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Abstract

Regulation of the procoagulant activity of platelets and platelet-derived
microparticles

Abstract

Procoagulant microparticles (MPs) in the circulation are increasingly recognized as
playing a role in haemostasis and inflammation and may prove useful biomarkers for
clinical studies. Platelets are known to generate MPs in response to stimulation, and
platelet-derived MPs (PDMPs) form the majority of the MPs found in the normal
circulation and can be elevated in a number of disease states. The current study has
focused on the procoagulant activity of platelets and PDMPs following stimulation
with the collagen-mimetic peptide CRP-XL. Their activity in accelerating thrombin
generation can be accurately measured by the Calibrated Automated Thrombogram
(CAT) assay using 1pM TF reagent to initiate the reaction, with the finding that plasma
from patients with chronic renal disease has significant thrombin generation due to
increased procoagulant activity of MPs. Conversely premature Ml patients in a stable
condition have thrombin generation comparable to matched healthy control. In all
subjects, removal of MPs from plasma by filtration (>0.2 pum) eliminates this
procoagulant activity, indicating the importance of MP size in driving the procoagulant
response. The procoagulant activity of activated platelets and PDMPs showed a strong
correlation with annexin-V binding measured using flow cytometry. Comparison of the
regulatory mechanism of the procoagulant activity of platelet and PDMPs upon
activation with platelets undergoing apoptosis showed that although both activation
and apoptosis resulted in exposure of the procoagulant surface, apoptotic platelets did
not release procoagulant MPs or show any markers of activation such as P-selectin
expression, fibrinogen binding or aggregation. Reactive oxygen species (ROS) are
generated during platelet activation or apoptosis mainly through the NADP(P)H
oxidase pathway. The procoagulant activity of platelets and PDMPs was significantly
attenuated (as measured by thrombin generation and annexin-V binding) by inhibition
of the NAD(P)H oxidase pathway by apocynin, which had similar inhibition on other
platelet responses including on 12-HETE generation, TxB, production and aggregation.
However antioxidants only inhibited apoptosis-induced platelet procoagulant activity.
These data demonstrate significant involvement of ROS in platelet procoagulant
activity induced by both activation and apoptosis and suggest the involvement of lipid
peroxidation during apoptosis.
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PhD thesis
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Chapter 1: Introduction

1.1 Haemostasis

Haemostasis is a normal physiological process that retains the integrity of the vascular
system by stemming blood loss following vascular injury. It is a highly regulated
mechanism that prevents bleeding while also limiting excessive clot formation. This
involves platelets and coagulation factors leading to fibrin formation and also involves
circulatory microparticles (MPs). Once wound healing has commenced, fibrinolysis
works to dissolve any unwanted clots. In pathological conditions, there is impairment
or disruption to the regulatory mechanism, which leads to excessive thrombin
generation and therefore to uncontrolled thrombus formation, which in turn leads to
thrombosis. Thrombosis can lead to arterial diseases, including myocardial infarction
(MI) and stroke, and to venous thrombosis, which all have life-threatening
consequences. Arterial thrombosis are platelet-rich whereas venous thrombosis are

fibrin-rich (Ruggeri 2002).

Haemostasis comprises four overlapping, well-coordinated events that are initiated by
vascular constriction at the site of vascular injury to limit blood flow, followed by
primary haemostasis involving platelet adhesion to von Willebrand factor (vWF) and
collagen exposed on the subendothelium. Platelets subsequently become activated,
change their shape and degranulate, releasing a second wave of agonists, in particular
adenosine diphosphate (ADP), thromboxane A, (TxA;) and other metabolites, which
then aggregate to each other via activated glycoprotein (GP) llb/llla bridged by

fibrinogen. At this stage, the plug formed by platelets is loose and is subsequently
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stabilized by the coagulation system, which generates thrombin that cleaves
fibrinogen to form a fibrin mesh. Once a clot is formed, and bleeding has stopped, the
final process is fibrinolysis, which is the process that dissolves the clot after the
damaged vessel is healed or repaired, mainly mediated by the action of plasmin. This
thesis comprises a study of the contribution of the procoagulant activity of platelets
and MPs in normal individuals, and of MPs in patients with cardiovascular risk
(including those with coronary artery disease, CAD, and end stage renal disease -
ESRD) in order to understand their contributions to normal haemostasis and

pathological conditions.

1.2. Coagulation

1.2.1 Coagulation cascade

Coagulation involves a series of cumulative activations of serine protease enzymes in
the plasma, which results in thrombin generation and, subsequently, fibrin clot
formation. These coagulation factors normally circulate in their inactive form as
‘zymogens’. The classical model of coagulation is known as the “waterfall model”, as
described in 1964 by two independent groups (Davie and Ratnoff 1964, Macfarlane
1964) (Fig 1.1). In the cascade model, coagulation is initiated by one of two
independent pathways, intrinsic or extrinsic, which leads to the activation of factor X
(FX) in the common pathway. The extrinsic pathway is triggered by tissue factor (TF),
which binds to activated factor VII (FVIla). A low level of FVlla is present in the
circulation (Eichinger, et al 1995, Morrissey, et al 1993). The TF-FVlla complex
activates FX in the common pathway. The intrinsic pathway is initiated by contact

activation factors including FXII, high molecular weight kininogen (HMWK) and pre-
2
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kallikrein (PK), resulting in activation of FXI. FXla activates FIX and its cofactor (FVIII),
leading to activation of FX to at least 50-fold higher levels than by the TF-VIla complex
(Lawson and Mann 1991). The binding of FXla to FVllla forms the tenase complex, and
the binding of cofactor FVa to FXa forms the prothrombinase complex, which both
take place on a negatively charged membrane surface, and this enhances the
conversion of prothrombin (Fll) to thrombin (Flla). FXa converts prothrombin to
thrombin, which acts on fibrinogen to produce a fibrin, which polymerises to form a
fibrin clot. FXIII is activated by the feedback loop of thrombin to produce a stable clot
by cross linking the fibrin polymers. The coagulation mechanism (Fig 1.1) is crucially
dependent on calcium (Ca*) and anionic negatively-charged phospholipids (PLs) which
provide “the procoagulant surface”, mainly phosphotidylserine (PS) (Lawson and Mann
1991), for the binding and assembly of the coagulation complexes and coagulation
factors including FXa (Jesty and Nemerson 1976, Lawson and Mann 1991) in order to
enhance their procoagulant activity. It had been thought that the negatively charged
PLs provides a passive surface that only exists for the cumulative reaction of the
coagulation proteins to take place upon, but an understanding of the involvement of
cells in coagulation has changed the idea of it from a passive surface to a regulatory

surface of coagulation process (discussed in section 1.1.3.1).

For many years, the cascade model was thought to be consistent with the

physiological processes observed in vivo. This model is examined by two conventional
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laboratory tests: the prothrombin time and the activated partial thromboplastin time
(aPTT), which measure the extrinsic and intrinsic pathways, respectively. However, this
model focuses only on the chemical interactions among the coagulation factors while
ignoring the important role of cells, and specifically platelets. In addition, it is
inconsistent with certain clinical observations; for example, the lack of contact factors,
including FXIl, HMWK or PK, is not associated with a bleeding diathesis. In contrast, the
question should actually be: “Why do haemophilic patients bleed?” These
observations have prompted investigators to wonder whether the model can be
initiated by either the extrinsic or the intrinsic pathways, and whether the extrinsic
pathway can compensate for the lack of the intrinsic pathway factors. In addition, it
has been established that FIX can be activated by the FVIla/TF complex (Lawson and
Mann 1991) and/or by thrombin on the procoagulant surface provided by activated
platelets (Gailani and Broze 1991). All of these observations, in combination with other
reports (Bom and Bertina 1990, Mertens and Bertina 1984), indicate that the
interaction of the coagulation factors is not separate from platelets. This prompted the
revision of the cascade model, as a more complicated overlapping process, rather than
a simple cascade, and comprised of the interactions among coagulation factors,

platelets and other cells.

1.2.2. Cell-based model of haemostasis

The cell-based model of haemostasis was a concept proposed a decade ago describing
the interaction of coagulation factors with blood cells, including platelets, for providing
the procoagulant PLs, in addition monocytes or fibroblast as a source of TF (Kjalke, et

al 1998), as reviewed by Hoffman and Monroe (2001), Roberts, et al (2006) and others
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(Smith 2009) (Fig 1.2). The process involves four overlapping phases: initiation,
amplification or “priming”, propagation and shut-down. The overlap reflects the fact
that each stage generates different levels of thrombin, because thrombin is the central
enzyme of coagulation, featuring positive and negative feedback loops on platelets,
coagulation factors and other soluble factors. At the site of vascular injury, exposed TF
cells within the intima (e.g. fibroblasts) initiate the coagulation process, leading to FX
and FIX activation by the TF/Villa complex. FXa activates its cofactor FV
(prothrombinase complex) (Monkovic and Tracy 1990), which generates thrombin
from prothrombin (Monroe, et al 1996, Nesheim, et al 1979). At this stage FXa is labile,
and if it leaves TF-bearing cell environment it can be easily and rapidly inactivated by
tissue factor pathway inhibitor (TFPI) or antithrombin (AT). The low quantity of
thrombin generated does not has the ability to cleave fibrinogen to fibrin, but it does
prime the process (positive feedback loop) by activating platelets, FXI, FVIII, FV and
FIX. For instance, thrombin cleaves the VWF/FVIII complex to free VWF and FVllla
leading to an amplification of its own generation (Butenas, et al 1997, Gailani and
Broze 1991, Hamer, et al 1987, Hultin 1985, Kumar, et al 1994, Oliver, et al 1999,
Pieters, et al 1989, Suzuki, et al 1982). Then, the reaction moves onto the surface of
activated platelets. On activated platelets the process is amplified not only due to the
activation of coagulation factors but also due to the increase in the procoagulant
surface provided by platelets that adhere to the site of vascular injury (Diaz-Ricart, et
al 2000). The binding of tenase and prothrombinase complexes on the activated
platelet via the negatively charged PLs, lead to a burst in the generation of thrombin in

the propagation phase. The amount of thrombin generated in this phase is sufficient
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to cleave fibrinogen, leading to fibrin polymerization. FXllla cross-links fibrin to
stabilize the clot (Mosesson 1992). The final phase is to ensure the “shut down” of the
process by the inactivation of coagulation factors; this involves thrombomodulin (TM),
AT and activated protein C (APC) to inactivate the clotting process (discussed in section

1.1.3.2).

1.3. Regulation and control mechanisms of coagulation

1.3.1 Membrane PLs and receptors

It is well established that the procoagulant, negatively-charged PLs surface, mainly PS,
plays a crucial role in the binding of coagulation factors (Lawson and Mann 1991, Sims,
et al 1989, Thiagarajan and Tait 1990), but other reports have suggested the presence
of protein and other binding receptors for coagulation factors as well, as reviewed by
(Heemskerk, et al 2002) and the observation on those, non-lipid binding sites (non-
negatively charged) have been postulated from the observation that annexin-V does
not completely inhibit FXa generation (London, et al 1996), with evidence of the
involvement of FV as a receptor for FX. In addition, effector protease receptor-1 (EPR-
1) has been proposed as a potential receptor for FX (Larson, et al 1998). However, the
main focus is on the binding of coagulant and anticoagulant factors to the negatively-
charged PLs, which regulate the coagulation process by enhancing the assembly and
the catalytic activity of the tenase and prothrombinase complexes. The importance of
exposure of the negatively-charged PLs, mainly PS, is demonstrated by haemorrhage
episodes in humans (Sims, et al/ 1989) and animals (Brooks, et al 2002), with Scott
syndrome, who lack PS expression and MP formation (Weiss, et al 1979). Coagulation

factors, mainly the vitamin K-dependent proteases (I, FVII, FIX and FX), bind to the
8
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negatively-charged PLs via the y-carboxyglutamic acid (Gla) domain at the N-terminal,
which is a positively charged site in the presence of Ca’* (Davie, et al 1991, Mann, et al
1990, Thompson 1986). Coagulation factors that lack the Gla domain, known as non-
Gla-domain-containing factors, bind to the platelet’s surface via, other non-PS,
membrane sites, or via membrane GPs. For example, FIX binds to platelets via the
dimeric structure of FXI; as one chain of dimeric FXla binds platelets, while the other
chain binds to FIX (Gailani, et al 2001). In addition, those factors that lack the Gla-
domain residue, including thrombin (De Marco, et al 1994), FIX (Baglia, et al 2002), FXII
(Bradford, et al 2000), and HMWK (Joseph, et al 1999) have been shown to bind to the
GPlba component of the GPlb-V-IX complex. Other platelet GPs, including GPllb-llla,
also play a key role in the binding of coagulation factors such as prothrombin (Byzova
and Plow 1997), FV and FXI (Monkovic and Tracy 1990). In addition, the negatively
charged PL is a binding site for the anticoagulant factors. The binding of the
anticoagulant factors to the negatively-charged PLs regulates the inactivation of FVa
by APC (Ravanat, et al 1992). According to Sumner, et al (1996), the negatively charged
PLs is not only required for coagulation but also for other proteins and receptor to

perform their function adequately.

1.3.2 Control mechanisms

There are several control mechanisms of coagulation which exist to ensure the
localization of the fibrin clot at the site of vascular injury, the inhibition of thrombin
formation and fibrin clot formation after bleeding has stopped, and the removal of the
thrombus once the wound is healed. These anticoagulant systems are TFPI, TM, APC

and AT. The initial step is inactivation by TFPI, which participates in the inhibition of

9
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coagulation in the priming phase. TFPI is the main inhibitor of TF and mainly acts on
TF-FVlla-FX to inactivate coagulation (Fig 1.2) (Mann 1999); this is achieved through
the three kuntiz inhibitory domains of TFPI (Carson and Konigsberg 1981). TFPI is
found on the endothelium, in the plasma and, to a lesser extent, in platelets (Bajaj, et
al 2001) and monocytes (Ott, et al 2001) and can be synthesised by endothelium and
megakaryocytes. TM is found as an integral membrane protein on the surface of
vascular endothelial cells (ECs) and peripheral blood cells. It is a cofactor for thrombin.
Thrombin binds to TM on ECs around the site of damage. This switches thrombin from
a procoagulant entity to an anticoagulant by changing the substrate specificity of
thrombin (Esmon 2000a). Then the thrombin-TM complex binds to protein C with high
affinity, leading to the activation of protein C. Through this process, APC acts to
inactivate and degrade FVa and FVllla and to separate them from the procoagulant
surface. The activity of APC is enhanced by the presence of protein S (its cofactor),
because protein S enhances the binding of APC to the platelet on ECs surface. In
addition, APC can also bind to endothelial cell protein C receptor (EPCR), which
switches the substrate specificity of APC giving a similar effect to that of TM when it
binds with thrombin (Esmon 2000a, Esmon 2000b). Freeing FXa from its cofactor
makes it vulnerable to inactivation by AT. AT is a serpine inhibitor that inhibits serine
protease factors, mainly thrombin and other coagulation factors, including FXa, FIXa
FXla and FXlla. AT circulates in the blood in the a-isoform and is found as the B-isoform
in the vessel wall (Swedenborg 1998). AT alone inactivates thrombin and FXa slowly,
this effect is enhanced 10,000-fold in the presence of heparin, the therapeutic

anticoagulant (Rau, et al 2007).

10
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1.3.3 Thrombin

Thrombin is a trypsin-like serine protease, which is generated through the cleavage of
its precursor Il by the prothrombinase complex, leading first to the intermediate form
of thrombin with a 49-residue A chain and a 259-residue B chain and then to the a-
thrombin. The A and B chains of thrombin are covalently linked by a disulphide bridge.
The B chain has similar trypsin and catalytic active site domains, which recognizes its
own A chain (as a substrate) and cleaves it at residue 13. This occurs in the
intermediate form of thrombin to generate a-thrombin consisting of a 36-residue A
chain and a 259-residue B chain. Thrombin is the most potent soluble agonist of
platelets and coagulation factors. It causes full platelet response, including a transient,
elevation of intracellular Ca** ([Ca®']i), protein phosphorylation, TxA, synthesis, shape
change and aggregation. In addition, it has anticoagulant properties (as discussed
previously). Thrombin not only plays a major role in orchestrating haemostasis

(Rickles, et al 2003), but also thrombosis, inflammation and angiogenesis.

1.3.4 Tissue factor (TF)

TF is the principle physiological initiator of coagulation. It is a 47-kD type 1
transmembrane protein mainly expressed in non-vascular cells, including adventitia,
brain, kidney, lung and placenta cells (Fleck, et al 1990, Wilcox, et al 1989). It has three
domains: an extracellular domain, a transmembrane domain and an intracellular
domain. Normally, TF is sequestered from the circulation, in the extravascular cells
surrounding the blood vessels. Once there is an injury, exposed TF binds to FVlla in the
circulation to initiate coagulation. In the circulation, leukocytes (mainly monocytes)
have also been confirmed to express TF (including mRNA, TF antigen and TF functional

11
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protein) (Eilertsen and Osterud 2004, Rauch and Nemerson 2000) upon various
stimuli, mainly LPS (Gregory, et al 1989), but in an encrypted form (inactive, dormant).
The encryption of TF is suggested to be a control mechanism of the procoagulant
activity in vivo. Indeed, increased levels of TF have been confirmed to increase the
procoagulant activity of the plasma in pathological conditions such as acute coronary
syndrome (ACS), disseminated intravascular coagulation (DIC) and thrombosis. In
addition, platelets enhance TF expression in monocytes (Scholz, et al 2002). Moreover,
it was recently suggested that platelets release TF upon collagen stimulation (Panes, et
al 2007), which can be transferred to monocytes (Scholz, et a/ 2002) and from
monocytes to platelets (Rauch, et al 2000). It has also become increasingly clear that
there is a pool of TF in the circulation (Giesen, et al 1999). However, it is unclear
whether this “blood-borne TF” is a soluble protein, or is in form of MPs. The precise
mechanism by which this blood-borne TF takes part in the haemostatic response
remains to be elucidated. TF-bearing MPs have been shown to be involved in the
development of thrombi. Blood-borne TF is thought to be found in the circulation in an
encrypted form. The circulating encrypted form of TF is suggested to be playing a role
in clot propagation, which becomes active in the growing thrombus, but not initiation
of coagulation (Giesen, et al 1999). Recent data has demonstrated that the de-
encryption of TF involves a step for oxidation of the disulphide bonds in TF by protein

disulphide isomerase (PDI) (Ahamed, et al 2006, Chen, et al 2006, Cho, et al 2008).

1.4 Platelets

Platelets play a major role in haemostasis, thrombosis, inflammation and wound

healing, and are also implicated in the development and progression of pathological
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disease status (Gawaz, et al 2005, Ruggeri 2002, Weyrich, et al 2003). Platelets are
small anucleated cells that are released into the circulation from the cytoplasm of
megakaryocytes in the bone marrow through a highly regulated process (Thon and
Italiano 2010). The lifespan of platelets in the circulation is ~10 days (at a count of 150-
400x10%/L), after which they are removed by macrophages in the spleen and liver. In
their resting state platelets are discoid in shape, range from 2-4um in size, are ~0.5um
thick, and never undergo firm adhesion with the vascular wall. Platelets are featureless
from the outside with membrane invaginations that are connected to the internal
membrane system, known as the open canalicular system (OCS), which provide
platelets with more surface area to enhance the activation process. The OCS is close to
the platelet storage granules; upon activation, platelet granules fuse with OCS to be
connected to the membrane surface. Platelets also contain a full complement of
organelles, including mitochondria, a dense tubular system, endoplasmic reticulum,

lysosomes, peroxisomes and glycogen (White 2007).

In general, platelets are composed of three main components: a cytoplasmic
membrane, a cytoskeleton (microtubules and microfilaments) and specialized granules
(Michelson 2007). The cell membrane of all blood cells, including platelets, consists of
three types of lipid: PLs, glycolipids and cholesterol. Of these three types, the PLs play
the main role in coagulation. In the resting state, the distribution of the PLs across the
cell membrane lipid bilayer is asymmetrical (Bretscher 1972). The outer layer is rich in
neutral choline-PLs, including phosphatidylcholine (PC) and sphingomyelin (SM), and
the inner layer at the cytoplasmic membrane is rich in negatively-charged anionic-PLs

such as PS and phosphatidylethanolamine (PE), with some less common types of PL
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such as phosphatidic acid (PA), phosphatidylinositol (Pl), phosphatidylinositol-4-
monophosphate (PIP) and phosphatidylinositol 4, 5-bisphosphate (PIP;). The PLs
content of cell membranes in platelets has been thoroughly investigated, and it has
been found that PC and PE each account for approximately 35%, SM ~20%, PS <13%,
and Pl <13% of the total membrane PLs (Boesze-Battaglia and Schimmel 1997, Owen,

et al 1981) (Fig 1.3).

The platelet’s discoid shape is supported by the cytoskeleton located (actin filament)
beneath the cytoplasmic membrane, which has a role in platelet morphological
changes during activation. Actin represents a fifth of total protein in platelets (Hartwig
1992). Upon platelet activation, the shape changes, because actin, which is cross-
linked by filamin and linked it to the cytoplasmic tail of GPlba via the actin-binding

domain, assemble onto the fast growing ends of actin filaments.

Platelets contain three types of granule: the a-granules (50-80 per platelet) are the
most abundant (Harrison, et al 1989) and contain high molecular weight compounds
including soluble proteins, such as vWF, FV, fibrinogen, fibronectin, platelet-derived
growth factor, CD40 ligand, cytokines, plasminogen activator inhibitor-1, pB-
thromboglobulin and thrombospondin-1, and membrane-bound proteins, such as P-
selectin, GPIIb/llla and PECAM; the dense granules, of which there are 3-9 per platelet,
and which contain low molecular weight compounds such as Ca**, serotonin (5-HT),
histamine, polyphosphate, adenosine triphosphate (ATP) and ADP (Holmsen and Weiss
1979, White 1969); and the lysosomal granules, which store hydrolase enzymes,

cathespins D and E, and CD63 (Ciferri, et al 2000).
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Although de-novo protein synthesis in platelets was identified more than 40 years ago
(Warshaw, et al 1967), it has recently been discovered that platelets contain
unprocessed RNA and can synthesise protein (Denis, et al 2005, Kieffer, et al 1987,
Lindemann, et al 2001, Panes, et al 2007). Platelets lack nuclei, so cannot transcribe
DNA to mRNA; however, some evidence has emerged to show that platelets do
contain some mRNA that can be translated into new proteins in a highly-regulated
manner (Weyrich, et al 1998), but the majority of platelet components are acquired
from and synthesized by megakaryocytes, and some granule proteins, such as
fibrinogen and albumin, are taken up by platelets in the circulation (Handagama, et al

1993, Harrison, et al 1989).

1.4.1 Platelet receptors

Platelets have different receptors such as the collagen receptor (GPVI), integrin
receptors (aypB3, ®2B1) and leucine-rich repeated receptors (GPlba). Platelets are also
rich in G-protein coupled receptors (GPCRs) which are used mainly for soluble agonists
such as thrombin (protease-activated receptors 1 and 4; PAR-1 and PAR-4), ADP (P2Y,
and P2Y4, receptors), TxA, (TPa and TP receptors) for reviews see (Rivera, et al 2009,
Stegner and Nieswandt 2010). In the next paragraphs these receptors will be explained
and their main signalling pathways, followed by a description of the platelet responses

induced by the binding of platelet receptors to their ligands (Fig 1.4).
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Fig 1.4: Major platelet receptors and their agonists. Adapted from Rivera, et al (2009).
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1.4.1.1 Integrin receptors

Integrins are heterodimers comprised of a- and B-subunits; the B-subunits in platelets
are of the B1 or B3 types subunits. Platelets have three B1 integrins: a2bp1 (<1000 per
platelet, a collagen receptor), a5B1 (<1000 per platelet, a fibronectin receptor) and
a6B1 (<1000 per platelet, a laminin receptor); and two B3 integrins: allbBs, (GPllb-llla;
~80,000 copies per platelet with additional copies in the a-granules and OCS) (Wagner,
et al 1996) and aVB3 (~1000 copies per platelet, a vitronectin receptor). B1 and B3
subunits in resting platelets normally have low affinity for their receptor; once the
platelets become activated they switch to a high affinity state that allow them to bind
their ligands (Emsley, et al 2000). Platelets also express GPlba (25,000 per platelet) a
member of the leucine-rich repeated receptor which binds vVWF (Coller, et al 1983)

(discussed in section 1.4.2.1).

1.4.1.2 Glycoprotein VI (GPVI) “the Collagen receptor”

Collagen is a potent platelet agonist that induces a full range of platelet responses,
because it induces sustained elevation in [Ca2+]i in platelets (Heemskerk, et al 1999,
Siljander, et al 2001). The GPVI receptor (~1,000 per platelet) is a 63-KDa-type
transmembrane GP expressed uniquely in megakaryocytes and platelets (Fig 1.5). It is
a member of the immune receptor family, and is the major signalling receptor for
collagen on platelets (Clemetson, et al 1999, Watson, et al 2001). GPVI is composed of
319 amino acid (aa) residues with two extracellular domains, a transmembrane
domain and a cytoplasmic domain. The two extracellular domains are mucin-like
domains; both consisting of a total of 249 aa, and are attached to a glycosylated

pericellaular stem by two immunoglobin (Ig) domains. The transmembrane region

18



Ch1: Introduction

comprises 19 aa; it binds Src kinases (Fyn and Lyn). It is non-covalently coupled with
disulphide-linked Fc receptor-y (FcR-y) dimer by a salt bridge. The co-assembly of the
two proteins is necessary for stabilizing the receptor. Each FcR-y contains an immune
receptor tyrosine based activation motif (ITAM), which works as a signal transduction
unit (Gibbins, et al 1997, Poole, et al 1997). The cytoplasmic domain is made of 51 aa,
and possesses binding sites for calmodulin and Src homology (SH3)-binding proteins of

Src family tyrosine kinases (Andrews, et al 2002, Suzuki-Inoue, et al 2002).

Cross-linking of the GPVI receptor by collagen or cross-linked, collagen related peptide
(CRP-XL) is essential to induce Src-kinase dependent intracellular signalling pathways,
by phosphorylation of ITAM sequences in FcR-y and the activation of the Src kinases
Fyn and Lyn, which are constitutively linked to the FcR-y (Ezumi, et al 1998). In
addition, it has been reported that GPVI signals by an ITAM-independent pathway
(Hughan, et al 2007, Locke, et al 2003, Watson, et al 2001, Watson, et a/ 2005). The
activation of GPVI is Src family kinase dependent (Ezumi, et al 1998, Suzuki-Inoue, et al
2002) and leads to the phosphorylation of the SyK kinase, which then activates a
complex of downstream cascade that recruits and co-assembles a series of adaptor
and effectors proteins, forming a scaffold region known as a signalosome. The main
core of this scaffold is composed of adaptors, including LAT, SLP-76 and Gads, and
associate with Vav 1/3 and Btk/Tec kinases, which support the activation of
phospholipase Cy2 (PLCy2), phosphatidylinositol 3-kinase (PI13K) and small G proteins.
The adaptor proteins regulate the effectors proteins that lead to the activation of
PLCy2. PLCy2 catalyses the hydrolysis of PIP; liberating (i) inositol 1,4,5- triphosphate

(IP3), which is required for Ca’* mobilization from the intracellular stores and (ii) 1,2-

19



Ch1: Introduction

Immunoglobulin
domains

\\ lg-1

lg-2

© N-glycoslation

O-glycoslation

@0

— Slat bridge

mg-y

ITAM
ITAM

SyK

ul
s S

Quter cell
membra ne

.JEIM I T_W

p85a C
TPBK
i IP3
SH2 ! PLCVZ /| Btk/Tec
— SLP76
3 Y
/ I PKC
LAT signalosome Ca
mobilization
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diacylglycerol (DAG). The PI3K pathway is important for GPVI signalling to attain
maximal activation of PLCy2. GPVI activation leads to a sustained elevation in the
[Cai, protein kinase C (PKC) activation, reorganization of the cytoskeleton, mediated
by the activation of cytoskeleton proteins, TxA, synthesis, degranulation, PS exposure,
MP formation and activation of integrins including GPIIb/llla to facilitate adhesion and

aggregation.

The collagen-mimetic peptide, CRP-XL evokes the same signalling pathway as collagen
by engaging the GPVI receptor in a similar fashion and is a selective agonist for GPVI
(Horii, et al 2006). It is composed of triple helical peptides containing a 10-fold glycine-
proline-hydroxyproline repeat sequence (Gibbins, et al 1997, Kehrel, et al 1998,

Morton, et al 1995).

1.4.1.2.1. Importance of GPVI

GPVI is necessary for proper haemostasis and has been implicated in the development
of thrombotic events. It is also implicated in the increased risk of Ml in patients with
sequence dimorphism (Croft, et al 2001), although this has not been replicated in
other studies. Patients lacking GPVI, due either to gene deletion or who develop auto-
antibodies (Abs) for GPVI, that lead to either shed or internalization of the receptor,
have been shown to have moderate bleeding diathesis and prolonged bleeding time
and their platelets respond weakly to collagen (Moroi, et al 1989, Sugiyama, et al
1987, Takahashi and Moroi 2001). In addition, deficiency in GPVI in mice has been
reported to be associated with bleeding diathesis (Arthur, et al 2007). Platelets
deficient in GPVI show marked reduction and defective adhesion and aggregation to

fibrillar and soluble collagen in mice and humans (Kato, et al 2003, Nieswandt, et al
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2001a), adhesion under flow (Moroi, et al 1989, Moroi, et al 1996) and thrombus
growth (Kato, et a/ 2003). The monoclonal-Ab JAQ1 targeting mouse GPVI has been
shown to inhibit adhesion of mouse platelet to collagen under low and high shear flow
conditions (Nieswandt, et a/ 2001b). Furthermore, the role of the GPVI receptor in
arterial thrombosis is illustrated in the injured carotid artery in mouse models. Using
intravital fluorescence microscopy of the mouse carotid artery, Massberg et al (2003)
found no interaction between platelet and vessel wall after endothelial denudation in
GPVI-deficient mice. The platelet response to collagen in mice lacking GPVI or FcR-y is
also impaired in a ferric chloride induced thrombosis model (Dubois, et a/ 2006). In
addition, high levels of GPVI expression in platelets have been reported in ACS patients
(Bigalke, et al 2006). Inhibition of GPVI also reduced platelet adhesion to the
atherosclerotic lesion (Penz, et al 2005). All these findings illustrate the essential role
of GPVI in platelet activation and, therefore, in haemostasis and thrombosis. The
expression of GPVI is increased upon platelet activation compared to resting platelets
(Cabeza, et al 2004, Nieswandt and Watson 2003). Individual responses to CRP-XL
varies among the population, and this can mainly be ascribed to genetic differences
(Croft, et al 2001). The GPVI gene has 2 common alleles, with differences in the
glycosylated stem and the cytoplasmic domain. These alleles account for much of the
differences between individuals in platelet response measured by aggregation,
fibrinogen binding, PS exposure, P-selectin expression and thrombin generation
(Joutsi-Korhonen, et al 2003), and this variation in GPVI accounts for ~30-35% in
response to CRP-XL response (Jones, et al 2007, Joutsi-Korhonen, et al 2003), while

additional 10-20% of variability can be attributed to other genetic polymorphism
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(Jones, et al 2009). Other factors including antioxidant capacity and reactive oxygen

species (ROS) maybe have additional regulation of GPVI.

1.4.1.2.2. Requlation of GPVI

Accumulating evidence indicates that the redox state (E;), antioxidant capacity and
ROS (discussed in section 1.7 and chapter 7) regulate cell function and their signalling
pathways (Jones, et al 2004, Noble, et al 2003), including in platelets (Murphy, et al
2010). Disruption of the balance of redox state contributes and has an impact on
platelet function. While the underlying mechanism is not fully understood, it is
thought to be mediated by the thiol and disulphide bonds. Thiol groups in platelets can
be found as free thiol, disulphide or mixed disulphide when conjugated with
glutathione or cysteine (Essex and Li 2003). In the plasma (the surrounding
environment) there are various redox couples, including the reduced
glutathione/oxidised glutathione (GSH/GSSG) and cysteine/cystine (Cys/CySS), which
have been shown to be involved in regulating early events of atherosclerosis (Go and
Jones 2005) and platelet reactivity in response to collagen (Murphy, et al 2010), with
data emerging of a coupling of the redox state to platelet surface integrins, including
a2B1 (Murphy, et al 2010), and GPs, including GPVI and GPIb-IX-V (Berndt, et al 2010).
Indeed, extracellular Cys/CySS has been shown to stimulate intracellular H,0,

production in endothelial cells (Go and Jones 2005).

The main source of ROS in non-phagocytic and phagocytic cells is the NAD(P)H oxidase

pathway complex, which has various subunits, one of which is the p47°"

(discussed
below). The TNF-receptor associated receptor 4 (TRAF4) is linked to the redox state

and has been shown to be linked to the p47°"*. In addition, TRAF4 is linked to GPVI
23



Ch1: Introduction

receptor (Berndt, et al 2010). The presence of antioxidant enzymes not only prevents
deleterious effects of ROS, but also alters the redox state in platelets. The relationship
between redox state, antioxidant and platelet function systems is not straightforward
and data contradicting. An antioxidant such as quercetin was found to inhibit GPVI
phosphorylation and collagen-induced platelet aggregation (Hubbard, et al 2003,
Hubbard, et al 2006, Hubbard, et al 2004). This section has shown briefly that the
redox state and antioxidants regulate platelet functions for recent review see
Freedman (2008) and the redox regulation of platelet receptors was also reviewed by
(Arthur, et al 2008), but the exact mechanisms and relationship between redox state,

antioxidant and ROS in platelets need further elucidation.

1.4.1.3. G-protein coupled receptors (GPCRs)

GPCRs are seven transmembrane receptors, and in platelet comprise receptors for
thrombin, ADP and TxA,, and other soluble agonists. GPCRs activate associated
heterotrimetric guanine nucleotide-binding proteins leading to the activation of PLCB,
which hydrolyses PIP2 to generate IP3 and DAG. IP3 leads to transient spiking
elevation of [Ca?']i. Also it activates PKC and PI3K. In addition, phosphatidyl-inositol-
3,4,5 triphosphate (PIP3) is generated by the action of PI3K on PIP2. All of these
mechanisms lead to cytoskeleton organization, shape change and inhibition of cyclic
adenosine monophosphate (cCAMP) synthesis, a major inhibitor of platelet activation,

for review see (Stegner and Nieswandt 2010).

1.4.1.3.1. Thrombin receptors

Thrombin activates platelets by acting on PAR-1 and PAR-4 in concert. PAR-1 (~2,500

copies per platelets) mediates activation at low thrombin concentrations and PAR-4
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mediates activation at high thrombin concentrations (Hung, et al/ 1992, Kahn, et al

1998). In addition, thrombin has the ability to bind to other receptors, including GPlba.

1.4.1.3.2. ADP receptors

ADP is a secondary agonist released from activated platelets which affects platelets in
an autocrine manner. It is released from the dense granules and potentiates
aggregation and platelet responses induced by other agonists (Trumel, et al 1999).
ADP is a weak agonist causing full platelet aggregation and spiking elevation of [Ca®']i
(Arthur, et al 2006, Hollopeter, et al 2001, Lenain, et al 2003, Nurden and Nurden
2003), but has no effect on PS exposure and causes little degranulation (Janes, et a/
1994). ADP primarily activates integrins. The main receptors of ADP on platelets are
P2Y; (~250 per platelet) and P2Y;, (~500 per platelet). P2Y; acts via Gog-coupled
receptor causing shape change, which is needed for aggregation and leads to Ca*
mobilization, while P2Yq, acts via Ga;-coupled receptor leading to a decrease in cAMP.
A lack of P2Y; has been reported to lead to reduced platelet aggregation for all
agonists (Leon, et al 1999). On the other hand, mice who over express P2Y1 have
shorter bleeding time and more aggregation induced by collagen and epinephrine
when compared to a control (Hechler, et al 2003). ADP receptors are important in

haemostasis, which are targeted by the antithrombotic drugs, clopidogrel and

ticlopidine (Michelson 2010).

1.4.1.3.3. TxA, receptor

Arachidonic acid (AA) is released from the membrane PLs by the activation of PLA2 by
the action of platelet agonist such as thrombin and collagen. TxA, is then generated

from the AA by cyclooxygenase-1 (COX-1). This pathway can be irreversibly inhibited
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by aspirin (Vane and Botting 1998). TxA, is an important secondary wave platelet
agonist. It is a weak inducer of PS exposure and MP formation. The main receptor of
TxA, is TP, of which there is ~2000 per platelet, and which exists in two variant forms
(TPa and TPPB). A lack of TP has been reported to be related to delayed aggregation
induced by collagen, prolonged bleeding time and thrombus instability (Thomas, et al

1998).

1.4.1.4. Calcium “Ca**” Signalling pathway

Platelet activation with all agonists is a Ca?* dependent process, which leads to
increases in cytosolic Ca** concentrations, but only GPVI and the outside-in signalling
activation by integrins give sustained increases in cytosolic Ca**, for review see (Varga-
Szabo, et al 2009). [Ca']i plays an important role in PS exposure and MP formation,
which both need sustained increases in cytosolic Ca** concentrations; this explains why
there is a little effect of PS exposure and MP formation with GPCR’s agonists, as they

only induce transient spiked increases in [Ca*']i.

1.4.2 Platelet activation response

1.4.2.1 Adhesion, aggregation and degranulation

Resting platelets show no interaction with the blood vessel wall unless it is injured or
altered (Gawaz, et al 2005). At the site of a vascular injury, the first step in the
haemostatic response is the adhesion of platelet receptors to the subendothelium on
the injured vessel surface. The adhesion process is largely influenced by the
rheological conditions; at low shear stress the binding is mainly dependent on
collagen, while at high shear stress it is dependent on vVWF. This binding is mediated by

the interaction of the multimeric vWF and collagen on the subendothelium with the
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platelet GPlba and GPVI receptors, respectively (Ruggeri 1997, Ruggeri 2002, Ruggeri
2003, Weiss 1995), which induce morphological changes allowing them to roll and
make contact with the subendothelial surface. The formation of this adhesion plug
“tethers” can be dissociated by the haemodynamic forces of the blood (Maxwell, et al
2007, Yuan, et al 1999). However, this is not a firm adhesion, but this binding triggers
the activation of the intracellular signalling pathway known as inside-out signalling,
which leads to the activation and other integrins that bind to their ligands in the vessel
wall (e.g. fibronectin, vitronectin, etc) and increased expression of additional adhesion
receptors, including GPllb/llla (integrin allbBs), a receptor that binds fibrinogen, which
largely mediates platelet aggregation by forming stable bridges between platelets
(Clemetson 1995, Kroll, et al 1991, Nesbitt, et al 2002, Zaffran, et al 2000). Fibrinogen
has a dual binding site which allows it to form a bridge between activated platelets.
GPIIb/Illa also binds to other molecules, such as fibronectin, VWF and vitronectin
(Plow, et al 1985, Plow, et al 1984); this binding triggers the outside-in signalling
pathway. The platelets then spread and are stabilized by the binding of GPla-lla
(integrin aB;), a5B1 and a6B1 on platelets to collagen, fibronectin and laminin
receptors on ECs (Monnet, et al 2000). After the inside-out signalling, GPla-lla
possesses a high affinity binding to collagen. The adhesion process lead to trigger a
number of signalling pathways within platelets, including cytoskeletal reorganization,
Ca’*mobilization (Kroll, et al 1996), tyrosine phosphorylation of platelet proteins
(Asazuma, et al 1997, Razdan, et al 1994), activation of PKC (Kroll, et al 1996) and PI3K
(Jackson, et al 1994) and “second wave mediators” from the dense granules (ADP and

serotonin), as well as synthesising TxA, to reinforce the haemostatic response by
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recruitment and activation of additional platelets into the growing thrombus (Lorant,
et al 1991, McEver, et al 1989). The GP Ib-V-IX receptor complex is very important in
haemostasis, a lack of or dysfunctional in this receptor leads to a congenital bleeding
disorder known as Bernard Soulier Syndrome. The important of GPIIb/Illa is illustrated
by the effectiveness of GPllb/llla inhibitors in vitro (Kereiakes, et al 1997) or in clinical
interventions (Boersma, et al 2002, Coller 1997, Lefkovits, et al 1995, Quinn, et al
2002, Topol, et al 2001), as well as in reducing mortality in patients with Ml (Boersma,

et al 2002) or ACS (Roffi, et al 2001).

1.4.2.2 Phosphotidylserine (PS) exposure and microparticle (MP) formation

The late stage of platelet activation is PS exposure and MP formation (Bevers, et al
1991), which is a Ca2+—dependent process, therefore agonists that induce sustained
elevations in [Ca*]i levels are capable of inducing the loss of membrane asymmetry,
which is normally accompanied by membrane budding and release. The most potent
inducer of PS and MP formation is the non-physiological agent calcium ionophore,
A23187, followed by a combination of the physiological agonists thrombin and
collagen, and then collagen alone, while the rest of the soluble agonists are weaker
inducers of PS exposure and MP formation. ADP, TxA, and epinephrine are not capable
of inducing PS exposure and MP formation alone, but potentiate the effect of collagen
(Appleby, et al 2006, Bode, et al 1985, Comfurius, et al 1990, Reininger, et al 2006,
Sandberg, et al 1985). In addition, the complement complex (C5b-9) has been found to
induce PS exposure and MP formation (Sims, et al 1988). Furthermore, Karpatkin’s
group have shown that MP formation can be induced by an unique auto-Ab in HIV
patients targeted at B3 (GPIlla49-66) in Gllb-llla, which induces the activation of
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platelet and MP formation independently of the complement system, but which is
dependent on ROS generation mediated by the NAD(P)H oxidase pathway (Li, et al

2008, Nardi, et al 2001, Nardi, et al 2007).

Oxidative substances have also been shown to induce the release of endothelial-
derived MPs (EMPs) (Leroyer, et al 2008) and platelet-derived MPs (PDMPs) (Nardi, et
al 2007). The mechanism of PS exposure and MP formation will be discussed in section
1.6.2. Loss of membrane asymmetry is a feature of both platelet activation and cell
apoptosis (Bennett, et al 1995, Casciola-Rosen, et al 1996, Martin, et al 1995),
observed in physiological and pathological conditions, is found in tumorigenic cells
(Utsugi, et al 1991) and has also been linked to thrombosis (Zwaal 1978, Zwaal, et a/
1977). The procoagulant surface, mainly PS, regulates the coagulation process by
enhancing the catalytic activity of the TF/FVIla complex, the coagulation complexes,
tenase and prothrombinase (as discussed previously in section 1.2). It has been shown
that the catalytic activity tenase and prothrombinase complexes increased 60-fold on
the soluble form of PS known as C6PS. The binding of FXa to its cofactor FVa is weak in
solution (Boskovic, et al 2001), but not on the PS surface (Krishnaswamy, et a/ 1989).
The latter also suggests that PLs induce conformational changes in the protein binding

of FX and FVa.

1.5 Microparticles “microvesicles”

MPs are small membrane vesicles or fragments, which were described by Wolf in 1967
as “platelet dust”. Circulatory MPs are defined as <1um, are heterogonous in size and
content. In addition, MPs carry the antigenic features of their parent cells and express

PLs, mainly negatively charged PLs and oxidized lipids (Jimenez, et al 2003, Morel, et al
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2006). MPs can be released from activated platelets or cells undergoing apoptosis
(Essayagh, et al 2007). The majority of circulatory MPs in healthy individuals (70-90%)
are derived from platelets. MP levels can be elevated in various physiological and
pathological conditions and have been shown to play a role in signal transduction
between cells, promoting haemostasis and coagulation, inflammation (Morel, et al
2006), waste removal (Abid Hussein, et al 2007), thrombosis, vascular injury and
dysfunction, and may be a useful biomarker for clinical studies. In haemostasis, PDMPs
have been shown to support thrombin generation in healthy individuals (Berckmans,
et al 2001), but also they are elevated in thrombotic conditions (Lee, et al 1993). Their
procoagulant activity comes from PS exposed on their outer surface that results from
the loss of lipid asymmetry, and which has been shown to bind FVa and to assemble
the prothrombinase complex. Indeed, synthetic PLs containing PS also support clotting
assays in plasma (Jones, et al 1985). It has been confirmed that PDMPs express
adhesion molecules such as P-selectin (Sandberg, et al 1985) and can bind to

leukocytes (Jy, et al 1995).

1.5.1 Loss of membrane asymmetry and MP formation

The localization and translocation (“flip-flop”) of the PLs across the cell membrane is
controlled and regulated by three specific channels, two of which are ATP-dependent
(Seigneuret and Devaux 1984, Zwaal and Schroit 1997). The inward movement of PS
and PE (PS is preferred over PE) is rapidly and actively mediated by the ATP-dependent
‘flippase’ (translocase), and the outward movement of all membrane PLs is mediated
by the slow continuous ATP-dependent ‘floppase’. Meanwhile, scramblase is

responsible for the bi-directional movement of all PLs across the cell membrane.
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Scramblase is not active in resting platelets, but switches on following activation.
Depletion of ATP reduces the activity of the flippase and floppase channels (Fig 1.6)

(Bevers, et al 1999).

Once a platelet becomes activated, it loses the asymmetrical distribution of the PLs
across the cell membrane due to the reorganization of the flip-flop mechanism,
leading to increased PS exposure on the outer surface of the cell membrane (Bevers,
et al 1982, Bevers, et al 1983). This process is often accompanied by the release of
MPs, which involves the disruption of the membrane cytoskeleton and protein
reorganization. Increased [Ca2+]i leads to the activation of kinases and calpain and
inhibition of phosphatase. Calpain subsequently destroys the structural stability of the
membrane cytoskeleton by degrading talin. Actin is also cleaved by gelosin. In
addition, albeit the two processes (MP formation and PS exposure) are linked
together, MP formation, but not PS exposure, is calpain dependent (Pasquet, et al
1998). The exact mechanism of MP formation in vivo is not fully understood, but the
increase in [Ca”']i, and the loss of membrane integrity both play a major role in
membrane budding (release of MPs). This process can be inhibited by the use of either
EGTA, a Ca** chelator (Miyoshi, et al 1996) or an arg-gly-asp (RGD) sequence,
suggesting MP formation is linked to GPllb-llla (inside-out signalling). This finding has
been confirmed by the study of patients with Glanzmann’s thrombasthenia who suffer

from reduced or non-functional GPllb-llla (Gemmell, et al 1993).

MPs can also be released from apoptotic cells, and the composition of MPs is different

in both processes (activation and apoptosis) (apoptosis is discussed below)
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Fig 1.6 :Flip-flop of the membrane phospholipids in platelets. In the resting state, the
aminophospholipids (phosphotidylserine (PS) and phosphatidylethanolamine (PE) are transported
inward by the flippase in an ATP-dependent manner, while the floppase are responsible for the slow
outward transportation of both the Choline-PLs (Sphingomylein (SM) and Phosphotidylcholine (PC)) and
the aminophospholipids in an ATP-dependent manner. After activation, scramblase becomes activated
leading to a bi-directional movement of PLs across the cell membrane. Adapted from Bevers, et al
(1999).
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(Jimenez, et al 2003). It is suggested that MP release from cells undergoing apoptosis
occurs by abdifferent mechanism to platelet activation (Fig 1.7). Apoptosis is caspase
dependent, which cleaves and activates the Rho-associated kinase (ROCK I). ROCK | in
turn generates a contractile force on the actin-myosin filaments leading to membrane

blebbing (Maekawa, et al 1999).

1.6 Apoptosis

Apoptosis, a form of programmed cell death, is an important, controlled, physiological
process to remove unwanted cells, including platelets, in order to maintain body
homeostasis, mainly by macrophages (Danial and Korsmeyer 2004, Kerr, et al 1972,
Raff 1992) and the reticuloendothelial (RE) system, in a process that does not involve
the release of inflammatory mediators. The recognition of apoptotic cells is mediated
through PS exposure via scavenger receptors (Fadok, et al 1992a, Fadok, et al 1992b,
Gardai, et al 2006, Savill, et al 1993). Apoptosis in nucleated cells is accompanied with
distinct characteristics of morphological and chemical changes, including cell
shrinkage, nuclear fragmentation, chromatin condensation, mitochondrial swelling,
disruption of mitochondrial membrane potential (AWm), cytochrome C release, loss of
cell membrane asymmetry leading to PS exposure, release of apoptotic bodies
procoagulant MPs, caspase activation and ROS production (Fadok, et al 1992a, Martin,
et al 1995, Mower, et al 1994, Wolf and Green 1999). There are two apoptotic
pathways — the extrinsic and intrinsic — which converge to activate the common
effector (executioner) pathway, which is mainly driven by caspases, which can cleave
over 500 cellular targets (Thornberry and Lazebnik 1998, Vaux and Strasser 1996). The

extrinsic pathway is triggered by the death receptors on the cell surface upon engaging
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with their specific receptor, such as the tumour necrosis factor (TNF) which leads to
signal transduction, while the intrinsic pathway is tightly controlled by a balance
between the pro- and anti-apoptotic proteins of the Bcl-2 family, to regulate the
central step in this pathway, which is maintaining the mitochondrial membrane

potential. Bcl-2 family proteins are the regulators of apoptosis.

The anti-apoptotic proteins (Bcl-2, Bcl-x,, Bcl-w, Mcl-1 and Bcl-2A1) restrain the pro-
apoptotic proteins — mainly Bak, Bad and Bax — to prevent apoptosis. Signals are
transmitted to Bak, Bad and Bax by the pro-apoptotic proteins of the multidomain
(BH-1,-2,-3 homology domain); Bak, Bad and Bax also contain a hydrophobic domain
that is able to bind to BH3 pro-apoptotic proteins. Once Bak and Bax become
activated, thus leads to mitochondrial damage. As a consequence, cytochrome C is
released from the mitochondria into the cytosol, which then interacts with apoptotic
protease-activating factor-1 (APAF-1) to activate caspase 9. Activated caspase 9
cleaves downstream caspases, ultimately leading to cell death reviewed by (Ashkenazi

and Dixit 1998, Green and Reed 1998, Gross, et al 1999).

1.7 Lipid peroxidation

PLs and cholesterol are susceptible to oxidative stress. Free radicals degrade the cell
membrane, particularly the polyunsaturated fatty acids (PUFAs) in the cell membrane,
by a process of lipid peroxidation. In some situations, oxidized PLs are truncated,
leading to a protrusion of oxidized fatty acids on the outer cell membrane, which form
so-called lipid whiskers (Greenberg, et al 2008). Lipid peroxidation is of significance
because it damages the cell membrane and is likely to occur upon free radical

production (Tuma 2002). Lipid peroxidation has been linked to apoptosis in different
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cells, including platelets (Sener, et al 2005), and has been implicated in various
diseases and tissue injuries (Picklo, et al 2002). ROS has been shown to cause lipid
peroxidation in platelets measured using the thiobarbituric acid reactive substances

(TBARS) assay (Nowak, et al 2003) or accurately by mass spectrometry (Yu, et al 2009).

1.8 Reactive oxygen species (ROS)

ROS production is well defined in phagocytic cells as a defence mechanism against
microbes (Segal 2005) or as a secondary messenger for signal transduction (Lambeth
2004). ROS are highly reactive molecules that can react with lipids (inducing
peroxidation), proteins (inducing oxidation or nitration of aa residues), or induce DNA
damage, all of which are irreversible changes. ROS have the ability to alter and modify
the lipid structure, particularly the unsaturated fatty acid residues of the membrane
PLs in cells. NAD(P)H oxidase complex is the major producer of extracellular ROS in
phagocytic cells, and has recently been found to be one of the major sources of
intracellular ROS in non-phagocytic cells (Lambeth 2004) including platelets. NAD(P)H
oxidase is a multicomponent enzyme consisting of cytosolic and membrane subunits
(Fig 1.8). The cytosolic components p47°", p67°"*, p40°"*™ and Rac, are all regulatory
subunits, while the membrane-bound components are the regulatory subunit p22°"
and the catalytic subunit gp91'°h°X (also known as NOX2). NAD(P)H becomes activated
to produce ROS upon PKC phosphorylation of the cytoplasmic regulatory component
p47ph°x, which co-assembled with other cytosolic subunits and translocates to activate

the membrane-bound regulatory subunit p22°"* (mediated by the SH3 domain), and

with membrane bound PIP,, which is in turn a product of PI3K.
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Fig 1.8. Co-assembled of NAD(P)H oxidase subunits for intracellular ROS generation in platelet.
Adapted from (Dusting, et al 2005).
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1.9 Measuring the ability of PS to generate thrombin

All of these changes in platelets including activation, apoptosis, and lipid peroxidation
lead to exposure of the negatively charged surface and there are different ways to
measure this procoagulant surface. Indeed, there are several methods for the
detection of PS exposure in platelets and MPs, as well as the quantification and
detection of the phenotypic characteristics of MPs (for a recent review see (Yuana, et
al 2010). The phenotypic analysis of MPs can be achieved using an antigen specific to
the parent cells (for example by using CD42b for detection of platelet-derived MPs,
CD144 for endothelial cell-derived MPs or CD14 for monocyte-derived MPs) and the
procoagulant surface (the negatively charged PLs) can be detected using annexin-V,
which binds avidly to anionic PLs (Burnier, et al 2009, Jy, et al 2004, Mobarrez, et al
2010). The functional activity of MPs — mainly procoagulant MPs and TF-bearing MPs
— can be measured by different methods, including thrombin generation
(prothrombinase) and FXa generation. Thrombin generation is widely used nowadays,
measuring the endogenous thrombin potential (ETP) (which is also known as the
Calibrated Automated Thrombography (CAT)) (Hemker, et al 2003), or in modified
enzyme-linked immunosorbent assays (ELISAs) (capture based assay) (Ay, et al 2009,
Bal, et al 2009, Steppich, et al 2009). The latter can also be used for phenotypic
detection (Nomura, et al 2009, Ueba, et al 2008). Electron microscopy (Heijnen, et al
1999) and fluorescence confocal laser scan microscopy (Dale, et al 2005) have also
been used to visualize MPs. In addition, with developments in technology, new
approaches have been developed, including dynamic light scattering (Lawrie, et al

2009) and nanoparticle tracking analysis (NTA) (Harrison, et al 2010), both of which are
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based on Brownian motion. Other techniques including atomic force microscopy
(Yuana, et al 2009), impedance-based flow cytometry (Hoffman, et a/ 1981) and
proteomic analysis using mass spectrometry (Garcia, et al 2005, Smalley, et al 2007)
have been used as well. However, the most commonly used technique for PS exposure

detection is the annexin-V binding assay, and for the functional activity is the CAT.

1.9.1 Flow cytometry

Flow cytometry is widely and extensively used to study both PS exposure and MPs (Jy,
et al 2004). It allows the quantification of cell surface antigens and intracellular
molecules in single platelets. This was achieved thanks to the ability of flow cytometry
to distinguish cells according to their cellular origin using specific fluorescence labelled
Abs (Sims, et al 1988) or the detection of their procoagulant surface by the use of
annexin-V, which is a generic marker that binds to the negatively-charged surface and
can be fluorescently labelled (Andree, et al 1990). Thus annexin-V provides a measure
of relative proportion of cells or particles expressing a procoagulant surface. However,
flow cytometry fails to detect small MPs that are less than 0.5um, due to wavelength
limitations (Lacroix, et al 2010a) and even with lower wavelength lasers, size is still a
limitation. Many approaches have been developed to overcome the current limitation,
such as the use of calibrated beads to detect MP size and count (Kim, et al 2002,
Lacroix, et al 2010a). Most of the published studies on MPs focus on the detection of
PS exposure, cellular origin, size and count using flow cytometric analysis, rather than

on the functional activity of the PS on MPs (Jy, et al 2004).
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1.9.2 Thrombin generation assay

The thrombin generation assay using CAT is a promising tool to investigate the hypo-
and hyper-coagulability activity of platelets and plasma, which has been developed
by Hemker and colleagues over the last 3 decades. It started from an existing
subsampling method using a chromogenic substrate and has become a continuous
measurement method using the slow reactant chromogenic and more recently
fluorogenic substrate (Hemker, et al 2003). It is increasingly considered to be a
promising tool for predicting the actual status of the haemostatic system because it
describes all the phases of thrombin generation and the balance between the
procoagulant and anticoagulant factors. It is supposed to be more physiologically
relevant compared to other assays, such as the routine clotting-based assays (i.e.
prothrombin time and aPTT) detect only a small fraction (3-5%; 10nM) of thrombin
formed from prothrombin and ignore the remaining 95%. In addition, while
prothrombin time and aPTT assays are useful in the diagnosis of critical changes in
the normal balance of haemostasis; they also have limitations as they cannot predict
subtle changes in the haemostatic mechanism. The CAT assay not only predicts the
hypercoagulability and hypocoagulability of the sample (Joop, et al 2001, Livnat, et al
2006), but also the contribution of the antithrombotic drugs (Gerotziafas, et al 2004),
warfarin therapy and efficiency of replacement factor deficiencies in haemophiliac

patients (Gatt, et al 2008), which can be achieved by using different reagents.

There are different reagents for thrombin measurement in the CAT; the most widely
used reagents are 5pM TF/4uM PL and 1pM TF/4uM PL for plasma, and 1pM TF for

PRP analysis. According to Hemker, et al (2003), the measurement of thrombin

40



Ch1: Introduction

generation in plasma using 5pM TF/4uM PL (standard condition) is sensitive to the
levels of coagulation factors FVIII and FIX, as well as procoagulant and anticoagulant
factors; and this sensitivity is increased by using the 1pM TF/4uM PL for FXI and the
previous coagulation factors (FVIII and FIX) in the plasma (Beltran-Miranda, et al 2005,
Dargaud, et al 2005, Lewis, et al 2007, van Veen, et al 2009). The 1pM TF reagent is
normally used to test the procoagulant activity for platelets, but its use for measuring
the procoagulant activity of PDMPs has not been fully evaluated. Using a low
concentration of TF, 1pM TF but not 5pM, makes the assay sensitive to contact
pathway activation, mainly FXlla, which significantly influences the measurement of
thrombin by enhancing thrombin formation; therefore increasing the assay’s
variability. To overcome this false overestimation, corn trypsin inhibitor (CTl) has been
found to be useful to eliminate the effect of contact pathway activation and to
improve the measurement of thrombin generation, either in normal plasma or
patients’ plasma (Dargaud, et al 2005, Luddington and Baglin 2004, Van Veen, et al

2008).

1.10 Hypothesis

That the procoagulant activity of platelets and PDMPs can be analysed by measuring
their ability to enhance thrombin generation, which is increased in patients with
prothrombotic disease states, and regulated by ROS generation in platelets

undergoing activation and apoptosis.
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Specific aims:

To optimize the analysis of PDMPs by CAT focusing on the sensitivity of detection

with different reagents and on minimizing artefacts due to pre-and analytical

processing.

e To determine whether procoagulant MPs are present in plasma from patients at
risk of cardiovascular disease (CVD) focussing on patients with CAD and ESRD.

e To compare the regulation of thrombin generation and MP formation by platelets
and PDMPs using a range of methodologies.

e To determine the role of ROS production on the procoagulant surface generation
from platelets measured by thrombin generation in platelets and PDMPs.

e To compare the phenotypic and functional characteristic of activated platelets and

PDMPs with those of apoptotic platelets.
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Chapter 2: Materials and Methods

2.1 Materials

2.1.1 General reagents

The following reagents were all obtained from Sigma (Gillingham, Dorset, UK); bovine
serum albumin (BSA), calcium chloride (CaCly), 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES), phosphate buffered saline (PBS), hydrogen peroxide
(H,0,), dimethyl sulphoxide (DMSO), sodium chloride (NaCl), tri-sodium citrate, citric
acid, glucose, magnesium sulphate (MgSQ,), potassium chloride (KCL), absolute
ethanol, sodium bicarbonate (NaHCOs3), sodium phosphate dibasic heptahydrate
(Na;HPO4)7H,0, calcium nitrate tetrahydrate (Ca(NOs),.4H,0), potassium dihydrogen
phosphate (KH,POy4) anhydrous, phenol red, absolute ethanol,
ethylenediaminetetraacetic acid (EDTA), ethylene glycol tetraacetic acid (EGTA),
1,1,3,3-tetramethoxypropane (malonaldehyde bis-dimethyl acetal; MDA), sulphuric
acid (H,S04), glutaraldehyde, sodium acetate, thiobarbituric acid, sodium dodecyl
sulphate, ferric chloride (FeCls), and prostaglandin I, sodium salt (PGl,). 5-(and-6)-
chloromethyl-2',7’-dichlorodihydrofluorescein diacetate acetyl ester (CM-H,DCFDA; an

intracellular ROS probe) was purchased from Molecular Probes, Invitrogen (UK).

2.2 Buffer and reagent preparation

2.2.1 General buffers

The buffer of choice, which was used as a universal diluent in all of the experiments

unless otherwise stated, was HEPES buffer saline (HBS; 150mM NaCl, 1mM MgS04 and
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10mM HEPES in 500ml Milli.Q.H,0). The pH of the buffer was adjusted to 7.2 and
filtered through a 0.2um filter. The buffer was then aliquoted and stored at 4°C for up
to 6 weeks. HBS/Ca** at 2mM final concentration was prepared on the day of analysis
from 200mM Ca®" stock; this concentration of Ca®" was used for the whole study. In
some experiments, Tyrode's buffer (134mM NaCl, 2.9mM KCI, 0.34mM NaH,PO,,
1.0mM MgCl;, 12.0mM NaHCO;, HEPES 10mM and 5mM glucose into 1L of
Milli.Q.H,0; pH 7.4) was used to dilute platelets. Washing buffer (2.22g CaCl,
anhydrous in 200ml Milli.Q.H,0) was used for washing the Fluoroskan plate reader,
and was stored at 4°C for up to 1 week. Acid-Citrate-Dextrose (ACD) anticoagulant
solution was prepared by dissolving 0.085M trisodium citrate, 0.071M citric acid and
0.11M glucose in 1L of Milli.Q.H,0. The pH of the ACD anticoagulant solution was
adjusted to 6.3. A 0.2% solution of formyl-saline for fixing samples for flow cytometric
analysis was prepared by adding 0.2% v/v formaldehyde in 0.85% w/v isotonic saline

and then filtered through a 0.2um filter.

2.2.2 Thrombin generation reagents

A thrombin calibrator, a fluorogenic substrate (FluCa kit; Z-Gly-Gly-Arg-AMC substrate
with Ca®*) and thrombin generation reagents with different concentrations of PLs and
TF (known as PRP and PPP reagents, Table 2.1) and Thermo-Immulon 2HB ‘u’ bottom
96-well plates were obtained from Stago Diagnostica (Asnieres sur Seine, France). A
synthetic bovine brain PL vesicle preparation (91/542) was obtained from the National
Institute for Biological Standards and Control (NIBSC) (Potters Bar, Hertfordshire, UK).

NIBSC PL (10mg/ml; comprising 36.6% PC, 28.1% PE, 17.1% SM, 12.0% PS and 6.2% PI)
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was reconstituted with 1ml Milli.Q.H,0 until the powder dissolved and was then
divided into aliquots of 25ul and stored at -80°C. NIBSC PL working stock for the
thrombin generation assay was made on the day of the assay by adding 25ul of stock
concentration (10mg/ml) to 4.75ml filtered HBS buffer to obtain a working stock of
50ug/ml concentration. Other reagents, such as thrombin calibrator and PPP and PRP
reagents, were reconstituted with 1ml Milli.Q.H,0 and pre-warmed for 10 minutes

and used within the 3 hours of preparation.

Composition To measure TG in
Reagent Tissue Factor (pM) | Phospholipid (1M)
PPP high reagent 20 4 Plasma
PPP normal 5 4 Plasma
reagent
PPP low reagent 4 4 Plasma
PRP reagent 1 0 PRP
PRP/NIBSC PL 1 ~2 Plasma
reagent

Table 2.1: details of reagents used in thrombin generation assay. Thrombin generation (TG)

2.2.3 Reagents for TBARS assay

TBARS assay was used for the detection of lipid peroxidation in platelets. The TBARS
assay will be described in detail later in this chapter. The thiobarbituric acid (TBA)
reagent was prepared by adding 1.23g sodium acetate, 188mg TBA and 75mg SDS to
50ml of Milli.QH,0. A solution of BHT was prepared by dissolving 22mg of BHT and

27.0mg of FeCls to 50ml of absolute ethanol.
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2.2.4 Reagents for flow cytometric

Annexin V-Fluorescein isothiocyanate (FITC) was obtained from BD PharMingen
Biosciences (Oxford, UK). Monoclonal mouse anti-human CD42b R-Phycoerythrin
(RPE) (platelet glycoprotein Iba, clone AN51), negative RPE conjugated isotype control
(clone # MOPC-21PE) for CD42b-RPE and polyclonal rabbit anti-human Fibrinogen-FITC
were obtained from DakoCytomation (High Wycombe, UK). Monoclonal anti-human P-
selectin (CD62P-FITC) and mouse 1gG; isotype control FITC conjugated were obtained

from R&D System (Abingdon, UK).

2.2.5 Agonists

The following agonists were used to activate platelets. CRP-XL (Morton, et al 1995)
was obtained from Dr Richard Farndale, University of Cambridge, the calcium
ionophore, A23187, and the PAR-1 thrombin receptor activator peptide (TRAP) with
the sequence SFLLRN were obtained from Sigma. The BCL-2/BCL-xL inhibitor (ABT-737
and ABT-263) used to initiate apoptosis in platelets, were obtained from Selleck
Chemicals (Houston, TX, USA) and ABT-737 was also obtained from Chemietek
(Indianapolis, IN, USA). TRAP was prepared at different concentrations and then these
stocks were aliquoted in Milli.Q.H,0 prior to storage at -80°C. A23187 and ABT-737
were prepared as 1000X stocks and aliquoted in HBS buffer prior to storage at -20°C.
For CRP-XL, a working CRP-XL stock (100pg/ml) was made from the main stock
(10.0mg/ml) on the day of analysis using HBS/Ca**, which was discarded after the
analysis. The main stock of CRP-XL (10.0mg/ml) was stored at 4°C. All aliquots were

discarded after use.
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2.1.6 Inhibitors

The inhibitors used were the contact factor pathway inhibitor, CTIl, which was obtained
from Cambridge Biosciences (UK) and Enzyme Research (Swansea, UK), hirudin (a
direct thrombin inhibitor) was obtained from Sigma, Gly-Pro-Arg-Pro peptide (GPRP; a
fibrin polymerization inhibitor) were obtained from both Sigma and Peptide Protein
Research Ltd. (Hampshire, UK). The PI3K inhibitor wortmannin, NAD(P)H oxidase
complex inhibitors, apocynin (4'-Hydroxy-3'-methoxyacetophenone) and
diphenyleneiodonium (DPI), the cell permeable O, scavenger, tiron (4,5-Dihydroxy-
1,3-benzenedisulphonic acid disodium salt), a superoxide dismutase mimetic (tempol),
a nitric oxide synthase inhibitor (L(G)-nitro-L- arginine methyl ester; L-NAME), BHT
antioxidant, the vitamin E analogue, trolox, (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid), and an N-acetyl-L-cysteine (NAC), antioxidant, 12-lipoxygenase (12-
LOX) inhibitor, baicalein (5,6,7-trihydroxyflavone) were all obtained from Sigma.
Esculetin, another 12-LOX inhibitor, cyclosporine (Cys) A and dexamethasone (a
glucocorticoid drug) were obtained from Enzo-Life Sciences (Exeter, UK). The pan

caspase inhibitors, z-VAD.fmk and Q-VD-OPh, were from MP biomedicals (UK).

2.3 Methods of blood collection

2.3.1 Blood collection from normal healthy subjects

Venous citrated blood was obtained from normal healthy individuals who had not
taken any medication for at least two weeks prior to donation, and who had signed an
informed consent form approved by the Ethics Committee of the University of

Leicester. Blood was drawn from the antecubital vein into vacutainer tubes (Becton-
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Dickinson, Oxford, UK) by venipuncture via a 21 gauge butterfly needle, using a lightly
applied tourniquet which was removed after the insertion of the needle. The
collection procedure was performed by a trained nurse/phlebotomist under
laboratory guidelines to avoid the activation of platelets. The first tube of blood was
collected into a vacutainer EDTA tube and was used to obtain a full blood count
throughout the study. Subsequent tubes were collected into vacutainers containing
0.105mol/L sodium citrate (4.5ml capacity). The proportion of sodium citrate
anticoagulant to blood was 1:9v/v. Immediately after blood collection, unless
otherwise stated, CTl was added to the whole blood at a final concentration of
18.3ug/ml to prevent contact factor activation. The blood was processed within 10

minutes of collection.

2.3.2 Blood collection from BLOODOMICS cohort

Whole blood was collected from Caucasian patients with Ml and matched Caucasian
controls by Dr Unni Krishnan. Patients who had suffered an Ml episode before the age
of 60 were identified from the Myocardial Infarction National Audit Project (MINAP).
The blood was collected from the cases at least 3 months after their Ml episode so
that all patients were in a stable condition at the time of blood collection. The control
group were subjects with no personal or family history of MI. The cohort was matched
for age, gender and smoking status. The procedure for blood collection described in
section 2.3.1 was used. Venous citrated blood samples were processed after 10
minutes of collection. The study was approved by the Derbyshire Research Ethics

Committee (#06/Q2401/134) and all participants signed an informed consent.
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2.3.3 Renal Cohort

Twenty haemodialysis (HD) patients and seventeen peritoneal dialysis (PD) patients
were recruited from the relevant HD and PD programmes at the Leicester General
Hospital. A matched group of twenty healthy individuals with no reported kidney
disease, matched for age and gender, were recruited from the University of Leicester,
UK. HD patients had native arterio-venous fistulae and were dialysed for 3.5 hours
three times per week. The majority of these patients had been treated with
recombinant human erythropoietin. Blood samples from the HD patients were
collected at the time of cannulation immediately before the start of treatment. Blood
was collected from PD patients and healthy subjects using a loosely fastened
tourniquet and 21-gauge needle into 3mL S-monovette vacutainer sodium citrate
tubes (Sarstedt AG, Nimbrecht, Germany). The same blood collection procedure was
performed to collect blood from nine end-stage renal patients. The study was
approved by the Leicestershire Local Research Ethics Committee (#05/Q2502/80) and
all the participants signed an informed consent. All blood samples were collected by Dr

James Burton.

2.3.4 Whole blood count (WBC()

Cell counts were measured using an automated cell counter, a Coulter Act-diff
haematology analyzer (Beckman Coulter™ Ltd, High Wycombe, UK), from the first
EDTA tube. Various parameters were obtained, including red cell, white cell and

platelet counts. The Act-diff haematology analyzer was also used to count platelets
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after preparing PRP or washed platelets. The Act-diff haematology analyzer was

checked daily using coulter 4C-EC cell control panel.

2.3.5 Preparation of platelet-poor plasma (PPP)

Normal healthy subjects: citrated whole blood or adjusted PRP was centrifuged at

1,800xg (3,000rpm) for 30 minutes to obtain PPP at RT. This is the procedure used to
obtain PPP throughout the study, unless stated otherwise. In some experiments
plasma was separated at 4°C instead of RT. For comparison study on thrombin
generation between protocols of plasma preparation, PPP was prepared using two
centrifugation steps; 1,500xg for 15 minutes, followed by 13,000xg for 2 minutes, and

stored at -80°C until analysed for thrombin generation.

Bloodomics cohort: citrated whole blood was centrifuged at 1800xg (3000rpm) for 30

minutes at 4°C to obtain PPP and stored at -80°C until analysed for thrombin

generation.

Renal cohort: PPP was prepared using two centrifugation steps; one of 1,500xg for 15
minutes, followed by one of 13,000xg for 2 minutes. PPP was aliquoted and stored

immediately at -80°C for thrombin generation measurement.

Although, there are different methods used to prepare plasma in the study, these
methods were compared to determine if they had any influence on thrombin

generation assay (Chapter 3).
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2.3.6. Preparation of platelet-rich plasma (PRP)

Platelet-rich plasma (PRP) was prepared by centrifugation of citrated whole blood at
160xg (900rpm) for 20 minutes. Centrifugation was performed at RT unless otherwise
stated. PRP was gently aspirated from the upper layer of the blood; about 75% of the
PRP was taken without any disturbance to the buffy coat layer. Unless otherwise

stated, the PRP count was adjusted with autologous PPP to 150X10°/L.

2.3.7 Preparation of the plasma pool (PP)

Citrated whole blood was collected within an hour period from 20 healthy donors as
described above with the addition of CTI. The blood was centrifuged at 1,800xg
(3,000rpm) for 30 minutes at RT, the plasmas were then pooled and aliquoted.
Aliguots were immediately stored at -80°C. The whole process of plasma collection,

preparation and preparing the PP took less than 2 hours.

2.3.8 Preparation of washed platelet

After collecting venous whole blood as described above, ACD solution was added
immediately at a ratio of 6:1 blood: ACD prior to centrifugation at 160xg for 20
minutes at RT to obtain PRP. Platelets were then pelleted by centrifugation of PRP at
750xg for 15 minutes in the presence of 200ng/ml of freshly prepared PGl,. The
supernatant was removed and the pellet was gently resuspended in HBS pH 6.0 and
recentrifuged at 750xg for 15 minutes at RT, again in the presence of 200ng/ml of
freshly prepared PGl,. Washed platelets were again gently resuspended in HBS pH 7.2

and the platelet count was adjusted to 150x10°/L with HBS/Ca*" buffer. Platelets were
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left for 30 minutes prior to use to allow the effect of PGl, to decay. In some

experiments, Tyrode’s buffer and Ca®* were used instead of HBS and HBS/Ca**.

2.3.9 Preparation of PDMP-rich samples

PRP or washed platelets adjusted to 150x10°/L were activated with CRP-XL (2.0pg/ml,
unless otherwise stated) for 10 minutes at 37°C to generate PDMPs. For each
experiment a control PRP or washed platelet preparation was treated in the same way,
but without addition of CRP-XL. Both activated and control samples were then
centrifuged at 1,800xg (3000rpm) for 30 minutes at RT to obtain MP-rich plasma from
PRP, or MP-rich supernatant from washed platelets, which was used for measurement
of thrombin generation, 12-hydroxyeicosatetraenoic acid (12-HETE) and thromboxane

Bz (TXBz)

2.4 Methods

2.4.1 CAT assay

Thrombin generation was measured in this study using CAT as described previously
(Hemker, et al 2003), with some modifications. The reaction is dependent on TF to
initiate the reaction, and on procoagulant PLs to support generation of thrombin, as
well as coagulation factors. In the analysis of plasma by CAT, both factors (TF/PL) are
normally added, as normal plasma lacks sufficient levels of both factors to initiate or
support the reaction. For CAT analysis in PRP, only TF is added, as the platelets provide

the procoagulant PLs, once they are activated.
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Thrombin generation was continuously measured in PRP, PPP, platelet suspension
(washed platelets resuspended in autologous filtered plasma) or MP-rich supernatant
(supernatant from washed platelets resuspended in autologous filtered plasma) in a
96-well plate (Immulon 2HB, U bottomed plate) using a slow reactant fluorogenic
substrate. To summarise the process, 80ul of the sample was added to the wells,
which already contained 20ul of the appropriate reagent (Table 2.1). Then, 20ul of the
fluorogenic substrate with Ca** was added to initiate the reaction. This was followed
by a 10-second shake of the plate. The assay plate was run in a Fluoroskan Ascent
plate reader equipped with Thrombinoscope software, which has excitation/emission
filters of 390nm and 460nm, respectively. Thrombin calibrator wells were run in

parallel for each donor. All samples were analysed in duplicate.

Thrombin generation analysis shows four main parameters (Fig 2.1): (i) the lag time
(LT; equivalent to the clotting time and representing the time in minutes from
initiating the reaction until the thrombin burst), the time to peak (ttP; the time to
maximum thrombin generation in minutes, which provides a representation of the
rate of the initial reaction), peak thrombin (PT; the maximum amount of thrombin
generated in nmol at any one time), and the ETP (the area under the curve in nmol in

minutes, which represents a measure of the total amount of thrombin generated).
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Fig 2.1: A representative example of a thrombin generation curve. The curve shows four main
parameters: the lag time, endogenous thrombin potential (ETP), peak thrombin (PT) and time to peak
(ttP).

2.4.2 Flow Cytometric Analysis

Measurement of the platelet procoagulant surface and activation markers by flow
cytometry provides a sensitive, rapid and quantitative analysis, which allows detection
of even small changes in the platelet status. In this study, flow cytometry was used to
assess the effect of CRP-XL on platelets and PDMPs which was assessed by using
annexin-V binding for the detection of the procoagulant surface, the platelet

activation markers, P-selectin expression and fibrinogen binding.

2.4.2.1. General methods

The analysis of all samples by flow cytometry was performed using a Coulter Epics

XL-MCL™ analyser (Beckman Coulter, High Wycombe, UK). The flow cytometer is
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equipped with a 15mW argon-ion laser with minimum wavelength excitation at
488nm. The detection bandpass filtered of the fluorescence is 525+20nm for FITC and
575+20nm for R-PE. The signals of FITC and PRE were corrected electronically for any
overlap, when both were used with two colours. The flow cytometer was aligned daily
by running flow-check bead fluorospheres (Beckman Coulter). Signals were detected at

logarithmic gain.

All antibodies were titrated to select the optimum concentration before using them in
the study. The negative controls in the analysis (fluorescence-conjugated-matched
isotype/species nonspecific for each of the antibodies used) were used for each
experiment to set at 2% positive. The flow rate of the analysis was medium for all
protocols. The sheath fluid used in the analysis was isoton (Beckman Coulter). The
discriminator value was 1 in this analysis in order to eliminate background noise and
debris, while still detecting platelets and PDMPs. The results of the fluorescence
measurement were expressed as the percentage of positive events and the median

fluorescence intensity (MFI) of positive events, with MFI being an arbitrary unit.

The optimum concentration of CRP-XL was determined by running samples incubated
with serial dilution of CRP-XL in the annexin-V binding assays, P-selectin expression
and fibrinogen binding assays. For this, PRP was incubated with different
concentrations of CRP-XL (0-10ug/ml) to determine the concentration of CRP-XL that is
optimum for inducing the highest effect. This was carried out for each new batch of

CRP-XL and at intervals for each batch to check for deterioration.
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2.4.2.1 Identification of platelet population

Platelet population in the flow cytometric analysis was identified on the basis of
forward scatter (FS; measures cell size) and side scatter (SS; measures cell granularity).
The subsequent gating on the fluorescence-labelled antibody was performed
according to the assay of interest using monoclonal antibodies targeting the cell
surface, namely CD42b (a pan platelet marker), and markers expressed during the
activation of platelets which target PS exposure, P-selectin expression, and fibrinogen

binding using annexin-V, CD61P and polyclonal antibodies, respectively.

2.4.2.2 Annexin-V binding assay

A two-colour flow cytometric assay was used to detect PS exposure on activated
platelets and the generation of PDMPs as described previously (Goodall and Appleby
2004) with slight modification. Platelets were activated with either CRP-XL or the ca®
ionophore, A23187. This process is normally accompanied by PS exposure and PDMP
formation. The negatively charged PLs surface was detected with fluorescently
conjugated annexin-V (a universal generic marker) on the surface of the platelets or
PDMPs. Annexin-V has a high binding avidity for anionic negatively-charged PLs. This
process is calcium dependent, so HBS/Ca** buffer was used in all the experiments.

Monoclonal antibody CD42b-PRE was used to identify platelets and PDMPs.

5ul of PRP was added into an LP3 polystyrene tube containing HBS/Ca** buffer, hirudin
(10U.mL™), GPRP (0.5mg.ml™), diluted CRP-XL (0-10ug.ml™ final concentration),
CD42b-PRE, and annexin V-FITC to bring the volume to 50ul. In parallel, a negative FITC

control tube was set up in exactly the same way as the above setup except for HBS
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buffer (no Ca%*) being used. This tube was set up to show that the binding of annexin
V-FITCto the negatively-charged PLs is Ca® dependent, and that in the absence of Ca®
no binding can be achieved. This tube was used for the FITC control (to determine
non-specific binding). The second control tube was for a PRE-conjugated isotype, in
which 5ul of the sample was added into LP3 polystyrene tube containing HBS buffer
(no calcium) and mouse IgG1 monoclonal antibody for the RPE isotype control. After
incubation for 20 minutes at RT or 37°C, samples were further diluted 1:10 in HBS/Ca*
or with HBS alone for the FITC and RPE isotype controls. Then, 50ul of each tube was
transferred into a further 450 pl of the appropriate buffer; either HBS/Ca** or HBS.

Therefore, the overall dilution of the samples in every tube was 1/1000. The samples

were then run immediately in the flow cytometer.

Subsequent experiments which used PRP and washed platelets with inhibitors were
slightly modified; platelets were pre-treated with inhibitors for 30 minutes and then
either activated for 10 minutes, or treated with ABT-737 or ABT-263 for 2h at 37°C
instead of RT. Then 5ul of treated and untreated platelets were processed using the

same protocol described above for the annexin-V binding assay.

2.4.2.2 Measurement of platelet activation markers

2.4.2.2.1 Measurement of P-selectin expression

The surface expression of P-selectin was assessed in either PRP or washed platelets
following CRP-XL, TRAP or A23187 activation, or in apoptotic platelets treated with
ABT-737 or ABT-263 as described previously (Goodall and Appleby 2004) with slight

modification. Five pl of each sample (either PRP or washed platelets) was incubated
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with P-selectin FITC antibody (2ul) or FITC—conjugated mouse IgG1 isotype control
(2ul) for 10 minutes at RT in 50ul of HBS. 450ul of 0.2% formal-saline was then added
to bring the total volume to 500ul. The samples were incubated for a further 10
minutes, then 50ul were transferred into a further 450 pl 00.2% formal-saline and
analysed by flow cytometry. The platelets were identified according to their forward
scatter and side scatter, which was then analysed for percentage positivity for P-

selectin expression.

2.4.2.2.2 Fibrinogen binding assay

The binding of platelets to fibrinogen was assessed in PRP following CRP-XL and TRAP
activation, or in apoptotic platelets treated with ABT-737 or ABT-263 as described
previously (Goodall and Appleby 2004) with slight modification. Five ul of PRP was
added to LP3 tubes containing 45ul HBS buffer and 2ul FITC-conjugated rabbit
polyclonal antibody to fibrinogen. The negative control was prepared in exactly the
same way as the rabbit polyclonal antibody, but with the addition of 6mM EDTA,
which chelates Ca®* and prevents the binding of fibrinogen to allbf3, which is a
calcium dependent process. After, a 10 minute incubation at RT, 450ul of 0.2% formal-
saline was added to bring the total volume to 500ul. The samples were incubated for a
further 10 minutes, then 50ul of each sample was transferred into 450ul 0.2% formal-

saline and analysed by flow cytometry.

2.4.3 Aggregation studies

Platelet aggregation was measured in PRP (150x107°/L) using a PAP-8E aggregometer

(Bio-Data Corporation®, UK), according to the turbidmetric method described by Born
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and Cross (1963). The PRP was pre-warmed to 37°C for 2 minutes in a siliconised tube
containing a magnetic stirrer. The full transmittance of 100% light transmission (blank)
of the aggregometer was set up using autologous PPP. The baseline was set using
250ul PRP. PRP aggregation was then measured immediately after the addition of

agonists for 6 minutes, under continuous stirring at 1,200 rpm at 37°C.

Primary aggregation (PA) and area under the curve (AUC) parameters were used to
evaluate the percentage of aggregation in the study. Briefly, 250 ul of stirred PRP was
stimulated with CRP-XL or TRAP. Initially, for each donor the maximum concentration
of TRAP and CRP-XL-induced full aggregation was determined by running a dose-
response for the agonist. To study the effect of inhibitors, PRP was incubated with
inhibitors for 30 minutes at 37°C prior to the addition of the agonist. In experiments
using the ABT compound, ABT-737 and ABT-263 were added to the whole blood or
PRP for 2 hours at 37°C. After that, PRP was then obtained and used in the aggregation

assay, as previously described.

2.4.5 Assessment of ROS by CM-H2DCFDA

Intracellular ROS was detected using fluorescence probe by flow cytometric analysis as
described previously (Roberts, et al 1999) with s. 5-(and-6)-chloromethyl-2',7’-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) is a ROS-sensitive
fluorescent probe which diffuses easily into platelets. The intracellular esterases
cleave the acetate groups of the probe preventing it from diffusing out of the cell. ROS
production results in fluorescence which is detected by flow cytometry in the FL1

channel. Freshly-isolated washed platelets were incubated with CM-H2DCFDA (25uM
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final concentration) for 30 minutes in the dark at 37°C; because the probe was
dissolved in DMSO, a DMSO control vehicle was run in parallel. Next, the washed
platelets were activated with CRP-XL for 10 minutes at 37°C. After the incubation time,
the samples were immediately placed in the flow cytometer. Fluorescence was

measured as the MFI of the positive population.

2.4.6 Detection of lipid peroxidation by TBARS

Lipid peroxidation was evaluated in platelets before and after CRP-XL treatment, and
the degree of peroxidation was assessed by measuring TBARS using an absorbance
plate reader for monitoring the level of MDA as described previously (Pickering, et al
2004) with slight modification. Washed platelets were incubated for 30 and 60
minutes with and without CRP-XL and in two concentrations of H,0, at 37°C. After
that, washed platelets were diluted in PBS to a final volume of 500ul. 50ul of BHT
(100mM, an antioxidant to prevent lipid peroxidation during the assay) and 1 ml of
TBA reagent were added to each tube. All samples were boiled for 60 minutes at 90°C
and then were cooled on ice. The samples were centrifuged at 13,000 rpm for 10
minutes to clear and sediment the cell debris. The supernatants were obtained and
the absorbance was read at 532nm using an absorbance plate reader. An MDA
standard curve was created by diluting MDA in 1% (v/v) H,SO, to give a standard curve
of 0, 5uM, 10uM, 20uM, 40uM and 80uM and treated in the same way as the sample.
MDA was prepared and diluted in 1% (v/v) H,SO4 2 hours prior to assay under

continuous stirring at RT.
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2.5 Statistics

Statistical analysis was performed with Graph Pad Prism software version 5.0 for
Windows (GraphPad Software Inc., San Diego, CA, USA). Unless otherwise stated,
results are presented as mean * standard error (SEM). The use of SEM is mainly due to
the inter-individual variability both in response to CRP-XL and in thrombin generation.
A Student’s t-test analysis for paired/unpaired data was used to compare the
differences between two groups when data were normally distributed. An analysis of
variance (ANOVA) was used to give a comparison between two or more groups,
followed by the appropriate post-test. P-values were considered statistically significant

if <0.05.
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Chapter 3: Analysing the effect of PDMPs by the CAT: assay and

pre-analytical variables

3.1 Introduction

The procoagulant activity of the MP surface is well studied in supporting the binding of
coagulation complexes, which accelerates the formation of thrombin (Berckmans, et al
2001, Sims, et al 1989, Sinauridze, et al 2007). PDMPs are the most abundant type of
MPs in the circulation and can be easily generated upon activation with an agonist
such as collagen, and their level is often elevated in thrombotic disorders (Morel, et al
2006). Despite, the agreement on the role of MPs as useful biomarkers in physiological
and pathological conditions, there is no agreement on pre-analytical and analytical
procedures for their analysis, which is a significant drawback and source of potential

variation between studies (Jy, et al 2004, Yuana, et al 2011, Zahra, et al 2011).

MP analysis is affected by different pre-analytical factors including the effects of blood
sampling, the type of anticoagulant used for blood collection, the needle bore size
(Shah, et al 2008), the centrifugation protocol, the freezing-thawing temperature (Dey-
Hazra, et al 2010, Shah, et al 2008, Trummer, et al 2009), and analytical factors
including the use of calibrated beads for MP detection (Lacroix, et a/ 2010b), when
studied by the common method, flow cytometry. In addition, very few attempts have
been made to look at the influence of the pre-analytical and analytical conditions on
MP detection using functional assays including the thrombin generation assay
(Chantarangkul, et al 2004, Gerotziafas, et al 2005, Hemker, et al 2003,

Vanschoonbeek, et al 2004), which makes comparing these studies and determining
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their clinical importance difficult. However, thrombin generation assay is important
because it has been proposed as a tool for investigating plasma hypercoagulability and
hypocoagulability (Hemker, et al 2003), which could be a clinically-useful, globally-
available test of coagulability (Hemker and Beguin 2000) and recently has been used
for MP detection in thrombotic diseases (Bidot, et al 2008, Hron, et al 2007). Keuren et
al (2006) have looked at the effects of storage on MPs obtained from platelet
concentrates using flow cytometry, and on thrombin generation initiated with 1pM TF
in plasma and other have looked at pre-analytical variables, particularly the
interference of contact factor activation with thrombin generation in plasma
(Luddington and Baglin 2004, Van Veen, et al 2008). Other groups have also looked at
the influence of TF and PL on the analysis (Gerotziafas, et a/ 2005, Hemker, et a/ 2003,

Vanschoonbeek, et al 2004).

Therefore the aim of this study is to comprehensively investigate the pre-analytical
and analytical variables to evaluate the CAT assay for detection of MPs, and specifically
PDMPs, using the four commonly-used reagents (PPP normal [SpM TF/4uM PL], PPP
low [1pM TF/4uM PL], PRP/NIBSC [1pM TF/~2uMNIBSC PL] and PRP [1pM TF]),
because of their clinical importance. This was achieved by (i) using different reagents
of CAT to trigger thrombin generation; (ii) investigating the influence of pre-analytical
conditions, including freeze-thaw cycles, temperature and centrifugation speeds on
the activity of PDMPs in the plasma; and (iii) confirming the dependency of thrombin

generation assay on the presence of PDMPs.
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3.2 Results

3.2.1. The effect of PDMPs on thrombin generation measured with

different reagents.

The following preliminary experiments were conducted to determine the optimum
concentration of CRP-XL for inducing maximum MP generation from PRP using flow
cytometry to measure annexin-V binding (Fig 3.1), and thrombin generation by the
PDMPs using the CAT assay (Fig 3.2). PRP was prepared from citrated blood samples
from ten healthy donors in the presence of CTI (18.3ug/ml). Then, PPP was separated,

with or without stimulation of the platelets with CRP-XL (0-10.0ug/ml).

Representative histograms of the flow cytometric analysis (Fig 3.1a) illustrate that
activated PRP with CRP-XL has a small MP population (middle and right histograms)
that has a lower size (FS) and granularity (SS) than the platelet population, which is not
seen in the unactivated (resting) platelets (left histogram). In a concentration-
dependent analysis, CRP-XL increased annexin-V percentage positivity significantly (Fig
3.1b; p<0.0001) and (MFI data not shown). PS exposure increased with increasing
concentrations of CRP-XL (one-way ANOVA <0.05), and reached a plateau at 2.0ug/ml.
CRP-XL at a higher concentration (10.0pug/ml) induced a further slight increase in
annexin-V positive events, but was not statistically different from that observed at
2.0pg/ml (p>0.05 using paired t-test). Therefore, CRP-XL at 2.0ug/ml was selected as
the optimal concentration in this study, and all subsequent experiments were

performed with CRP-XL at a concentration of 2.0ug/ml, unless otherwise stated.
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Fig 3.1. Effect of CRP-XL (dose-response) on PS exposure assessed by annexin-V binding assay. (A)
Representative histograms of the presence of MPs in PRP. (B) Numerical data from 10 healthy
individuals. Platelets (Plts) were incubated with increasing concentrations of CRP-XL for 10 min at RT
and then PS exposure was assessed by annexin-V binding assay using flow cytometry. Microparticles
(MPs). Results are shown as mean+SEM; (One-way ANOVA).
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Also, PPP separated, with or without stimulation of the platelets with CRP-XL (O-
10.0pg/ml) was analysed in the CAT assay with the PPP normal (5pMTF/4uMPL), PPP
low (1pMTF/4uMPL), and PRP (1pM TF) (n=3-9) reagents (Fig 3.2). Representative
thrombin generation curves are shown in Fig 3.2a, which illustrates the differences in
the curves obtained for the three different reagents, and the influence of the
preformed procoagulant PDMP in the plasma obtained by dose-response of CRP-XL on
the measurements of the four recorded parameters; namely the LT, ttP, PT and ETP.
In line with previous studies, the three reagents produced markedly different curves,
reflecting the relative concentrations of TF and PL, with time parameters (LT and ttP)
increasing as the concentrations of both TF and PL decreased, and the amount of
thrombin parameters (shown by PT and ETP) decreasing as the concentrations of both
TF and PL decreased. In general the LT and ttP are mainly affected by TF concentration,
while the PT and ETP and mainly affected by PL concentration. In addition, the analysis
showed that maximum thrombin was generated with the lowest concentration of CRP-
XL used (Fig 3.2b). It is clearly observed from the analysis that the 1pM TF reagent was
the only reagent that is most sensitive to the level of the preformed PDMPs in the PPP,
generated by the dose-response activation of the PRP with CRP-XL (Fig 3.2b), this will
be confirmed later in this chapter. The 2.0ug/ml CRP-XL was also selected as the
optimal concentration in the generation of thrombin in plasma driven by preformed

procoagulant PDMPs in the CAT assay.
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Fig 3.2. Does-dependency effect of CRP-XL activation on thrombin generation measured in PPP. PRP
was stimulated with CRP-XL (dose-response) for 10 minutes at 37°C, then PDMP-rich plasma was
prepared following centrifugation of PRP at 1800 g for 30 minutes. Thrombin generation was triggered
with PPP normal (5pMTF/4uMPL) reagent (open circles; n=3), PPP normal (1pMTF/4uMPL) reagent
(open squares; n=3) or PRP (1pMTF) reagent (closed circles; n=9). Panels A: Representative example of
thrombin generation curves from a single run with each of the three reagents. Panel B: Numerical data
are shown as meanzSEM.

67



Ch3: Effect of PDMPs on TG

Then, thrombin generation was measured in PPP separated with and without
stimulation of the platelets with CRP-XL (2.0ug/ml); those PPP separated after CRP-XL
will have preformed procoagulant PDMPs (Fig 3.3). Representative thrombin
generation curves are shown in Fig 3.3a, which illustrates both the differences in the
curves obtained for the four reagents (PPP normal [5pM TF/4uM PL], PPP low [1pM
TF/4uM PL], PRP/NIBSC PL [1pM TF/2uMNIBSC PL] and PRP [1pM TF]), and the
influence of PDMP-rich plasma (filled bars and solid lines) on the measurements of
thrombin generation as compared to normal plasma (open bars and dashed lines) as

described previously.

In the absence of exogenous PL (i.e. using the PRP reagent containing only 1pMTF), the
thrombin generation curve was flatter and gave significantly lower PT and ETP and
longer LT and ttP values compared to reagents that contained exogenous PL (PPP
normal, PPP low and PRP/NIBSC reagents). When comparing thrombin generation by
the different reagents with either normal plasma or PDMP-rich plasma, in the
presence of exogenous PL (PPP normal, PPP low and PRP/NIBSC reagents) the level of
TF (5pM vs. 1pM) had a marked effect on the rate of the reaction (both the LT and ttP,
comparing 5pMTF vs. 1pMTF, paired t-test p<0.001) and a slight effect on amount of
thrombin generated (both ETP and PT). The PRP reagent (1pM TF) gave significantly
longer LT and ttP and lower ETP and PT compared to the other reagents. When the
number of PDMPs in the plasma was increased by activating the platelets with CRP-XL
prior to separation of the plasma, the reactions with all four reagents were greater.
The extent of the effect is shown clearly in Fig 3.3b, which gives the numerical data

from samples taken from six donors. Here it can be seen that although the PDMPs
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(filled bars) decreased the LT and ttP, the effect was small and, apart from the ttP
measured with the PPP low (1pM TF/4uM PL) reagent, was not statistically different
(p>0.05) to normal plasma (open bars) with PPP reagent with exogenous PL. Only the
PRP (1pM TF) reagent gave a clear and significant separation of the PDMP-rich plasma
compared to normal plasma in all parameters. The LT and ttP were significantly
shorter, and the PT and ETP values were significantly higher in PDMP-rich plasma
(filled bars) compared to normal plasma (open bars), demonstrating the sensitivity of
the CAT assay with this reagent to the endogenous PL in the form of PDMPs. It can be
observed from the previous analysis that the best reagent than can identify the

contribution of PDMPs on thrombin generation is the PRP (1pM TF) reagent.
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Fig 3.3. Thrombin generation measured in normal and PDMP-rich plasma. Thrombin generation was
initiated with PPP normal (5pMTF/4uMPL) reagent, PPP low (1pMTF/4uMPL) reagent, PRP/NIBSC
(1pMTF/~2uMPL) reagent and PRP (1pMTF) reagent in normal (open bars and dashed lines) and PDMP-
rich plasma (filled bars and solid lines). A) Representative example of thrombin generation curves
obtained from the same donor with and without CRP-XL stimulation. B) The numerical data ( meantSEM
from 6 donors). Differences between plasma and PDMPs in each reagent were determined using paired
t-test analysis.
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3.2.2. Assay precision

3.2.2.1. Inter-assay precision

The inter-assay variability of thrombin generation (between-run imprecision) was
assessed using the PPP normal (5pM TF/4uM PL), PPP low (1pM TF/4uM PL) and PRP
(1pM TF) reagents by repeating the analysis of pooled plasma 15 times on different
days. The %CV values were relatively similar between the reagents, and were all below
13%, with the exception of the PT measurement with the PPP low (1pM TF/4uM PL)
reagent (18.8%) (Table 3.1). Overall, the LT and ttP had marginally lower %CVs

compared to the PT and ETP measurements.

3.2.2.2. Intra-assay (within run) precision

The focus was on the PRP reagent (1pM TF) as it is the reagent of choice, so the intra-
assay variability of thrombin generation with the PRP reagent was assessed by
repeating the measurement of three different plasma preparations on the same 96-
well plate; namely pooled plasma (22 times), a normal plasma (11 times) and a PDMP-
rich plasma (24 times). The intra-assay CV was less than 5% for all parameters of
thrombin generation, with the exception of the measures of ETP and PT in normal

plasma which were both <10% (Table 3.2).
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Inter-assay S5pM TF/4uM PL | 1pM TF/4uM PL | 1pMTF
%CV
LT (min) 10.6% 10.7% 10.2%
ttP (min) 10.5% 9.6% 8.4%
ETP(nM*min) 12.3% 12.2% 10.6%
PT (nM) 7.5% 18.8% 12.9%

Table 3.1. The inter-assay variability of thrombin generation. Inter-assay variability of assay was
assessed by repeating the measurement of pooled plasma 15 times on different days and at different
times of the day with the PPP normal (5pM TF/4uMPL) reagent, the PPP low (1pM TF/4uMPL) reagent
or the PRP (1pMTF) reagent. CV: coefficient of variation.

Intra-assay Pooled plasma | Normal plasma | PDMP-rich plasma
%CV 22 times 11 times 24 times
LT (min) 3.9% 3.4% 2.5%
ttP (min) 2.8% 9.6% 3.2%
ETP(nM*min) 2.4% 7.5% 1.6%
PT (nM) 3.9% 3.4% 2.5%

Table 3.2. The intra-assay variability of thrombin generation measured using the 1pMTF reagent. The
intra-assay variability of the assay was assessed by repeating the measurement of pooled plasma 22
times, normal 11 times and PDMP-rich plasma 24 times on the same plate. Thrombin generation was
triggered with the PRP (1pMTF) reagent. CV: coefficient of variation.
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3.2.3. Effect of contact factor pathway activation

The contact factors, including FXlla, have been shown to influence (Rand, et al 1996)
and increase the variability of thrombin generation; this is seen most at low TF (<5pM)
concentration. The addition of CTI, improves the measurement of thrombin
generation in clinical samples (Luddington and Baglin 2004, Van Veen, et al 2008).
Whole blood was therefore collected with and without the addition of CTI to confirm
the effect of contact factor activation on thrombin generation. A concentration of
18.3ug/ml was used, based on previous studies (Luddington and Baglin 2004, Van

Veen, et al 2008).

3.2.3.1. Effect of CTl on pooled plasma
Pooled plasma with and without CTI was analysed using the PPP normal (5pM TF/4uM

PL; table 3.3a), PPP low (1pM TF/4uM PL; table 3.3b) and PRP (1pM TF; table 3.3c)
reagents. The analysis showed higher thrombin generation in pooled plasma without
CTI (PP-CTI) compared to that with CTI (PP+CTI) for all reagents (table 3.3). In the
absence of CTI, thrombin generation was faster (short LT and ttP) with all reagent but
this was only statistically significant with the PRP (1pM TF) reagent (p<0.001) or the
PPP low (1pM TF/4uM PL) for ttP (p=0.0094). Similarly ETP and PT were slightly higher

but with only PT reaching statistical significance with the PPP low reagent (p=0.0006).
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A)
5pM TF/4uM PL Pooled plasma %CV
Parameter PP-CTI PP+CTI P value | PP-CTI PP+CTI
LT (min) 2.9+0.1 2.840.1 | 0.3559 10.6 10.9
ttP (min) 5.6+0.2 6.5+0.1 | 0.5835 | 10.5 7.6
ETP(nM*min) 2010+62 1935451 | 0.2044 10.5 12.3
PT (nM) 341.2+6.6 | 334.2+6.6 | 0.1649 7.5 7.9
B)
1pM TF/4uM PL Pooled plasma %CV
Parameter PP-CTI PP+CTI P value | PP-CTI | PP+CTI
LT (min) 6.8+0.2 7.2+0.2 0.1376 9.4 10.7
ttP (min) 10.6+0.3 12.2+0.3 0.0004 9.6 9.6
ETP(nM*min) 1640+75.7 | 1627+51.4 | 0.7645 17.9 12.2
PT (nM) 208.8+12.9 | 178.5+9.3 | 0.0006 9.3 8.7
C)
1pM TF Pooled plasma %CV
Parameter PP-CTI PP+CTI P value | PP-CTI PP+CTI
LT (min) 7.610.2 8.4+0.2 0.0007 11.0 10.2
ttP (min) 16.4+0.7 18.9+0.4 | 0.0010 13.3 8.4
ETP(nM*min) 1595166 1558443 0.4091 16.0 10.6
PT (nM) 81.2 71.3 0.0899 22.3 12.9

Table 3.3. Comparison of thrombin generation measurement in pooled plasma with and without CTI.
Pooled plasma with (+) and without (-) CTI (18.3ug/ml) were analyzed by CAT using PPP normal
(5pMTF/4uMPL; table a), PPP low (1pMTF/4uMPL; table b) and PRP (1pMTF; table c) reagents. Data are
shown as meanzSEM from 15 measurement of pooled plasma. Differences between pooled plasma with
(PP+CTI) and without (PP-CTI) CTI in each reagent were determined using paired t-test analysis. %CV:
coefficient of variation.
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3.2.3.2. Effect of CTl on individual plasma

To further assess the influence of contact pathway activation on thrombin generation
triggered with low concentrations of TF (1pM TF) in fresh samples, whole blood was
collected from six healthy subjects with (+) and without (-) the addition of CTI
(18.3pg/ml) (table 3.4). The plasma was analysed in the CAT using 1pMTF and different
concentration of PL [4uM PL (PPP low reagent), ~2uMNIBSC PL (PRP/NIBSC reagent) or
no PL (PRP reagent)]. The higher concentration of TF (5pM) was not used because the
contribution of the contact factor pathway was seen only at low concentrations of TF
(1pM) in both the previous analysis of the pooled plasma (section 3.2.3.1) and in the
data in the literature (Luddington and Baglin 2004, Van Veen, et al 2008). In this
analysis, slightly elevated thrombin generation was seen in the absence of CTI (-) using
all three reagents (table 3.4), which reached statistical significance for ttP (P<0.05)
using the PPP low reagent and in PT (p<0.05) using either the PPP low reagent or the

PRP/NIBSC PL reagent.
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A)
1pM TF/4uM Individual plasmas (n=6) %CV
PL
Parameter | plasma-CTl | Plasma+CTl | P value | plasma-CTl | Plasma+CTI
LT (min) 5.410.3 5.510.4 0.1386 16.9 18.1
ttP (min) 9.710.5 10.4+0.6 0.0201 13.1 16.3
ETP(nM*min) | 14981164 | 1429+169 | 0.0942 29.0 31.2
PT (nM) 177+22.4 147+21.3 | 0.0231 33.5 38.4
B)
1pM TF/2uM Individual plasmas (n=6) %CV
NIBSC PL
Parameter | plasma-CTl | Plasma+CTl | P value | plasma-CTl | Plasma+CTI
LT (min) 9.610.9 10.5+1.1 0.1311 21.6 25.5
ttP (min) 18.5£1.0 19.5+1.2 0.2848 12.9 15.2
ETP(nM*min) | 1293+129 1208+186 | 0.1895 24.4 37.7
PT (nM) 74.5%7.6 68.219.8 0.0458 24.9 35.0
C)
1pM TF Individual plasmas (n=6) %CV
Parameter plasma-CTl | Plasma+CTl | P value | plasma-CTI | Plasma+CTI
LT (min) 11.0+1.0 11.0+1.0 0.939 211 28.8
ttP (min) 20.3+1.3 21.3+1.1 0.1251 12.9 15.1
ETP(nM*min) 8551154 7994188 0.7121 44.0 58.00
PT (nM) 4518.3 40+8.8 0.5447 45.4 53.7

Table 3.4. Effect of CTl on thrombin generation measured in individual plasma. Fresh plasma with (+)
and without (-) CTI (18.3ug/ml) was prepared from whole blood from 6 healthy individuals. Thrombin
generation was analyzed using PPP low (1pMTF/4uMPL) reagent, PRP/NIBSC (1pMTF/2uMPL) reagent
and PRP reagent (1pMTF). Data are shown as the meanzSEM and the difference between pooled
plasma with (+) and without (-) CTI in each reagent was determined using paired t-test analysis. %CV:
coefficient of variation.
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3.2.4. Sensitivity of CAT to PL

To confirm the sensitivity of CAT for PL, thrombin generation was measured with three
different reagents (PPP normal [5pM TF/4uM PL], PPP low [1pM TF/4uM PL] and PRP
[1pM TF]) in plasma, with a titration of exogenous NIBSC PL. First, a standard
preparation of micellar NIBSC PL was diluted in filtered pooled plasma to give a final
concentration ranging between 10ng/ml and 4ug/ml PL. Representative curves from
one experiment using the three reagents (Fig 3.4a) illustrate that as the concentration
of exogenous PL increased, the thrombin generation curve increased in height and
shifted to the left, indicating a faster rate and greater level of thrombin generation;
this was clearly observed with the PRP reagent (1pM TF), but less clear with PPP
normal (5pM TF/4uM PL) and PPP low (1pM TF/4uM PL) reagents. The numerical data
for one experiment is shown in Fig 3.4b, and it can be seen that with the PRP (1pM TF)
reagent, all four parameters measured were sensitive to the concentration of
exogenous PL, with LT and ttP showing a relatively linear relationship, and the PT and
ETP values increasing when the PL concentration was above 0.5ug/ml. However, there
was little effect on the PL concentration on any of the parameters of thrombin
generation when measured with the two PL-containing reagents, regardless of TF

concentration.

To test whether the same was true for PL in the form of PDMPs, plasma obtained from
PRP that had been maximally stimulated with CRP-XL (2ug/ml) was diluted with
autologous filtered plasma to remove endogenous MPs and then analysed with all
three reagents. Representative thrombin generation curves for dilutions of PDMP-rich
plasma between neat and 1:1000, using all three reagents are illustrated in Fig 3.5a.
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Fig 3.4. Effect of exogenous phospholipids on thrombin generation in filtered pooled plasma. Filtered
pooled plasma was prepared by filtering pooled plasma through a 0.22um filter. Different
concentrations of PL (0, 10, 50, 75, 100, 250, 500, 750, 1000, 2000, 4000ng/ml) were added to the FPP.
Then, the reaction was triggered with PPP normal (5pMTF/4uMPL) (open circles; two independent
runs), PPP low (1pMTF/4uMPL) (open squares; two independent runs) or PRP (1pMTF) reagent (closed
circles; three independent runs). Panels A: Representative example of thrombin generation curves from
a single run. Panel B: Numerical data from one single run for PPP normal, PPP low and PRP reagents.
Data are meantSEM
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Fig 3.5. Effect of diluting PDMP-rich plasma on thrombin generation. PDMPs were generated from PRP
stimulation with CRP-XL (2.0pg/ml) and then PPP was obtained by centrifugation at 1800xg for 30
minutes. PDMP-rich plasma was diluted with autologous filtered plasma. Thrombin generation was
initiated with PPP normal (5pMTF/4uMPL) reagent (open circles; n=3); PPP low (1pMTF/4uMPL) reagent
(open squares, n=3); and PRP (1pMTF) reagent (closed circles; n=6). Panels A: Representative example
of thrombin generation curves from one donor with the PRP reagent only. Panel B: Numerical data
from 3 separates run shown as meanzSEM. Resting (R), filtered resting (FR) dilution (dil).
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As observed with the PL preparations, higher levels of PDMPs were associated with a
faster and greater reaction, but this was seen only with the PRP (1pM TF) reagent (Fig
3.5b), and over the whole range of dilutions of the PDMP preparation. In addition the
data shows that both ETP and PT are sensitive to the level of PL, with the suggestion

that the most sensitive parameter of CAT for PL is PT.

3.2.5. Demonstration that the procoagulant effect is dependent on MPs

To demonstrate that the assay is sensitive to the procoagulant PL derived from
activated platelets in the form of preformed MPs, plasma samples were analysed in
the CAT assay before and after the removal of MPs. The most commonly used
methods of MP removal are filtration and centrifugation. The effectiveness of these
two was compared in normal plasma samples (open bars) (n=6) and in plasma samples
rich in PDMPs (filled bars) (n=7), prepared in parallel from the same donors following
CRP-XL stimulation of PRP (Fig 3.6 and Fig 3.7). Filtration through a 0.2uM acrodisc
filter was compared with a second centrifugation step (13,000xg for 10 minutes), and
thrombin generation was measured with the PRP reagent (1pM TF) (Fig 3.6), PPP
normal (5pM TF/4uM PL) reagent, PPP low (1pM TF/4uM PL) reagent and PRP/NIBSC

(1pM TF /2uMNIBSC PL) reagent (Fig 3.7).

Both methods - filtration and double centrifugation - significantly altered all four
parameters of thrombin generation in both the normal (which contains MPs from
circulation in the “resting” normal plasma that were removed by
filtration/centrifugation) and PDMP-rich plasma samples (Fig 3.6; p<0.05 for all) with
the 1pMTF, increasing the LT and ttP and reducing the levels for PT and ETP, which is

consistent with a reduction in thrombin generation. A similar but smaller effect was
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Fig 3.6. Comparison between filtration and double centrifugation of plasma on thrombin generation
measurement using the 1pM reagent. Thrombin generation was measured in normal plasma (open
bars) and PDMP-rich plasma (filled bars). Normal plasma (n=6) and PDMP-rich plasma (n=7) were either
filtered through a 0.2um acrodisc filter or centrifuged at 13000xg for 10 minutes and then analysed with
the PRP (1pMTF) reagent. Data are shown as meantSEM and differences in each method were
determined using paired t-test analysis.
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observed using the other reagents, which contained exogenous PL (Fig 3.7); this effect
was expected because those reagents are less sensitive to procoagulant MPs in the
plasma. Of the two methods, filtration had the greatest effect in both types of sample,
which had a significant effect (p<0.05) for all measures with the exception of the PT

value for the PDMP-rich plasma measured with the PRP reagent (1pMTF).

We then compared the effectiveness of two filtration devices: (i) the Pall acrodisc
filter, and (ii) a 96-well manifold device (Ceveron MFU 500 filtration unit). Again both
normal plasma (open bars, n=6) and PDMP-rich (filled bars, n=7) plasma was analysed
using the PRP (1pMTF) reagent (Fig 3.8). Both methods of filtration significantly
reduced both the rate and the amount of thrombin generated (p< 0.05). Of the two
methods, the Ceveron unit had the greatest effect with the normal plasma (open bars;
Fig 3.8), although this was not statistically significant for any of the parameters
(p>0.05) apart from the ETP (p=0.0165, open bars). In PDMP-rich plasma (filled bars),
the acrodisc filtration unit had the greatest effect on PT (p=0.0012) and ETP
(p=0.0042). The analysis confirms that both filtration devices are effective in removing
the effect of PDMPs on thrombin generation, which can be seen in the significant
reduction in the ETP and PT with prolonged LT and ttP, with the Acrodisc filter being

more effective.
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Fig 3.7. Comparison between filtration and double centrifugation of plasma on thrombin generation
measurement. Thrombin generation was measured in normal plasma (open bars) and PDMP-rich
plasma (filled bars). Normal plasma (n=6) and PDMP-rich plasma (n=7) were either filtered through a
0.2um acrodisc filter or centrifuged at 13000 xg for 10 minutes and then analysed with PPP normal
(5pMTF/4uMPL) reagent (A), PPP low (1pMTF/4uMPL) reagent (B) and PRP/NIBSC (1pMTF/2uMNIBSC
PL) (C). Data are shown as mean+SEM and Difference in each method was determined using paired t-

test analysis.
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Fig 3.8. A comparison between methods of filtration on thrombin generation using the 1pM TF
reagent. Thrombin generation was measured in pre-filtered plasma normal plasma (open bars A; n=6)
and PDMP-rich plasma (filled bars B; n=7) compared to filtrated plasma with either ceveron or acrodisc.
Data are shown as mean+SEM. Difference between plasma and PDMPs were determined using paired t-

test analysis.
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3.2.6. The effect of separating the plasma at different centrifugation

speeds

There is no consensus on the exact method of MP preparation [for recent reviews see
(Jy, et al 2004, Yuana, et al 2011)]. Therefore, methods of plasma separation were
explored comparing the lab’s method (1,800xg for 30 minutes) (open bars) with a
widely used method of obtaining plasma for MP analysis using flow cytometry
(1,500xg for 15 minutes followed by a second sharp spin at 13,000xg for 2 minutes)
(filled bars) (Fig 3.9) (Jy, et al 2004) to determine their effect on the thrombin
generation triggered with the PRP (1pM TF) reagent in both normal plasma and PDMP-
rich plasma. Thrombin generation from normal plasma and PDMP-rich plasma showed
slight differences with different donors and speeds (Fig 3.9). These slight differences
were seen in all of the measures taken between the two separation speeds, and
reached statistical significance in normal plasma for ttP (p=0.0159), and in PDMP-rich
plasma for both ttP and PT, (p=0.0189 and p=0.0342 respectively). The two-step
centrifugation retained more MPs, which resulted in a shorter time, and generated
more thrombin. More activity was seen at the lower speed before and after CRP-XL

stimulation.
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Fig 3.9.The effect of different centrifugation methods on thrombin generation assay in normal plasma
and PDMP-rich plasma triggered with the PRP (1pMTF) reagent. Normal and PDMP-rich plasma were
prepared by centrifugation at 1800xg (open bars) and 1500xg /followed by a sharp spin at 13,000xg for
2 minutes (filled bars). Data shown as mean+SEM (n=3) using paired t-test.
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3.2.7. Effect of freezing and thawing on thrombin generation

Plasma separated from citrated blood or from PRP following stimulation with CRP-XL
by a single centrifugation at 1800xg for 30 minutes at RT will be free of cells, but the
majority of MPs should remain in suspension. If MPs are present, whether of platelet
origin or from other cell types, this will affect thrombin generation. Removal of MPs,
either by filtration through a 0.2um filter, or by a second, more rigorous centrifugation
step at 13,000xg for 10 minutes, should remove most if not all of the MPs. Similarly,
plasma may be affected by freezing and thawing, producing either more reactive
plasma, due to disruption of the membrane of MPs that may be present, or less, due
to the denaturation of coagulation factors, particularly labile factors such as FVIII and
FV. Finally, if the initial plasma separation is performed at 4°C, many coagulation
factors will be preserved, but others may become activated, particularly FVII and FVIII

(Favaloro, et al 2004), leading to altered values in the thrombin generation assay.

In addition, there are contrasting reports in the literature of the effect of freezing and
thawing of plasma samples on MP integrity (Dey-Hazra, et al 2010, Trummer, et al
2009) and the subsequent effect on thrombin generation (Keuren, et al 2006). This
study therefore investigated these questions in samples of normal and PDMP-rich
plasma, with and without removal of the MPs by either filtration though a 0.2um filter
or by a second centrifugation at 13,000xg for 10 minutes before freezing. These
samples were analysed in the CAT assay using the four reagents — PPP normal
(5SpMTF/4uMPL), PPP low (1pMTF/4uMPL), PPP normal (1pMTF/2uMNIBC PL) and PRP
(1pMTF) — either immediately or after one or two cycles of freezing and thawing at -

80°C. Separation of the plasma from whole blood at RT or 4°C had no effect compared
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to RT on thrombin generation using the PPP normal reagent (data not shown);
therefore, in the following experiments the separation of the plasma at 4°C was not

included.

3.2.7.1. Effect of freeze/thaw cycles on normal and PDMP-rich plasma

Freezing and thawing had no effect on the measures of thrombin generation in the
normal plasma, apart from a small, non-significant reduction in thrombin generation
after 2 cycles using the PPP normal (5pMT F/4uM PL), PPP low (1pM TF/4uM PL) and
PRP/NIBSC (1pM TF/2uM PL) reagents (table 3.5; one-way ANOVA) and a significant
effect on (longer) ttP (p=0.0409) with the PPP low reagent. However, when analysed
with the PRP reagent, the two measures of the amount of thrombin generated (PT and
ETP) were significantly affected after freezing and thawing (p<0.05; one-way ANOVA);
both ETP and PT significantly (p<0.005; paired t-test) went up after 1 freeze/thaw then
fell after 2-but not back down to fresh level, which is indicative of either an effect on
coagulation factors or a disruption of the level of MPs or apoptotic bodies if present
from circulation in the plasma, leading to increase membrane permeability. To confirm
if the effect is on MPs or coagulation, plasma with no MPs (they were removed either
by filtration or a second rigorous centrifugation step) was analysed in parallel

(described in the next sections 3.2.7.2 and 3.2.7.3).

Freezing and thawing had only a modest effect on PDMP-rich plasma (table 3.5). The
LT and ttP increased slightly on repeated freezing and thawing, and these differences
were significant (p<0.05) with all four reagents apart from in the ttP measured with

the PRP reagent. However, the PT and ETP measures were not statistically altered. This
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A)
5pM Plasma (n=6) PDMP-rich plasma (n=7)
TF/4uM
PL Fresh Once Twice P value Fresh Once Twice P value
LT (min) 2.7+0.2 2.8+0.2 2.940.2 0.8581 2.740.1 2.840.1 3.0+0.1 0.0222
ttP (min) 5.4+0.2 5.5+0.1 5.7+0.1 0.3291 5.4+0.1 5.7+0.1 5.9+0.2 0.0369
ETP 1816+72 172974 1567493 0.1182 2046+137 21254159 2140+161 0.8984
(nM.min)
PT(nM) 315+14 306%12 269421 0.1354 343%15 348+20 345420 0.9843
B)
1pM Plasma (n=6) PDMP-rich plasma (n=7)
TF/4uM PL Fresh Once Twice P value Fresh Once Twice P value
LT (min) 5.4+0.5 5.3%0.4 5.6+0.5 0.9086 6.0£0.1 6.610.2 6.940.1 0.0008
ttP (min) 8.8+70.4 9.0+20.3 9.9+0.2 0.0409 9.9+0.3 11.0+0.4 11.7+0.4 0.0067
ETP 1695481 1532+80 1414+107 | 0.1200 1769+142 | 17594152 | 17714172 | 0.9984
(nM.min)
PT(nM) 256120 234424 188+32 0.1936 246127 213+29 205428 0.5629
C)
1pM Plasma (n=6) PDMP-rich plasma (n=7)
TF/2uM Fresh Once Twice P value Fresh Once Twice P value
NIBSCPL
LT (min) 5.7£0.5 6.1+0.3 6.810.4 0.1938 5.610.2 6.310.2 7.210.3 0.0006
ttP (min) 10+0.9 10.8+0.5 12.1+0.7 | 0.1503 10.0+0.3 11.4+0.6 12.6+0.8 0.0305
ETP 2128+10 | 2066+99 1820+84 | 0.0888 2230+173 2259+168 2104+237 0.8362
(nM.min) 4
PT(nM) 227.5+29 | 205.8+14.1 | 159.7+9.0 | 0.0706 244.3+31 230.1+28 206.3+35 0.6998
1
D)
1pM TF Plasma (n=6) PDMP-rich plasma (n=7)
Fresh Once Twice P value Fresh Once Twice P value
LT (min) 7.5+0.4 7.240.2 8.1+0.5 0.2556 6.2+0.2 7.2+0.2 7.9+0.4 0.0027
ttP (min) 15.8+0.6 15.8+0.7 17.6+0.9 | 0.1873 13.4+1.0 14.8+0.9 15.7+1.3 0.3171
ETP 7514137 1446+127 | 1252+194 | 0.0178 2032+187 2065+179 2000+234 | 0.9740
(nM.min)
PT(nM) 37.5%5.9 81.1+10.4 | 68.8+12.4 | 0.0202 166.8437.9 | 161.5#32.9 | 157.9439.3 | 0.9854

Table 3.5: Effects of freeze/thaw cycles on normal and PDMP-rich plasma on thrombin generation.
Thrombin generation was measured either in normal plasma or PDMP-rich plasma after subjecting 2
freeze/thaw cycles with (A) 5pM TF/4uM PL, (B) 1pM TF/4uM PL, (C) 1pM TF/2uM NIBSC PL and (D)
1pM TF. Data are shown as meanzSEM. Differences between the three cycles were determined by One-

WAY ANOVA.
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suggests that the effect of freezing and thawing masked by the high level of MPs in the
plasma. In addition, the data suggest that the MPs in normal plasma might behave
differently from PDMPs generated from platelets by CRP-XL stimulation. It should,
however, be emphasized that the changes seen were small and some of the statistical
differences could be due to false positive associations caused by multiple testing. It is
therefore reasonable to suggest that accurate estimates of thrombin generation can

be obtained from stored plasma samples, provided they are treated in the same way.

3.2.7.2. Effect of freeze/thaw cycles on filtered normal and PDMP-rich plasma

The influence of freezing and thawing was then investigated using the same samples
of plasma and PDMP-rich plasma following filtration before freezing and thawing
cycles. Filtration was used to remove most, if not all, of the MPs from the plasma to
determine if the changes seen in stored samples are mainly due to the deterioration in
coagulation factors. Freezing and thawing had little effect on the measures of
thrombin generation in the normal plasma, apart from a small but significant
reduction in thrombin generation after 2 cycles using the PRP/NIBSC (1pM TF/2uM PL)
reagent (table 3.6). The pattern of reduction was similar to that previously seen in the
unfiltered normal plasma (table 3.5), where the main effect was seen in the ETP and
PT. This was observed by more ETP/PT after 1 cycle of freeze/thaw and then felt after
2 cycles. In filtered PDMP-rich plasma, freezing and thawing also had a significant
(p<0.05) effect only on the time parameters (LT and ttP) of thrombin generation, but
not on the amount (ETP and PT) (Table 3.6), for all reagents except for the ttP with the
PRP reagent and the LT with the PPP normal reagent. Again, this is similar to the

observation with unfiltered PDMP-rich plasma (table 3.5).
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A)
pM Filtered Plasma (n=6) Filtered PDMP-rich plasma (n=7)
TF/4uM
PL Fresh Once Twice P value | Fresh Once Twice P value
LT (min) | 2.940.2 2.9+0.3 2.9+0.2 0.9704 | 2.9+0.1 3.0+0.1 3.2+0.1 0.0516
ttP (min) | 5.940.3 6.2+0.3 6.3+0.3 0.6387 | 6.1+0.1 6.4+0.2 6.8+0.2 0.0287
ETP 1771469 1669175 1541493 0.1576 | 2033+132 2127146 2047+159 0.8860
(nM.min)
PT(nM) 277.4+10.5 | 262.6+12.3 | 232.6+16.2 | 0.0816 | 303+15.3 302.7+14.5 | 286.2+17.3 | 0.6892
B)
1pM Filtered Plasma (n=6) Filtered PDMP-rich plasma (n=7)
TF/4uM PL Fresh Once Twice P value Fresh Once Twice P value
LT (min) 5.9+0.6 6.0+0.6 6.0+0.6 0.9736 6.9+0.2 7.3+0.3 7.7+0.2 0.0461
ttP (min) 10.1+0.5 | 11.1+0.2 | 11.6+0.6 | 0.1005 11.740.3 12.740.4 13.3+0.3 0.2837
ETP 1535+ 1400+ 1227494 | 0.1241 1552+177 14324160 13604159 0.7144
(nM.min) 102 104
PT(nM) 189+16 157.8+20 | 126.6+21 | 0.1025 164.3125 129.1+19 119.1+17 0.2837
C)
1pM Filtered Plasma (n=6) Filtered PDMP-rich plasma (n=7)
TF/2uM PL Fresh Once Twice P value | Fresh Once Twice P value
LT (min) 6.5+0.5 7.0+0.4 7.7+0.5 0.2142 | 6.4%0.3 7.6+0.4 8.2+0.4 0.0180
ttP (min) 11.6+1.0 | 12.31+0.8 13.8+1.0 0.2400 11.6+0.7 14.0+0.7 14.9+0.7 0.0105
ETP 1996+ 1947+121 1612483 0.0462 | 2091+193 19614209 18584262 0.7790
(nM.min) 114
PT(nM) 176.3+12 | 167.5£12.0 | 129.4+10.0 | 0.0249 | 202.6+29.0 | 156.6+20.8 | 143.6+23.8 | 0.2427
.0
D)
1pM TF Filtered Plasma (n=6) Filtered PDMP-rich plasma (n=7)
Fresh Once Twice P value | Fresh Once Twice P value
LT (min) | 9.240.5 9.610.7 10.9+0.9 0.2351 | 8.0+0.4 9.240.5 10.1+0.6 0.0251
ttP (min) | 18.7+0.6 19.6+0.8 20.31+0.8 0.9853 | 17.7+0.9 19.8+0.9 20.8+1.4 0.1623
ETP 421196 4421142 4124137 0.9792 13794302 12021326 10984359 0.8327
(nM.min)
PT(nM) 20.7+4.4 22.547.2 21.246.8 0.3447 | 85.2+25.7 70.74£23.5 69.3+27.4 | 0.8887

Table 3.6: Effects of freeze/thaw cycles on filtered normal and filtered PDMP-rich plasma on thrombin
generation. Thrombin generation was measured either in normal plasma or PDMP-rich plasma after
subjecting 2 freeze/thaw cycles with 5pM TF/4uM PL, 1pM TF/4uM PL and 1pM TF. Data are shown as
meanSEM. Differences between the three cycles were determined by One-WAY ANOVA.
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3.2.7.3. Effect of Freeze/thaw cycles on double spun normal and PDMP-rich
plasma

Again, the influence of freezing and thawing was then investigated on samples of
plasma and PDMP-rich plasma prepared from the same plasma but this time following
a second centrifugation of the plasma and PDMP-rich plasma at 13,000xg for 10
minutes (table 3.7) before freeze/thaw cycles. Similar observations were observed in
the second centrifuged plasma as for the normal plasma (table 3.5) and the filtered
normal plasma (table 3.6). In the double-spun normal plasma, freezing and thawing
had a small effect, but only reached a statistically significant effect on ETP and PT with
the PRP/NIBSC PL reagent and on PT with PRP low (p<0.05) (table 3.7). Again, as with
the previous observations in PDMP-rich plasma and filtered PDMP-rich plasma, in the
double-spun PDMP-rich plasma the effect of freezing and thawing was only seen on
time parameters, with statistically significant effects with PPP normal, PPP low and

PRP reagents (p<0.05; table 3.7) and no effect on ETP or PT.

These observations suggest that the effect seen in normal and PDMP-rich plasma was
largely due to a disruption of MPs in the 1% cycle of freeze/thaw and on coagulation
factors may be after 2 cycles. The effect of the 1* cycle was clearly seen in normal
plasma, which few MPs from circulation, but was masked by the large level of MPs in
the PDMP-rich plasma. Furthermore, the data suggest a unique effect on the normal
plasma and suggest that the MPs in the normal plasma behave differently from MPs

generated from platelets.
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A)
5pM Double spun Plasma (n=6) Double spun PDMP-rich plasma (n=7)
TF/:EM Fresh Once Twice P value Fresh Once Twice P value
LT (min) 2.8+0.2 2.9+0.3 2.9+0.2 0.9694 2.9+0.1 3.1+0.1 3.1+0.1 0.0069
ttP (min) 5.4+0.2 5.610.2 5.70.2 0.6770 5.7#0.1 6.0+0.1 6.3%0.2 0.0123
ETP 179573 170677 1536496 | 0.1119 | 2098+132 | 2143+146 | 2090+158 | 0.9617
(nM.min)
PT(nM) 313.3+12.7 | 302.5+13.7 | 268+20.6 | 0.1482 | 336.2+14 | 334.4+14 324.2+16 | 0.8237
B)
1pM Double spun Plasma (n=6) Double spun PDMP-rich plasma (n=7)
TF/:EM Fresh Once Twice P value Fresh Once Twice P value
LT (min) 5.5£0.5 5.710.5 5.710.5 0.9503 6.710.1 7.210.2 7.410.1 0.0195
ttP (min) 9.0+0.4 9.5+0.3 10.1+0.2 0.0586 10.6%0.3 11.8+0.5 12.1+£0.5 0.0530
ETP 1669+ 15891102 1337110 0.0831 17581146 16731143 16451162 0.8603
(nM.min) 90
PT(nM) 237.8% 212.9+19 164122 0.0426 225.4+27 188.3+28 179.4+26 0.4577
16
C)
1pM Double spun Plasma (n=6) Double spun PDMP-rich plasma (n=7)
TF/PZLUM Fresh Once Twice P value Fresh Once Twice P value
LT (min) 6.1+0.4 6.5+0.4 7.0+0.4 | 0.3039 6.0+0.2 6.8+0.4 7.4+0.4 0.0549
ttP (min) 10.7+0.7 11.2+0.6 12.1+0.7 | 0.3256 11.6+0.4 12.6+0.8 13.440.8 0.2229
ETP 2033+101 | 2057+118 | 1700172 | 0.0380 | 2242+211 | 2199+178 | 2070+212 0.8197
(nM.min)
PT(nM) 182.1+112 188.6+15 148.416 0.0525 197.5+20 195.4+25 | 174.5+23 0.7343
D)
1pM TF Double spun Plasma (n=6) Double spun PDMP-rich plasma (n=7)
Fresh Once Twice P value Fresh Once Twice P value
LT (min) 8.0+0.4 8.5+0.5 9.2+0.6 0.2809 7.3+0.2 8.2+0.4 8.8+0.4 0.0368
ttP (min) 17.2+0.4 17.5+0.5 18.3+0.8 | 0.8673 | 16.2+0.6 | 17.9+0.9 18.7+1.1 0.1359
ETP 599+102 681+116 6144128 | 0.6632 | 1689+227 | 16474231 | 15714259 0.9393
(nM.min)
PT(nM) 27.2+4 34.2+5 31.5%6 0.4294 100+22 121434 114433 0.8842

Table 3.7. Effects of freeze/thaw cycles on double spun normal and filtered PDMP-rich plasma on
thrombin generation. Thrombin generation was measured either in normal plasma or PDMP-rich
plasma after subjecting 2 freeze/thaw cycles with 5pM TF/4uM PL, 1pM TF/4uM PL and 1pM TF. Data
are shown as meanzSEM. Differences between the three cycles were determined by One-WAY ANOVA.

93




Ch3: Effect of PDMPs on TG

3.2.8 Influence of TF in plasma from normal individuals

The measurement of thrombin generation in the previous experiments was carried out
with added, exogenous TF. However, blood borne TF is reported in the circulation
(Eichinger, et al 1995, Giesen, et al 1999, Morrissey, et al 1993) either as soluble or TF-
bearing MPs (Giesen, et al 1999). To investigate the influence of endogenous TF,
thrombin generation was triggered in plasma from healthy subjects (n=13) with the
PRP (1pMTF) reagent and without any reagent in order to make the assay dependent
on the endogenous TF and PL (Ollivier, et al 2010). Twenty ul of HBS was added to the
reaction mixture instead of the PRP reagent to maintain the total volume. In the
plasma, more activity was observed with the PRP (1pM TF) reagent than without a
reagent (no TF/PL) (Fig 3.10), this activity was seen in only 4/13 subjects with very long

LT and ttP and very low ETP and PT (p<0.0001; Fig 3.10).

To investigate if CRP-XL (2.0ug/ml) stimulation of PRP induces TF-bearing PDMPs,
PDMP-rich plasma was then compared to normal plasma from 9 healthy subjects, and
thrombin generation was initiated with no reagent (no TF) (Fig 3.11). Thrombin
generation was not detected in 6/9 in normal plasmas and in 3/9 in PDMP-rich
plasmas. PDMPs enhanced thrombin generation compare to the normal plasma, which
might indicate the presence of active TF in form of soluble or TF-bearing MPs upon

CRP-XL stimulation of PRP.
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Fig 3.10. Dependency of thrombin generation on TF in plasma. Thrombin generation was triggered in
normal plasma with and without the PRP (1pMTF) reagent. Data are shown as individuals points, n=13.
Statistical analysis using paired t-test.
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Fig 3.11. PDMPs enhance thrombin generation independently of exogenous TF. Thrombin generation
was triggered in normal plasma and PDMP-rich plasma without exogenous TF. Plasma was obtained
after CRP-XL (2.0pg/ml) stimulation of PRP. Data are shown individuals points (n=9) Statistical analysis
using paired t-test.
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3.2.9 Preliminary study of MP size and count using nanoparticle tracking
analysis (NTA)

This is a preliminary study of MP size and count using NTA, which tested whether
there is a relationship between MP count and/or size and thrombin generation. NTA
provides a new method for the detection and counting of MPs based on Brownian
motion. Washed platelets were stimulated with different concentrations of CRP-XL (O,
0.2, 0.5, 1.0, 2.0, 5.0 and 10.0pg/ml) for 10 minutes at 37°C, PDMP-rich supernatants
were obtained and then stored in aliquots at -80°C for NTA analysis. Then PDMP-rich
supernatants were analysed by Dr Chris Gardiner in Oxford University using Nanosight,

LM 1.0 (NTA software2.0).

3.2.9.1 MP size and count using NTA

The analysis showed an increased in PDMP count with increasing concentrations of
CRP-XL (Fig 3.12a shows the total count of PDMPs and in Fig 3.12b shows PDMPs
>200nM in size), because the previous analysis showed that plasma supported
thrombin more before filtration compared filtered plasma through a 0.2um filter. The
count of PDMPs varied between individuals. Three donors (D1, D2 and D3) showed a
dose-dependent increase in PDMP count with increasing CRP-XL concentration.
However, in D1 the count of MP reduced at 10.0ug/ml CRP-XL for both total and
MP>200nm (Fig 3.12), as well as D3 for MP>200nm only. D4 showed no increase in the
total count of PDMP count (Fig 3.12a), with slight increase in the count of PDMP
>200nM (Fig 3.12b). It can also be noticed that the count of large MPs (>200nm) is
almost half the total count of all particles count (Fig 3.12a). It was also observed that

at 10.0pug/ml CRP-XL the count of the larger (>200nm) MPs was reduced in two donors
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Fig 3.12. Number of PDMPs in the supernatant of activated washed platelets with dose response CRP-
XL. A) Total PDMPs and B) PDMPS size >200nm. Washed platelets were activated with increasing
concentration of CRP-XL (0-10ug/ml) for 10 minutes at 37°C. Then the supernatant was obtained by
centrifugation of platelet suspension at 1800xg for 30 minutes. Supernatant was obtained and stored at
-80°C for analysis.
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Fig 3.13. Effect of filtration through a 0.2um filter on PDMP count. (A) Shows the effect of filtration on
the total count of PDMPs (B) Shows the effect of filtration on the count of PDMPs >200nm. Data are
from one donor.
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(D1 and D3) (Fig 3.12b). Filtration through a 0.2um filter had a significant effect on MP
numbers, removing up to 60-90% of all MPs and even those MP of >200nm (Fig 3.13;

n=1).

3.2.9.2 Correlation between thrombin generation and PDMP count

Thrombin generation was measured in 3 of the 4 donors shown in Fig 3.12. The data
for each donor were analysed individually because the inter-individual response to
CRP-XL varies considerably- making it hard to combine the data. Given the small
number of samples, two donors showed strong correlation of thrombin generation
with PDMP count (Figs 3.14 and 3.15) and also with PDMP >200nm (data not shown)
but one did not (Fig 3.16). The strong correlation was mainly with the ETP and PT, and
an inverse modest correlation was found with LT and ttP for both donors. The strong

correlation was determined by r value above 0.5 and significant P value (not shown).
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Fig 3.14: A strong correlation was observed between total PDMP count and thrombin generation
parameters in donor 3.
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Fig 3.15: A strong correlation was observed between total PDMP count and thrombin generation
parameters in donor 4.
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Fig 3.16: No correlation was observed between total PDMP count and thrombin generation

parameters in donor 2.
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3.3. Discussion

Activation of platelets with CRP-XL leads to the release of MPs that support thrombin
generation through PS exposure. PDMPs may also be elevated in the blood in a variety
of atherothrombotic disease states. Measurement of PDMPs in plasma from patients
may have diagnostic and/or predictive value. The thrombin generation assay
developed by Hemker group is a tool for investigating the hypercoagulability and
hypercoagulability of plasma, so different reagents exist (Hemker, et al 2003). It has
been used for the detection of procoagulant MPs in the plasma of healthy subjects and
patients with thrombotic diseases, but there have been no critical studies on the best
reagent for measurement of the procoagulant activity of MPs. Macey, et al (2011)
used the PPP normal (5pMTF/4uMPL) reagent, and others (Bidot, et al 2008, Pereira,
et al 2006b) have used the PRP (1p MTF) reagent, but it has not been fully evaluated.
This makes a comparison between studies difficult and indicates no agreement among
laboratories on the best reagent for MP detection and also no agreement on the pre-
analytical conditions. This why the Vascular Biology group of the Scientific and
Standardization Committee of the International Society for Thrombosis and

Haemostasis (ISTH) is addressing these issues in MP detection.

Different commercial reagents exist for thrombin generation measurement in plasma,
with TF as the trigger and PL as the platelet substitute (known as PPP reagents) with
the PRP (1pM TF) reagent primarily used for thrombin generation driven by platelets
(Hemker, et al 2003). When this study began in late 2007, there were limited data, and
almost no comprehensive studies, that investigate the effect of pre-analytical and

analytical conditions on thrombin generation in normal and PDMP-rich plasma. For
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example, there were studies on the effect of residual platelets in the plasma on
thrombin generation after storage (Chantarangkul, et al 2004), the effect of storage on
MPs on thrombin generation (Keuren, et al 2006), the effect of contact factor
activation in plasma (Luddington and Baglin 2004, Van Veen, et a/ 2008), but none of
these studies agreed on the best reagents to use to detect procoagulant activity of
MPs by thrombin generation, and most of the studies used flow cytometry for
evaluating those pre-analytical and analytical variables (Kim, et al 2002, Lacroix, et al

2010a, Mobarrez, et al 2010, Shah, et al 2008).

The current study has demonstrated that the PRP (1pM TF) reagent is the most
sensitive reagent for MP detection in the plasma, which significantly discriminates
between PDMP-rich plasma and normal plasma. The PRP (1pM TF) reagent makes
assay dependent on the level of endogenous PL, while the other reagents with
exogenous PL, failed to discriminate between the unstimulated plasma and PDMP-rich
plasmas, or to vary with varying concentration of PL of PDMPs, mainly because they
contain the rate limiting factor “PL” and because of the effect of endogenous PL on
thrombin generation (Figs 3.3, 3.4 and 3.5). The assay with PPP reagents are
considered to be mainly dependent on the level of coagulation factors in the samples,
with less sensitivity to the levels of TF and procoagulant MPs, while the PRP reagent
depends mainly on the procoagulant PL and coagulation factors. Once one is omitted
then the assay becomes dependent on the missing factor. To confirm this sensitivity
for PL, the CAT assay was run with different concentrations of exogenous PL (NIBSC)
and the sensitivity was observed for the 1pM reagent only, similar to the observation

for the titration of the PDMPs. This is in agreement with Gerotziafas et al (2005), who
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showed significant dependency between the amount of thrombin generated in terms
of ETP and PT and the level of exogenous PL at 0-3pM TF. In addition, this is in
agreement with what is mentioned, but not clearly demonstrated in the literature,
that triggering thrombin generation with <1pMTF in the plasma is the best reagent to
differentiate between hyper- and hypercoagulable conditions. Also, our findings
illustrate that the best, most sensitive, parameter for PL detection is PT, while ETP is
less sensitive because it needs small amount of PL to generate maximum thrombin,

however it can be a parameter of how plasma is thrombogenic.

With the 1pMTF the sensitivity of the thrombin generation assay to coagulation
factors - mainly FVIII, FIX and FXI - is high (Beltran-Miranda, et a/ 2005, Dargaud, et al
2005, Hemker, et al 2003, Lewis, et al 2007, van Veen, et al 2009). Therefore, using the
1pMTF reagent for procoagulant MP detection could raise the question of whether the
effect is due to PL dependency of the assay, but instead due to variations between
levels of individual coagulation factors. Our data with pooled plasma, where all the
coagulation factor levels were the same, show that the assay is sensitive to the level of
the synthetic NIBSC PL or PDMPs which was not seen using the other two reagents. To
confirm the dependency of the thrombin generation assay on PDMPs, and also to
investigate the best method of removing the effect of PDMPs, filtration via a 0.2uM
filter was compared with a double centrifugation step (1,800xg for 30 minutes
followed by 13,000xg for 10 minutes). Both methods significantly reduced the
procoagulant activity of PDMPs on the thrombin generation assay. This finding is in
agreement with previous studies, which showed the removal of MP activity, measured

by thrombin generation, either in normal plasma or in fresh frozen plasma using either
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a PPP normal reagent or a PRP reagent (Lawrie, et al 2008, Macey, et al 2011). In
addition, we found the ceveron filter device is better at removing MPs from normal
plasma than a normal acrodisc filter; however, in the presence of a high level of
PDMPs in the plasma it becomes saturated, so the acrodisc is better to remove MPs in
plasma with a high level of MPs. With the finding that the most sensitive parameter

for MPs detection is PT, while for thrombotic plasma it is ETP.

The current study demonstrate that our single spin protocol in plasma separation
(1800xg for 30 minutes) had similar results compared to commonly used protocol
using 2 steps of centrifugation (1,500xg for 15 minutes followed by 13,000xg for 2
minutes) for detection of MPs (Jy, et al 2004), with the latter retained more activity
than the single step centrifugation, which contradict the data the single spin protocol
retain residual platelets, because they used lower speed and less time (1500xg for 20
minutes) (Ayers, et al 2011) compared to our protocol (18,00xg for 30 minutes). The
single step spin protocol (one centrifugation step) is much better because it prevents
the loss of MPs from the samples (18,00xg for 30 minutes), and also does not retain
residual platelets, as 2 steps protocol led to a loss of up to 80% of MPs (Horstman, et

al 2004).

Using low TF (<1pM) to trigger thrombin generation makes the assay susceptible to
contact factor activation (mainly FXlIla), which can be easily activated by sample
transportation and blood collection. To avoid this, blood should be drawn without a
tourniquet, or with only a minimal tourniquet applied, and the blood should be

transported as quickly as possible. However, these conditions cannot be met for all
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studies, especially in a hospital setting. Contact factor activation significantly
influences the measurement of thrombin by increasing the assay’s variability and
impression plasma (Luddington and Baglin 2004). To overcome this false
overestimation of the assay, which affects the assay reproducibility, CTI has been
found to be useful in eliminating the effect of contact pathway activation and
improving the measurement of thrombin generation in plasma from both healthy
subjects and patients (Dargaud, et a/ 2005, Luddington and Baglin 2004, Van Veen, et
al 2008). The results of the present study are in agreement with the previous
publications, with an emphasis on the use of CTl at low concentrations of TF (<1pM) to
trigger the reaction. The effects seen here were relatively small reflecting the
immediacy of the same processing, however, this may be more apparent for remotely-

collected and stored plasma.

The current analysis of the precision of the CAT assay ,CV, was found to be within an
acceptable limit in the current study. The inter-assay variation CV (table 3.1), was
assessed using four reagents. The results revealed good precision (<12.0%) that was
not affected by the low concentration of TF, as has been published previously. Also,
the intra-assay CV (table 3.2) was very low. This study also agrees with the findings in
the literature on the variability of thrombin measurement, mainly ETP and PT,
between individuals. Our study confirms that these factors are increased due to the
MPs in PDMP-rich plasma and it is suggested that this is due to the levels of PS
(Gerotziafas, et al 2005, Vanschoonbeek, et al 2004) and indicating that the assay is

reproducible.
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There is no agreement on the best method of storing plasma or whether to run it as a
fresh sample for subsequent analysis; the common practise is to freeze plasma to be
analysed on a later date, because it is cost-effective and better to eliminate batch-to-
batch variability of MP analysis to run a number of samples at the same time;
however, this conflicts with the view that it is best to run fresh samples. Previous
studies mainly on the effect of storage on MPs used flow cytometric analysis and few
have used thrombin generation. The common understanding is that freezing of plasma
generates MPs from platelets (Xiao, et al 2002) and affects MP count (Keuren, et al
2006). Our results showed an effect of freezing and thawing of the plasma on
thrombin generation was mainly due to the effect on MPs on the first cycle of thawing
and on coagulation factors on the second cycle of freeze/thaw, as the effect was
clearly seen in normal, with a small effect was seen on the plasma with MPs removed
by either filtration or double spinning. This is in agreement with the observations of
Keuren et al (2006) who found an effect on the level of MPs after one freeze-thaw
cycle at -80°C using both flow cytometry analysis and thrombin generation; they found
an increase in the MP count and an enhancement of thrombin after freezing compared
to fresh samples. However, the effect observed on Keuren et al (2006) was high; the
possible explanation for these is that Keuren et al (2006) had looked at the effect of
freezing on isolated MPs from a platelet concentrate diluted in a HBS buffer instead in

the plasma, which is likely to provide a protective environment for the MPs.

In addition, our study in agreement with the following studies (Dey-Hazra, et al 2010),
who showed there was an effect of storage over time (freezing) at -80°C on MPs in

increasing the MPs in the plasma, as measured by annexin-V binding and the MP count
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using flow cytometry. With flow cytometric analysis, van Lerssel, et al (2010) found the
same result: an increase in the MP count after snap freezing followed by storage at -
80°C and the same was found after at -80°C and thawed on ice (Ayers, et al 2011).
Other groups have systematically studied the effect of the thawing procedure after
snap freezing, thawing samples on ice, at RT or 37°C, and made the recommendation
that samples should be thawed at RT or 37°C in a water bath, and that thawing on ice
should be avoided (Trummer, et al 2009). We also investigated the effect of storing
normal and PDMP-rich plasma on the procoagulant activity of MPs, and after removal
of MPs either by filtration through a 0.2um filter or by a hard spin at -80°C by
comparing thrombin generation in fresh plasma and after subjecting the samples to 2
cycles of freeze-thaw. Chantarangkul et al (2004) studied the effect of snap freezing
plasma in liquid nitrogen followed by storage at -70°C on thrombin generation using
1pMTF with three concentrations of PL (0, 0.5, 1uM). They looked at the effect of the
remaining residual platelets in plasma prepared by centrifugation at 1,200xg for 12
minutes. Indeed, the current study demonstrate that filtration would remove MPs as
well as residual platelets, which this group recommended filtering the plasma before

or after storage are the best methods to remove the effect of residual platelets.

We found in the current analysis the presence of TF-bearing MPs in a few subjects, and
the number of subjects with TF-containing MPs was increased after CRP-XL
stimulation. This is based on the finding that only 4/13 subjects supported thrombin
generation dependent on endogenous TF, compared to thrombin generation driven by
1pMTF in the same subjects (Fig 3.10), while PDMP-rich plasma in 3 of them supported

thrombin generation after CRP-XL of the PRP (Fig 3.11). Indeed, TF circulates in the
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blood of healthy individuals either in soluble form or in the form of TF-bearing MPs
derived from a range of blood cells; the role of these MPs in the haemostatic response
remains to be elucidated. Indeed, MPs are widely described as the main carrier of TF in
the circulation (Panes, et al 2001). TF has also been found on platelets and MPs in the
circulation (Eichinger, et al 1995, Giesen, et al 1999, Morrissey, et al 1993). TF is
thought to be found in the circulation in an encrypted “inactive” form, which can be

de-encrypted into “active TF” upon oxidation or stimulation with agonists.

The same observation on the presence TF-containing MPs in few individuals has also
been reported by Keuren et al (2006) who found TF-bearing MPs isolated from platelet
concentrates could not initiate thrombin generation, mainly because of the action of
TFPI, although MPs have been found to play a positive role in functional TF using a FXa
generation assay. The current observations of endogenous TF and those of Keuren et
al (2006) on the effect of TFPI on thrombin driven by endogens TF might explain the
contradiction between studies on the activity of endogenous TF (Bogdanov, et al 2003,

Butenas and Mann 2004).

It is well established that the flow cytometers fails to detect smaller MPs below 0.5um
due to the wavelength of the laser (488nm). Although there are sizing calibration
beads “Megamix”, these still not allow flow cytometry is to detect all the MPs,
meaning flow cytometry is not an ideal technique for MP detection (Lacroix 2010). This
explains why SSC of the ISTH is collaborating with many laboratories to standardize the
analysis of MP by flow cytometry and pre-analytical and analytical variables (Jy, et al

2004, Lacroix 2010). Therefore, promising techniques have been developed to
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overcome the limitations of flow cytometry for accurate sizing and counting of MPs,
particularly the NTA. In the current study, as expected the NTA analysis showed
increased in MP count with increasing concentration of CRP-XL, but surprisingly 2/4
donors had less count at 10.0ug/ml CRP-XL. In addition, a strong correlation in 2/3
donors was observed between thrombin generation parameters and PDMP count and
size. Strong correlations between MP count and thrombin generation parameters have
been reported by others using Megamix in flow cytometry (Bidot, et al 2008, Pereira,
et al 2006a, Sossdorf, et al 2008), EDMP and PDMP relative level and thrombin
generation (Burton, et al Submitted). However, other studies have showed no
correlation between MP functional assays and counts of MPs using either flow

cytometry or the ELISA techniques (Haubold, et al 2009, Tesselaar, et al 2007).

In conclusion, the CAT assay has an acceptable precision with low inter- and intra-
assay measuring of the plasma using the four different reagents described in this study
and the CAT assay is sensitive to the activity of PDMPs in the plasma using the 1pM TF
reagent. The most sensitive parameter for MPs detection is PT, while for thrombotic
plasma is ETP. The effect of MP activity is completely removed by filtration and double
centrifugation step. Filtration with the Ceveron MFU 500 filtration unit is potentially
limited by the amount of MPs in the plasma. In addition, it is recommended to analyse
fresh samples in the assay, and that caution should be taken when analysing frozen
samples in that they should be compared to a reference sample (pooled plasma)
treated in the same way. This study also highlights on the importance of MPs in

supporting coagulation and their important role in haemostasis, which could have

110



Ch3: Effect of PDMPs on TG

clinical relevance in terms of using them as factors for restoring the haemostatic

balance in patients with thrombocytopenia or other diseases, but further studies are

needed to elucidate that.

3.4. Further work

Measure the level of coagulation factors in pre- and post-filtered plasma, to ensure
that these are not lost during filtration which might be a source of variability on
the CAT assay.

The current study has looked only at PDMPs generated from platelets stimulated
by CRP-XL. Whilst this is a potent stimulator of MP generation , MPs from platelets
stimulated with the more physiologically relevant fibrillar collagen (which will also
interact with the GPla/lla collagen receptor), or by combinations of CRP-XL with
other agonists (ADP, TRAP etc) may behave differently in terms of procoagulant
activity, either from anionic PLs or from TF.

MPs from other cellular sources (e.g. endothelial cells or monocytes) may behave
differently in the thrombin generation assay, or in stored samples.

Studying MP level by NTA measurement in more donors to allow a more
comprehensive correlation between both count and size and thrombin generation,

and with even flow cytometry using annexin-V binding.
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Chapter: 4 Procoagulant activity of plasma from patients’

samples

4.1. Introduction

Having characterized the CAT assay it was then used to study plasma from subjects
with, or at risk of CVD, which is the most common cause of death and disability
worldwide. CVD is a complex pathophysiological process involving genes and gene
products, a variety of environmental influences, and biochemical changes of the
haemostatic system, which all lead to increased thrombotic risk. Arterial thrombosis
is mainly due to rupture in vulnerable atherosclerotic plaques, which gradually
develop in the arterial wall through the accumulation, with age, of lipid (mainly
cholesterol and oxidized low density lipoprotein, LDL), leukocytes (mainly
monocytes/macrophages) and platelets (Fitzgerald, et al 1986, Robbie and Libby
2001, Ruggeri 2003, Thaulow, et al 1991, Trip, et al 1990, Tschoepe, et al 1993). The
migration and infiltration of monocytes to the sub-endothelial matrix is triggered by
chemotactic, chemokines and cytokines released by the damaged endothelium and
by activated platelets. The subsequent internalization of lipid droplets by
macrophages turns them into foam cells in the artery wall. The plaques that
accumulate in some conditions are fragile and can be easily ruptured, especially lipid-
rich plagues. Once a plaque is ruptured, procoagulant TF and MPs are exposed into
the circulation. Both TF and MPs are originally derived from activated platelets,

damaged endothelium and apoptotic macrophages, and smooth muscle cells within
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the plague (Mallat, et a/ 1999, Tedgui and Mallat 2001), which their release lead to a

thrombus and may be subsequently to Ml (Thim, et al 2008).

Patients with chronic kidney disease (CKD) have a high prevalence of cardiovascular
complications (Drueke 2000, Go, et al 2004). Uremic patients develop vascular
disease involving endothelium dysfunction, damage and arterial stiffening, a key
player in the development of arteriosclerosis (Dursun, et al 2009, Nakanishi, et a/
2002, van Guldener, et al 1998). Renal failure as a disease is associated with defects
impaired platelet function and defects in coagulation function, therefore leading to
the development of a dysfunctional haemostatic system (Gawaz, et al 1994). On the
other hand, uremic toxins in renal disease reduce platelet aggregation as they affect
the binding of fibrinogen to GP llb-llla (Escolar, et al 1990, Gawaz, et al 1994, Rysz, et
al 1997). Although these factors contribute to bleeding episodes in renal patients,

those patients also have a high risk of developing CVD.

In both diseases, CAD and CKD, a high level of circulatory MPs compared to normal
individuals have been reported (Amabile, et al 2005, Ando, et al 2002, Bernal-
Mizrachi, et al 2004, Faure, et al 2006, Mallat, et a/ 2000), which are procoagulant
and MPs have been associated with thrombotic diseases (Bidot, et al 2008, Hron, et
al 2007). Although the pathophysiology between CAD and CKD is different,
hypercoagulability is seen in both diseases. Therefore, does the pre-existing
hypercoagulability due to procoagulant MPs in the plasma from those subjects can be

detected by thrombin generation assay.
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As described in chapter 3, the CAT assay is sensitive to the level of procoagulant MPs
in the plasma using the 1pMTF reagent, so this study aimed to measure the pre-
existing hypercoagulability of plasma from patients with the two different diseases
(pre-mature MI and ESRD). Each group was matched to a control group for
comparison. A filtration step was included with each reagent to determine whether

the effect was seen due to MPs in the plasma.

4.2. Results

The plasma used in the present study had been prepared at different speeds. In the
previous chapter, it was shown that there were no significant differences observed
between the different protocols used. The protocol was used to prepare plasma from
the MI cohort used centrifugation at 1,800xg for 30 minutes at 4°C. The renal cohort
plasma was prepared by the centrifugation of the blood at 1,500xg for 15 minutes at
RT, followed by a second step of centrifugation at 13,000xg for 2 minutes. The Ml
cohort was recruited by Dr Unni Krishnan (Department of Cardiovascular Sciences,
University of Leicester). The renal cohort was recruited by Dr James Burton (Renal unit,
University of Leicester). All samples were thawed and analyzed in the CAT assay with
and without filtration performed through a 96-well manifold vacuum filtration device
(Ceveron MFU 500 filtration unit) to remove the effect of MPs on thrombin

generation.

4.2.1. Ml cohort

Twenty patients, all North European Caucasians, who had an Ml episode before the
age of 60 were recruited. The blood was collected at least 3 months after the Ml
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episode so that the acute effect of their cardiovascular event would have diminished.
A control group matched for age, gender and smoking status was also recruited. Those
two groups will be called the MI case and control cohorts. Table 4.1 shows the
demographic data for the cohorts, which shows the significant differences between

the two groups in terms of many of the risk factors associated with MI.

Circulatory MPs show comparable thrombin generation in Ml cases compared
to controls

The plasma from the cases and controls gave the same thrombin generation; LT, ttP
and ETP were almost similar in the cases compared to the controls; ETP was
1945+387nM.min vs. 1935+308nM.min; LT was 6.5+0.9min vs. 6.1+1.0min and ttP was
12.7£2.4min vs. 11.3£2.2min (all p>0.05). Although, PT was lower in the MI cases
compared to the controls (160.4£60.5nM vs. 194.2+8.3nM), no statistical significance
was observed (p=0.10). Removal of MPs by filtration caused a significant reduction in
thrombin generation by procoagulant MPs (p<0.0001 with all parameters). After
filtration, PT was statistically significantly higher in the control group compared to the
cases (p=0.0451), but no statistically significant differences were observed for the
other parameters (p>0.05), indicating the presence of a soluble factor that enhances

the procoagulant activity in the controls.
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