelet
dysfunction in these subjects. Reduced PGI, sensitivity has been observed
in hyperlipidemic women with PCOS (Aye et al., 2014). However, no such
defects were observed in our PCOS subjects whose lipid levels were not
significantly different from normolipidemic controls (Table 5.2) suggesting
that hyperlipidemia itself could be a major cause of PGl, resistance. Indeed,
given that the IP receptor naturally binds lipid mediators (Jones et al., 2006),
it is conceivable that excess plasma lipids or their derivatives could occupy
its binding site and block the effects of PGI, in hyperlipidemic individuals.
The negative effects of hyperlipidemia on platelet function appear to exert
themselves mainly on platelet inhibitory pathways since there have been no
reported differences in baseline P-selectin expression or fibrinogen binding in
patients with primary hypertriglyceridemia compared to age- and sex-
matched controls (De Man et al., 2000). Like hyperlipidemia, obesity is

thought to induce platelet resistance to PGI, (Russo et al., 2009). Although

150



Chapter 5

our PCOS subjects were significantly more overweight than controls, their

obesity did not affect PGl,-induced VASP phosphorylation.

The platelet agonist ADP can modulate platelet sensitivity to CAMP-elevating
agents such as PGl,. Insulin resistance, a common feature of PCOS, is
associated with increased platelet reactivity to ADP (Kreutz et al., 2011).
ADP induces shape change, allbB3 activation and platelet aggregation
through two distinct pathways: P2Y,, coupled to PLC activation and calcium
mobilisation; and P2Y1,, coupled to the inhibition of adenylyl cyclase (Jin and
Kunapuli, 1998). We found that the ability of ADP to inhibit cyclic nucleotide
signalling was not enhanced in PCOS. Hence, the increased reactivity to
ADP that is commonly reported in insulin resistant states likely occurs
through the P2Y; pathway; independent of P2Y1,, adenylyl cyclase inhibition,

and downstream effects on cyclic nucleotide signalling.

This chapter has described potential pharmacological and clinical
applications of phosphoflow. We have shown that VASP can be used as a
reliable marker for the identification of antiplatelet agents. We adapted our
multiplexed assay to screen an entire library of prostaglandins for their ability
to induce intraplatelet VASP phosphorylation in whole blood. Screening
revealed three novel prostaglandins that inhibited platelet aggregation
through cAMP-dependent mechanisms. We then demonstrated the
application of phosphoflow to profile cyclic nucleotide signalling in women
with PCOS, an endocrine disorder associated with platelet dysfunction. While
our results were somewhat negative, they provide important additional

insights into the underlying platelet biochemistry that accompanies PCOS.
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General Discussion

6.1 Discussion

Platelets play an important role in haemostasis and thrombosis. To prevent
haemorrhage, activated platelets interact with endothelial cells, leukocytes,
and one another at sites of vascular injury to form stable haemostatic plugs
(Libby and Simon, 2001). Platelet activation is regulated in part through a
plethora of phosphorylation-based signalling events. Our major challenge is
to understand how the phosphorylation of intracellular proteins regulates
different aspects of platelet function. The phosphorylation of intraplatelet
proteins is commonly measured through immunoblot techniques. However,
these techniques have numerous limitations including the requirement for
large numbers of cells, incompatibility with whole blood samples, and they
are not conducive to large-scale signalling analyses. The flow cytometric
measurement of protein phosphorylation can potentially overcome these
limitations by providing rapid information on the activities of kinase signalling

cascades in single cells.

In this thesis, we have reported the development of a high-throughput flow
cytometric assay for the measurement of intracellular protein phosphorylation
in washed platelets and its application in the complex milieu of whole blood.
This assay could examine up to 96 samples in a single FACS tube, thereby
reducing several weeks’ work to a single flow cytometry run. To develop the
assay, we used phosphorylation of the cytoskeletal-associated vasodilator-
stimulated phosphoprotein (VASP) as readout. VASP was chosen because

its phosphorylation is an important marker for (i) analysis of prostacyclin
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(PGly) and nitric oxide (NO)-mediated signalling events that inhibit platelets,
(i) monitoring a number of antiplatelet therapies including iloprost,
dipyridamole, and cilostazol, that attempt to harness the inhibitory potential
of cyclic nucleotide signalling, and (iii) clinical assessment of antagonists of

the ADP receptor, P2Y 5.

We believe that this assay will be a valuable tool for basic scientists
investigating platelet signalling, pharmacologists seeking novel therapies,
and clinicians wishing to evaluate the efficacy of antiplatelet drugs for which
there are currently 46 million annual prescriptions (Allender et al., 2012).
With a growing, ageing population, the demand for these drugs will continue
to increase. To alleviate the future burden of cardiovascular disease, there
are clinical requirements for better monitoring of antiplatelet drugs. An
effective monitoring system could enhance compliance with particular
therapies and improve clinical outcomes through the identification of drug-
resistant individuals. However, the cost associated with monitoring these
increasingly-prescribed drugs is likely to place a significant financial burden
on the healthcare system. There is thus a requirement for cost-effective tests

that can reliably determine the efficacy of antiplatelet therapies.

This work has focused on the cAMP and cGMP signalling pathways because
of their potential importance in the regulation of platelet function. One of the
most commonly studied substrates of these signalling pathways, VASP, is
currently being used as a marker in effective tests evaluating the efficacy of
thienopyridines (P2Y1, antagonists), which are a cornerstone of antiplatelet
therapy (Aleil et al., 2005). Unlike other tests of platelet function, the

VASP/P2Y,, assay is not affected by platelet count, VWF level, aspirin, or
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allbB3 inhibitors. The assay measures the level of intraplatelet VASP
phosphorylation in whole blood, which provides clinically relevant information
about in vivo endothelial function and the in vivo effects of antiplatelet
therapies. In its first clinical application, the assay could detect subtle
changes in VASP phosphorylation in volunteers receiving the
thienopyridines, ticlopidine and clopidogrel (Schwarz et al., 1999a). The
assay results proved to be a reliable predictor of subacute thrombosis in
patients treated with thienopyridines after coronary stent implantation
(Barragan et al., 2003). In these studies, a platelet reactivity index was
calculated from the median fluorescence intensity of whole blood samples
incubated with either PGE; alone or PGE; plus ADP. An inverse relation was
found between platelet reactivity and thienopyridine efficacy. Moreover, there
was a marked interindividual variability in platelet reactivity following
treatment, suggesting either poor compliance or thienopyridine resistance.
Similar results were obtained in patients with ischemic cardiovascular
disease (Aleil et al., 2005). Thus, it became clear that the VASP/P2Y 1, assay
would allow clinicians to discriminate between “good responders” to
thienopyridines and “poor responders”. Recognition of these benefits,
together with widespread interest from clinical and scientific communities, led
to the manufacture of a standardised commercial kit for the flow cytometric
determination of intraplatelet VASP phosphorylation. The VASP/P2Y i,
assay, which vyields quantitative results in <1 hr, is currently the gold

standard for monitoring P2Y 1, antagonists.

Despite its accolades, the VASP/P2Y 1, assay has a number of limitations.

First, the assay uses phosphoVASP-ser® which is only weakly stimulated

154



Chapter 6

by PGE;. The assay window, and therefore assay quality, could be improved
by using phosphoVASP-ser™ which undergoes more substantial
phosphorylation in response to PGE;. Alternatively, PGE; could be replaced
by the physiologic inhibitor PGI,. Second, time-efficiency of the assay could
be improved by using directly-labelled phosphoVASP antibodies, which are
now commercially available and being used in cytometric bead assays
(Glenn et al., 2012). Third, staining is susceptible to interference from plasma
lipids and proteins because antibodies are added directly to whole blood.
Fourth, the assay is considerably more expensive than existing tests of
platelet function; and, fifth, its concentrations of PGE; and ADP are relatively
high and do not span the physiologic range. In this context, the high-
throughput nature of our multiplexed assay could allow for a more detailed
characterisation of drug efficacy and potential resistance by measuring
VASP phosphorylation across a range of different agonist concentrations that
more accurately reflect those found in the bloodstream. Additionally, we
could generate multiple readouts from a single analysis tube while the
VASP/P2Y,, assay generates only a single readout from three separate
tubes. Multiplexing would eliminate between-sample variability and facilitate
a threefold reduction in antibody consumption compared to the VASP/P2Y 1,
assay, which requires a fixed amount of antibody to be delivered to each
separate tube. By reducing antibody consumption, our assay could enable a

more cost-effective evaluation of drug efficacy.

While flow cytometric analyses of VASP phosphorylation can be used to
monitor antiplatelet agents such as clopidogrel, they can also be used to

discover alternative therapies for those resistant to thienopyridines. VASP
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phosphorylation correlates with the inhibition of platelet aggregation
(Horstrup et al., 1994), and is sensitive to the effects of antiplatelets including
phosphodiesterase inhibitors and prostaglandin analogs that target cyclic
nucleotide signalling cascades (Schwarz et al., 2001). For these reasons,
phosphoVASP can be used as a reliable marker for the identification of
potential antiplatelet agents. Since phosphoflow enables the rapid analysis of
up to 96 samples in a single tube, we screened a library of prostaglandins for
their ability to induce intraplatelet VASP phosphorylation in the physiologic
milieu of whole blood. Our cell-based screen revealed three previously
uncharacterised lipids that inhibited platelet aggregation through cAMP-
dependent mechanisms. These novel agents were structurally similar to
established antiplatelets such as iloprost and epoprostenol, which have been
approved for the treatment of numerous cardiovascular indications
(Michelson, 2010). Our screening assay is valuable from a pharmacologic
standpoint because it can evaluate drug efficacy in the presence of plasma
lipids and proteins as well as other cell types. Screening against freshly-
obtained human cells is a major advancement because previous applications
have been limited to screening against immortalised cell lines or primary
murine cells, neither of which are aptly representative of a working human
system (Krutzik and Nolan, 2006, Krutzik et al., 2007). Screening against
physiologically relevant targets, such as human cells, better predicts the

activities of compounds in vivo.

Developing a new drug is a complex process that can take 10-15 years
(Hughes et al., 2011). The first step in the drug discovery process requires

the identification of druggable targets such as cell surface receptors,
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intracellular proteins, or signalling cascades, together with evidence that the
activation or inhibition of these targets will produce a therapeutic effect in a
disease state. Insulin resistant states, such as polycystic ovary syndrome
(PCOS), are associated with platelet hyperactivity, PGIl, resistance, and
premature cardiovascular mortality (Davi et al.,, 1982). Based on these
observations, we hypothesised that cyclic nucleotide signalling cascades
were compromised in PCOS. While our data did not support this notion, we
demonstrated the successful application of our assay in a clinical setting.
Blood samples were drawn, stimulated, and fixed at the point of care. Since
the clinic was not equipped with a flow cytometer, these samples were
transported to a core facility for multiplexing, staining, and acquisition. Even
after transit, we could obtain robust signalling data for each sample, thereby
eliminating the need for specialised equipment and technical expertise at the
point of care. Thus, our assay could be applied in remote locations provided
that blood can be drawn and mixed with two solutions: an agonist solution
and a fixative solution. Fixed samples could then be sent to our laboratory for
analysis. There is great interest in remote tests of platelet function, and
efforts have already been made to monitor clopidogrel and aspirin based on
measurements of P-selectin in samples that were obtained at remote sites

(Fox et al., 2009).
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6.2 Future directions

Having established a robust method for the flow cytometric measurement of
intraplatelet protein phosphorylation, further optimisation should be
undertaken to advance its capabilities. To date, we have examined cyclic
nucleotide signalling cascades using antibodies against phosphoVASP-ser*®’
and ser®°, phosphoGSK-3a-ser?!, and phosphoPKA substrate (RRXS/T),
which are well-validated for this purpose (Oberprieler et al., 2010).
Alternative signalling proteins such as phosphoAkt-ser*’®, phosphoERK-
thr*%/tyr®®*, phosphoPLCy2-tyr”*°, and phosphoSYK/ZAP70-tyr*>?/thr*'® are
involved in platelet activation (Gibbins, 2004) and have been successfully
analysed in a variety of other cell types (Irish et al., 2010). The flow
cytometric analysis of these intraplatelet proteins would be useful, but would
pose a number of problems. First, the scatter properties of activated platelets
are broad and variable due to shape change. On two-dimensional plots of
scatter versus fluorescence, barcoded populations would therefore bleed into
one another making it difficult to deconvolute multiplexed samples. Collecting
data over a broader dynamic range (10’ log decades) could allow for greater
separation of barcoded populations, but this would be possible only on
certain instruments. Second, activation results in the loss of normally
scattered platelets as they form aggregates with leukocytes. While these
cells can be identified retrospectively with a platelet-specific marker, data
would reflect the sum of phosphorylation in both the platelet and the
leukocyte because cell-cell aggregates are recognised as a single entity.
However, this problem could be avoided by using leukocyte-free washed

platelet preparations. Third, unlike VASP, many intraplatelet proteins are
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present at low levels (Burkhart et al., 2012). Thus, it may be difficult to obtain
intense fluorescent signals and robust Z’-factors (>0.5) when screening for
kinase and/or phosphatase inhibitors. Newly-developed signal amplification
techniques could improve the measurement resolution of low abundance
phosphoproteins, but these have not yet been applied in primary cells

(Clutter et al., 2010).

Future applications should also exploit the multiparameter capabilities of flow
cytometry to facilitate high-content analyses of several signalling cascades or
several components of one particular cascade. Thus, we could determine the
selectivity of agonists and/or inhibitors for one cascade over another; or
correlate phosphorylation events across multiple parallel, convergent, and/or
divergent signalling cascades. However, these analyses would be limited by
the availability of directly-labelled phospho-antibodies and the variety of

fluorophore labels available.
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Table Al. Prostaglandin screening library.

Well Contents

Al Empty

A2 Empty

A3 Empty

A4 Empty

A5 Empty

A6 Empty

A7 Empty

A8 Empty

A9 Empty

Al10 Empty

All Empty

Al2 Empty

Bl Empty

B2 Prostaglandin D, Ethanolamide

B3 17-phenyl trinor Prostaglandin D,
B4 13,14-dihydro Prostaglandin E;

B5 16,16-dimethyl Prostaglandin E;
B6 Prostaglandin E, p-acetamidophenyl ester
B7 15-keto Prostaglandin E,

B8 tetranor-PGEM

B9 Prostaglandin E,-biotin

B10 Prostaglandin D; Alcohol

B11 Prostaglandin D,

B12 16-phenyl tetranor Prostaglandin E,
C1 15(R)-Prostaglandin D,

c2 Prostaglandin D,-1-glyceryl ester
C3 Prostaglandin E;

C4 13,14-dihydro-15-(R)-Prostaglandin E;
C5 16-phenyl tetranor Prostaglandin E;
C6 Prostaglandin E, p-benzamidophenyl ester
c7 15(R)-15-methyl Prostaglandin E,
C8 19(R)-hydroxy Prostaglandin E,
C9 ent-Prostaglandin E,

C10 15(R)-15-methyl Prostaglandin D,
C11 15(S)-15-methyl Prostaglandin D,
C12 11-keto Fluprostenol

D1 Prostaglandin E,-1-glyceryl ester
D2 5-trans Prostaglandin D,

D3 Prostaglandin E; Ethanolamide

D4 13,14-dihydro-15-keto Prostaglandin E;
D5 16,16-dimethyl-6-keto Prostaglandin E;
D6 5-trans Prostaglandin E,

D7 15(S)-15-methyl Prostaglandin E,
D8 20-ethyl Prostaglandin E,

D9 Prostaglandin D, methyl ester
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D10
D11
D12
El
E2
E3
E4
E5
E6
E7
E8
E9
E10
E11
E12
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
G1
G2
G3
G4
G5
G6
G7
G8
G9
G10
G11
G12
H1
H2
H3
H4
H5
H6é
H7
H8
H9
H10
H11
H12

8-iso Prostaglandin E;
11B-Prostaglandin E;
17-phenyl trinor Prostaglandin E,
Prostaglandin D, serinol amide
11-deoxy-11-methylene Prostaglandin D,
Prostaglandin E; Alcohol
15-keto Prostaglandin E;
Limaprost
8-iso Prostaglandin E,
16,16-dimethyl Prostaglandin E,
20-hydroxy Prostaglandin E,
3-methoxy Limaprost
(R)-Butaprost
CAY10408
(R)-Butaprost (free acid)
Prostaglandin E, serinol amide
13,14-dihydro-15-keto Prostaglandin D,
1a,1b-dihomo Prostaglandin E;
15(R)-Prostaglandin E;
Misoprostol
8-iso Prostaglandin E,
16,16-dimethyl Prostaglandin E, p-(p-acetamidobenzamido) phenyl ester
Prostaglandin E;
8-iso0-16-cyclohexyl-tetranor Prostaglandin E,
Prostaglandin E, methyl ester
Prostaglandin E, ethanolamide
8-iso Misoprostol
Prostaglandin D,
A"-Prostaglandin D,
6-keto Prostaglandin E;
15(S)-15-methyl Prostaglandin E;
Prostaglandin E,
11B-Prostaglandin E,
Sulprostone
17-trans Prostaglandin E;
13,14-dihydro-15-keto Prostaglandin D,
13,14-dihydro-15-keto Prostaglandin E,
15(R)-Prostaglandin E,

Empty
Prostaglandin I,
Prostaglandin I,
Prostaglandin I,
Prostaglandin I,
Prostaglandin I,
Prostaglandin I,
Prostaglandin I,
Prostaglandin I,
Prostaglandin I,
Prostaglandin I,
Prostaglandin I,
Prostaglandin I,
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Pacific Blue

Pacific Blue (ug/mL)

CO0®

0 004 02 1

Alexa Fluor 488 (ug/mL)

O0000®

0 002 006 018 05 15

4 separate dose/time profiles
in a single 96-well plate

Figure Al. Two-dimensional fluorescent cell barcoding. Two dyes were
used to barcode 24 samples. Fivefold dilutions of Pacific Blue were used
across rows while threefold dilutions of Alexa Fluor 488 were used across

columns. Four such matrices could occupy a single 96-well plate.
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Pacific Blue Alexa Fluor 488 Alexa Fluor 750
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Individual FCB Matrices

1 2 3 4 5
A .*.*.*.*. Alexa Fluor 488 (ug/mL)
g 2 LLLLXL 00009
= ¢ .§.¢.§.§. 0 002 006 018 05
D
E E .*.*.*.*. Pacific Blue (pg/mL) Alexa Fluor 750 (ug/mL)
6088 Cge e
S (XD
; ..4. 0 004 02 1 0 05

Figure A2. Three-dimensional fluorescent cell barcoding. Three dyes
were used to barcode 40 samples. Fivefold dilutions of Pacific Blue were
used across rows while threefold dilutions of Alexa Fluor 488 were used
across columns. Different concentrations of Alexa Fluor 750 were used to
discriminate between samples that contained the same concentrations of

Pacific Blue and Alexa Fluor 488.
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Pacific Blue (ug/mL)

OO0®

0 004 02 1

Alexa Fluor 488 (ug/mL)

O0000e

0 0.02 0.06 018 05 1.5

DyLight 800 (pg/mL)

o9 _

0 004 02 1

Figure A3. Three-dimensional barcoding of an entire 96-well plate.

Three dyes were used to barcode 96 samples. Four concentrations of Pacific

Blue were used across rows and six concentrations of Alexa Fluor 488 were

used across columns. Four concentrations of DyLight 800 were used to

discriminate between rows and columns that contained the same

concentrations of Pacific Blue and Alexa Fluor 488.
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Pacific Blue (ug/mL)

CO00®

0 002 006 018 0.5

Alexa Fluor 488 (pg/mL)

Pacific Blue Alexa Fluor 488 Combined FCB Matrix

Figure A4. Two-dimensional barcoding of 30 samples. Two dyes were
used to barcode 30 samples. Threefold dilutions of Pacific Blue were used
across rows, whereas threefold dilutions of Alexa Fluor 488 were used

across columns.

165



Appendix

.‘. Pacific Blue (ug/mL)

0 0.02 0.06 018 0.5

Alexa Fluor 488 (ug/mL)

OO@

0 0.02 0.06

Figure A5. Two-dimensional barcoding of 15 samples. Two dyes were
used to barcode 15 samples. Fivefold dilutions of Pacific Blue were used

across columns while threefold dilutions of Alexa Fluor 488 were used across

rows.
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