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Abstract

In recent years it has become evident that cell-derived microvesicles (MV) influence the
recipient cells through inducing signalling mechanisms which lead to cell proliferation or
apoptosis. In addition, the excessive release of procoagulant MV during chronic diseases
including cancer, sepsis and cardiovascular disease, appears to advance the severity of these
diseases. MV released in response to inflammatory stimuli, mostly carry the proteins tissue
factor (TF), coagulation factor VIla (fVIIa) and negatively charged phospholipids. The
formation of the TF-fVIla complex is known to activate protease activated receptor 2 (PAR2)
which in turn promotes the release of additional TF-containing MV by cells. In this study, the
ratio of fVIIa:TF carried on the surface of MV was measured and its influence on cell
proliferation, apoptosis and PAR2 activation was assessed. Incubation of cells with MV
containing the highest ratios of fVIIa:TF (38:1 and 54:1) were shown to be proliferative, while
at lower ratios (10:1), the MV were shown to be pro-apoptotic. To investigate the requirements
for the activation of PAR2 on cell lines and endothelial cells, the cDNA for PAR2 was cloned
and expressed as a hybrid protein, in tandem with either mCherry or mEmerald. The digestion
of PAR2 resulted in the release of the fluorescent group into the media which was then
measured using a fluorescence plate-reader. Analysis of the cell lines and endothelial cells
treated with procoagulant MV indicated that the activation of PAR2 on the surface of the
transfected cells was proportionately dependent on the fVIIa:TF ratio. Furthermore, incubation
of the transfected endothelial cells with either the MV, or combinations of fVIla and
recombinant TF confirmed the dependence of PAR2 activation on the fVIla:TF ratio with
which the cells come into contact. In the final section of the study, the association of TF-fVIIa
complex with PAR2 and also with the caveolae on the cell surface was investigated, and
alternative mechanisms for clearance of TF were explored. Knock-down of fVII using specific
siRNA prevented the association of TF with PAR2 as examined by the proximity ligation assay
(PLA). In addition, incubation of cells with excess amounts of Texas Red labelled-recombinant
TF indicated the association of TF with lipid rafts as identified by NBD-cholesterol loading.

The exogenous recombinant TF also co-localised with caveolin-1 as determined by PLA.



Disruption of lipid rafts using methyl-B-cyclodextrin (MBCD) enhanced the pro-apoptotic
influence of the TF in endothelial cells indicating that the TF associated with lipid rafts is
maintained in a functionally inactive form. Additionally, a series of experiments indicated the
potential of the currently used direct oral anticoagulant Apixaban, to reduce the damage arising
from the procoagulant MV. In conclusion, this study has shown that cellular regulation of TF
by cells determines the fate of the cells following injury. This is dependent on the ratio of fVIla
and TF carried on MV, which may lead to growth or clearance of cells. In addition, cells
regulate the level of TF by two separate mechanisms, both of which are dependent on PAR2
signalling. While these mechanisms ensure the survival of cells following injury and trauma,
the exhaustion of the cellular capacity, overwhelmed during chronic diseases, appears to be an
underlying cause of vascular deterioration, but there is potential to modulate these interactions
for therapeutic benefit. Finally, the study indicated the potential of Apixaban to reduce the

damage arising from the procoagulant MV.
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Chapter 1

General introduction



1.1 Introduction

The relationship between thrombosis and cardiovascular complications is well established and
has been associated with increased morbidity and mortality in many chronic diseases (Kim et
al., 2016; Wattanakit et al., 2012; Prandoni et al., 2003; Meijers and de Boer, 2019; Fernandes
et al., 2019). It has recently become evident that procoagulant microvesicles (MV) may
exacerbate the development of vascular complications associated with many diseases (Chen et
al, 2018). Elevated levels of procoagulant MV have been reported in patients with chronic
diseases such as diabetes, hypertension, cancer or following myocardial infarction (Manly et
al., 2010; Badimon et al., 2017). MV express a number of proteins on the external surface and
among these proteins is tissue factor (TF). TF is known to be the key protein responsible for
the procoagulant activity associated with MV (Owens and Mackman, 2011). In addition to
acting as the main initiator of the coagulation system (Lasne et al., 2006), TF is involved in
other biological processes such as angiogenesis (Abdulkadir et al., 2000; Cimmino and Cirillo,
2018), inflammation (Cunningham et al., 1999) and induction of MV release (Collier and
Ettelaie, 2011). TF can also promote endothelial cell proliferation (Collier and Ettelaie, 2010;
Ettelaie et al., 2011). Furthermore, the accumulation of TF in endothelial cells induces cellular
apoptosis (Elkeeb et al., 2015; Ethaeb et al., 2019) which can lead to endothelial dysfunction
(Hadi et al., 2005; Yau et al., 2015). During the course of this study, the influence of TF-
positive MV from different cancer cells on cultured endothelial cells was examined. In
addition, the effect of recombinant TF on endothelial cell proliferation and apoptosis were
explored. Understanding these processes may allow the control of the detrimental effects of
cancer cell-derived MV on the vascular system. It may also aid the understanding of the

mechanisms through which cells manage to regulate excess TF in pathophysiological settings.



1.1 Tissue factor

Tissue factor (also known as thromboplastin, CD142, or coagulation factor III) is the main
initiator of blood coagulation and is essential for correct haemostasis (Lasne et al., 2006;
Grover and Mackman, 2018; Grover and Mackman, 2019). The gene for TF is located on
chromosome 1 p21-22 (Butenas, 2012) which encodes for a 263 amino acid transmembrane
glycoprotein with a molecular weight of 47 kDa (Figure 1.1). The protein is comprised of an
extracellular domain, a transmembrane region and a cytoplasmic domain. The extracellular
domain contains 219 amino acids (residues 1-219) and serves as the binding site for factor VII
(fVII)/active fVIIa (fVIIa). The transmembrane domain contains 23 amino acids (residues 220-
242) and stabilises TF within the membrane. The cytoplasmic domain consists of 21 amino
acids that can be phosphorylated at Ser253 and Ser258 (Morrissey et al., 1987; Chu, 2011). TF
is expressed by a number of cell types including fibroblasts, epithelial cells, kidney, brain and
lung cells (Drake et al., 1989; Erlich et al., 1999). Furthermore, TF is synthesised by cells of
the tunica intima and tunica adventitia within the blood vessel walls (Fleck et al., 1990). Under
physiological conditions, endothelial cells and circulating blood cells do not express TF (Drake
et al.,, 1989; Butenas et al., 2009; @sterud and Bjerklid, 2006; Akinmolayan et al., 2016).
However, TF has been shown to be present in the blood circulation of healthy individuals at
low levels (Albrecht et al., 1996; Menzies et al., 2009). In contrast, high levels of TF have been
observed in the bloodstream of patients with atherosclerosis, diabetes, cancer or following
infections (Williams and Mackman, 2012; Eisenreich et al., 2016; Witkowski et al., 2016). This
circulating TF is shown to be associated with the surface of MV (Key and Mackman, 2010).
In addition to its function in haemostasis, TF can also act as a modulator of blood vessel
development (angiogenesis) and cellular proliferation (Abdulkadir et al., 2000; Cimmino and

Cirillo, 2018).



Figure 1.1 The schematic representation of the structure of TF domains
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TF is a 47-kDa transmembrane glycoprotein. Human TF contains 263 amino acids comprised
of an extracellular, a transmembrane and a cytoplasmic domains. The extracellular domain has
219 amino acids and provides a site for fVII/fVIla binding. The transmembrane domain has 23
amino acids which connects the extracellular and intracellular domains and stabilises TF within
the membrane. TF has a small cytoplasmic domain made up of 21 amino acids and contains
three serine residues. The protein has been shown to be phosphorylated at Ser253 and Ser258
(adapted from Chu, 2011).



The mechanisms of TF-mediated signalling and the roles of TF in the regulation of cellular

functions and coagulation are discussed below in this chapter.
1.2 Factor VII

Factor VIl is a vitamin K-dependent coagulation factor that forms a complex with TF, thereby
initiating the extrinsic pathway of the coagulation system (Grover and Mackman, 2019). The
gene for human fVII is located on chromosome 13 and encodes for a single-chain protein that
is composed of 406 amino acids. The mature protein has a molecular weight of 50 kDa (Broze
and Majerus, 1980) and circulates in the plasma as a zymogen at a concentration of around 500
ng/ml with approximately 1% of the protein circulating in its active form (fVIla) (Perera et al.,
1999; Vadivel and Bajaj, 2012; Pongjantarasatian et al., 2019). FVII protein has a half-life of
2-3 h. The protein is made up of a gamma-carboxyglutamate (Gla) domain (residues 1-45), two
epidermal growth factor (EGF-1 and -2) domains and a C-terminal catalytic domain (residues
153-406) (Figure 1.2). The Gla domain binds Ca** ions and allows fVII to associate with the
negatively charged phospholipids on the membrane surface of activated cells. The EGF-1
(residues 47-84) and EGF-2 (residues 85-131) serve as the binding site for TF (Stenflo, 1999;
Vadivel and Bajaj, 2012; Thiec et al., 2003). FVII is activated by proteases including Xa, [Xa
and Xlla, and auto-lytically by coming into contact with other TF-fVIla complexes (Pike et al.,
1999; Shahbazi and Mahdian, 2019). The activation to fVIla occurs through the cleavage of
the single peptide bond between Argl52 and Ile153, located at the boundary of the EGF-2 and
C-terminal catalytic domains (Mirzaahmadi et al., 2011). The digestion of this bond results in
the formation of a light chain (152 amino acids) and a heavy chain (254 amino acids) which
are held together by a disulphide bond to stabilise the protein (Pike et al., 1999; Kemball-Cook

et al., 1999; Shahbazi and Mahdian, 2019).



Figure 1. 2 Schematic representation of the structural domains of factor VII
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The fVII protein is comprised of a Gla domain, two tandem EGF domains and a C-terminal
domain which contains the catalytic region. FVIla is activated through cleavage at a site
between residues 152 (Arg) and 153 (Ile). The cleavage of fVII releases a light chain (152
amino acids) and a heavy chain (254 amino acids) which are held together by a disulphide bond
(adapted from Shahbazi and Mahdian, 2019).



Elevated plasma levels of fVII/fVIIa have been observed in liver cirrhosis (Hollestelle et al.,
2004) and in patients suffering from heart disease (Suzuki et al., 1991). Although liver cells
are the main source of fVII, inflammatory modulators have been shown to trigger the
expression of this protein in other cells including monocytes (Tsao et al., 1984; Wilcox et al.,
2003). An in vitro study conducted by Tsao et al. (1984) demonstrated that monocytes and
macrophages express fVII/fVIla on their surfaces in response to lipopolysaccharide
stimulation. Similarly, the expression of fVII/fVIla was detected in human alveolar
macrophages isolated from patients with sarcoid disease (Chapman et al., 1985). In addition to
monocytes, fVII has been shown to be expressed in human keratinocytes, coronary artery
smooth muscle cells (SMC) and fibroblasts (Wilcox et al., 2003). It has also been shown that
cells from a range of cancers, including ovarian (Yokota et al., 2009), lung, liver, thyroid,
prostate and stomach cancer (Koizume et al. 2006; Koizume and Miyagi, 2015) express the
ectopic form of fVII/fVIla protein. FVII/fVIla may also be associated with and carried on the
surface of cell-derived MV (Yokota et al., 2009; Featherby et al., 2019). The functions of TF-

fVIla complex in cell signalling are discussed in section 1.4.

1.3 The role of tissue factor in haemostasis

The haemostatic system is composed of cells and proteins which function to regulate blood
clotting. This system responds to injury to blood vessels by creating a clot at the site of the
wound in order to curtail the loss of blood (Patalakh, 2011; Palta et al., 2014; Gdbel et al.,
2018). The haemostatic system can be separated into the primary haemostasis, the coagulation
pathways and the fibrinolysis (Palta et al., 2014). The focus of this study concerned the role of
TF as the main initiator of coagulation pathway. The coagulation pathway can be divided into
the extrinsic pathway (also known as the TF pathway) and the intrinsic pathway. These two
pathways converge at a point which leads to the activation of the common pathway (Figure

1.3; Pallister and Watson, 2010; Palta et al., 2014).



The extrinsic pathway is the first step in the coagulation and is initiated by the exposure of TF
from the sub-endothelial layer. Under normal physiological conditions, the vascular
endothelium minimises the contact between TF and the blood (Lasne et al., 2006; Grover and
Mackman, 2018). However, TF can become exposed to blood when the vascular wall is
damaged. The exposure of TF to the blood leads to the binding of circulating fVII to the
extracellular domain of TF and generation of activated fVIla. The resulting TF-fVIla complex
in turn converts fX and fIX into their respective active forms, fXa and fIXa (Figure 1.3;
Mackman et al., 2007; Owens and Mackman, 2010). The intrinsic pathway is initiated by the
activation of fXII to fXIla by various factors, including collagen and kallikrein (Wu, 2015).
The activation of fXII (fXIIa) facilitates the catalytic conversion of fXI to fXIa. FXIa, in turn,
activates fIX to activated fIXa which then digests fX to the activated form, fXa (Figure 1.3;
Kumar et al., 2010; Grover and Mackman, 2019). Convergence of the two mechanism into the
common pathway occurs at the point of fXa which subsequently activates prothrombin to
thrombin. Consequently, thrombin activates both fV and fVIII into the respective active forms
fVa and fVIIla to intensify the coagulation system. In addition, thrombin cleaves soluble
fibrinogen to insoluble fibrin monomers which polymerise to form a fibrin clot. Thrombin can
also activate fXIII (also known as fibrin stabilizing factor) which cross-links the fibrin

polymers to create a fibrin network (Figure 1.3; Palta et al., 2014; Kumar et al., 2010).

1.4 Tissue factor and cell signalling

In addition to its role in coagulation, TF has been shown to function as a cell signalling receptor
(Rao and Pendurthi, 2005; Rufetal.,2011; Zelaya et al., 2018). Most of TF signalling activities
can be initiated through protease-activated receptor (PAR) 1 and PAR2 (Lopez-Pedrera et al.,
2006). The binary TF-fVIIa complex is only capable of signalling through PAR2, whereas the
ternary TF-FVIla-fXa complex activates both PAR1 and PAR2 (Samad and Ruf, 2013; Lopez-
Pedrera et al., 2006). TF signalling is involved in a number of physiological and pathological
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Figure 1. 3 Schematic representation of the coagulation system
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The extrinsic pathway is triggered upon vessel injury when fVII binds with TF and form a
complex. The intrinsic pathway is initiated by the activation of factor XII by various factors

including collagen. The intrinsic and extrinsic pathways converge to initiate the common
pathway, leading to the activation of fX (fXa). The conversion of prothrombin to thrombin by

fXa leads to the conversion of fibrinogen to insoluble fibrin (adapted from Palta et al., 2014)



processes (Figure 1.4; Rao and Pendurthi, 2005; Ruf et al., 2011). For example, TF signalling
can promote cellular proliferation. In support of this, TF-fVIIa complex has been shown to
induce proliferation in smooth muscle cells (SMC) through activation of the MAP kinase (ERK
1/2) (Cirillo et al., 2004). Similarly, incubation of recombinant TF or TF-containing MV with
human coronary artery endothelial cells appears to promote cellular proliferation through the
activation of the ERK1/2 pathway (Collier and Ettelaie, 2010). However, Elkeeb et al. (2015)
showed that the accumulation of TF in endothelial cells induces cellular apoptosis mediated
through the p38 MAPK pathway. In addition, Ethaeb et al. (2019) reported that TF induced
apoptosis of endothelial cells through Srcl signalling, which also involved the interaction of
TF with B1-integrin. TF signalling has also been implicated in complications associated with a
number of pathological conditions. For instance, TF-fVIla complex signalling has been shown
to enhance tumour angiogenesis accelerating the tumour growth (Fernandez and Rickles, 2002;
Versteeg et al., 2008). In support of this finding, blocking of the signalling initiated by TF-
fVIla complex using recombinant nematode anticoagulant protein c2 (rNAPc2) prevented the
level of tumour angiogenesis and the rate of tumour growth in mice (Hembrough et al., 2003).
TF signalling also appears to enhance the rate of tumour invasion and metastasis and TF-fVIla
signalling has been reported to induces IL-8 overexpression in the MDA-MB-231 cell line
through the activation of PAR2. Overexpression of IL-8, in turn, enhances invasion and
migration in MDA-MB-231 cells (Hjortoe et al., 2004; Morris et al., 2006; Li et al., 2001;
Singh and Varney, 2000). In addition, signalling arising from TF, and regulated through
protease-activated receptors can promote the expression of pro-inflammatory cytokines such
as interleukins and tumour necrosis factor (Chu, 2011). For example, it has been demonstrated
that the expression of tumour necrosis factor-alpha (TNFa) is significantly reduced in TF-KO
mice with steatohepatitis compared to the control mice with steatohepatitis (Luyendyk et al.,

2010).
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Figure 1. 4 The roles of TF in coagulation and cell signalling
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TF is involved in many physiological and pathological processes. TF is known as the main
initiator of the coagulation pathways. TF signalling can also induce cellular proliferation. In
addition, high concentrations of TF are capable of promoting apoptosis through p38 MAPK
pathway. Moreover, signalling arising from TF-fVIIa complex can enhance tumour metastasis.
Furthermore, TF might also play a role in inflammation through enhancing the expression of

proinflammatory mediators such as TNF-a.
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1.5 Protease-activated receptors

Protease-activated receptors (PARs) are a subfamily of G-protein-coupled receptors (GPCR)
and to date four members of the PAR family have been identified. These receptors are highly
expressed in platelets, endothelial cells, neurons and monocytes (Macfarlane et al., 2001;
Heuberger and Schuepbach, 2019). The overexpression of PARs has also been reported in
various types of cancer (Arora et al., 2007). PAR activation occurs through cleavage of its N-
terminal extracellular domain, the removal of which exposes a tethered ligand which then binds
to the second extracellular loop of the receptor. This interaction alters the configuration of the
receptor thereby inducing intracellular signalling mechanisms (Coughlin, 1999; Zhao et al.,
2014). PAR2 is activated by trypsin, fXa and the TF-fVIla complex (Figure 1.5). Thrombin
and fXa reportedly cleave PAR1, whereas PAR3 and PAR4 are mainly activated by thrombin
(Macfarlane et al., 2001; Camerer et al., 2000; Rothmeier and Ruf, 2011; Zhao et al., 2014;
Benelhaj et al., 2019). This study concentrates on the mechanisms of PAR2 activation and the
contribution of PAR2 signalling to cell proliferation, apoptosis and MV release. PAR2 has been
shown to signal through two separate mechanisms which are mediated by G-proteins, or
alternatively through [-arrestin signalling. In the G-protein-mediated pathway, PAR2
activation can induce Ras, protein kinase C (PKC) and inositol trisphosphate (IP3)-mediated
pathways. In contrast, the association of PAR2 with B-arrestin can activate Raf and ERK1/2
cascades (Rothmeier and Ruf, 2011). PAR2 signalling is involved in a number of physiological
processes (Feistritzer et al., 2005; Benelhaj et al., 2019; Darmoul et al., 2004). For instance,
activation of PAR2 can promote MV release from cells (Ettelaie et al., 2012; Collier and
Ettelaie, 2011; Das et al., 2018; Featherby et al., 2019). In support of this, a recent study
reported a substantial increase in MV release by a panel of cancer cell lines following PAR2
activation (Ettelaie et al., 2016). In addition to the induction of MV release, activation of PAR2

induces the phosphorylation of the cytoplasmic domain of TF at Ser253. The phosphorylation
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of TF at Ser253 has in turn been shown to be essential for the incorporation of TF into MV
(Collier and Ettelaie, 2011). Signalling arising from PAR2 has also been implicated in
pathological conditions (Cicala, 2002; Antoniak et al., 2013). For example, PAR2 activation
can enhance the rate of proliferation of cancer cells (Su et al., 2009). In support of this,
activation of PAR2 with either trypsin or PAR2-AP induced colon cancer cell proliferation via
the phosphorylation of ERK1/2 (Darmoul et al., 2004). PAR2 may also promote angiogenesis
through enhancing the expression of vascular endothelial growth factor (VEGF) (Shibuya,
2011). For example, it has been reported that the activation of PAR2 in a panel of cancer cell
lines using PAR2-activating peptide (PAR2-AP), trypsin or fVIla increased the expression of
VEGEF (Liu and Mueller, 2006; Ikeda et al., 2003). The mechanism of VEGF expression was
shown to be regulated through ERK1/2 and p38 pathways (Liu and Mueller, 2006). This
angiogenesis, in turn supplies tumours with oxygen and nutrients allowing rapid growth
(Nishida et al., 2006). Other studies have also shown the involvement of PAR2 in inflammatory
responses (Shpacovitch et al., 2002; Rothmeier and Ruf, 2012; Heuberger and Schuepbach,
2019). To examine the role of PAR2 signalling in inflammation, Crilly et al. (2012) conducted
a study using a mouse model of collagen-induced arthritis. The authors reported substantially
less cartilage damage and cell infiltration into the joints of the mice, following the injection of
a PAR2-inhibitory monoclonal antibody called SAM11, compared to the control mice (Crilly

et al., 2012).

1.6 The structure and cellular source of microvesicles (MV)

Microvesicles (MV) also known as microparticles, are small membrane-bound vesicles which
can be released from the plasma membrane following cell activation or apoptosis (Wolf, 1967,
Hargett and Bauer, 2013). MV are heterogeneous in content and size, and their diameters range
from 100 nm to 1,000 nm (Figure 1.6; Badimon et al., 2017). MV can be produced by a variety
of cell types, including red blood cells (RBC), monocytes, cancer cells and endothelial cells
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Figure 1. 5 The activation of PARs by the coagulation proteases
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PAR activation occurs by the cleavage of the protein at specific sites within the N-terminal of
the proteins. The digestion of the proteins results in the formation of tethered ligand, which
alters the configuration of the receptor and promotes intracellular signalling. PAR2 can be
activated by coagulation proteases, such as fXa and TF-fVIla complex. Thrombin activates

PAR3 and PAR4 and PAR1 may be activated by thrombin or fXa.
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(Burnier et al., 2009; Omoto et al., 2002; Geddings and Mackman, 2013; Badimon et al., 2017).
The membranes of MV are composed of a phospholipid bilayer and contain transmembrane
and cytoplasmic proteins derived from their cells of origin (Hugel et al., 2005). MV can carry
a number of different components, including nucleic acids (Badimon et al., 2017), negatively
charged phospholipids (Morel et al., 2006; Freyssinet and Toti, 2010; Gardiner et al., 2015;
Date et al., 2013; Hron et al., 2007; Thaler et al., 2014; Auwerda et al., 2011), TF protein
(Collier and Ettelaie, 2011) and functional fVIIa (Yokota et al., 2009; Koizume et al., 2006;
Featherby et al., 2019). While circulating MV are found at low levels in healthy individuals,
these are often more abundant in the bloodstream of patients with cancer, diabetes and
hypertension as well as those who have suffered from myocardial infarction (Baran et al., 2009;

Herring et al., 2013; Badimon et al., 2017).

1.6.1 Formation of MV

The exact mechanisms of MV release are not entirely understood. However, it has been
suggested that MV are released when cells are activated or undergo apoptosis (Distler et al.,
2005; Hugel et al., 2005; Martinez et al., 2011). The release of MV is preceded by the disruption
of the asymmetry of plasma membrane phospholipids. In the resting state, the cells maintain
membrane asymmetry by maintaining phosphatidylserine (PS) and phosphatidylethanolamine
(PE) on the inner leaflet of the cell membrane, and phosphatidylcholine and sphingomyelin on
the external leaf of the cell membrane (Morel et al., 2011). This process is regulated by three
membrane enzymes, called flippase, floppase and scramblase. Flippase is an ATP-dependent
enzyme that transfers PS and PE from the extracellular surface of the cell membrane to the
cytoplasmic side. Floppase is also an ATP-dependent enzyme and transfers phospholipids from
the intracellular layer of the cell membrane to the extracellular surface (Herring et al., 2013).
Scramblase is an ATP-independent enzyme that facilitates the redistribution of phospholipids
in both directions (Hugel et al., 2005; Hankins et al., 2014). Following cellular stimulation, an

15



Figure 1. 6 Schematic diagram of MV structure
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Microvesicles are small membrane-bound vesicles which are released from the plasma

membrane following cell activation or apoptosis. The diameter of MV range from 100 nm to

1,000 nm. The membrane of MV is composed of a phospholipid bilayer which contains

cytoplasmic and transmembrane proteins derived from their cells of origin. MV can carry

distinct components such as tissue factor (TF), selectins and also contain phosphatidylserine

within the membrane (adapted from Hugel et al., 2005).
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increase in cytosolic Ca?* ion level activates floppase and scramblase activity and blocks the
activity of flippase (Figure 1.7; Burnier et al., 2009). Upon disruption of membrane asymmetry,
both PS and PE are exposed on the extracellular surface of the plasma membrane. The increased
cytosolic Ca?" ion level also activates two enzymes called calpain and gelsolin which disrupt
the cytoskeleton (Piccin et al., 2007; Morel et al., 2011; Herring et al., 2013). These changes
to cell membrane phospholipid asymmetry, together with the local break down in the
cytoskeleton initiate membrane budding which leads to MV release (Zwaal and Schroit, 1997;

Hugel et al., 2005; Herring et al., 2013).

1.6.2 Functions of MV

MYV have been shown to carry various types of macromolecules, such as membrane receptors,
adhesion molecules and nucleic acids (Hugel et al., 2005; Burnouf et al., 2015; Maurer-Spurej
et al., 2016). The proteins may facilitate the participation of MV in various physiological and
pathological processes (Geddings and Mackman, 2013; Nomura, 2008) including haemostasis,
angiogenesis and inflammation (Hugel, et al., 2005; Piccin et al., 2007; Morel et al., 2008).
Importantly, MV allow the formation of coagulation complexes, accelerating the rate of
coagulation (Piccin et al., 2007). In addition to sustaining the coagulation mechanisms, MV
have also been shown to support platelet adhesion (Piccin et al., 2007; Herring et al., 2013).
For example, MV-associated von Willebrand factor (vVWF) derived from endothelial cells have
been shown to enhance platelet aggregation and clot stability (Jy et al., 2005). In addition, MV
derived from RBC and platelets have been shown to enhance the coagulation by activating
factor XII (Van Der Meijden et al., 2012). Similarly, MV isolated from patients with sickle cell
disease have been shown to trigger coagulation pathways by activating factor XI (Van Beers
et al., 2009; Rubin et al., 2013). MV can also transfer their cargo to recipient cells (Badimon
et al,, 2017; Date et al., 2017). For example, incubation of activated platelets with TF-

containing MV from monocytes resulted in the incorporation of TF into the activated platelets
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Figure 1. 7 Postulated mechanism for MV formation
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In resting cells, flippase maintains membrane asymmetry by transferring PS and PE to the inner
leaflet of the cell membrane. However, increases in cytosolic Ca** ion following stimulation
activates floppase and scramblase activity and blocks flippase activity, which results in the
exposure of both PS and PE on the extracellular surface. Furthermore, cytosolic Ca?" ion
activates calpain and gelsolin which disrupt the local cytoskeleton. These changes to cell
membrane asymmetry and the cytoskeleton result in membrane budding and the release of MV
(adapted from Hugel et al., 2005 and Morel et al., 2011). The figure was created using

BioRender.com
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del Conde et al., 2005; Osterud and Bjorklid, 2012). Similarly, TF-containing MV may be
internalised by endothelial cells (Collier and Ettelaie, 2011). MV can also carry proteins that
influence other functions in the recipient cells (Hoyer et al., 2010). These influences include
the induction of cellular proliferation by MV (Rackov et al., 2018). For example, incubation of
neural stem cell with platelet-derived MV which contained VEGF, increased the rate of cellular
proliferation in a process that involved the phosphorylation of ERK and Akt (Hayon et al.,
2012). In contrast, MV have also been shown to promote cellular apoptosis. For example,
Elkeeb et al. (2004) showed that treatment of endothelial cells with cancer cell-derived MV
which contained TF, resulted in activation of p53 through the p38 MAPK signalling. This
aberrant over-activation of p53 resulted in the upregulation of Bax protein and the subsequent
cellular apoptosis (Elkeeb et al., 2014). Similarly, MV isolated from human blood and shown
to contain caspase-3 promoted apoptosis in pancreatic (AsPC3) and oesophageal (KYSE-270)

cell lines (Schneider et al., 2012).

1.7 Endothelial cells

Endothelial cells cover the inner surfaces of lymphatic and blood vessels. These cells form an
elongated cell monolayer which is oriented in the direction of blood flow. Endothelial cells act
as a barrier to separate the blood from the surrounding tissue (Alberts et al., 2002; Sumpio et
al., 2002; Pepper and Skobe, 2003). The main function of endothelial cells is to regulate and
maintain vascular tone and blood flow (Michiels, 2003). Under normal conditions, healthy
endothelial cells suppress clot formation by expressing proteins such as tissue factor pathway
inhibitor (TFPI), thrombomodulin, tissue-type plasminogen activator (t-PA) and urokinase
(UK), that suppress coagulation. In addition, endothelial cells synthesise antiplatelet factors
such as nitric oxide and prostacyclin on the surface to prevent platelet aggregation (Figure 1.8)

(Kato, 2002; Michiels, 2003). Following injury, endothelial cells synthesise and release factors
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that promote blood coagulation including TF, fVIII and factor V (Michiels, 2003; Turner and
Moake, 2015). Concurrently, the endothelial cells express vVWF and P-selectin on the surface
to promote platelet adhesion (Denis, 2002; Michiels, 2003). Endothelial cells can also be
activated by inflammatory mediators such as cytokines (Pearson, 1999). Following activation,
endothelial cells express adhesion molecules such as intercellular adhesion molecule 1 (ICAM-
1) and vascular cell adhesion molecule 1, in addition to selectins to promote the adherence of
leucocytes at the site of inflammation (Figure 1.8) (Sprague and Khalil, 2009). Furthermore,
endothelial cells can release TF-bearing MV when exposed to inflammatory stimuli (Morel et
al., 2004; Morel et al., 2006). A number of studies have suggested a direct correlation between
the level of circulating MV and the extent of endothelial dysfunction in patients with diabetes,
hypertension, and heart disease, or those who have suffered myocardial infarction (Boulanger
et al., 2001; Badimon et al., 2017; Silambanan et al., 2019). In support of this observation, MV
derived from T lymphocytes have been shown to induce endothelial dysfunction through
suppressing the expression of endothelial nitric oxide synthase (eNOS) (Martin et al., 2004).
Such endothelial dysfunction is thought to be as a result of cellular apoptosis. As mentioned
above, MV-associated TF have been shown to induce endothelial cell apoptosis (Elkeeb et al.,
2014; Ethaeb et al., 2019). Therefore, investigation of the influence of MV may explain the

endothelial cell degeneration that accompanies many chronic diseases.

1.8 Cellular apoptosis

Apoptosis, also known as programmed cell death is a highly regulated cellular mechanism in
which cells are eliminated without releasing harmful material into the surrounding environment
(Reed, 2000; Singh et al., 2019). Apoptosis is a physiological process and occurs in every
multi-cellular organism. Apoptosis plays a vital role in development and homeostasis by
removing unhealthy or unwanted cells (Jacobson et al., 1997; Zhang et al., 2005). However,
apoptosis can also be triggered during pathological conditions by external stimuli such as viral
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Figure 1. 8 Schematic representation of functions of endothelial cells
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Endothelial cells express anticoagulant factors including tissue factor pathway inhibitor

(TFPI), thrombomodulin, tissue-type plasminogen activator (t-PA) and urokinase (UK).

Endothelial cells also synthesise antiplatelet factors such as nitric oxide (NO) and prostacyclin

(PGI2) on the surface to prevent platelet aggregation. In addition, endothelial cells can

synthesise and release factors such as TF and von Willebrand factor (vWF) that participate in

blood coagulation and platelet adhesion. Endothelial cells also release MV and express

adhesion molecules such as P-selectin and ICAM-1 on the cell surface in response to

inflammatory stimuli such as tumour necrosis factor o (TNF-a) (adapted from Michiels, 2003).
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infection (Thomson, 2001), growth factor withdrawal (Verheij and Bartelink, 2000) and
hypoxia (Sendoel and Hengartner, 2014). In addition, chemotherapeutic drugs have been
shown to eliminate cancer cells by inducing apoptosis (Pucci et al., 2000). The morphological
changes associated with apoptosis include chromatin condensation, membrane blebbing, cell
shrinkage and DNA fragmentation (Danial and Korsmeyer, 2004). The mechanisms of both

apoptosis are interlinked with those of cell proliferation and are highly regulated.

Cell cycle checkpoints are a control system which ensure the integrity of DNA and progression
of cell division during cell cycle. The major regulatory checkpoints are at G1/S, G2/M and the
spindle checkpoint. G1/S is one the main regulatory checkpoint where the cells may become
arrested in the cell cycle, or continue with the cell division. DNA damage activates the
checkpoint control system that cause cell cycle arrest in order to allow the cell to attempt to
repair the damage. Once the damage is repaired, the cell cycle may resume. However, the cell
will undergo apoptosis if the damage is irreparable (Pucci et al., 2000). Apoptosis can occur
via the extrinsic (death receptor) pathway or the intrinsic (mitochondrial) pathway and both of
these pathways lead to the activation of the enzyme, caspase-3 (Figure 1.9) (Elmore, 2007;
Singh et al., 2019). In the extrinsic apoptosis pathway, death activators such as Fas ligand or
tumour necrosis factor a (TNF-a) interact with their corresponding death-receptors on the cell
surface. The engagement of the death-receptor with its ligand leads to recruitment of adaptor
proteins such as FAS-associated death domain (FADD) and TNFR-associated death domain
(TRADD). The adaptor protein then induces the dimerization and activation of caspase-8.
Activated caspase-8 in turn activates caspase-3 and initiates the extrinsic pathway of apoptosis
(Chinnaiyan et al., 1995; Kumar et al., 2005; Elmore, 2007; Wali et al., 2013; Mcllwain et al.,
2015; Savitskaya and Onishchenko, 2015). Additionally, caspase-8 can initiate the intrinsic
pathway of apoptosis through cleavage of Bid protein. Bid is a pro-apoptotic member of Bcl-2

family (Figure 1.9; Mcllwain et al., 2015). The intrinsic pathway of apoptosis is activated by

22



various types of cellular stress including viral infection, growth factor withdrawal and hypoxia
(Loreto et al., 2014). The activation of the intrinsic pathway can damage the mitochondrial
membrane and increases the permeability of the inner membrane, resulting in the release of
mitochondrial proteins such as cytochrome ¢ into the cytoplasm. Cytochrome ¢ binds to a
protein called the apoptotic protease activating factor-1 (Apaf-1) forming what is called the
apoptosome. The apoptosome binds and activates procaspase-9 (Savitskaya and Onishchenko,
2015) which in turn activates caspase-3 (Figure 1.9). Once caspase-3 is activated, it can trigger
DNA degradation through activating the inhibitor of caspase activated DNase (ICAD) protein,
which results in dissociation of DNase from ICAD. The release of DNase in turn, causes DNA
degradation and fragmentation (Kitazumi and Tsukahara, 2010). In addition, the increased
cytosolic Ca®" ion levels during apoptosis induces cytoskeleton degradation and membrane
blebbing as mentioned above. Other proteins are also released from mitochondria which
include a protein termed the second mitochondrial-derived activator of caspases (SMAC).
SMAC binds to and blocks the function of inhibitors of apoptosis proteins (IAP) (Fulda and
Debatin, 2006; Elmore, 2007). IAP proteins have key roles in preventing apoptosis through

binding and inhibiting caspases-3, -7 and -9 activation (Deveraux et al., 1998).

The intrinsic pathway is also regulated by Bcl-2 family of proteins which are comprised of both
pro-apoptotic and anti-apoptotic regulators. The anti-apoptotic proteins, such as Bcl-2, Bel-xl
and Mcl-1 inhibit caspase activity and prevent the release of cytochrome ¢ from mitochondria.
In contrast, the pro-apoptotic proteins such as Bax, Bak and Bad enhance the release of
cytochrome ¢ (Chao and Korsmeyer, 1998; Reed, 2000; Wali et al., 2013). Dysregulation of
the balance of apoptosis leads to disease conditions. For instant, a relatively high rate of
apoptosis may lead to atrophy of the tissue whereas defects in apoptotic mechanisms permits
uncontrolled cell proliferation which consequently contributes to the occurrence of tumours

(Pucci et al., 2000).

23



Figure 1. 9 Schematic representation of the extrinsic and intrinsic pathways of apoptosis
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Apoptosis can occur through the extrinsic and intrinsic mechanisms. In the extrinsic pathway
of apoptosis, the engagement of the death activator and its corresponding receptor leads to
dimerization and activation of caspase-8 with the recruitment of adaptor protein (TRADD).
Activated caspase-8 then directly activates caspases-3. In addition, caspase-8 can initiate
intrinsic pathway through activation of Bid protein. The intrinsic pathway is activated by
various types of cellular stresse such as viral infection. Such stimuli increase the permeability
of the inner mitochondrial membrane resulting in the release of cytochrome ¢ into the
cytoplasm. Cytochrome ¢ then binds with the apoptotic protease activating factor-1 (Apaf-1)
to form the apoptosome which activates caspase-9. Caspase-9 in turn activates caspase-3which
promotes cell apoptosis through inducing inhibitor of caspase activated DNase (ICAD)
cleavage which releases the active DNase enzyme. Pro-apoptotic proteins such as Bax can also
induce the intrinsic pathway by promoting the release of cytochrome ¢ from mitochondria

(adapted from Mcllwain et al., 2015).
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pro-apoptotic and anti-apoptotic regulators. The anti-apoptotic proteins, such as Bcl-2, Bel-x1
and Mcl-1 inhibit caspase activity and prevent the release of cytochrome ¢ from mitochondria.
In contrast, the pro-apoptotic proteins such as Bax, Bak and Bad enhance the release of
cytochrome ¢ (Chao and Korsmeyer, 1998; Reed, 2000; Wali et al., 2013). Dysregulation of
the balance of apoptosis leads to disease conditions. For instant, high rate of apoptosis may
lead to atrophy of the tissue. In contrast, defects in apoptotic mechanisms permits uncontrolled
cell proliferation which consequently contributes to the occurrence of tumours (Pucci et al.,

2000).

1.9 Caveolae

Caveolae (derived from the Latin for ‘little caves’) are small invaginations of plasma
membrane microdomains with diameters of between 50 nm and 80 nm. Although caveolae can
be found in many cell types, these are most prevalent in endothelial cells, adipocytes and SMC
(Nixon et al., 2007; Parton and Simons, 2007; Parton, 2018). Caveolae are rich in cholesterol
and glycosphingolipids and also contain a number of integral membrane proteins termed
caveolins, which are essential for the formation of caveolae. A single caveolae may contain up
to 144 caveolin protein molecules (Figure 1.10; Pelkmans and Zerial, 2005). Three distinct
caveolin proteins have been identified of which caveolin-1 and caveolin-2 are mainly expressed
in endothelial cells and adipocytes. Caveolin-3 has been shown to be more abundantly
expressed in cardiac and skeletal muscle (Chidlow and Sessa, 2010; Nixon et al., 2007). Other

proteins are also associated with caveolae including cavin proteins.

There are four cavin proteins which are essential in the formation and stabilisation of caveolae
structure. Cavins regulate the function and organisation of caveolin proteins by acting as the
molecular scaffold for these proteins (Hansen and Nichols, 2010;). However, it has been

reported that cavin 3 might also be involved in the formation of caveolae-derived endosomal
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Figure 1. 10 Schematic representation of the structure of the caveolae
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A) Electron micrograph of caveolae showing invaginations in an endothelial cell. Caveolae are
small invaginations of plasma membrane microdomains. They range in size from a diameter of
50 to 80 nm. B) Caveolae contain caveolin and cavin proteins and are rich in cholesterol and
sphingolipids (adapted from Shibata et al., 2009 and Bastiani and Parton, 2010). The figure

was created using BioRender.com
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vesicles (Chidlow and Sessa, 2010). Caveolae are involved in a variety of cellular processes
including lipid homeostasis and endocytosis (Thomas and Smart, 2008). For example, it has
been demonstrated that the over-expression of caveolin-1 in cells increases cellular levels of
free cholesterol and increases with fatty acid uptake by cells (Parton and Simons, 2007). In
contrast, low expression of caveolin-1 has been shown to result in the reduction in cholesterol
synthesis in mice (Frank et al., 2006). Caveolae are also involved in cell signalling (Chidlow
and Sessa, 2010; Bastiani and Parton, 2010; de Almeida, 2017). In support of this, Liao et al.
(2009) demonstrated that caveolae provide a platform for the assembly of the signalling
complex by VEGFR2, following engament of VEGF, which leads to ERK1/2 signalling and
endothelial cell proliferation. The study also reported that the disruption of the structure of
caveolae using methyl-B-cyclodextrin resulted in the elimination of VEGF signalling and
reduced the rate of cell proliferation (Liao et al., 2009). Caveolae may also play an essential
role in a variety of pathological process since they are expressed by the majority of cells
(Thomas and Smart, 2008; Frank, 2010). Currently, there is contrasting literature that suggests
the opposite influence of caveolae on the regulation of tumour formation and growth (Tahir et
al., 2001; Fong et al., 2003; Thomas and Smart, 2008; Thompson et al., 2009). For example,
Capozza et al. (2003) reported that mice lacking caveolin-1 showed a high rate of tumour
growth and incidence, compared to wild-type mice. In contrast, down-regulation of caveolin-1
expression significantly decreased tumour growth and metastasis of prostate xenografts in mice
(Williams et al., 2005). Such dissimilar behaviours may arise from the ability of caveolae to
harbour a number of different soluble proteins and receptors (Sevinsky et al., 1996).
Importantly, several studies have suggested that TF, either alone or in complex with fVIla, may
become associated with the caveolae (Liu et al., 1997; Sevinsky et al., 1996; Mulder et al.,

1996; Mandal et al., 2006; Awasthi et al., 2007). Therefore, the regulation of both the
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procoagulant and the signalling activities of TF by caveolae were examined in the current

study.

1.10 Endocytosis

Endocytosis is an essential, energy dependent process performed by eukaryotic cells that
consists of the engulfment and internalisation of substances such as macromolecules, receptor
proteins and even other cells from the surrounding medium (Cooper, 2020; Kumari et al., 2010;
Lakoduk and Schmid, 2016; Aguilar and Wendland, 2005; Marcel et al., 2018). The substance
to be internalised is surrounded by part of the plasma membrane which forms a pocket
(invagination). This pocket then buds off into the cytoplasm to form a vesicle containing the
endocytosed material. These endosomal vesicles are critical for many physiological processes
including nutrient uptake, cell adhesion, membrane remodelling, cell signalling and also
involved in pathogen entry (Kaksonen and Roux, 2018). The most common types of
endocytosis is called phagocytosis (meaning “cell eating”), pinocytosis (meaning “cell
drinking”), receptor-mediated endocytosis (also known as clathrin-mediated endocytosis)
(Ellinger and Pietschmann, 2016; Kumari et al., 2010; Mayor et al., 2014) and caveolae/raft-
dependent endocytosis (Hansen and Nichols, 2009). In this study, the focus is on the caveolae-

dependent endocytosis.

A number of previous studies have demonstrated the role of caveolae in endocytosis (Mellman,
1996; Nabi and Le, 2003; Cooper, 2020; Mayor et al., 2014) including the uptake of proteins
such as albumin (Schnitzer et al., 1994), nutrients such as folic acid (Anderson et al., 1992) and
receptors such as the insulin receptor (Chen et al., 2019). The caveolae endocytosis is also
implicated in infections such as those by the human immunodeficiency virus (Campbell et al.,
2001) and influenza virus (Nunes-Correia et al., 2004). The TF-fVIla complex has previously

been reported to be endocytosed through clathrin-independent endocytosis (Hansen et al.,
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2001). However, Collier et al. (2013) reported that inhibition of the dynamin protein slowed
down, but did not prevent, the internalisation of MV-associated TF by endothelial cells. The
authors suggested that TF may be endocytosed through both clathrin-dependent and
independent mechanisms (Collier et al., 2013). While the results of recent studies suggest a
possible role of caveolae in endocytosis, the link between caveolae and endocytosis remains
controversial (Parton and Howes, 2010; Cheng and Nichols, 2016). It has even been suggested
that caveolin proteins can themselves be taken up through clathrin endocytosis. For example,
the overexpression of caveolin-1-green fluorescent protein (GFP) results in its degradation
within the late endosomal compartments (Shvets et al., 2015). This finding suggests that take
up of cargo is processed through clathrin endocytosis pathway rather than caveolae (Shvets et
al., 2015). In addition, Simian virus 40 (SV40), which is considered a caveolar endocytosis
marker, has also been shown to be internalised through clathrin endocytosis pathway

(Pelkmans, et al., 2004).

The exact mechanism of caveolar endocytosis is not yet fully understood (Mellman, 1996; Nabi
and Le, 2003; Cooper, 2020; Mayor et al., 2014; Cheng and Nichols, 2016). For example, it
has been suggested that caveolae may rely on dynamin for endocytosis (Henley et al., 1998).
However, the involvement of dynamin in caveolar endocytosis is also disputed (Corrotte et al.,
2013). The mechanism of caveolar endocytosis is thought to be mediated through cavin 3 and
scission proteins (Shvets et al., 2015) and is initiated when a ligand binds to its corresponding
receptor (Yao et al., 2005). Unlike the other cavins, cavin 3 destabilizes caveolae which
promotes the budding and release of caveolae (Shvets et al., 2015; Cheng and Nichols, 2016).
Initially, oligomerisation of EHD2 protein forms a ring around the neck of caveolae and also
recruits pacsin 2, which links the caveolae membrane to actin filaments. Pacsin 2 then recruits
dynamin-2 which assembles around the neck of the caveolae forming helical rings that cleave

the caveolae vesicles and release them into the cytoplasm (Figure 1.11; Hansen et al., 2011;
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Cheng and Nichols, 2016; Oh et al., 1998). After the budding of the caveolae-derived
endosomal vesicles from the plasma membrane, the vesicles may fuse back into the plasma
membrane or develop into early endosomes. These may then mature into late endosomes some
of which are broken down in the lysosome (Branza-Nichita et al., 2012; Chen et al., 2019;
Huotari and Helenius, 2011; Naslavsky and Caplan, 2018). As mentioned above, TF may be
endocytosed by different mechanism involving clathrin or caveolae. In addition, the TF
associated with caveolae is shown to remain in an encrypted form (Dietzen et al., 2004).
Therefore, in this study, the involvement of caveolae in the regulation of the procoagulant and

signalling functions of TF was investigated.
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Figure 1. 11 Proposed mechanism of caveolae-dependent endocytosis
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Receptor-ligand binding in caveolae results in disruption of the cytoskeleton and initiation of
caveolar endocytosis. Cavin 3 destabilizes the caveolae. EHD 2 proteins then oligomerize and
form a ring around the neck of the caveolae and also recruit pacsin 2 protein. Pacsin 2,
associated with EHD 2, links caveolae membrane to actin filaments and also recruits dynamin
2. Dynamin 2 proteins then assemble around the neck of caveolae, forming a helical ring which
results in the release of caveolae into the cytoplasm. The caveolae-derived endosomal vesicles
then either fuse back into the plasma membrane or develop into early endosomes. These then
mature into late endosomes some of which are broken down in lysosomes (adapted from Chen

et al., 2019 and Echarri and Del Pozo, 2015). The figure was created using BioRender.com
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1.11 Aims

MYV can contain TF, functional fVIIa and negatively charged phospholipids. Elevated levels of
MV-associated TF can be detected in patients with chronic diseases such as cancer, diabetes
and cardiovascular disease and may be involved in the progression of these conditions. TF
signalling plays a vital role in many physiological and pathological functions and the exposure
of endothelial cells to high levels of TF can induce cellular apoptosis resulting in vasculature
damage and dysfunction. Therefore, the aim of this study was to examine the mechanisms by
which cells clear excess TF, to avoid the detrimental effects of TF accumulation. The main

objectives of the study are outlined below.

e To examine if MV derived from a panel of cancer cell lines (HepG2, 786-O, BxPC-3,
MDA-MB-231 and MCF-7) mediate distinct and dissimilar effects on endothelial cells by
evaluating the outcome on cellular apoptosis and proliferation.

e To examine the mechanisms underlying the cellular outcomes observed above, by
examining the relationship between PAR2 activation and MV release in both tumour cell
lines and endothelial cells.

e To investigate the ability of caveolae to harbour and regulate the function of the TF-fVIla
complex through

o Examining the requirements for the association of TF and fVII/fVIla with caveolin-
1 in endothelial cells.

o Investigating the co-localisation of labelled TF with caveolae on the surface of
endothelial cells by confocal microscopy.

o Assessing the influence of cholesterol-depletion of cell-membrane on TF-mediated

signalling.
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e To investigate the ability of rivaroxaban and apixaban to block the proteolytic activity of
purified fVIIa or cancer cell-derived MV-associated fVIla, and to examine the influence

of these two compounds on induction of cell apoptosis and proliferation by TF.
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Chapter 2

Materials and methods
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2.1 Materials
Ambion® by life technologies ™ , Loughborough, UK
Silencer® Select Pre-designed siRNA (fVII)
Silencer® Select Pre-designed siRNA (PAR2)
Silencer® Select Negative Control #1 siRNA
Abcam, Cambridge, UK
Rabbit anti-factor VIla polyclonal antibody (ab7053)
Rabbit anti-human TF polyclonal antibody
Beckman Coulter, High Wycombe, UK
1.5 ml ultracentrifuge tube
TLA-100 rotor
TL-100 Ultracentrifuge
Eppendorf Ltd, Stevenage, UK

Eppendorf pCuvette G1.0
Eppendorf BioSpectrometer®

BD Bioscience, Oxford, UK
Becton Dickinson FACS Calibur flow cytometer
CellQuest software version 3.3
Falcon FACS tubes
BDH, Pool, UK
SDS (sodium dodecyl sulphate)
Glycerol
Magnesium chloride
Sodium acetate

Sodium hydroxide
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Bioline Ltd, London, UK
Molecular grade agarose
Bio-Rad, Hemel Hempstead, UK
iCycler real-time thermal cycle
Nitrocellulose membrane
Mouse anti-human TF antibody (10H10)
Mouse anti-human PAR?2 antibody (SAM11)
Promega Corporation, Southampton, UK

GoTaq® 1-Step RT-qPCR System
Midipreps DNA purification system
TBE Buffer; 0.9 M Tris-borate (pH 8.3), 25 mM EDTA

TMB stabilised substrate for horse raddish peroxidase
Western blue stabilised substrate for alkaline phosphatase

Qiagen, Manchester, UK
QuantiTect beta-actin primers

QuantiTect human coagulation fVII primers
BMG lab Tech, Offenburg, Germany
POLAR star OPTIMA Plate reader
Thermo Fisher scientific, Loughborough, UK
GeneRuler 1 kbp DNA ladder
Multicolour broad range protein ladder (10-260 kDa)
Mouse anti-human TF antibody (HTF-1)
Glycine
NaCl
Tris Base

DAPI (4',6-diamidino-2-phenylindole), NucBlueTM Fixed Cell



Flowgen Bioscience, Nottingham, UK
Horizontal electrophoresis tank
Proto FlowGel (acrylamide: bisacrylamide)
Proto FlowGel, resolving buffer (1.5 M Tris-HCI (ph 8.8), 0.4% (w/v) SDS.)
Proto FlowGel staking buffer
FMC Corporation, Philadelphia, USA
SYBR Green I DNA stain
Gibco- Invitrogen Corporation, Paisley, UK
Opti-MEM® I reduced serum medium
TrypLE ™ Select Enzyme (10X), no phenol red
Endothelial cell serum-free medium
Greiner Bio-One Ltd, Gloucestershire, UK
6, 12, 48 and 96 well culture plates
25 and 75 cm2 cell culture flasks
Hoefer, Inc, San Francisco, USA
TE 50X protein transfer tank
http://imagej.nih.gov/ij/
Imagel program
LGC-ATCC, Teddington, UK
MDA-MB-231 breast cancer cell line (HTB-26)
BxPC-3 pancreatic cancer cell line (CRL-1687)
MCEF-7 breast cancer cell line (HTB-22)
CLS, Hamburg, Germany
HepG?2 liver cancer cell line (330198)

Lonza, Basel, Switzerland
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DMEM medium (4.5 g/L Glucose with L-Glutamine)
RPMI-1640 medium (with L- Glutamine)
EMEM medium (without L- Glutamine)
Foetal calf serum (FCS)
LOXO, Dossenheim, Germany
fVII chromogenic substrate
Mirus Bio LLC, Madison, USA
Trans IT® -2020 transfection reagent
New England Biolab, Hitchin, UK
Monrach plasmid mininprep kit
Monrach PCR & DNA cleanup kit
DNA ligase master mix
BamHI- high fidelity restriction enzyme
HindIII-high fidelity restriction enzyme
Quick load purple DNA ladders
SOC Outgrowth Medium
Addgene, Massachusetts, USA
mCherry2-C1 plasmid
mEmerlad-C1 plasmid
PromoCell, Heidelberg, Germany
Endothelial cell growth medium (MV)
Endothelial cell growth supplement pack
Human coronary artery endothelial cells (HCAEC)
Human dermal blood endothelial cells (HDBEC)

R&D Systems, Abingdon, UK
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Escherichia coli TB-1 strain
Human Coagulation Factor I1I/Tissue Factor Quantikine ELISA
TiterTACS In Situ Detection Kit - Colorimetric

Mouse anti-human fVII antibody (321621)
Goat anti-human fVII polyclonal antibody

Mouse anti-human fX antibody

Santa Cruz Biotechnology, Heidelberg, Germany
Donkey anti-goat alkaline phosphatase-conjugated antibody
Goat anti-GAPDH polyclonal antibody
Goat anti-mouse alkaline phosphatase-conjugated antibody

GeneTex, Irvine, USA

Rabbit anti-human caveolin 1 antibody

Sigma Chemical Company, Poole, UK

Ammonium persulphate

Antibiotic antimycotic solution (Penicillin - Streptomycin - Kanamycin

Solution) (100X)

Bovine serum albumin (BSA)

Cycloheximide

Hydrogen peroxide solution (H202) 37%

Laemmli electrophoresis buffer (4% (w/v) SDS, 20% (w/v) glycerol, 10% (w/v)
2-mercaptoethanol, 0.004% (w/v) bromophenol blue and 0.125 M Tris-HCI, pH 6.8)

N,N,N’,N’-Tetramethylethylenediamine (TEMED)
Phosphate buffered saline (PBS) solution (10X)

Powder microbial growth medium LB agar (Lennox)
Powdered microbial growth medium LB Broth (Luria Broth)

Proteinase-activated receptor 2-activating peptide (PAR2-AP)
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Nuclease-free water
Trypsin/EDTA solution (1X)
Methyl-B-cyclodextrin
Tween 20
TCS Cellworks, Claydon, UK
DMSO freeze medium
UVP LTD, Cambridge, UK
3 UV-transilluminator
WPA, Cambridge, UK
UV-Visible spectrophotometer
AssayPro, Missouri, USA
Human Factor VII ELISA Kit
Lipocalyx GmbH, Weinbergweg, Germany
Viromer Red transfection reagent
VWR, Lutterworth, UK
RiboZol RNA Extraction Reagent
Severn Biotech, Kidderminster, UK

Chromogenic substrate (NHz-Asn-Leu-Thr-Arg-pNA)

e 786-0 renal cancer cell line was a gift from Dr. L. Nikitenko and MDA-MB-231
tissue factor knock out was provided by Dr. A. Rondon.
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2.2 Methods

2.2.1 Cell culture

To minimise the risk of infection, all cell culture procedures were conducted in a biosafety
class II laminar flow cabinet under sterile conditions. The cabinet was cleaned with diluted
Dettol and 70% (v/v) industrial methylated spirt (IMS) and only sterile plasticware was used.

All the media and reagents were warmed in a 37°C water bath prior to use.

Eight types of cells were used throughout this study:

Human breast cancer cell line (MDA-MB-231).

- Human breast cancer tissue factor knock out cell line (MDA-MB-231 TF KO).
- Human breast cancer cell line (MCF-7)

- Human pancreatic cancer cell line (BxPC-3)

- Human renal carcinoma cell line (786-0)

- Human hepatocellular carcinoma cell line (HepG2)

- Human dermal blood endothelial cells (HDBEC).

- Human coronary artery endothelial cells (HCAEC).

l. Culture of cell lines

The MDA-MB-231 and MDA-MB-321 TF KO cells were cultured in DMEM medium. The
BxPC-3 and 786-0 cell lines were cultured in RPMI 1640 medium, and the MCF-7 and HepG2
cell lines were cultured in EMEM medium. All media were also supplemented with 10% (v/v)
foetal calf serum (FCS) and 1% (v/v) antibiotic (penicillin (5 unit/ml), streptomycin (5 pg/ml)
and amphotericin (25 ng/ml)). The cell lines were maintained in a humidified incubator at 37°C
and in a 5% CO; atmosphere. All the media were replaced every 2 to 3 days with fresh medium

as explained in 2.2.2.
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Il Culture of primary cells

HDBEC and HCAEC cells were cultured in endothelial cell growth medium (MV)
supplemented with 5% (v/v) FCS, epidermal growth factor (10 ng/ml), endothelial cell growth
supplement (4 pl/ml), hydrocortisone (0.2 pg/ml) and heparin (90 pg /ml). The cells were kept
in a humidified incubator at 37°C under 5% CO; atmosphere. All the media were replaced

every 3 days with fresh medium.

2.2.2 Harvesting, subculturing and counting of cells

To harvest the cells, the medium was removed from the flask and the cells were washed twice
with sterile phosphate buffer saline (PBS; pH 7.2) to remove any traces of the serum.
Approximately 3 ml of trypsin/EDTA solution was added into the flask and then incubated for
5 min at 37°C. When detaching primary cells, 2 ml of TrypLE solution was used instead of
trypsin/EDTA solution to prevent damage to the cells. The flask was then tapped gently to
release the cells and complete media was added into the flask to deactivate the trypsin or
TrypLE. The suspended cells were then transferred into a fresh 20 ml tube and centrifuged at
200 g for 5 min. The supernatant was then removed and the cells re-suspended in fresh medium.
To measure the density of cells, 20 pl of the cell suspension was loaded into haemocytometer

and the number of cells were counted in 1 mm? squares. The average was taken and multiplied
q g p

by 10" to estimate the cell number present in 1 ml of cell suspension. The cell suspension was

then diluted to the desired density for sub-culturing, freezing or experimentation.

2.2.3 Cryopreservation and recovery of cells

Cells were harvested and counted as in 2.2.2 and were suspended in fresh medium. The cells
were then centrifuged at 200 g for 5 min. The supernatant was discarded and the cell pellet re-
suspended in DMSO freezing medium at a density of 10° cell/ml. The cell suspension was then

distributed to labelled cryovials (3 x 10° cell/vial). The vials were placed in the freezing
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container filled with isopropyl alcohol and frozen at -80°C overnight. The vials were then
transferred into liquid nitrogen for long term storage. In order to start a new cell culture, a vial
of frozen cells was thawed quickly in the water bath at 37°C for 1-2 min and then transferred

into the cell culture flask containing the correct pre-warmed medium.

2.2.4 Cells lysis

In order to extract proteins from the cells for western blot analysis, cells were collected in
eppendorf tubes (1.5 ml) by centrifugation at speed 300 g for 5 min. The supernatant was
discarded and the cells were lysed in 200 pl of Laemmli’s buffer. The samples were then heated

at 95°C for 10 min to ensure protein denaturation.

2.2.5 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

A 12% (w/v) polyacrylamide resolving gel was used for the separation of proteins by
denaturing electrophoresis (Laemmli, 1970). The gel was prepared by mixing 4 ml acrylamide
solution (30% (w/v) acrylamide, 0.8% (w/v) bisacrylamide), 2.6 ml resolving buffer (1.5 M
Tris-HC1 pH 8.8, 0.4% (w/v) SDS), 3.3 ml dH,O and 100 pl of 10% (w/v) ammonium
persulphate. The mixture was mixed well and 8 pl of N,N,N’,N’-tetramethylethylenediamine
(TEMED) was added to begin the polymerisation. The mixture was mixed thoroughly and then
poured between the electrophoresis glass plates and covered with a layer of butanol. To ensure
complete polymerisation, the gel was left for 1 h at room temperature. After the gel had set, the
butanol was discarded and a 4% (w/v) stacking gel was poured on top. The gel was made by
mixing 0.65 ml of the acrylamide solution, 1.3 ml stacking buffer (0.5 M Tris-HCI pH 6.8,
0.4% (w/v) SDS), 3 ml dH>O and 100 pl of 10% (w/v) ammonium persulphate (10% w/v). The
mixture was thoroughly mixed and 6 pl of N,N,N’,N’-tetramethylethylenediamine (TEMED)
was added. The mixture was then poured on top of the resolving gel. An appropriate comb was

then inserted and the gel was allowed to set for 1 h. After polymerisation, the comb was
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removed and the complete gel was placed in the electrophoresis tank. Electrophoresis buffer
(25 mM Tris-HCl pH 8.3, 192 mM glycine, 0.035% (w/v) SDS) was poured into the
electrophoresis tank until the gel was completely submerged. 6 pl of molecular-weight protein
markers (10-260 kDa) was loaded in the first well and then 15 pl of the protein sample was
placed in the following wells. The electrophoresis was carried out at 110V for 2 h to separate

the proteins.

2.2.6 Western blot analysis

Following electrophoresis, the proteins were transferred onto a nitrocellulose membrane. First,
blotting papers and nitrocellulose membrane were soaked for 3 min in the transfer buffer (20
mM Tris-HCI pH 8.3, 150 mM glycine, 20% (v/v) methanol) and then placed in the holding
cassette. The gel was placed in between the nitrocellulose membrane and blotting paper and
the cassette was placed in a transfer tank containing the transfer buffer. The protein bands were
transferred at 300 mA for 70 min at 4°C. Once the proteins were transferred, the nitrocellulose
membrane was blocked with TBST (150 mM NaCl, 10 mM Tris-HCI pH 7.4, 0.05% Tween
20(w/v)) for 2 h at room temperature with shaking. The membrane was then incubated with the
appropriate primary antibody (Table 2.1) diluted in TBST at 4°C overnight, with shaking. The
membrane was then washed two times (10 min each time) with TBST and incubated with an
appropriate secondary antibody for 90 min (Table 2.1). The membrane was finally washed two
times with TBST (10 min each time) and developed with Western Blue-stabilised substrate for
alkaline phosphatase. The images were taken and the visualised bands were analysed using the

Imagel] program.

2.2.7 Preparation of microvesicles from conditioned media derived from cell lines
To isolate cell-derived microvesicles (MV) from BxPC-3, HepG2, MDA-MB-231, MCF-7,

and 786-0 cell lines, the cells were cultured separately in T-25 or T-75 flasks and permitted to
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Table 2. 1 Primary and secondary antibody dilutions used in the western blot procedure

Primary antibodies | Dilution antibodies: | Secondary antibodies | Dilution
TBST (v/v) antibodies: TBST
(v/v)

Goat polyclonal anti- | 1:2000 Donkey anti-goat 1:6000

human fVII antibody antibody alkaline
phosphatase-conjugated

Goat polyclonal anti- | 1:4000 Donkey anti-goat 1:4000

human fVII antibody antibody alkaline
phosphatase-conjugated

Mouse anti-human 1:2000 Goat anti-mouse 1:4000

fVII antibody antibody alkaline
phosphatase-conjugated

Goat anti-human 1:6000 Donkey anti-goat 1:6000

GAPDH antibody

alkaline phosphatase-
conjugated antibody
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reach 75-80% confluence. The cells were then washed twice with PBS and 2 ml of serum-free

medium was added to the cells and incubated for 1 h at 37°C. The medium was then collected

and centrifuged at 8000 g for 10 min. The supernatant was then transferred into 1.5 ml Beckman

ultracentrifuge tubes and centrifuged at 100,000 g for 1 h at 20°C (Collier et al., 2013).

Following centrifugation, the supernatants were discarded and the pellets resuspended in Tris-

HCl buffer (50 mM) pH 7.0. The samples were collected and stored at -20°C until required.

2.2.8 Measurement of the density of isolated MV

The density of the isolated MV samples was quantified by measuring the potential for thrombin
generation using the Zymuphen MP Activity kit (Figure 2.1). According to the manufacturer’s
protocol, all the reagents were incubated at 37°C before use. To maintain the correct pH, 45 pl
Tris-HCI buffer (50 mM) pH 7.0 was added to each well of 96-well plate followed by the
isolated MV samples. A standard curve was created by using a range of concentrations of MV
(0-0.78 nM) provided by the kit (Figure 2.2). To each sample, 40 pl of R1 reagent containing
bovine FXa, FVa, and calcium was added. Next, 20 ul of provided R2 reagent containing
prothrombin was added to each well. The plate was then incubated for 10 min at 37°C and
chromogenic thrombin substrate (50 ul) was added to each well. The plate was again incubated
at 37°C until the colour developed. The reaction was finally stopped by adding stop solution
(50 pl) containing citric acid 2% (w/v) and the absorptions measured at 410 nm using a plate

reader.

2.2.9 Apoptosis assay

DNA degradation is a key feature of the process of cellular apoptosis which occurs through by
the action of endonucleases. In this study, a TUNEL assay based on end-labelling of DNA
fragments was applied to detect apoptotic cells by using TiterTACS Colorimetric Kit. HCAEC

were seeded into 96-well plates and allowed to adhere. The cells were then treated with test
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Figure 2. 1 Microvesicles measurement principle

MV
Phospholipid
CaZ+
FXa/ FVa
Prothrombin Thrombin
Thrombin substrate
Colour

The Zymuphen MP Activity kit measures MV concentrations based on the direct relationship
between the phospholipid concentration and thrombin generation. The combined activity of
fXa, fVa and calcium, which requires the presence of phospholipids, converts prothrombin to
thrombin. A specific thrombin substrate can be used to determine the concentration of

thrombin, which can be extrapolated to indicate the MV concentration.
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Figure 2. 2 An example standard curve for MV concentration measured by the Zymuphen MP

kit
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Serial dilution of MV was made to prepare a range of concentrations (0-0.78 nM) in Tris-HCI
buffer (50 mM) pH 7.0). 50 ul of each diluted standard was then added into 96-well plate
followed by adding 40 ul of R1 reagent containing bovine FXa, FVa and calcium ion. 20 pl of
R2 reagent containing prothrombin wan then added to each well then incubated for 10 min at
37°C. Following the incubation, 50 pl of chromogenic thrombin substrate was added to each
well and incubated at 37°C until the colour developed. The reaction was stopped by stop
solution (50 pl) containing citric acid 2% (w/v) and the absorption of the samples was measured

at 410 nm using a plate reader (n=2).
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reagents as described in the Results sections. In addition, sets of cells were treated with TNFa
(1 ng/ml) and used as a positive control. The samples were then incubated for 24 h at 37°C.
According to the manufacturer’s protocol, the cells were washed two times with pre-warmed
PBS and fixed with 4% (v/v) formaldehyde for 15 min. The cells were then washed with PBS
and further treated with 100% methanol and incubated for 20 min before washing again with
PBS. The cells were then permeabilised by incubation with cytonin provided with the kit (50
ul) for 15 min. The cells were then washed twice with dH>O and incubated with 2.5% (v/v)
hydrogen peroxide (50 ul) in 100% methanol for 5 min. The cells were washed again with
dH>0O and TdT labelling buffer (150 pl) was added and incubated for 5 min after which the

solutions were discarded. Labelling reaction mixture was prepared by mixing 1X TdT labelling

buffer with TdT ANTP Mix (0.35 ul), 50X Mn2+(1 ul), and TdT enzyme (0.35 pl). The mixture
(150 pl) was added to each well and incubated for 1 h at 37°C. After the incubation, 150 pl of
TdT stop buffer was added to each well and incubated for 5 min to stop the labelling reaction.
The wells were then washed twice with PBS. Streptavidin-HRP solution was prepared by
diluting strep-HRP in blue-strep diluent (1:1250 (v/v)) and 50 pl of the solution was added to
each well and incubated for 10 min. The wells were washed four times with PBS containing
0.1% (v/v) Tween 20 and 100 pl of chromogenic substrate (TACS-Sapphire) was added to each
sample and incubated for 30 min at room temperature in the dark. The reaction was then
stopped by adding 100 pl of 2 N hydrochloric acid (HCI) then the absorptions were measured
at 450 nm using a plate reader. DNA fragmentation was measured based on the generated

colour and used as a measure of cell apoptosis.

2.2.10 Measurement of fVII antigen by ELISA assay
To determine the concentration of fVII antigen, the AssayPro ELISA kit was used. According
to manufacturer’s recommendation, the reagents were allowed to reach room temperature prior

to use. 50 pl of each sample was added to the provided human fVII antibody coated 96-well

49



plate. A standard curve was prepared using a range of concentration of human fVII (0-11.25
ng/ml) (Figure 2.3). The wells were then covered within an adhesive strip and incubated for 2
h. The wells were washed five times with the provided wash buffer and 50 ul of biotinylated
human factor VII antibody (fVII) was added and incubated for 1 h. The wells were washed a
further five times after which streptavidin-peroxidase conjugate reagent provided with the kit
(50 pl) was added to each well. The samples were then incubated for 30 min at the room
temperature in the dark. The wells were washed five times with the wash buffer and 50 pl of
chromogenic substrate was added to each well and incubated for exactly 12 min in the dark.
The reaction was stopped by stop solution (50 pl) and the absorptions were measured at 450

nm using a plate reader.

2.2.11 Determination of cell numbers using the crystal violet staining assay

Crystal violet staining assay is a common method for measuring viable cell numbers based on
DNA staining. During the washing step, dead cells are detached form cell culture plate and
only adherent cells can be stained. The colour intensity of the eluted stain can be then measured
to determine cell numbers (Chiba et al., 1998). Cells were seeded into 24 or 96 well-plates and
allowed to adhere. The cells were then treated with reagents as described in the Results
sections. Following the crystal violet assay procedure, the cells were washed twice with PBS
and fixed with 4% (w/v) glutaraldehyde for 15 min on shaker. The cells were then washed
twice with dH>O and incubated with 1% (v/v) crystal violet solution for 15 min. The cells were
washed another two times with dH>O and the stain eluted by addition of 1% (w/v) SDS solution
(100 pl) which was incubated for 20 min on shaker. The eluted stain was diluted with dH>O at
ratio 1:1 and the absorptions measured at 595 nm using a plate reader. Cell numbers were
determined using a separate standard curve for each cell line because each cell lines can have
different number of chromosomes (Figures 2.4-2.6). Standard curve was prepared against the

Log cell numbers.
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Figure 2. 3 Standard curve for the fVII concentration
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To create a standard curve for fVII antigen assay using ELISA, serial dilution of human factor
VII protein was made to prepare a range of concentration (0-11.25 ng/ml) in the provided
diluent. 50 pl of each sample was placed into 96-well plates and covered within an adhesive
strip and incubated for 2 h. Following the incubation, the wells were washed five times with
the provided wash buffer and 50 pl of biotinylated human factor VII antibody (fVII) was added
to each well. The plate was then incubated for 1 h. The wells were washed five times with the
wash buffer and 50 pl of streptavidin-peroxidase conjugate was added and incubated for 30
min at the room temperature in the dark. After the incubation, the wells were washed five times
with the wash buffer and the chromogenic substrate (50 pl) was added to each well and
incubated for exactly 12 min. The reaction was stopped by adding stop solution (50 ul) and the

absorption of the samples was measured at 450 nm using a plate reader (n=2).
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Figure 2. 4 Standard curve for the determination of HCAEC cell numbers

y = 8.4706In(x) - 11.82
R>=0.9069

= N
(O} N (O}
1 1 1

Absorption (595 nm)

o
(O}
1

3.9 4.1 4.3 4.5 4.7 4.9 5.1 5.3
Number of cells (Log)

HCAEC (0-3 x10°) were seeded into 24-well plates and allowed to adhere. The cells were
washed twice with PBS and fixed with 4% (w/v) glutaraldehyde for 15 min. The cells were
then washed twice with dH»O and incubated with 1% (v/v) crystal violet solution for a further
15 min. The cells were washed two times with dH,O and then treated with 1% (w/v) SDS
solution for 15 min. The absorption for each sample was measured at 595 nm by a plate reader

and a standard curve was constructed (n=4).
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Figure 2. 5 Standard curve for the determination of HepG2 cell numbers
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HepG2 cells (0-2 x10°) were seeded into 24-well plates and permitted to attach. The cells were
washed twice with PBS and fixed with 4% (w/v) glutaraldehyde for 15 min. The cells were
then washed twice with dH»O and incubated with 1% (v/v) crystal violet solution for a further
15 min. The cells were washed two times with dH,O and then treated with 1% (w/v) SDS
solution for 15 min. The absorption for each sample was measured at 595 nm by a plate reader

and a standard curve was constructed (n=4).
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Figure 2. 6 Standard curve for the determination of MDA-MB-231 TF knock out cell numbers

0.9

o
(0]
1

HoH

y = 1.1084In(x) - 1.1056
R>=0.936

o o
(o) IR N |

o
wn

Absorption (595 nm)
o o
w Y

o
(N}

o
=
|

o

3 3.5 4 4.5 5 5.5
Number of cells (Log)

MDA-MB-231 TF KO (0-2 x10° cells) were seeded into 24-well plates and allowed to adhere.
The cells were washed twice with PBS and fixed with 4% (w/v) glutaraldehyde for 15 min.
The cells were then washed twice with dH>O and incubated with 1% (v/v) crystal violet
solution for a further 15 min. The cells were washed two times with dH>O and then treated
with 1% (w/v) SDS solution for 15 min. The absorption for each sample was measured at 595

nm by a plate reader and a standard curve was constructed (n=4).
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2.2.12 Measurement of TF antigen by ELISA assay

To determine the concentration of MV-associated TF antigen, TF antigen ELISA kit was used.
The reagents were allowed to reach room temperature prior to use. According to the
manufacturer’s protocol, 100 pl of the provided assay diluent was added to human TF antibody
coated 96-well plate followed by adding 50 pl of each sample. A standard curve was prepared
using a range of concentration of recombinant TF (0-31.3 pg/ml) (Figure 2.7). The wells were
then covered within an adhesive strip and incubated for 2 h with shaking. Following the
incubation, the wells were washed three times with the provided wash buffer. 200 pl of
coagulation factor III (TF) conjugate reagent was added to each well and incubated for 2 h with
shaking. The wells were washed a further three times. Substrate solution was prepared by
mixing provided colour reagents A with B at ratio 1:1 and incubated for 15 min. 200 pl of the
substrate solution was added to each well and incubated for 30 min in the dark. The reaction
was stopped by adding 50 pl of provided stop solution and the absorptions measured at 450 nm

using a plate reader.

2.2.13 Measuring TF-fVIla activities using fXa generation assay

TF-fVIla activities of MV was measured by modification a procedure that described by Ettelaie
et al. (2017). To measure TF activity, MV (0.10 nM) samples were incubated with HBS (pH
7.4) containing BSA (1% (w/v)) in 96-well plates. fVIIa (10 nM) was added to the reaction
followed by fX (100 nM) and CaCl2 (5 mM). The mixture was mixed properly and incubated
for 30 min at 37°C. Following the incubation, fXa chromogenic substrate (0.2 mM) was added
to the sample and incubated for 60 min at 37°C. The reaction was stopped by adding acetic acid
(2% (v/v)) and the absorptions measured immediately at 410 nm. The MV-associated TF
activities were determined using a standard curve prepared using a range of concentration of
recombinant TF (0-5 U/ml) (Figure 2.8). To measure MV-associated fVIla activity, fVIla was

excluded from the above reaction, and replaced with recombinant TF (1 U/ml). The MV-
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Figure 2. 7 Standard curve for the TF concentration
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Serial dilution of human TF protein was made to prepare a range of concentration (0-31.3
pg/ml) in distilled water. 100 pl of assay diluent was placed into human TF antibody coated
96-well plates followed by 50 pl of each sample. The wells were then covered within an
adhesive strip and incubated at room temperature for 2 h with shaking. Following the
incubation, the wells were washed three times with the provided wash buffer and 200 pul of
coagulation factor III (TF) conjugate reagent was added to each well and incubated at room
temperature for 2 h with shaking. The wells were then washed a further three times and 200 pl
of substrate solution containing colour reagents A and B (1:1) was added and incubated for 30
min in the dark. The reaction was stopped by adding 50 pl of stop solution and the absorptions

measured at 450 nm using a plate reader (n=3).
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associated fVIla activities were determined using a standard curve prepared using a range of

purified fVIIa (0-10 nM) (Figure 2.9).

2.2.14 Measurement of the concentration and purity and of the isolated nucleic acid

To measure the concentration of the nucleic acids, 2 pl of the sample was placed into Eppendorf
pCuvette G1.0 and the concentration was determined at 260 nm against the nuclease-free water
blank on an Eppendorf BioSpectrometer® instrument. To determine the sample purity, the ratio
of the absorptions at 260 nm to the absorption at 280 nm was calculated. Any sample with a

260/280 ratio higher than 1.3 was considered sufficiently pure for further use.

2.2.15 Statistical Analysis

The data represent the calculated mean values from the number of experiments stated in each
figure legend + the calculated standard error of the mean (SEM). The statistical analysis was
performed using the Statistical Package for the Social Sciences program (SPSS). Significance
differences in the variance compared to the control was determined using the One-Way

ANOVA procedure and Tukey’s honest significance test.
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Figure 2. 8 Standard curve of TF activity using the fXa generation assay
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To create a standard curve for TF activity, a range of concentration of human recombinant TF
(0-5 U/ml) was used. Initially, the rec-TF was added to HBS (pH 7.4) containing BSA (1%
(w/v)) in 96-well plate followed by adding fVIla (10 nM) and fX (100 nM). CaCl2 (5 mM)
was added to the mixture mixed properly and incubated for 30 min at 37°C. To measure the
activity of fXa generated by rec-TF, fXa chromogenic substrate (0.2 mM) was added to the
samples and incubated for further 60 min at 37°C. The reaction was stopped by adding acetic

acid (2% (v/v)) and the absorptions measured immediately at 410 nm using a plate reader (n=2).
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Figure 2. 9 Standard curve of fVIla activity using the fXa generation assay
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To make a standard curve for fVIIa activity, a range of concentration of purified fVIIa (0-10
nM) was used. Initially, the fVIla was added to HBS (pH 7.4) containing BSA (1% (w/v)) in
96-well plate followed by adding rec-TF (1 U/ml) and £X (100 nM). CaCl2 (5 mM) was added
to the mixture, mixed properly and incubated for 30 min at 37°C. To measure the activity of
fXa generated by fVIla, fXa chromogenic substrate (0.2 mM) was added to the samples and
incubated for further 60 min at 37°C. The reaction was stopped by adding acetic acid (2% (v/v))

and the absorptions measured immediately at 410 nm by a plate reader (n=2).
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Chapter 3
The ratio of factor VIla:tissue factor content within
microvesicles determines the differential influence on

endothelial cells
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3.1 Introduction

Tissue factor (TF) initiates the coagulation mechanism through the formation of a complex
with factor VIla (fVIIa), which then activates factors X and IX (Kirchhofer and Nemerson,
1996; Edgington et al., 1997). Under normal conditions, TF is kept from coming in contact
with blood to prevent the risk of thrombosis. However, both vascular endothelial cells and
circulating monocytes can express TF when activated by exposure to inflammatory stimuli
(Butenas et al.,, 2009; Osterud and Bjerklid, 2006; Akinmolayan et al., 2016). The
overexpression of TF protein has been reported in many pathological conditions such as
atherosclerosis and diabetes (Williams and Mackman, 2012; Eisenreich et al., 2016; Witkowski
et al., 2016), cancers, including prostate, breast, liver and brain (Chu, 2011), and inflammatory
diseases, such as sepsis (Bode and Mackman, 2014). Similarly, the expression of fVII has been
shown to be elevated in liver cirrhosis (Hollestelle et al., 2004) and heart disease (Suzuki et al.,
1991). In addition, cancer cells including ovarian (Yokota et al., 2009), lung, liver, thyroid,
prostate and stomach (Koizume et al. 2006) have been demonstrated to express ectopic
fVII/fVIIa protein. As well as being expressed on the surface of the cells, TF can be released
as cell-derived MV following cellular activation or apoptosis (Morel et al., 2006; Freyssinet
and Toti, 2010; Gardiner et al., 2015; Date et al., 2013; Hron et al., 2007; Thaler et al., 2014;
Auwerda et al., 2011) as can fVII/fVIla protein (Yokota et al., 2009; Featherby et al., 2019).
The MV-associated TF is capable of initiating cellular signals in recipient cells, while TF can
induce auto-signalling in cells that express the protein. TF signalling has been shown to alter
the cellular gene expression profile (Kask et al., 2014; Ramchandani et al., 2016) and has been
demonstrated to require fVIIa activity and the involvement of protease-activated receptor 2
(PAR?2) (Zelaya et al., 2018; McVey, 2016; Rothmeier et al., 2018; Fan et al., 2005; Cirillo et
al., 2004; Hu et al., 2013; Gessler et al., 2009). Additionally, the interaction of TF with -

integrins has been directly implicated in inducing cell proliferation (Rothmeier et al., 2018;
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Versteeg and Ruf, 2006; Kocaturk et al., 2013; Collier and Ettelaie, 2010; Ethaeb et al., 2019).
Such TF signalling has been particularly associated with high proliferative capacity associated
with cancer cells (Schaffner and Ruf, 2009; Bj et al., 2011). FVIIa protein also appears to be
involved in the cellular proliferation mechanism. For example, eosinophils obtained from mice
lacking fVII become more susceptible to apoptosis as compared to those obtained from wild
type mice (Shinagawa et al., 2009). However, whilst this proliferative potential has been
associated with the interaction of TF with fVIla, data on the requirement for a proteolytic
function of fVIIa remain inconsistent (Zelaya et al., 2018; McVey, 2016). As mentioned in the
section 1.8, apoptosis occurs through two distinct, but interrelated pathways, the intrinsic and
extrinsic pathways. The extrinsic apoptotic pathway is mediated through cell receptor
signalling. It has been suggested that TF may trigger apoptosis through the extrinsic pathway
in a death receptor-like manner (Frentzou et al., 2010). The incubation of the rat cardiomyocyte
cell line H9¢2 with a high concentration of recombinant TF resulted in cellular apoptosis via
increased activity of caspase-3. The exposure of cells to low levels of recombinant TF alone is
capable of promoting entry into the cell cycle (Pradier and Ettelaie, 2007). However, the
exposure of cells to high levels of TF additionally causes cell cycle arrest at the G1/S
checkpoint leading to cellular apoptosis (Pradier and Ettelaie, 2007; Frentzou et al., 2010;
ElKeeb et al., 2015). In addition, the exposure of endothelial cells to monocyte-derived MV
for up to 24 hours disrupted the cell membrane integrity and induced cellular apoptosis in these
cells (Aharon et al., 2008). Therefore, it is possible that the magnitude of exposure to TF may

be a determining factor in the outcome in the recipient cells.

The activation of PAR2 has been reported to be essential in the signalling processes that are
initiated after the exposure of cells to TF (Schaffner and Ruf, 2008; Hjortoe et al., 2004).
Formation of the TF-fVIla complex is capable of directly triggering signals via PAR2

activation or alternatively, through the activation of factor Xa (fXa) and formation of a tertiary
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complex (Camerer et al., 2000; Riewald and Ruf, 2001). As a consequence of inflammation or
injury, large quantities of TF are released within MV (Boulanger et al., 2001; Morel et al.,
2004; Morel et al., 2006; Morel et al., 2008). For example, such high levels of circulating MV
have been detected in patients with cancers and cardiovascular disease (Enjeti et al., 2008;
VanWijk et al., 2003; Badimon et al., 2017). These MV are likely to interact with endothelial
cells and have been shown to be cleared from the bloodstream by endocytosis (Collier et al.,
2013; del Conde et al., 2005; Osterud and Bjorklid, 2012). Moreover, ElKeeb et al. (2014)
demonstrated that treatment of endothelial cells with TF-containing MV induced p38 MAPK
signalling which resulted in increasing the level of p53 activation. This in turn resulted in
upregulation of the expression of the Bax protein, leading to cellular apoptosis. More recently,
it has been shown that the accumulation of TF within endothelial cells causes endothelial cell
apoptosis in a mechanism that includes Srcl activation and B1-integrin (Ethaeb et al., 2019).
The inability to satisfactorily process TF appears to be detrimental to endothelial cells (ElKeeb
et al., 2015), and exposure of these cells to TF can induce cellular apoptosis (Pradier and
Ettelaie, 2007; Aharon et al., 2008). Therefore, exposure of endothelial layer to circulating TF-
positive MV, over prolonged periods as seen in chronic diseases, may a contributor to
endothelial dysfunction associated with many chronic diseases (Date et al., 2013; Yang et al.,
2008; Kuge et al., 2008). Interestingly, reports have shown the increases in the number of MV
released correlated with endothelial dysfunction and the disruption of nitric oxide production
(Boulanger et al., 2001; Badimon et al., 2017), which may subsequently promote the

development of atherosclerosis (Davignon and Ganz, 2004).

It has previously been reported that the activation of PAR2 may enhance the release of
procoagulant MV containing TF (Collier and Ettelaie, 2011) which may act as a mechanism
by which the cells manage the excessive amounts of TF and prevent damage to the cells

(ElIKeeb et al., 2014; Ethaeb et al., 2019). The role of PAR2 activation in many
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pathophysiological events such as cellular proliferation (Darmoul et al., 2004), inflammation
(Feistritzer et al., 2005; Shpacovitch et al., 2002; Crilly et al., 2012), angiogenesis (Liu and
Mueller, 2006; Ikeda et al., 2003; Shibuya., 2011) and MV release (Ettelaie et al., 2016; Das
et al., 2018; Collier and Ettelaie, 2011; Ettelaie et al., 2012) has been established. PAR2 can
be activated by proteases such as trypsin, fXa, fVIla and the TF-fVIIa complex (Vergnolle et
al., 1999; Rothmeier and Ruf, 2011; Zhao et al., 2014; Benelhaj et al., 2019). Therefore,
blocking these proteases may abolish the PAR2 signalling. Featherby et al. (2019) reported that
the incubation of MDA-MB-231 (breast cancer cell line) and AsPC1 (pancreatic cell line) with
direct oral anticoagulants (DOAC) can inhibit the release of MV as well as reducing cell
proliferation rate in response to purified fXa (10 nM) which occurs in a PAR2-mediated
manner. DOAC comprise a recent group of drugs that can be used to either prevent or treat
blood clots. Rivaroxaban and apixaban are two DOAC that act to inhibit the proteolytic activity
of fXa (Hoffman et al, 2018). In addition, while incubation of the cells with apixaban reduced
both the release of MV and cell proliferation, treatment with rivaroxaban only resulted in a
decrease in release of MV. However, since no fXa was detected in the MV released by either
of these cell lines, it was concluded that apixaban may inhibit proteases other than fXa
(Featherby et al., 2019). Therefore, this property of the DOAC can be used as a tool to examine
the mechanism(s) of the activation of PAR2 by endogenous TF-fVIla and to differentiate this

from that by fXa.

3.1.1 Aims

The aims of this study were to examine the effect of MV derived from a panel of cancer cell
lines (HepG2, 786-0, BxPC-3, MDA-MB-321 and MCF-7) on endothelial cells proliferation
and apoptosis. Also, the expression of ectopic fVII/fVIla by these cell lines and release within
MV was measured. Furthermore, the hypothesis that the activation of PAR2 by TF-fVIla

complex is involved in inducing cellular apoptosis or proliferation in endothelial cells was
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investigated and the impact of molar ratios of fVIIa:TF on endothelial cell proliferation and
apoptosis assessed. Finally, ability of rivaroxaban or apixaban to block the proteolytic activity

of fVIla was explored.
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3.2 Methods
3.2.1 Isolation of total RNA

The following procedure was used to extract total RNA from cancer cell lines for use in real-
time PCR (RT-PCR) to measure the amount of fVII mRNA. Cells (10°) were collected
separately from each cell line (HepG2, MDA-MB-231, MCF-7, BxPC3 and 786-0O) in
eppendorf tubes (1.5 ml) by centrifugation at 300 g for 5 min. To isolate the RNA, the
supernatants were discarded and each cell pellet was resuspended with RiboZol solution (500
ul). The mixtures were pipetted thoroughly several times to completely lyse the cells and ensure
the homogeneity of the mixtures. The samples were then incubated for 10 min at room
temperature. To separate the proteins from DNA and RNA, chloroform (100 pul) was added to
each sample and the samples were vortexed for 15 sec. The samples were then incubated for 3
min and then centrifuged at 12,000 g at 4°C for 15 min. Three layers developed after the
centrifugation: red (contained proteins), white (contained DNA) and colourless (contained
RNA). The upper colourless layer from each sample containing the RNA was transferred
carefully into a new RNase-free tube and absolute isopropanol (200 pl) was added and
incubated for 10 min to precipitate the RNA. After the incubation, the samples were centrifuged
at 12,000 g at 4°C for 10 min. The supernatants were discarded carefully without disrupting
the RNA pellets. The pellets were then washed twice with 75% (v/v) ethanol (400 ul), and each
time, the samples were vortexed and centrifuged at 7,000 g at 4°C for 5 min. The pellets were
dried by evaporation in a sterile environment and then resuspended in nuclease-free water (200

ul) and stored at -20°C until required.

3.2.2 Measurement of the amount of fVII mRNA by real-time PCR (RT-PCR)
The expression of fVII was examined by using semi-quantitative qRT-PCR and specific

primers for fVIla. The values were normalised for comparing to the relative amounts of f-actin
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which were amplified using appropriate primers set. All steps were conducted in a sterile
environment and using only RNase-free water. 2.5 pl of combined forward and reverse primers
(100 nM) for the fVII gene or the B-actin gene were added into each of six separate wells of a
96-well PCR plate, followed by the RNA samples (100 ng). The volume of each reaction was
adjusted to 12.25 pl using RNase-free water. Finally, 12.5 pl of GoTaq® qPCR Master Mix
provided with the kit was added to each RNA sample, followed by 0.25 ul of reverse
transcriptase enzyme to make up the volume to 25 pl in each tube (see Table 3.1). The samples
were mixed thoroughly and then centrifuged to remove any air bubbles. The RT-PCR was
carried out using an iCycler thermal cycler RT-PCR machine according to the program shown

in Table 3.2. The threshold number of amplification cycles (Ct) for each sample was

determined and the relative amounts of fVII mRNA calculated using the 28T method (Livak
et al., 2001).

3.2.3 Examination of the ability of direct oral anticoagulants to prevent cellular

apoptosis in endothelial cells induced by MV

Rivaroxaban and apixaban are DOAC that inhibit the proteolytic activity of fXa. The aim of
this study was to examine the influence of these two compounds on preventing the apoptotic
influence of cancer cell-derived MV on endothelial cell viability. HCAEC (2 x 10%) were
seeded into 96-well plates and permitted to adhere. The optimal concentration of MV (0.05
nM) isolated from the 786-O cancer cell line was pre-incubated with rivaroxaban (1.8 pM) or
apixaban (1.8 pM) for 20 min prior to being added to the cells. The cells were then incubated
for 24 h and the rate of apoptosis was determined using the TitreTACS chromogenic TUNEL

assay as descried in section 2.2.9.
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Table 3. 1 Real-time RT-PCR master mix

Reagent Volume per reaction (pl) Final concentration
DNA template Variable 100 ng
Primers 2.5 100 nM
GoTaq® qPCR Master Mix 12.5 1X
Reverse transcriptase enzyme 0.25 1X
RNasse-free water Variable -
Total 25
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Table 3. 2 Real-time RT-PCR program

Number of
Temperature Time Step
cycles
48°C 30 min Conversion of RNA to cDNA
1
95°C 10 min Degradation of RNA
40 95°C 15 sec Denaturation
60°C 1 min Primers annealing
1 60-90°C
Dissociation Determining the melt
Increase temp by 0.5°C temperature of the amplicons
Final hold 4°C Final hold
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3.2.4 Examining the ability of apixaban and rivaroxaban to inhibit the proteolytic
activity of fVIIa

The specificity of activities of purified fVIla and fXa towards a a fVIIa chromogenic substrate
were examined by assaying two different synthetic fVIla substrates. fVIla (5 nM) or fXa (10
nM) were added to Tris-HCI pH 7.4 (10 mM). A commercial chromogenic substrate for fVIla,
Pefachrome (1.6 mM) or a custom-synthesised chromogenic substrate NHz-Asn-Leu-Thr-Arg-
pNA (1.6 mM) (Baugh and Krishnaswamy, 1996) was added to each reaction mixture and
incubated for 1 h at 37°C. The absorptions were then determined at 410 nm using a plate reader.
To evaluate the ability of apixaban or rivaroxaban to inhibit the proteolytic activity of fVIIa,
samples of purified fVIIa (5 nM) were pre-incubated with rivaroxaban (1.8 uM), apixaban (1.8
uM), an inhibitory polyclonal anti-fVIla antibody (10 pg/ml), or a control isotype (10 pg/ml)

and the fVIla analysed as above.

3.2.5 Examination of the influence of DOAC on cofactor activity of TF and the
proteolytic activity of purified fVIIa and MV-associated fVIIa

The aim of this study was to further investigate the influence of apixaban on the cofactor
activity of TF and the proteolytic activity of purified fVIla and MV-associated fVIla by using
an fVIla chromogenic substrate. TF (1 U/ml) and fVIla (5 nM) were mixed with Tris-HCI (10
mM; pH 7.4) in the presence or absence of apixaban (1.8 uM). Pefachrome fVIIa (1.6 mM)
was added to the samples and the samples were incubated for 1 hr at 37°C. The absorptions of
the samples were measured at 410 nm using a plate reader. In addition, samples of MV (0.05
nM), purified from the MDA-MB-231 cell line and shown to contain fVIla, were pre-incubated
with rivaroxaban (1.8 uM), apixaban (1.8 pM) or dimethyl sulfoxide (DMSO) prior to addition
of the custom-fVIla chromogenic substrate (NH2-Asn-Leu-Thr-Arg-pNA; 1.6 mM).The
reaction mixtures were incubated for 1h at 37°C and the absorption values for the samples were

then determined at 410 nm using a plate reader.

70



3.3 Results

3.3.1 Analysis of the expression of fVII/fVIIa protein in cancer cell lines by western
blot

The expression of the fVII/fVIla protein in cancer cell lines was examined by western blot as
described in section 2.2.8. The five cell lines tested were: HepG2, MCF-7, 786-O, BxPC-3 and
MDA-MB-231. Following electrophoresis and transfer to the membrane, a mouse anti-fVII
antibody was used as the primary antibody to ensure the detection of the non-active fVII, as
well as both of the chains of the active fVIla. In all the cell lines tested, bands of approximately
32 kDa and 23 kDa, corresponding to the heavy and light chains of the activated fVIla were
detected (Figure 3.1). In addition, to estimate the quantity of fVIla protein expressed in each
cell line, the intensity of the heavy chains bands was determined against the amount of
GAPDH, using the Image] program. Analysis of the samples showed that HepG2 cells
expressed the highest quantities of fVIIa, this is not surprising since liver cells are known to be
major source of coagulation factors (Perera et al., 1999). Additionally, MDA-MB-231 and
MCEF-7 cell lines expressed similar and significant amounts of fVIla protein, while 786-O and

BxPC3 cell lines contained low levels of fVIla protein.

3.3.2 Examination of the expression of fVII mRNA in cancer cell lines using real-time
RT-PCR

Reverse transcription-polymerase chain reaction was performed to quantify the amount of fVII
mRNA expressed in the five cell lines. Total RNA was isolated from the cell lines as described
in section 3.2.1 and 100 ng of RNA from each sample was amplified. Analysis of the samples
indicated that MDA-MB-231 and MCF-7 cell lines express the highest levels of fVII mRNA,
whilst 786-O and BxPC3 cell lines expressed relatively low levels of mRNA (Figure 3.2). In

agreement with the protein analysis, HepG2 cell line expressed the highest amounts of fVII
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Figure 3. 1 Analysis of the expression of fVIla protein in cancer cell lines by western blot
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Cell samples were lysed and separated by 12% (w/v) SDS-PAGE. The bands were then
transferred onto nitrocellulose membranes and blocked with TBST. The membranes were then
probed with a mouse anti-fVII antibody diluted 1:2000 (v/v) in TBST and developed using an
alkaline phosphatase-conjugated goat anti-mouse antibody diluted 1:4000 (v/v) in TBST.
Additional sets of membrane were probed with a goat anti-human GAPDH antibody diluted
1:6000 (v/v) in TBST and developed using an alkaline phosphatase-conjugated donkey anti-
goat antibody diluted 1:6000 (v/v) in TBST. (A) The bands were visualised using western blue
stabilised substrate for alkaline phosphatase. (B) The bands were analysed using the Imagel
program and the protein expression quantified against GPADH bands (The results show the

average of two separate experiments and expressed as the mean + SD).
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mRNA which was four-fold higher than that of the MDA-MB-231 cells and is therefore not

shown.

3.3.3 Measurement of MV-associated TF using ELISA assay

The following study aimed to quantify the amount of MV-associated TF released from the cells
using an ELISA procedure described in section 2.2.10. MV were isolated from resting HepG2,
BxPC-3, 786-O, MDA-MB-231 and MCF-7 cell lines as described in section 2.2.7 using 0.1
nM of each sample. MV isolated from BxPC-3 and MDA-MB-231 cell lines contained the
highest levels of TF antigen (Figure 3.3) which is in agreement with previously published data
(Ettelaie et al. 2016). In addition, MV isolated from HepG2, 786-O and MCF-7 cell lines
contained comparable but lower levels of TF antigen compared to MDA-MB-231 and BxPC-

3 cells (Figure 3.3).

3.3.4 Measurement of MV-associated fVII/fVIIa using ELISA assay

This study aimed to quantify the amount of MV-associated fVII/fVIla released from the cells
using an ELISA as described in section 2.2.10. MV were isolated from the 5 resting cells lines;
0.1 nM of each sample was used to examine the amount of MV-associated fVII/fVIla. Analysis
of the samples showed the highest level of fVII/fVIla antigen within MV derived from HepG2
cell line (Figure 3.4). MV isolated from MCF-7 and MDA-MB-231 cell lines were shown to
contain similar, moderate amounts of fVII/fVIla protein. In contrast, MV isolated from BxPC-

3 and 786-0 cell lines exhibited lower levels of fVII/fVIIa antigen compared to HepG2 cell.

73



Figure 3. 2 Assessment of expression of fVII mRNA in cancer cell lines using real time RT-

PCR
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Total RNA was isolated from the cancer cell lines (HepG2, BxPC-3, 786-O, MDA-MB-231
and MCF-7) and the expression of fVII mRNA was measured in 100 ng of RNA from each
sample, using real time RT-PCR. The Ct values were normalised against the respective B-actin
mRNA in each sample and the relative amounts of fVII mRNA were calculated (The results

show the average of three separate experiments and expressed as the mean + SEM).
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Figure 3. 3 Measurement of MV-associated TF antigen by ELISA
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MYV were isolated from the media of resting cancer cell lines (HepG2, BxPC-3, 786-O, MDA-
MB-231 and MCF-7) by ultracentrifugation. Samples (50 ul) were placed into human TF
antibody coated 96-well plates together with the assay diluent (100 ul) supplied by the TF-
ELISA kit. The wells were then covered with an adhesive strip and incubated for 2 h. The wells
were then washed three times using the provided wash buffer and 200 pl of coagulation factor
III (TF) conjugate reagent was added to each well and incubated for 2 h. The wells were then
washed a further three times and 200 pl of substrate solution was added and incubated for 30
min, in the dark. The reaction was stopped by the addition of 50 ul of stop solution and the
absorption values were measured at 450 nm using a plate reader. A standard curve of human
TF was prepared and used alongside to determine the TF antigen concentration within the MV

(The results show the average of five separate experiments and expressed as the mean £ SEM).
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Figure 3. 4 Measurement of MV-associated fVII/fVIla antigen by ELISA
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MYV were isolated from the media of resting cell lines (HpeG2, BxPC-3, 786-O, MDA-MB-
231 and MCF-7) by ultracentrifugation. Samples (50 ul) were placed into human fVII antibody
coated 96-well plates and covered with an adhesive strip and incubated for 2 h. The wells were
then washed five times with the provided wash buffer and 50 pl of biotinylated human factor
VII antibody (fVII) was added to each well and incubated for 1 h. The wells were then washed
five times with the wash buffer and 50 pl of streptavidin-peroxidase conjugate was added and
incubated for 30 min, in the dark. The wells were washed five times with the wash buffer and
the chromogenic substrate (50 pl) was added to each well and incubated for exactly 12 min.
The reaction was stopped by adding stop solution (50 pl) and the absorption values were
measured at 450 nm using a plate reader. A standard curve of human factor VII protein was
prepared and used alongside to determine MV-associated fVII/fVIIa antigen levels (The results

show the average of five experiments and expressed as the mean + SEM).
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3.3.5 Calculation of the molar ratio of fVIIa:TF within MV derived from cancer cell
lines

The data generated by measuring the levels of fVII/fVIla and TF antigens within the MV was
used to calculate the molar ratio of fVIIa to TF in MV isolated from the 5 cell lines (Figures
3.3 and 3.4). Analysis of the data showed that MV isolated from HepG2 cell line exhibited the
highest fVIIa:TF molar ratio of 54:1 (Figure 3.5). MV isolated from MCF-7 and MDA-MB-
231 cell lines exhibited lower ratios of fVIIa:TF which were 38:1 and 34:1, respectively. In
contrast, MV derived from BxPC-3 and 786-O cell lines showed the lowest molar ratios; 16:1

and 10:1, respectively.

3.3.6 Measurement of TF and fVIIa activity using the fXa-generation assay

Since MV isolated from the 5 cell lines were shown to contain fVII/fVIla as well as TF, in the
next set of experiments the MV-associated TF and fVIla activities were measured. The
activities were measured by modification of the fXa-generation assay as described in section
2.2.13. Analyses of the MV samples showed that MV derived from BxPC-3 and MDA-MB-
231 cell lines possessed substantial fXa-generation capacity, indicating high TF activity
(Figure 3.6). In contrast, MV isolated from MCF-7, HepG2 and 786-O cell lines exhibited
lower levels of TF activity and had a reduced fXa-generation capacity. On the whole, this
finding reflected the measured TF antigens within the MV determined previously using the TF-

ELISA (Figure 3.3).

The activity of fVIla associated with the isolated MV was also examined according to the
procedure described in section 2.2.13. Analysis of the MV samples showed that MV isolated
from HepG2, MDA-MB-231 and MCF-7 cell lines had higher levels of fVIla activity (Figure
3.7). In contrast, MV isolated from BxPC-3 and 786-O cell lines exhibited lower fVIla activity.
This result also reflected the measured fVII/fVIla antigens within the MV which were

quantified previously using the fVII-ELISA (Figure 3.4).
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Figure 3. 5 Molar ratio of fVIIa:TF within MV derived from cancer cell lines
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The molar ratio of fVIla to TF in the MV isolated from HepG2, BxPC-3, 786-O, MDA-MB-
231 and MCF-7 cell lines was calculated using the data generated by measuring the levels of

fVII/fVIla and TF antigens within the MV.
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Figure 3. 6 Measurement of TF activity within MV derived from cancer cell lines using the

fXa generation assay
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MYV (0.10 nM) isolated from the media of the 5 resting cell lines were supplemented with fVIIa
(10 nM), £X (100 nM), and CaCl2 (5§ mM). The samples were mixed and incubated for 30 min
at 37°C. To measure the amount of activated fXa generated by rec-TF, fXa chromogenic
substrate (0.2 mM) was added to the samples and incubated for further 60 min at 37°C. The
reaction was stopped by adding 2% (v/v) acetic acid and the absorptions were measured
immediately at 410 nm. A standard curve prepared of recombinant TF (0-5 U/ml) was prepared
and used alongside to measure the TF activities within the MV (The results show the average

of five separate experiments and expressed as the mean £ SEM).
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Figure 3. 7 Measurement of fVIla activity within MV isolated from cancer cell lines using the

fXa-generation assay
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MYV (0.10 nM) isolated from the media of the 5 resting cancer cell lines were supplemented
with TF (1 U/ml), X (100 nM) and CaCl2 (5 mM). The samples were mixed and incubated for
30 min at 37°C. To measure the amount of activated fXa generated by fVIla, fXa chromogenic
substrate (0.2 mM) was added to the samples and incubated for further 60 min at 37°C. The
reaction was stopped by adding 2% (v/v) acetic acid and the absorptions were measured
immediately at 410 nm. A standard curve of purified fVIla was prepared and used alongside to
measure the fVIla activities within the MV (The results show the average of five separate

experiments and expressed as the mean + SEM).
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3.3.7 Examination of the influence of cancer cell-derived MV on endothelial cells

In the next study, the influence of MV isolated from the cell lines on the rate of proliferation
and apoptosis in HCAEC was examined. To evaluate the effect of MV on HCAEC
proliferation, the cells were seeded into 96-well plates and then incubated with MV (0.05 nM)
isolated from different cell lines for up to 48 h. Cell numbers were then determined using the
crystal violet assay as described in section 2.2.11. Analysis of the cell numbers showed that
incubation of HCAEC with MV derived from HepG2 and MCF-7 cell lines resulted in
significant increases in cell numbers (Figure 3.8 and 3.9). In addition, marginal increases in
cell numbers were observed after incubation of HCAEC with MV isolated from MDA-MB-
231 and BxPC-3 cells. In contrast, supplementation of HCAEC with MV derived from 786-O
cell line resulted in the reduction in cell numbers compared to the untreated sample (Figure 3.8

and 3.9).

In addition to the cell numbers, the rate of induction of apoptosis was also examined after 24
h, in HCAEC incubated with MV derived from 786-O cells and compared to the outcome of
incubation with MV derived from BxPC-3 cells. In each case, the cells were incubated with a
range of concentrations of MV (0.025-0.130 nM) and the rate of apoptosis was then measured
using the TiterTACS chromogenic TUNEL assay as described in section 2.2.9. Incubation of
HCAEC with MV (0.05 nM) isolated from 786-O cell line resulted in a maximal level of cell
apoptosis (Figures 3.10 and 3.11). In contrast, incubation of HCAEC with MV derived from
BxPC-3 cell line did not induce significant amounts of cell apoptosis compared to the untreated

sample (Figures 3.10 and 3.11).
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Figure 3. 8 Assessment of the influence of MV derived from cancer cell lines on endothelial

cell proliferation
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HCAEC (2 x 104) were seeded into 96-well plates and allowed to adhere. The cells were treated
with MV (0.05 nM) purified from the 5 cell lines and incubated for up to 48 h. Cell numbers
were determined using the crystal violet assay (The results show the average of five separate

experiments and expressed as the mean + SEM; * = p < 0.05 compared to untreated cells).

82




Figure 3. 9 The rate of endothelial cells proliferation induced by cancer cell-derived MV shown

as percentages of the untreated cells
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The percentage of cellular proliferation induced by MV purified from the 5 cancer cell lines
was calculated against the untreated sample using the results presented in Figure 3.8. The
change in the number of the endothelial cells was calculated as a percentage of the untreated
cells (The results are the average of five separate experiments and expressed as the mean +

SEM; * = p < 0.05 compared to untreated samples at each time point).
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Figure 3. 10 Examination of the influence of MV isolated from cancer cell lines on endothelial

cell apoptosis
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were then
treated with different concentration of MV (0-0.130 nM) derived from the cell lines (786-O
and BxPC-3) and incubated for 24 h. A set of cells were treated with TNFa (1 ng/ml) and used
as a positive control. The rate of apoptosis was determined using the TiterTACS chromogenic
TUNEL assay (The results are the average of five separate experiments and expressed as the

mean = SEM; * = p < 0.05 compared to the untreated sample).
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Figure 3. 11 The rate of endothelial cells apoptosis induced by cancer cell-derived MV shown

as percentages of the untreated cell population
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The percentage of cellular apoptosis induced by MV purified from two cancer cell lines (786-
O and BxPC-3) was calculated against the untreated sample using the results presented in
Figure 3.10. The change in the level of the cellular apoptosis was measured as a percentage of
the untreated cells (The results show the average of five separate experiments and expressed as

the mean + SEM; * = p < 0.05 compared to the untreated sample).
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3.3.8 The effect of different ratios of exogenous fVIIa:TF on HCAEC proliferation

In section 3.1.7, incubation of HCAEC with MV derived from cancer cell lines indicated that
the induction of cellular proliferation or apoptosis was based on the ratios of fVIla:TF within
these MV. Therefore, the next set of experiments were carried out to examine the influence of
incubation with various combinations of purified fVIla and recombinant TF on HCAEC cell
numbers. HCAEC were seeded into 96-well plates and allowed to adhere. The cells were then
incubated for 24 h with different combinations of recombinant TF (0-10 U/ml) and purified
fVIla (0-10 nM). Cell numbers were then measured using the crystal violet assay as described
in section 2.2.11. Incubation of HCAEC with recombinant TF in the absence of any fVIla
resulted in a reduction in the number of viable cells (Figure 3.12). However, supplementation
of the recombinant TF with purified fVIla (2 nM) partially prevented the reduction in cell
numbers, but it was ineffective at TF concentrations above 0.5 U/ml. Inclusion of 10 nM fVIla
restored the cell numbers up to 2 U/ml of TF and was proliferative when combined together
with lower TF concentrations (0.1-1 U/ml). Finally, incubation of cells with fVIla in the

absence of TF had no detectable effect on cell numbers (Figure 3.12).

The above data were then confirmed by titrating a range of concentrations of purified fVIIa (0-
10 nM) with three separate concentrations of TF (0-4 U/ml). On supplementation of HCAEC
with 0.5 U/ml of TF, increased cell numbers were observed for all concentrations of fVIla
tested (Figure 3.13). However, on incubation of HCAEC with 2 U/ml TF to HCAEC, fVIla
concentrations of 1 nM or higher were required to preserve or increase cell numbers.
Furthermore, in the presence of 4 U/ml TF, only 10 nM fVIla was capable of preventing the

reduction in cell numbers (Figure 3.13).
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Figure 3. 12 Assessment of the influence of exogenous TF and fVIla on endothelial cell

numbers
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were then
treated with a range of concentrations of recombinant human TF (0-10 U/ml), in the presence
or absence of purified fVIla (0-10 nM). The cells were incubated for 24 h and cell numbers
were measured using the crystal violet staining assay. The changes in cell numbers were
calculated as percentage of the original numbers (The results show the average of five separate
experiments and expressed as the mean + SEM; * = p < 0.005 compared to the untreated

sample).
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Figure 3. 13 Examination of the influence of exogenous fVIla and TF on endothelial cell

numbers
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were then
treated with a range of concentrations of purified fVIla (0-10 nM), in the presence or absence
of recombinant human TF (0-4 U/ml). The cells were then incubated for 24 h and cell numbers
were measured using the crystal violet staining assay. The changes in cell numbers were
calculated as percentages of the original numbers (The results show the average of five separate
experiments and expressed as the mean = SEM; * = p < 0.005 compared to the untreated

sample).
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3.3.9 Examination of the influence of exogenous fVIIa on MV-induced apoptosis in
endothelial cells

In the previous experiments, MV isolated from 786-O cells were shown to induce apoptosis in
endothelial cells. In order to test the hypothesis that high levels of fVIIa may rescue cells from
MV-induced apoptosis and enhance cell proliferation, HCAEC were seeded into 96-well plates
and incubated with the optimal concentration of 786-O-derived MV (0.05 nM), in the presence
or absence of exogenous fVIla (5 nM). The rate of apoptosis was measured after 24 h using the
TiterTACS chromogenic TUNEL assay. Inclusion of additional fVIla completely eliminated
the pro-apoptotic influence of MV derived from 786-O cell line on endothelial cells (Figure

3.14), reducing the level of apoptosis levels to those of the untreated cells.

3.3.10 MV-induced cell proliferation and apoptosis is mediated through PAR2 receptor

In the previous experiments, MV isolated from cancer cell lines were shown to contain TF and
fVIla proteins and induced either proliferation or apoptosis in endothelial cells according to
the ratio of fVIla to TF. TF-fVIIa complex is known to activate PAR2 receptor, as mentioned
in section 1.4. Therefore, the aim of this experiment was to examine the involvement of PAR2
in HCAEC proliferation and apoptosis. The activation of PAR2 on the cells was blocked with
an inhibitory antibody (SAM11; 20 pg/ml). The cells were then treated with MV isolated from
HepG?2 cells (0.05 nM), which was previously determined to be the optimal concentration for
inducing cell proliferation, and incubated for 24 h. Cell numbers were then measured using the
crystal violet assay. Inhibition of PAR2 activation reduced the increase in HCAEC numbers in
response to the addition of HepG2 cell-derived MV to levels similar to the untreated cells

(Figure 3.15).
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Figure 3. 14 Examination of the influence of exogenous fVIIa on the pro-apoptotic effect of

MV

0.5

= Without fVlla
m With fVila (5 nM)

0.3 1

0.2 -

0.1 -

Cell apoptosis (Absorption 450 nm)

0.0 A
Untreated 786-0 MV

HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were then
treated with MV (0.05 nM) isolated from 786-O alone or in combination with exogenous fVIla
(5 nM) and incubated for 24 h. The rate of apoptosis was then determined using the TiterTACS
chromogenic TUNEL assay (The results show the average of five separate experiments and
expressed as the mean = SEM; * = p < 0.05 compared to the untreated sample; # = p < 0.05

compared to the sample without added fVIIa).
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To examine the involvement of PAR2 in HCAEC apoptosis, PAR2 activation on the cells was
blocked with an inhibitory antibody (SAM11; 20 pg/ml). The cells were then incubated with a
concertation of 786-0 cell-derived MV (0.05 nM) which was shown to induce optimal levels
of apoptosis in HCAEC. The rate of apoptosis was then measured after 24 h using the
TiterTACS chromogenic TUNEL assay. Analysis of the samples showed that blocking PAR2
activation abolished the pro-apoptotic influence of 786-O cell-derived MV (Figure 3.16). As a
complementary experiment, the influence of the activation of PAR2 using a synthetic agonist,
on preventing MV-induced apoptosis in HCAEC was investigated. PAR2 receptor in HCAEC
was activated by PAR2-AP (20 uM) at the time of addition of the optimal concentration of
786-0 cell-derived MV (0.05 nM). The cells were then incubated for 24 h and the rate of
apoptosis was measured using the TiterTACS chromogenic TUNEL assay. Activation of PAR2
in HCAEC using PAR2-AP eliminated the pro-apoptotic influence of 786-O cell-derived MV

(Figure 3.17).

To further clarify these observations, the presence of PAR2 antigens on the surface of HCAEC
were examined after being treated with PAR2-AP or MV isolated from 786-O at optimal or
hyper-optimal concentration. HCAEC were seeded into 96-well plates, allowed to adhere and
then incubated for 30 min with either PAR2-AP (20 uM), or 786-O-derived MV at the optimal
(0.05 nM) or a hyper-optimal concentration (0.130 nM). The cells were fixed and probed with
a mouse anti-human PAR?2 antibody (SAM11; 20 pg/ml) and then with an HRP-conjugated
goat anti-mouse antibody. Incubation of HCAEC with PAR2-AP (20 uM) or 0.130 nM 786-O
cell-derived MV resulted in significant reductions in cell-surface PAR2 antigens (Figure 3.18).
In contrast, cell-surface PAR2 antigen levels remained unchanged by the addition of 0.05 nM
of MV isolated from 786-O cells compared to untreated cells. These results suggest that
treatment of cells with PAR2-AP or high concentration of MV may induce the internalisation

of PAR2 and consequently desensitize the cells to PAR2 signalling.
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Figure 3. 15 Assessment of the involvement of PAR2 in endothelial cells proliferation
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were pre-
incubated with an anti-PAR2 antibody (SAM11; 20 pg/ml) or a control isotype IgG (20 pg/ml).
The cells were then incubated with HepG2 cell-derived MV (0.05 nM) for 24 h and cell
numbers were determined using the crystal violet staining assay (The results show the average
of five separate experiments and expressed as the mean + SEM; * = p < 0.05 compared to the

untreated sample; # = p < 0.05 compared to the sample not treated with the antibody).
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Figure 3. 16 Examination of the involvement of PAR2 in endothelial cells apoptosis
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were then
pre-incubated with an anti-PAR2 antibody (SAM11; 20 pug/ml) or a control isotype IgG (20
pg/ml). The cells were then incubated with 786-O cell-derived MV (0.05 nM) for 24 h and the
rate of apoptosis was then determined using the TiterTACS chromogenic TUNEL assay (The
results show the average of five separate experiments and expressed as the mean = SEM; * =
p < 0.05 compared to the untreated sample; # = p < 0.05 compared to the sample not treated

with the antibody).
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Figure 3. 17 The influence of the over-activation of PAR2 on the induction of apoptosis by MV
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were
activated with PAR2-AP (20 uM) at the time of addition of MV (0.05 nM) isolated form 786-
O cells and incubated for 24 h. The rate of apoptosis was then measured using the TiterTACS
chromogenic TUNEL assay (The results show the average of five separate experiments and
expressed as the mean = SEM; * = p < 0.05 compared to the untreated sample; # = p < 0.05

compared to MV without the peptide).
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Figure 3. 18 High concentrations of 786-O-derived MV induce PAR2 internalisation in

endothelial cells through over-activation of the receptor
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HCAEC (2 x 10*) were seeded into 96-well plates and allowed to attach. The cells were then
incubated with range of concentrations of 786-O cell-derived MV (0-0.130 nM) or PAR2-AP
(20 uM) for 30 min. The cells were then fixed with 4% (v/v) formaldehyde and incubated with
a mouse anti-human PAR2 antibody (SAM11; 20 pg/ml) and probed with an HRP-conjugated
goat anti-mouse antibody diluted 1:1000 (v/v). The TMB substrate was then added to the
samples and the relative amount of cell-surface PAR2 antigens were measured at 450 nm using
a plate reader (The results show the average of five separate experiments and expressed as the

mean = SEM; * = p < 0.05 compared to the untreated sample).
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3.3.11 Examination of the involvement of TF-fVIIa complex in endothelial cells
apoptosis and proliferation

In the previous experiments, MV isolated from cancer cells lines were shown to exhibit TF and
fVIla proteins and promoted either proliferation or apoptosis in endothelial cells. Therefore,
this study aimed to investigate if these mechanism(s) (proliferation and apoptosis) are induced
by TF-fVIla signalling. HCAEC were seeded into 96-well plates and allowed to adhere. MV
derived from 786-O cells (0.05 nM) were pre-incubated with HTF-1 anti-TF antibody that
blocks the fVIla binding site, 10H10 anti-TF antibody (20 pg/ml) to block TF signalling, or a
mouse IgG isotype control (all at 20 pg/ml). The cells were then incubated with the MV
samples for 24 h and the rate of apoptosis was determined using the TiterTACS chromogenic
TUNEL assay. Blocking of procoagulant activity of TF in MV, using the HTF-1 anti-TF
antibody, reduced the rate of cell apoptosis compared to MV treated with the isotype control
antibody. However, inhibition of TF signalling by pre-incubation of 786-O cell-derived MV
with the 10H10 anti-TF antibody did not influence the induction of cell apoptosis by the MV

(Figure 3.19).

In addition, to examine the involvement of fVIla in cellular apoptosis and proliferation, MV
(0.05 nM) derived from 786-O or HepG2 cells were pre-incubated with an inhibitory anti-fVIla
antibody (20 pg/ml). HCAEC were incubated with the MV samples for 24 h and the rate of
apoptosis and also the cell numbers were then determined. Neutralisation of fVIla activity on
MYV prevented the induction of apoptosis in HCAEC by 786-0O cell-derived MV (Figure 3.20).
Similarly, blocking of fVIla activity on HepG2 cell-derived MV in the same manner inhibited

the resultant increase in cell numbers compared to untreated MV (Figure 3.21).
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Figure 3. 19 MV-associated TF promotes endothelial cells apoptosis through pro-coagulant
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. MV (0.05 nM)
isolated from 786-0O cells were pre-incubated with an HTF-1 anti-TF antibody to block fVIla
binding, a 10H10 anti-TF antibody to block TF signalling or an isotype mouse antibody (all
antibodies at 20 pg/ml). The cells were then treated with the MV samples and incubated for 24
h. The rate of apoptosis was then determined using the TiterTACS chromogenic TUNEL assay
(The results show the average of five separate experiments and expressed as the mean + SEM;

* =p < 0.05 compared to the untreated sample).

97



Figure 3. 20 Neutralisation of fVIla within 786-O-derived MV abolishes the promotion of

apoptosis in endothelial cells
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. MV (0.05 nM) were
isolated from 786-O cells and pre-incubated with an inhibitory anti-fVIla antibody (20 pug/ml)
prior to addition to the cells. The cells were incubated for 24 h and the rate of apoptosis was
then determined using the TiterTACS chromogenic TUNEL assay (The results show the
average of five separate experiments and expressed as the mean + SEM; * =p < 0.05 compared

to the untreated sample, # = p < 0.05 compared to the MV sample without the antibody).
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Figure 3. 21 Neutralisation of fVIIa within HepG2 cell-derived MV prevents the promotion of

endothelial cells proliferation
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. MV (0.05 nM)
purified from HepG2 cells were pre-incubated with an inhibitory anti-fVIla antibody (20
pg/ml) prior to addition to the cells. The cells were incubated for 24 h and cell numbers were
measured using the crystal violet staining assay (The results show the average of five separate
experiments and expressed as the mean = SEM; * = p <0.05 compared to the untreated sample,

#=p < 0.05 compared to the MV sample without the antibody).
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3.3.12 Measurement of the exposure of fVII on the surface of endothelial cells in
response to TF and PAR2 activation

In the previous experiments, MV-associated TF were shown to induce apoptosis in endothelial
cells through pro-coagulant activity which was also mediated via PAR2 receptor. However,
incubation of HCAEC with TF alone prompted cell apoptosis (Figure 3.12). Therefore, this
study was designed to examine if endothelial cells can themselves be a source of fVII through
measuring the presence of the antigen on the cell surface. HCAEC were seeded in 96-well
plates, allowed to adhere, and the cells were then incubated with recombinant TF (2 U/ml) for
up to 60 min or activated using PAR2-AP (20 pM) for up to 240 min. One set of the cells was
permeabilised with 0.01% (v/v) Triton diluted in dH>O in order to determine the total amount
of fVII protein. The cells were then fixed and the cell-surface and total amount of fVII antigen
were quantified, using an ELISA-based assay as described in section 2.2.10. Measurement of
the fVII protein in intact and lysed HCAEC indicated that approximately 20% of the fVII
antigens were present on the surface of the resting cells (Figure 3.22). Incubation of HCAEC
with recombinant TF (2 U/ml) for 10 or 20 min resulted in significant increases in cell-surface
fVII antigen (48%) and (45%), respectively (Figure 3.22). Similarly, activation of HCAEC
using PAR2-AP (20 uM) significantly increased cell-surface fVII antigen (33%) at 30 min

(Figure 3.23).

The next set of experiment aimed to examine if the exposure of endothelial cells to repeated
treatment with TF can deplete the amount of cell-surface fVII antigen. HCAEC were seeded
into 96-well plates and allowed to adhere. The cells were then treated with recombinant TF (2
U/ml) at 60 min intervals. In these experiments, both the remaining cell-surface fVII antigen
and MV-associated fVII antigen were measured and calculated as the percentage of the amount
of fVII present on the surface of the resting cells. Treatment of HCAEC with recombinant TF

progressively decreased the amount of fVII exposed at the surface of the cells (Figure 3.24).
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Furthermore, the magnitudes of these reductions were comparable to, and therefore most likely
accounted for, by the amount of fVII that was associated with the released MV (Figure 3.25).

3.3.13 Examination of the ability of direct oral anticoagulants to prevent MV-induced
apoptosis in endothelial cells

Since MV isolated from 786-O cell line were capable of causing apoptosis in endothelial cells,
the next set of experiments aimed to examine the potential for DOAC to prevent the pro-
apoptotic influence of these MV. The 786-O cell-derived MV (0.05 nM) were pre-incubated
with rivaroxaban (1.8 M), apixaban (1.8 uM) or an inhibitory polyclonal anti-fVIla antibody
(10 pg/ml) prior to addition to HCAEC. The cells were incubated for 24 h and the rate of
apoptosis was measured using the TiterTACS chromogenic TUNEL assay. Pre-incubation of
786-0 cell-derived MV with apixaban but not rivaroxaban eliminated the pro-apoptotic effect
of these MV (Figure 3.26). Furthermore, inhibition of MV-associated fVIla from 786-O cells
with an inhibitory anti-fVIla antibody also prevented the induction of cell apoptosis. Therefore,
it is possible that apixaban may be capable of acting as a protease inhibitor, blocking the

proteolytic activity of fVIIa, in addition to fXa.
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Figure 3. 22 Examination of the alteration in endothelial cell-surface fVII antigen levels in

response to TF
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were then
treated with recombinant TF (2 U/ml) and incubated for up to 60 min. After the incubation, the
cells were washed with PBS and fixed with 4% (v/v) formaldehyde. One set was permeabilised
with 0.01% (v/v) Triton diluted in dH>O. The surface and total amounts of fVII were
determined using a modified procedure for fVII-ELISA. The ratio of surface fVII antigen was
then calculated as a percentage of the total cellular fVII antigen (The results show the average
of five separate experiments and expressed as the mean + SEM; * = p < 0.05 compared to the

observed ratio at time zero).
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Figure 3. 23 Examination of the alteration in endothelial cell-surface fVII antigen levels in

response to PAR2-AP
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were then
treated with PAR2-AP (20 uM) and incubated for up to 240 min. After the incubation, the cells
were washed with PBS and fixed with 4% (v/v) formaldehyde. One set was permeabilised with
0.01 % (v/v) Triton diluted in dH>O. The surface and total amounts of fVII were determined
using a modified procedure for fVII-ELISA. The ratio of surface fVII antigen was then
calculated as a percentage of the total cellular fVII antigen (The results show the average of
five separate experiments and expressed as the mean £ SEM; * = p < 0.05 compared to the

observed ratio at time zero).
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Figure 3. 24 Examination of the alteration in endothelial cell-surface fVII antigen in response

to repeated treatment with recombinant TF
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were
subjected to repeated treatment with recombinant TF (2 U/ml) at 60 min intervals. After each
treatment, the cells were then washed and fixed with 4% (v/v) formaldehyde. The surface
expression of fVII in each sample was measured by incubating the cells with a mouse anti-
fVIla antibody (20 pg/ml). The samples were then probed with an HRP-conjugated goat anti-
mouse antibody diluted 1:1000 (v/v) and developed using the TMB substrate. The ratio of
remaining cell-surface fVII antigens of treated cells compared to cell-surface fVII antigens of
resting cells was then calculated as a percentage (The results show the average of five separate

experiments and expressed as the mean + SEM).
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Figure 3. 25 Quantification of the release of MV-associated fVII antigen following multiple

treatments with TF
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The cells were
subjected to repeated treatment with recombinant TF (2 U/ml) at 60 min intervals. The media
was collected and the MV-associated fVII antigen was quantified using fVII-ELISA. The
results were compared to the amounts of cell-surface fVII antigen in the untreated cells to
provide the ratio as a percentage (The results show the average of five separate experiments

and expressed as the mean + SEM).
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Figure 3. 26 Examination of the ability of DOAC on blocking the pro-apoptotic effect of MV

on endothelial cells
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HCAEC (2 x 10*) were seeded into 96-well plates and allowed to adhere. The optimal
concentration of MV (0.05 nM) isolated from 786-O cells were pre-incubated with rivaroxaban
(1.8 uM), apixaban (1.8 uM) or an inhibitory polyclonal anti-fVIIa antibody (10 pg/ml) prior
to addition to the cells and incubated for 24 h. The rate of apoptosis was then evaluated using
the TiterTACS chromogenic TUNEL assay (The results show the average of five separate

experiments and expressed as the mean £ SEM; * =p <0.05 compared to the untreated sample).
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3.3.14 Examination of the ability of DOAC to block the proteolytic activity of fVIla

To further examine the potential of apixaban to inhibit the proteolytic activity of fVIIa, the
proteolytic activity of fVIla was measured directly in the presence and absence of DOAC,
using two chromogenic substrates. First, the activity of fVIla (5 nM) and fXa (10 nM) were
measured using the Pefachrom substrate (1.6 mM) or a synthetic chromogenic substrate (NH2-
Asn-Leu-Thr-Arg- pNA; 1.6 mM). Incubation of the Perfachrome substrate with fVIIa or fXa
resulted in colour production, while the synthetic chromogenic substrate (NH2-Asn-Leu-Thr-

Arg-pNA; 0.4 mM) was only digested by purified fVIIa but not purified fXa (Figure 3.27).

In addition, the proteolytic activity of fVIla (5 nM) was measured using the Pefachrom
substrate (1.6 mM) in the presence of rivaroxaban (1.8 uM), apixaban (1.8 uM) or a polyclonal
anti-fVII antibody (10 pg/ml) and compared to an untreated sample as described in section
3.2.4. Interestingly, apixaban (1.8 uM) was capable of inhibiting fVIIa activity but not
rivaroxaban (1.8 uM) and the level of inhibition was comparable to that attained by a polyclonal

anti-fVII antibody (Figure 3.28).

3.3.15 Examination of the ability of apixaban to block fVIIa and MV-associated fVIIa
activity in the presence of recombinant TF

In the previous experiments, apixaban was shown to suppress the pro-apoptotic influence of
MV-associated TF-fVIIa complex by inhibiting the proteolytic activity of fVIla. Therefore, the
next set of experiments were carried out to examine the ability of apixaban to block proteolytic
activity of fVIla without interference from TF cofactor activity. The proteolytic activity of
purified fVIla (5 nM) was examined using Pefachrom substrate (1.6 mM) in the presence of
TF (1 U/ml) and apixaban (1.8 pM). Analysis of the samples showed that the presence of TF

did not alter the ability of apixaban to inhibit the proteolytic activity of fVIIa (Figure 3.29).
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Finally, the proteolytic activity of MV-associated fVIla derived from MDA-MB-231 cells
(0.05 nM) was also measured in conjunction with apixaban (1.8 pM), rivaroxaban (1.8 pM) or
dimethyl sulfoxide (DMSO) vehicle, using the synthetic fVIIa-chromogenic substrate (1.6
mM), as described in section 3.2.5. Incubation of MDA-MB-231 cell-derived MV with
apixaban but not rivaroxaban eliminated the proteolytic activity of fVIla in these MV compared

to untreated samples (Figure 3.30).
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Figure 3. 27 Measurement of the proteolytic activity of exogenous fXa and fVIla using two

chromogenic substrates
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Perfachrome (1.6 mM) or a synthetic fVIla-chromogenic substrate (NH2-Asn-Leu-Thr-Arg-
pNA; 1.6 mM) were separately incubated for 1 hour at 37°C, with either purified fVIIa (5 nM)
or purified fXa (10 nM). The absorptions were then measured at 410 nm using a plate reader
(The results show the average of four separate experiments and expressed as the mean = SEM;

* =p < 0.05 compared to the untreated sample).
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Figure 3. 28 Examination of the influence of DOAC on the proteolytic activity of fVIIa
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Samples of purified fVIIa (5 nM) were incubated with apixaban (1.8 uM), rivaroxaban (1.8
uM), an inhibitory polyclonal anti-fVIla antibody (10 pg/ml) or a control isotype IgG (10
pg/ml). The synthetic fVIIa-chromogenic substrate (NH2-Asn-Leu-Thr-Arg-pNA; 1.6 mM)
was then added to the samples and incubated for 1 hour at 37°C. The absorptions were then
measured at 410 nm using a plate reader (The results show the average of four separate
experiments and expressed as the mean = SEM; * = p < 0.05 compared to the untreated sample;

#=p < 0.05 compared to fVIla without DOAC).
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Factor Vlla activity (Absorption 410 nm)

Figure 3. 29 Examination of the influence of apixaban on the proteolytic activity of fVIla in

combination with recombinant TF
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Samples of purified fVIla (5 nM) or recombinant TF (1 U/ml) were incubated with the
Perfachrome substrate for 1 hour at 37°C in the presence and absence of apixaban (1.8 pM).
Set of samples of purified fVIIa (5 nM) in conjunction with recombinant TF (1 U/ml) and
apixaban (1.8 pM) were also examined. The absorptions were measured at 410 nm using a
plate reader (The results show the average of five separate experiments and expressed as the

mean = SEM; *=p < 0.05 compared to the untreated sample).
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Factor Vlla activity (Absorption 410 nm)

Figure 3. 30 Examination of the effectiveness of DOAC in blocking the proteolytic activity of
fVIla within MV

0.035

0.03 -

0.025 -

0.02 +

0.015 -

0.01 -

0.005 -

Untreated MV (0.05 nM) + MV (0.05 nM) + MV (0.05 nM) +
DMSO Apixaban (1.8 uM) Rivaroaban (1.8 uM )

Samples of MDA-MB-231 cell-derived MV (0.05 nM) were pre-incubated with apixaban (1.8
uM), rivaroxaban (1.8 uM) or dimethyl sulfoxide (DMSO) vehicle. The samples were then
incubated with the synthetic chromogenic substrate (NH2-Asn-Leu-Thr-Arg-pNA; 1.6 mM)
for 1 hat 37°C. The absorptions were then measured at 410 nm using a plate reader (The results
show the average of four separate experiments and expressed as the mean = SEM; * = p <0.05

compared to the untreated sample; # = p < 0.05 compared to DMSO carrier).
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3.4 Discussion

The distinction between the severely injured cells and those which remain intact is imperative
in understanding the precise vascular function and homeostasis. The regulatory properties of
TF appear to be also present in MV-associated TF that are released from into the bloodstream
from various tissue sources. In addition to TF, these MV contain a complement of negatively
charged phospholipids (Morel et al., 2006; Freyssinet and Toti, 2010; Gardiner et al., 2015;
Date et al., 2013; Hron et al., 2007; Thaler et al., 2014; Auwerda et al., 2011) and functional
fVIla (Figures 3.4 and 3.7). It is known that MV from different sources exert dissimilar
influence on endothelial cells which may provide crucial clues for the understanding of the
destructive influence of MV in various diseases (Hjortoe et al., 2004; Boulanger et al., 2001,
Morel et al., 2004; Morel et al., 2006). Therefore, in this study, it was hypothesised that the
ratios of fVIIa:TF within MV may confer different outcomes on cultured primary endothelial
cells. In agreement with this hypothesis, incubation of HCAEC with combinations of purified
fVIla and recombinant TF resulted in cellular apoptosis or proliferation depending on the
fVIIa:TF ratio. The transition from pro-apoptotic to proliferative property appears to occur at
an estimated fVIIa:TF molar ratio of 15:1. This was in agreement with the ratios observed in
the MV purified from the cell lines. Particularly, the fVIIa:TF ratio in the 786-O renal
carcinoma cell line was 10:1 and these MV induced cellular apoptosis in HCAEC (Figure 3.10).
In contrast, this ratio was 17:1 in MV obtained from BxPC-3 pancreatic cell line which were
largely ineffective. Moreover, the higher molar ratios of 54:1 and 38:1 observed in HepG2
hepatocellular line, MCF-7 breast cancer line (Figure 3.10) were concurrent with increased cell

proliferation.

Interestingly, the change in cell numbers was significantly proportional (Pearson correlation =
0.956) to the observed fVIla:TF ratio. However, it also appears that as well as the fVIIa:TF

ratio, the concentration of TF with which the cell comes into contact with is an additional
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critical factor in determining the outcome. Therefore, despite the similar fVIIa:TF molar ratios,
TF-rich MV derived from MDA-MB-231 (34:1) were significantly less proliferative than those
derived from MCEF-7 cell lines (38:1). Therefore, the proliferative/pro-apoptotic property may
also be regulated by the higher TF content of MV from MDA-MB-231 cells. However, in these
studies, only the amounts of exogenous fVIla and TF were used in calculating the fVIIa:TF
molar ratios to which HCAEC were exposed to. The availability of endogenous cellular fVII
will alter the true ratios obtained, thus the level for the transition from pro-apoptotic to
proliferative form is likely to be higher than those reported here (15:1). Previous studies have
also shown the proliferation response by a number of TF-expressing cells following

supplementation with exogenous fVIla (Aberg et al., 2020; Cirillo et al., 2004)

To elucidate the underling signalling mechanism, SAM11 antibody was used to block the
activation of PAR2 on HCAEC prior to addition of MV from 786-O cells. Inhibition of PAR2
prevented the pro-apoptotic function of these MV indicating the requirement for PAR2
activation. However, simultaneous activation of PAR2 using the activating peptide, at the time
of addition of MV also inhibited the pro-apoptotic influence of 786-O cell-derived MV. It was
also observed that maximal HCAEC apoptosis was detected at 0.05 nM of 786-0 cell-derived
MYV, and higher concentrations were less effective. These observations were attributed to the
endocytosis of PAR2 following rapid activation with fVIla:TF or with PAR2-AP, leading to
de-sensitisation of HCAEC to further stimuli. Therefore, the induction of apoptosis in

endothelial cells appears to require the controlled activation of PAR2.

Prototypic activity of fVIla was shown to be essential for both the proliferative and pro-
apoptotic influence of MV and were blocked by preincubation of MV with an inhibitory
polyclonal antibody against fVIla. In addition, the presence of TF was obligatory since addition

of purified fVIla alone to HCAEC was ineffective in promoting either proliferation or
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apoptosis. Moreover, pre-incubation of MV with the inhibitory antibody against TF (HTF1)
but not an antibody that blocks TF signalling (10H10) prevented the pro-apoptotic influence of
the 786-0O cell-derived MV. This result indicates that TF induces cellular apoptosis through
pro-coagulant signalling which requires the binding of fVIIa with TF. However, incubation of
HCAEC with higher concentrations of TF alone (2-10 U/ml) also promoted cell apoptosis
(Figure 3.12). Therefore, since fVII is needed to induce apoptosis, this fVII ought to be derived
from another source. These results are in agreement with previous studies which showed that
incubation of endothelial cells with high levels of recombinant TF or MV-associated TF led to
cellular apoptosis (Pradier and Ettelaie, 2007; Frentzou et al., 2010; ElKeeb et al., 2015). In
order to determine if endothelial cells can be a source for fVII, the amount of fVII on the surface
of the cells was measured. Measurement of the fVII protein in intact and lysed endothelial cells
indicated that approximately 20% of the fVII antigen were present on the surface of the resting
cells (Figure 3.22). Furthermore, incubation of HCAEC with recombinant TF or activation of
PAR?2 increased the amount of the cell-surface fVII antigen (Figure 3.22 and 3.23). Therefore,
it is possible that endothelial cells respond to the stimulatory signals arising from injury/trauma
by altering the fVIla:TF ratio to counter the proapoptotic influence that arises from the presence
of excessive levels of TF. However again, since in these studies only the amounts of exogenous
fVIla and TF were used in calculating the fVIIa:TF molar ratios, the ratios for the transition
from the pro-apoptotic to proliferative are likely to be higher than those determined here. In
addition, repeated exposure of HCAEC to recombinant TF resulted in the depletion of cellular
fVII reserves (Figures 3.24 and 3.25). Therefore, it was hypothesised that repeated exposure of
cells to TF-positive MV, for example during chronic disease, may exhaust the ability of
endothelial cells to counter the excess amount of TF. Such a compromise in endothelial cell
function implies that the response by these cells may become insufficient in ensuring the

survival of the cell.
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As mentioned previously, cancer cell-derived MV can induce apoptosis in endothelial cells
(Figure 310). Featherby et al. (2019) demonstrated that the incubation of MDA-MB-231 and
AsPCI1 cells with direct oral anticoagulants (DOAC) inhibited the release of MV as well as
reducing the rate of cell proliferation. Rivaroxaban and apixaban were used in this study to
examine the potential of DOAC in blocking the pro-apoptotic influence of cancer cell-derived
MYV on endothelial cells. Incubation of MV derived from 786-O cells with apixaban prior to
addition to HCAEC suppressed the pro-apoptotic effect of these MV. This arose from the
ability of apixaban to inhibit fVIla activity and was comparable to that attained by an inhibitory
polyclonal anti-fVII antibody (Figure 3.28). Collectively, this data has demonstrated the
previously unknown ability of apixaban to block the proteolytic activity of fVIla, in addition

to that of fXa.

In conclusion, this study has for the first time shown that the ratio of fVIIa:TF determines the
outcome in endothelial cells resulting in either proliferation or apoptosis. The induction of cell
proliferation and apoptosis by MV appears to be mediated through the activation of PAR2
(Figure 3.31), but the cellular outcome is entirely dependent on the amounts of TF protein and
the molar ratio of fVIIa:TF protease activity. Furthermore, the pro-coagulant activity of TF is
a pre-requisite for both the proliferative and pro-apoptotic activities, and requires the
interaction with fVII. This fVII may be present on surface of MV or be derived from endothelial
cells. Finally, apixaban shows a potential in blocking fVIla proteolytic activity and

consequently deactivates TF-fVIIa complex signals.

The involvement of PAR2 in cell apoptosis and proliferation has been established in this
section of the study. The activation of PAR2 on the surface of cancer cells releasing MV and

the cells coming into contact with these MV is explored in the next chapter.
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Figure 3. 31 Schematic representation of the outcomes of the ratio of fVIIa:TF on endothelial

cells
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The ratio of fVIIa: TF can determine the outcomes in endothelial cells. A high ratio of fVIla:TF
has the potential to activate PAR2 and induce proliferative signals. In contrast, low ratio of
fVIIa: TF appears to induce an alternative single, but also initiated via PAR2 activation, that
promote cell apoptosis. In addition, apixaban has been shown to be capable of blocking fVIla

activity and consequently abolishes both the proliferative and apoptotic signals.
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Chapter 4

Investigation of PAR2 activation in response to TF:fVIIa

complex using a novel hybrid protein
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4.1 Introduction

Protease-activated receptor 2 (PAR2), also known as thrombin receptor-like 1 (F2RL1) protein,
is a seven-transmembrane receptor which is a member of the G-protein-coupled receptor
(GPCR) family. The cleavage of the PAR2 protein at a specific site results in the unmasking
of an N-terminal peptide which acts as a tethered ligand. Subsequently, the tethered ligand
domain binds to the second extracellular loop of the receptor which causes a change in the
receptor formation and initiates an internal signal (Coughlin, 1999; Zhao et al., 2014). It is
known that PAR2 can be activated by proteases such as TF-fVIla complex, factor Xa (fXa)
and trypsin (Vergnolle et al., 1999; Rothmeier & Ruf, 2011; Zhao et al., 2014; Benelhaj et al.,
2019). PAR2 can signal through two mechanisms involving G-protein signalling and through
B-arrestin signalling. In the G-protein-mediated pathway, PAR2 activation can induce Ras,
protein kinase C (PKC) and inositol trisphosphate (IP3)-mediated pathways. In contrast, the
association of PAR2 with B-arrestin activates Raf and ERK1/2 cascades (Rothmeier and Ruf,

2011).

PAR?2 plays a key role in many physiological events (Figure 4.1) (Feistritzer et al., 2005;
Benelhaj et al., 2019; Darmoul et al.,2004) and over-expression of PAR2 can lead to a number
of pathological conditions (Cicala, 2002; Antoniak et al., 2013). It has been reported that
activation of PAR2 receptor in human breast and pancreatic cancer cells by using PAR2-AP,
trypsin or fVIIa increased the expression of vascular endothelial growth factor (VEGF). This
in turn resulted in increased rate of angiogenesis in the surrounding vascular cells which was
mediated through the MAPK pathway (ERK1/2 and p38) (Liu and Mueller, 2006; Ikeda et al.,
2003; Shibuya., 2011). PAR2 activation also has been found to induce cellular proliferation of
cancer cells. A study has shown that the activation of PAR2 in colon cancer, using either trypsin
or PAR2-AP, led to the phosphorylation of ERK1/2 by the epidermal growth factor receptor

(EGFR) and prompted cell proliferation (Darmoul et al.,2004).
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It has also been suggested that PAR2 is involved in a number of inflammatory responses.
Studies have reported that the activation of PAR2 in human dermal microvascular endothelial
cells (HDMEC), increased the expression of IL-6 and IL-8 through a mechanism involving
nuclear factor kappa B (NF-kB) pathway (Shpacovitch et al., 2002; Heuberger and
Schuepbach, 2019). A different study showed that the injection of a monoclonal antibody
(SAM11) to block the PAR2 in mice with collagen-induced arthritis, resulted in a significant
reduction in cartilage damage and inflammatory cell infiltration compared to control animals
(Crilly et al., 2012). Therefore, together these studies suggest that PAR2 signalling has a key

role in initiating inflammatory responses.

As mentioned in chapter 1, a number of studies have reported the elevated expression of TF in
patients with diabetes, infection or atherosclerosis (Williams & Mackman, 2012; Eisenreich et
al., 2016; Witkowski et al., 2016). Similarly, the high expression of TF has been measured in
a number of types of cancers, including breast, liver, prostate and brain (Chu, 2011). Raised
levels of TF are also expressed on monocytes during inflammatory diseases such as sepsis
(Bode & Mackman, 2014). In addition to the increased levels of TF in chronic diseases, the
expression of fVII is also known to be elevated during pathological conditions including liver
cirrhosis (Hollestelle et al., 2004) and heart disease (Suzuki et al., 1991). Moreover, although
the liver cells are the main site of synthesis of the coagulation protein factor VII (fVII), cancer
cells appear to express “ectopic fVII” protein. For example, expression of significant amounts
of fVII has been demonstrated in ovarian cell lines (Yokota et al., 2009). Similarly, a study
conducted by Koizume et al. (2006) reported that lung, ovarian, thyroid, prostate and stomach

cell lines can all express significant amounts of ectopic fVII protein.

MYV are known to be released following cellular activation, or apoptosis (Morel et al., 2011).
One of the mechanisms that leads to increases in MV release is the activation of PAR2 on the
cell surface (Ettelaie et al., 2012; Das et al. 2018). A recent study comparing the levels of

120



released MV by cancer cell lines showed that the activation of PAR2 using PAR2-AP (20 uM)
resulted in dissimilar increases in the release of TF-associated MV from these cell lines
(Ettelaie et al., 2016). Furthermore, the study conducted by Das et al. (2018) using the MDA -
MB-231 cell line, reported that PAR2 signalling enhanced MV release through Rab5a
activation via the phosphorylation of Ser 473 within Akt (also known as Protein kinase B). In
addition, as stated above, the level of PAR2 expression has been shown to become elevated in
many malignant tumours including lung, breast and liver (Jiang et al., 2018; Chen et al., 2019;
Sébert et al., 2019). Therefore collectively, these data suggest that PAR2 activation could be a

major initiator of MV release from cells, in response to injury and trauma.

In the previous chapter, it was demonstrated that MCF-7, MDA-MB-231, 786-0O, HepG2 and
BxPC3 cell lines express various amounts of TF and also active fVIla. The presence of
endogenous or exogenous TF and fVIla on the surface of cancer cells may be sufficient to
enhance PAR2 activation by the TF-fVIIa complex. This in turn may lead to the auto-activation
of the cells and MV release (Ungefroren et al., 2017). The MV released from the cells are
known to carry cellular contents which are derived from the original cells. These include
proteins and lipids (Hugel et al., 2005; Mizrak et al., 2013; Gaetani et al., 2018). Furthermore,
MYV have been shown to transfer genetic materials and various active proteins between cells
(Jaiswal et al., 2013; Gaetani et al., 2018; Hugel et al., 2005). For instance, monocytes are
activated by stimuli such as cell damage, shear stress or pro-apoptotic stimuli, releasing high
levels of circulating TF-bearing MV (Burnouf et al., 2015; Grover and Mackman, 2018). The
MV-associated TF released by the monocytes may be taken up by endothelial cells, platelets
and neutrophils (del Conde et al., 2005; Osterud & Bjorklid, 2012). MV have also been shown
to actively participate in inflammatory responses (Cognasse et al., 2015) as well as being a
main contributor to thrombosis (Burnouf et al., 2015). High level of circulating MV have been

reported in patients with diabetes, hypertension, cancers, sepsis and cardiovascular disease
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(Enjeti et al., 2008; Vanwijk et al., 2003; Badimon et al., 2017; Ender et al., 2019).
Furthermore, it has been suggested that MV may also induce endothelial cell deterioration
through the induction of cellular apoptosis (Hugel et al., 2005; Nomura et al., 2008). In fact,
increases in the levels of MV release have been associated with endothelial dysfunction by
disrupting the synthesis of nitric oxide (Boulanger et al., 2001; Badimon et al., 2017) and this
has been suggested to be involved in the development of atherosclerosis (Davignon and Ganz,

2004).

Previously, Frentzou et al. (2010) suggested that TF can promote cellular apoptosis through
the extrinsic pathway of apoptosis, in a death receptor-like manner. Incubation of rat
cardiomyocyte line H9¢c2 with high concentrations of recombinant TF was shown to induce
apoptosis through increasing the activity of caspase-3 (Frentzou et al., 2010). In addition,
treatment of endothelial cells with TF-positive MV has been shown to induce p38 MAPK
signalling resulting in increased levels of p53 activity. This in turn led to the upregulation of
Bax expression and cellular apoptosis (EIKeeb et al., 2014). Similarly, the accumulation of TF
within endothelial cells has been shown to cause endothelial cell apoptosis via the activation
of Src1 and involving B1-integrin (Ethaeb et al., 2019). In support of these findings, a study by
Aharon et al. (2008) showed that the accumulation of TF-associated MV derived from
monocyte cells induced cellular apoptosis and increased thermogenicity in human umbilical
vein endothelial cells (HUVEC). In chapter 3, it was demonstrated that MV-associated TF
isolated from HepG2 and 786-O cells are capable of inducing cellular proliferation and
apoptosis in endothelial cells, respectively. Both of these outcomes were shown to be mediated
through PAR2 activation. Interestingly, the ratio of fVIIa:TF appeared to be a determining
factor in the outcomes of incubation of these MV with endothelial cells. This finding suggests
that PAR2 signalling may be moderated differentially, depending on the ratio of fVIla:TF with

which the cells come into contact with. In this chapter, it was envisaged that the amount of TF,
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fVIla and also the ratio of fVIIa:TF are capable of differentially activating any PAR2 present
on the surface of cells. In addition, the study aimed to determine if the released MV, containing
different amounts of TF and fVIla, are capable of activating PAR2 on recipient endothelial

cells to different magnitudes.

4.1.1 Aims

In this study, the auto-activation of PAR2 and its association with the release of MV from
cancer cell lines was examined. The PAR2 cDNA was cloned into an expression plasmid at the
C-terminus of a fluorescent tag; so that the activation of PAR2 resulted in the release of the
fluorescent tag. Five cell lines (HepG2, 786-O, MCF-7, BxPC-3 and MDA-MB-231) were
transfected with the construct and the activation of PAR2 examined by measuring the
fluorescence intensity released into the media. In addition, HDBEC transfected with the PAR2
fluorescent reporter plasmid were incubated with MV from the cell lines, or with combinations
of exogenous TF and fVIIa and the outcomes on PAR2 activation on endothelial cells were
investigated. The data were used to determine the requirements of TF and fVIla for PAR2

activation, to attempt to explain the reason for the differential outcomes on cellular function.
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Figure 4. 1 The proposed study for by which PAR2 signalling induces MV release and the

activation of recipient cells.
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The digestion of PAR2 by endogenous or exogenous proteases such as TF-fVIla complex
results in the unmasking of the tethered ligand domain. The exposed tethered ligand binds to
the second extracellular loops of the cleaved PAR2 and activates the receptor. The activation
of PAR2 (A) induces MV release which contain TF and fVIIa. The released MV activate PAR2

on nearby or remote cells (B) and consequently induce signalling.
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4.2 Methods

4.2.1 Measurement of PAR2 activation on the cell surfaces

This study aimed to measure the activation of PAR2 on the surface of cells that also express
coagulation proteases. Also, to examine the influence of exogenous TF-fVIla complex on the
PAR2 activation in endothelial cells. In order to produce a measurable means of PAR2
activation, the PAR2 cDNA was sub-cloned into plasmids at the C-terminus of a mEmerald or
mCherry fluorescent tag encoded by the plasmid. However, since it was not clear if the leader
peptide of PAR2 is essential for its processing to the cell surface, the cDNA for complete
protein and the mature PAR2 were cloned and tested to determine the most suitable model.
Therefore, the mEmerald-C1 and mCherry2-C1 plasmids were used as vectors to deliver and
distinguish between the two forms of PAR2: the mEmerald-C1 plasmid contained the full-
length PAR2-green fluorescent tag and the mCherry2-C1 plasmid contained the shortened
PAR2-red tag. Digestion of PAR2 by proteases results in the release of the fluorescent tag in
the media (Figure 4.2). Subsequently, the concentration of the released tag is measured by

determining the fluorescence intensity.

To measure PAR2 activation on the surface of cancer cells by endogenous proteases (auto-
activation), the cells were transfected with constructs and PAR2 activation was determined by
measuring the fluorescence intensity released into the media. In addition, the influence of
exogenous TF-fVIla complex as well as that present on MV derived from cancer cell lines on

PAR?2 activation were tested in HDBEC transfected with the construct plasmids.

4.2.2 Preparation of LB agar plates, LB broth and freeze medium
To prepare LB agar plates containing antibiotics for bacterial selection, LB agar powder (7 g)
was dispersed in distilled water (200 ml) and the solution was autoclaved and allowed to cool

down to approximately 50°C. Kanamycin (25 pg/ml) or penicillin (25 pg/ml) antibiotic was
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then added to the solution and thoroughly mixed. The agar medium (25 ml) was then poured
into sterile Petri dishes (75 mm) and allowed to solidify at room temperature in a sterile
environment. The plates were sealed in sterile plastic bags and stored at 5°C until required. To
prepare the LB broth, LB broth powder (12.5 g; 1% (w/v) tryptone, 1% (w/v) NaCl and 0.5%
(w/v) yeast extract) was dissolved in distilled water (500 ml) and autoclaved. The broth was
stored at room temperature until required. Freezing medium (20% (w/v) glycerol) was prepared
by adding glycerol to LB broth. The solution was thoroughly mixed by vortexing, sterilised by

filtration through a 0.22 um filter and stored at -20°C until required.

4.2.3 Bacterial transformation

In ordered to transform the plasmid DNA into E. coli TB1 cells, the DNA was added to
competent E. coli, mixed gently and placed on ice for 30 min. The cells were then heat-shocked
for 30 s at 42°C and cooled for 4 min at 4°C. 150 pl of SOC medium (2% (w/v) tryptone, 0.5%
(w/v) yeast extract, 8.6 mM NacCl, 2.5 mM KCl, 20 mM MgSO4, and 20 mM glucose) was
then pipetted into each sample and incubated for 1 h at 37°C. Aliquots (50 pul) of bacterial cells
were spread onto LB agar plate containing kanamycin (25 pg/ml) or penicillin (25 pg/ml) as
appropriate. The plates were then incubated overnight at 37°C. Single colonies were picked
from the plate and propagated in LB broth at 37°C overnight with shaking. On the following
day, the cells were centrifuged at 200 g for 5 min and the supernatant was discarded. The cell

pellet was re-suspended in freezing medium and stored at -20°C until required.

4.2.4 Purification of plasmid DNA using the Wizard® Plus Midipreps kit

TB1 E. coli containing with empty mEmerald-C1 or mCherry2-C1 plasmids (Figure 4.3 and
4.4) were plated on LB agar plates containing kanamycin (25 pg/ml) and incubated at 37°C
overnight. Single colonies were picked from each plate and cultured in LB broth at 37°C

overnight with shaking at 180 rpm. On the following day, the cultures were cooled down and
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Figure 4. 2 Schematic of the strategy for measuring PAR2 activation
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To determine PAR2 activation, cells are transfected to express mEmerald-C1 full-length
PAR?2 construct or mCherry2-C1 shortened PAR2 construct. Digestion of PAR2 results in the
release of the fluorescent tag in the media which is collected and the fluorescence intensity

measured using a plate reader.
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transferred to 20 ml tubes. The cells were centrifuged at 2,500 g for 15 min, resuspended in 3
ml Midipreps buffer (50 mM Tris pH 7.5, 10 mM EDTA and 100 pg/ml RNase A) and
transferred to a fresh 20 ml tube. The cells were lysed by addition of the lysis buffer provided
with the kit (3 ml; 0.2 M NaOH and 1% (w/v) SDS) and gently inverting the tube 5 times. The
solution was then neutralised by adding the neutralising buffer provided by the kit (4 ml; 1.32
M potassium acetate pH 4.8) and the tube inverted. The lysate was then centrifuged again at
3,000 g for 15 min. The supernatant was transferred to a fresh 20 ml tube and centrifuged at
3,000 g for 15 min. To isolate the plasmid DNA, the DNA-binding resin provided with the kit
(10 ml) was added to midiprep columns and followed by lysate supernatant. The mixture was
mixed thoroughly by pipetting and then cleared through the column under vacuum. The column
was then washed using 20 ml wash solution (80 mM potassium acetate, 8.3 mM Tris-HCI pH
7.5, 40 uM EDTA and 55% (v/v) ethanol) and cleared under vacuum. The lower end of the
midiprep column was broken off and placed in a 1.5 ml microcentrifuge tube. The column was
then centrifuged at 12,000 g for 7 min to remove any residual wash buffer. The midiprep
column was then placed in a fresh 1.5 ml tube and nuclease-free water (400 pl) was added to
the top. The column was incubated at room temperature for 1 min and plasmid DNA eluted by

centrifugation at 12000 g for 3 min. The eluted plasmid was stored at -20°C until required.

4.2.5 Isolation of plasmid DNA using the miniprep kit

To isolate the plasmid DNA using the miniprep kit, TB1 E. coli containing the plasmid DNA
were plated on LB agar plates containing kanamycin (25 pg/ml) or penicillin (25 pg/ml) as
appropriate and incubated at 37°C overnight. Single colonies were picked from each plate and
cultured in LB medium (10 ml) at 37°C overnight with shaking at 180 rpm. On the following
day, the cells were collected from 2 ml of the culture by centrifuging at 12,000 g for 1 min.
According to manufacturer’s protocol, the supernatant was discarded and the pellet was re-

suspended in plasmid resuspension buffer provided with the kit (100 pl) and vortexed. Lysis
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buffer (200 ul) was added to the tube and gently inverted 5 times and incubated at room
temperature for 1 min. Neutralisation buffer (400 pl) was then added to the tube and gently
inverted and incubated at room temperature for 2 min. The tube was then centrifuged at 12,000
g for 5 min. The supernatant was then carefully transferred to a spin column and centrifuged at
12,000 g for 1 min. The column was then washed with provided wash buffer 1 (200 ul) and the
tube was centrifuged at 12,000 g for 1 min. The column was then washed with provided wash
buffer 2 (400 pul) and centrifuged at 12,000 g for 4 min. Finally, the column was transferred to
a fresh 1.5 ml tube and the plasmid DNA eluted with the elution buffer and collected by

centrifugation at 12,000 g for 1 min. The sample was stored at -20°C until required.

4.2.6 Ethanol precipitation of plasmid DNA

To remove any traces of endotoxin and salts, the DNA was precipitated with ethanol. The
plasmid DNA sample (200 pl) was mixed with absolute ethanol (800 pl) and 5 M sodium
acetate pH 5.2 (200 pl) and incubated for 40 min at -20°C. The DNA was then pelleted out by
centrifuging at 12,000 g for 15 min at 4°C in a microcentrifuge. The pellet was washed with
75% (v/v) ice-cold ethanol solution (400 pl) and then centrifuged for a further 15 min at 12,000
g at 4°C. The pellet was dried by evaporation in a sterile environment and then resuspended in

nuclease-free water (200 pl) and stored at -20°C until required.

4.2.7 Analysis of plasmid DNA by agarose gel electrophoresis

1% (w/v) agarose gel was made by adding agarose powder (0.6 g) to TBE buffer (60 ml; 89
mM Tris-borate, 89 mM boric acid pH 8.3 and 2 mM EDTA). The powder was dissolved by
boiling the mixture in a microwave oven. The agarose solution, once cooled to approximately
50°C, was poured into electrophoresis tray with sealed ends. An appropriately sized comb was
placed in the tray and the agarose was allowed to solidify. The samples were prepared by

mixing individual DNA samples (5 pl) with loading buffer (5 pl) and pre-stained with SYBR®
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Figure 4. 3 The DNA map of the mEmerald-C1 mammalian plasmid
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Figure 4. 4 The DNA map of mCherry2-C1 mammalian plasmid
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The vectors express mEmerald (green) and mCherry (red) fluorescent tag respectively. The plasmids

also contain a suitable multi-cloning site in order to insert the cDNA of interest in tandem with the tag.
The size of the mEmerald-C1 plasmid is 4,731 bp while mCherry2-Cl1 is 4,722 bp. Finally, the vectors

contain a constitutively-expressed neomycin/kanamycin resistance gene for selection of the transformed
bacterial cells. Images taken from www.addgene.org.
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Green I (1 pl). In addition, a standard was prepared by mixing the DNA molecular weight
marker (5 pl) with loading buffer (5 ul) and stained with SYBR Green I (1 pl). The DNA
samples and the standard were loaded into the agarose gel wells and electrophoresis carried out

at 120 V for 1 h. The bands were then visualized on a UV transilluminator and photographed.

4.2.8 Design of DNA primers for PCR amplification of full- and short-length PAR2
DNA

The forward and reverse primers for full- and short-length PAR2 were designed to amplify the
respective PAR2 ¢cDNA fragments based on the target sequences, and were synthesized by
Eurofins Genomics (Figure 4.5). To facilitate the ligation of the amplified sequences into the
vectors, the primers were designed to contain restriction sites for HindIIl and BamHI. The use
of two different restriction sites ensured the correct orientation of the amplified DNA into the
plasmids. The forward primer for the full-length PAR2 was designed to include 20 bp of coding
sequence. This was preceded by the HindlIII restriction site and a further 4 nucleotides to ensure
optimal digestion by the restriction enzyme. The short-length primer was designed to start at
the mature protein and included 23 bp of coding sequence. In addition, 4 bp were added before
the restriction sites to ensure optimal digestion. The reverse primer was designed to include the
stop codon and 20 bp complementary to the coding sequence. Moreover, 4 bp were also added

before the restriction site to ensure efficient digestion (Figure 4.5).

4.2.9 PCR amplification of PAR2 ¢cDNA

E. coli TBI cells were transformed with (20 ng/ul) of VersaClone plasmid containing hPAR2
(Figure 4.6) as described in section 4.2.3 and propagated. The plasmid was then isolated using
the miniprep kit (see section 4.2.5) and the PAR2 cDNA amplified using the
Platinum™ 7aq DNA high fidelity polymerase to ensure accuracy of the sequences. The PCR

master mix was prepared as shown in Table 4.1 in a PCR tube. The DNA was denatured at
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Figure 4. 5 The cDNA sequence of the human PAR2 and the designed cloning primers

AGCGCGGCCGCCACCATGCGAAGTCCTAGTGCTGCGTGGC
TGCTGGGGGCCGCCATCCTGCTAGCAGCCTCTCTCTCCTGC
AGTGGCACCATCCAAGGAACCAATAGATCCTCTAAAGGA
AGAAGCCTTATTGGTAAGGTTGATGGCACATCCCACGTCA
CTGGAAAAGGAGTTACAGTTGAAACAGTCTTTTCTGTGGA
TGAGTTTTCTGCATCTGTCCTCACTGGAAAACTGACCACTG
TCTTCCTTCCAATTGTCTACACAATTGTGTTTGTGGTGGGT
TTGCCAAGTAACGGCATGGCCCTGTGGGTCTTTCTTTTCCG
AACTAAGAAGAAGCACCCTGCTGTGATTTACATGGCCAAT
CTGGCCTTGGCTGACCTCCTCTCTGTCATCTGGTTCCCCTT
GAAGATTGCCTATCACATACATGGCAACAACTGGATTTAT
GGGGAAGCTCTTTGTAATGTGCTTATTGGCTTTTTCTATGG
CAACATGTACTGTTCCATTCTCTTCATGACCTGCCTCAGTG
TGCAGAGGTATTGGGTCATCGTGAACCCCATGGGGCACTC
CAGGAAGAAGGCAAACATTGCCATTGGCATCTCCCTGGCA
ATATGGCTGCTGATTCTGCTGGTCACCATCCCTTTGTATGT
CGTGAAGCAGACCATCTTCATTCCTGCCCTGAACATCACG
ACCTGTCATGATGTTTTGCCTGAGCAGCTCTTGGTGGGAG
ACATGTTCAATTACTTCCTCTCTCTGGCCATTGGGGTCTTT
CTGTTCCCAGCCTTCCTCACAGCCTCTGCCTATGTGCTGAT
GATCAGAATGCTGCGATCTTCTGCCATGGATGAAAACTCA
GAGAAGAAAAGGAAGAGGGCCATCAAACTCATTGTCACT
GTCCTGGCCATGTACCTGATCTGCTTCACTCCTAGTAACCT
TCTGCTTGTGGTGCATTATTTTCTGATTAAGAGCCAGGGCC
AGAGCCATGTCTATGCCCTGTACATTGTAGCCCTCTGCCTC
TCTACCCTTAACAGCTGCATCGACCCCTTTGTCTATTACTT
TGTTTCACATGATTTCAGGGATCATGCAAAGAACGCTCTC
CTTTGCCGAAGTGTCCGCACTGTAAAGCAGATGCAAGTAT
CCCTCACCTCAAAGAAACACTCCAGGAAATCCAGCTCTTA
CTCTTCAAGTTCAACCACTGTTAAGACCTCCTATTAAAGG
CGCGCCAGTA

Forward full-length PAR2 primer: 5'-GCTCAAGCTTAGTCGAAGTCCTAGTGCTGC-3'
Hindlll PAR2 cDNA

Forward short-length PAR2 primer: 5'-GCTCAAGCTTATCCAAGGAACCAATAGATCCTC-3'
Hindlll PAR2 cDNA

Reverse PAR2 primer: 5'-CGGTGGATCTCAATAGGAGGTCTTAACAGTGG-3'

BamH| StoP PAR2 cDNA
codon
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95°C for 2 min and the amplification was carried out in 35 cycles (1 min at 95°C, 2 min at
62°C, and 1 min at 72°C). A final extension step was included at 72°C for 10 min. The sizes
of the PCR products were analysed by 1% (w/v) agarose gel electrophoresis and the gels were
viewed under UV light as described in section 4.2.7. The expected PCR products were 1,194

bp for full-length PAR2 and 1,119 bp for short-length PAR2 cDNA.

4.2.10 Restriction digestion of the empty expression plasmids and the amplified PAR2
cDNA

The plasmids (mEmerald-C1 and mCherry2-C1) and the amplified PAR2 ¢cDNA (full- and
short- length) incorporate the HindIIl and BamHI restriction sites to allow the unidirectional
ligation of the insert into the plasmid. The digestion reactions were carried out using enzymes
from two manufactures in order to determine the optimal enzymes (Table 4.2 and 4.3). In
addition, the samples were digested using different conditions by incubating with the restriction
enzymes for intervals up to 3 h to optimise the ideal digestion conditions for each of the empty

plasmids and also for the two amplified PAR2 cDNA.

4.2.11 Purification of DNA following the restriction reactions

Following the restriction digestion, the plasmid DNA and amplified DNA were purified using
Monarch® DNA Cleanup Kit. According to manufacturer’s protocol, the samples were diluted
with DNA binding buffer provided with the kit (1:4 v/v) and transferred to individual columns.
The columns were then placed into collection tubes and centrifuged at 12,000 g for 1 min. The
columns were then washed with the provided DNA wash buffer (200 pl; 80% (v/v) ethanol)
and centrifuged at 12,000 g for 4 min. The columns were placed in fresh 1.5 ml tubes and 30

ul of the elution buffer was added. The samples were then incubated for 1 min and collected
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Figure 4. 6 The map of VersaClone plasmid containing hPAR2 cDNA
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Table 4 1 PCR master mix

Reagent Volume per reaction (ul)[Final concentration
DNA template Variable 200 ng
10 uM forward primer 0.5 0.2 uM
10 uM reverse primer 0.5 0.2 uM
10X High Fidelity Buffer 2.5 1X
10 mM dNTP mix 0.5 0.2mM
Platinum 7ag DNA polymerase 0.1 2U
50 mM MgCL 0.75 1.5 mM
Nuclease-free water Variable -
Total 25 -
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Table 4 2 Master mix for DNA digestion with restriction enzymes from Promega

Reagent Volume (ul) Final concentration
DNA variable 1 pg
10X Buffer 5 1X
100X BSA 0.5 1X
BamHI (10 U/ml) 1 0.2 U/ml
HindlIlI (10 U/ml) 1 0.2 U/ml
RNase-free water variable -
Total 50 -
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Table 4 3 Master mix for DNA digestion with high-fidelity restriction enzymes

Reagent Volume (pl) Final concentration
DNA variable 1pg
10X NEBuffer 5 1X
BamHI-HF (20 U/ml) 1 0.4 U/ml
HindIII-HF (20 U/ml) 1 0.4 U/ml
RNase-free water variable -
Total 50 -

All enzymes from New England Biolabs
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by centrifugation at 12,000 g for 1 min. The samples were examined and confirmed by agarose

gel electrophoresis as described in section 4.2.7 and stored at -20°C until required.

4.2.12 Ligation of the PAR2 DNA inserts into the mCherry2-C1 and mEmerald-C1
plasmids

The full-length of PAR2 DNA was inserted into mEmerald-C1 plasmid while the short version
was ligated into mCherry2-C1 plasmid. The concentrations of the DNA plasmids and also the
inserts were determined as described in section 2.2.14. A range of insert:plasmid molar ratios
(1:1, 3:1, 5:1, 10:1 and 20:1) were used to attain the optimal ligation reaction condition.
Appropriate volumes of the inserts and plasmids were placed in PCR tubes and adjusted to 5
ul with RNase-free water. Instant Sticky-end Ligase Master Mix (5 ul), containing T4 DNA
Ligase was added to the tubes, and the reactions were mixed by pipetting and then placed on
ice for 20 min. After incubation, competent E. coli were transformed with each ligation mix (4
ul) as described in section 4.2.3. A negative control containing E. coli without any DNA was
also included. The cells (50 ul) were plated out on LB agar plates containing kanamycin (25
pg/ml) and incubated overnight at 37°C. Colonies were picked from the agar plates and
cultured in LB medium (10 ml) overnight at 37°C with shaking at 180 rpm. On the following
day, plasmid DNA was isolated from each colony using miniprep plasmid isolation kit as

described in section 4.2.5. The samples were stored at -20°C until required.

4.2.13 Examination and identification of sub-cloned inserts into the plasmids

To validate the successful sub-cloning of the insert into the vector, the plasmid samples isolated
from the colonies in section 4.2.12 were examined by three methods. First, the plasmid samples
were digested by restriction enzymes and assessed by agarose gel electrophoresis to ensure the
presence of the insert and the plasmid. The samples were prepared as described in section 4.2.7
and an empty plasmid was used as a negative control. The size of the plasmid was expected to

be approximately 4,700 bp and the insert around 1,100 bp.
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In addition, the presence of the full- and short-length PAR2 DNA into the vectors were also
examined by PCR amplification of the insert. Samples (100 ng) of the construct plasmid
isolated from the colonies in section 4.2.12 were placed individually in the Ready-To-Go RT-
PCR bead tubes. Depending on the length of the PAR2 DNA cloned, respective PAR2 forward
and reverse primers (0.2 pM) were then added to the tube and the volumes were adjusted to 50
ul with RNase-free water. The PCR was performed as described in section 4.2.9 and the
products examined by agarose gel electrophoresis as described in section 4.2.7. Finally, the
plasmids from the previous two confirmatory steps were submitted for sequencing by Eurofins
MWG. The sequences of the clones were aligned with the published PAR2 cDNA sequence
using the Clustal Omega software (available at https://www.ebi.ac.uk). The sequences of the

primers used for sequencing the samples were:

Primer name Primer sequence
-mEmerald-C1 5'-CATGGTCCTGCTGGAGTTCGT-3" (Full-length construct)
-mCherry2-C1 5'-CAACGAGGACTACACCATCG-3"' (Short-length construct)

4.2.14 Transfection of primary cells and cancer cell lines with plasmid DNA

Endothelial cells (HDBEC), (HCAEC) and cancer cell lines (HepG2, BxPC-3, 786-O, MDA-
MB-231 and MCF7) were transfected with construct mEmerald to express full-length PAR2
or with the mCherry2 construct to express shortened PAR2. To optimise the transfection
procedure, two transfection reagents were used in endothelial cells as described below. Once

optimised, the procedure was applied to all cells.
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4.2.14.1 Transfection of HDBEC and HCAEC using Viromer® RED reagent

Cells (8 x 10*) were seeded into 12-well plates and incubated overnight. On the following day,
the media was removed from each well and replaced with fresh medium (400 pl). For each
transfection, the relevant plasmid construct (1 pg) was diluted in transfection buffer provided
by the kit (90 pl). Viromer RED reagent (0.4 ul) together with the provided transfection buffer
(9.6 ul) were pipetted into separate eppendorf tubes. The mixtures were then vortexed for few
seconds and the diluted plasmid DNA samples were transferred into the tubes containing the
Viromer solution. The transfection mixture was mixed gently and incubated at room
temperature for 15 min. The mixtures were then added dropwise to the cells, gently shaken and
incubated for up to 48 h at 37°C. The cells were harvested and the transfection efficiency was

assessed by flow cytometry.

4.2.14.2 Transfection of HDBEC and HCAEC using TransIT®-2020 reagent

Cells (8 x 10*) were seeded into 12-well plates and incubated overnight. On the next day, the
media was removed and fresh medium (450 ul) was added to the wells. For each transfection,
plasmid DNA (1 pg) was diluted in Opti-MEM™ [ Reduced Serum Medium (48 pl).
TransIT®-2020 reagent (2 ul) was then added to each DNA sample. The mixture was mixed
gently and incubated for 30 min at room temperature. After the incubation, the mixture was
added dropwise to the cells and incubated for up to 48 h at 37°C. The transfected cells were

harvested and the transfection efficiency was then examined by flow cytometry.

4.2.15 Determination of transfection efficiency by flow cytometry

In order to examine the transfection efficiency, the transfected cells were examined by flow
cytometry. The instrument detector was set on FL2 channel to detect the mCherry2 which emits
red light (Ext. 580 nm, Em. 610 nm), whereas FL.1 channel was used to detect mEmerald which
produces green fluorescence (Ext. 480 nm, Em. 510 nm). The transfected cells were harvested

by washing the plates twice with PBS and then incubated with enzyme-free cell dissociation
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buffer (300 pl) for 5 min at 37°C. The cells were placed in 1.5 ml tubes and centrifuged at 800
g for 5 min. The cells were then suspended in PBS (500 pl) and transferred to polypropylene
FACS tubes and analysed using a Becton Dickinson FACSCalibur™. For each sample, 10,000
events were analysed. Untransfected control cells were used to determine the background
emission produced and a gate was drawn to include 4% of events. The percentage of transfected

cells and the mean fluorescence was then calculated for each set of cells.

4.2.16 Determination of plasmid DNA transfection by fluorescence microscopy

The transfection of the cells was also monitored visually as follows. Transfected cells were
washed twice with PBS, fixed with 4% (v/v) formaldehyde (200 pl) and incubated for 15 min.
The plates were then washed twice with PBS and imaged using a Zeiss Axio Vert.Al

fluorescence microscope with an Axiocam ICm 1 camera attachment.

4.2.17 Measurement of PAR2 auto-activation on cancer cell surfaces

The aim of this experiment was to measure the PAR2 auto-activation on the surface of cancer
cells which is mediated by endogenous proteases. Cancer cell lines (10*) were seeded into 96-
well plates and incubated overnight. On the following day, the cells were transfected with
construct mCherry2 short-length PAR2 plasmid (see section 4.2.14.2) and incubated for 24 h
at 37°C. After the incubation, the media was removed and fresh serum-free medium (200 pl)
was added to the wells. The plates were then incubated for 1 h at 37°C. Since higher PAR2
activation results in greater release of mCherry2 into the medium, the medium was then
collected and fluorescence intensities of mCherry was measured (Ext. 580 nm, Em. 610 nm)
using a plate reader. For comparison, similar sets of cells were permeabilised with 0.01% (v/v)
of Triton X100 diluted in serum-free medium to release the entire mCherry2 short-length PAR2

total protein. The percentage of PAR2 actviation on the cell surface was calculated as follows:

Fluorescence of non-permeabilised cells medium
= X 100

Fluorescence of permeabilised cells medium
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4.2.18 Measurement of MV release by PAR2 auto-activation in the transfected cancer
cells

The media from section 4.2.17 collected from intact cells was also used to quantify the density
of release MV by the cells. This was used to associate the release of MV by cancer cells to
PAR?2 auto-activation. To assess MV release from the transfected cell lines, the medium (50

ul) was collected from the cells and quantified using the Zymuphen MP assay as described in

2.2.8.

4.2.19 Measurement of PAR2 activation in HDBEC in response to TF-fVIIa complex

HDBEC (10%) were seeded into 96-well plates and incubated overnight. On the following day,
the cells were transfected with mCherry2 construct short-length PAR2 as described in section
4.2.14.2 and incubated for 24 h at 37°C. The transfected cells were then treated with
combinations of recombinant TF (4 U/ml) and purified fVIIa (0-10 nM) and incubated for 1 h
at 37°C. The media from the transfected cells was collected and the fluorescence intensities

measured using a plate reader (Ext. 580 nm, Em. 610 nm).

4.2.20 Assessment of the influence of cell line-derived MV on PAR2 activation in HDBEC

HDBEC (10%) were seeded into 96-well plates and incubated at 37°C overnight. On the
following day, the cells were transfected with the mCherry2-PAR2 construct as described in
section 4.2.14.2 and incubated for 24 h at 37°C. The transfected cells were then incubated for
1 h at 37°C with MV (0.05 nM) prepared from various untransfected cancer cell lines. After
the incubation, the media from the transfected cells was collected and the fluorescence

intensities were measured using a plate reader (Ext. 580 nm, Em. 610 nm).
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4.3 RESULTS

4.3.1 Optimisation of digestion of the plasmids and the amplified PAR2 cDNA with
HindIII and BamHI restriction enzymes

The mCherry2-C1 plasmid was digested with the restriction enzymes Hindlll and BamHI to
produce 5' overhangs which would facilitate the cloning of the PAR2 ¢cDNA into the vector.
To optimise the reagents and conditions, the plasmid was incubated with the restriction
enzymes (HindIIl and BamHI) from two different manufacturers (Promega and New England
biolabs) in the same tubes for up to 3 h at 37°C. The samples were then examined by agarose
gel electrophoresis against an undigested construct (see section 4.2.7). Incubation of the
plasmid with restriction enzymes from New England biolabs but not Promega resulted in a
change in the apparent DNA mobility compared to the control (Figure 4.7). Consequently, this
procedure was used for digestion of both mEmerald-C1 and mCherry2-C1 plasmids as well as

the DNA inserts.

4.3.2 Sub-cloning of the PAR2 cDNA into the vector

The full-length PAR2 cDNA was digested and sub-cloned into the mEmerald-C1 plasmid
while the shortened PAR2 was sub-cloned into the mCherry2-C1 plasmid. The concentration
of the inserts and the plasmids were determined as described in 2.2.14. The ligation and
transformation procedures were then carried out using various molar ratios of insert:plasmid
ranging between (20:1 to 1:1) as described in section 4.2.3. Clones were obtained on
transferring the bacteria following ligation of insert:plasmid at ratios of 1:1, 3:1 and 5:1 but not
at higher ratios. Single colonies were then picked from the petri dishes, propagated in LB broth
and the plasmids were purified as described in section 4.2.5. The DNA samples were then
examined by agarose gel electrophoresis to confirm the presence of the plasmids (Figures 4.8
and 4.9). Samples that contained the plasmid were further examined as below to validate the

insertion (see section 4.3.3).
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Figure 4. 7 Optimisation of digestion mCherry2-C1 plasmid with Hindlll and BamHI

restriction enzymes
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mCherry2-C1 plasmid (1pg) was digested with HindIII and BamHI restriction enzymes. The
plasmid was incubated with the restriction enzymes from Promega for 1 h at 37°C (lane 3) up
to 3 h (lane 2). For optimal results, the plasmid was also incubated with high-fidelity HindIIl
and BamHI restriction enzymes from New England biolabs where the samples were incubated
for 30 min (lane 5) or 1 h (lane 4). Set of the sample was examined and used as control (lane

1). The samples were analysed by 1%(w/v) agarose gel electrophoresis.
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Figure 4. 8 Optimisation of the ligation of the full-length PAR2 cDNA into the mEmerald-C1
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The full-length PAR2 c¢cDNA was ligated into the mEmerald-C1 plasmid. A range of
insert:plasmid ratios were used (20:1 to 1:1) in order to optimise the ligation. The mixture was
incubated with the ligation enzyme and then transformed into competent £.coli. The transfected
bacteria were plated out on kanamycin-agar plates and incubated at 37°C overnight. Single
colonies were picked from the plates and propagated in LB broth. The plasmids were then
isolated and examined by 1% (w/v) agarose gel electrophoresis. The transfection with the
ligated DNA at 3:1 ratio (lane 4) which showed a change in the apparent DNA mobility
compared to the other samples (lanes 2 and 3) was further examined by PCR and DNA

sequencing. The empty plasmid without the insert (lane 1) was used as a negative control.
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Figure 4. 9 Optimisation of the ligation of the short-length PAR2 ¢cDNA into the mCherry2-C1

plasmid
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The short-length PAR2 cDNA was ligated into the mCherry2-C1 plasmid. A range of
insert:plasmid ratios were used (20:1 to 1:1) in order to optimise the ligation. The mixture was
incubated with the ligation enzyme and then transformed into competent £.coli. The transfected
bacteria were plated out on kanamycin-agar plates and incubated at 37°C overnight. Single
colonies were picked from the plates and propagated in LB broth. The plasmids were then
isolated and examined by 1% (w/v) agarose gel electrophoresis. The transfection with the
ligation DNA at 3:1 ratio (lane 3) which showed a change in the apparent DNA mobility
compared to the other samples (lanes 2, 4, 5, 6 and 7) was further examined by PCR and DNA

sequencing. The empty plasmid without insert (lane 1) was used as a negative control.
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4.3.3 Validation of the sub-cloning of the insert into the plasmid

Initially, the successful ligation of the inserts into the plasmids was examined by digestion of
the constructed plasmids with HindIIl and BamHI as described in section 4.3.1 and analysed
by agarose gel electrophoresis. The digested DNA in the positive samples showed two bands
at 4,700 bp and 1,200 bp respectively which can be attributed to the size of the mEmerald-2
plasmid and the full-length PAR2 DNA (Figure 4.10). Another set of digested DNA sample
exhibited a band approximately at 1,100 bp which corresponds to the size of the short-length
PAR2 DNA together with another band at 4,700 bp which corresponds to the mCherry-C1
plasmid (Figure 4.10). To further validate the insertion of the DNA into the vectors, the cloned
inserts were amplified using Ready-To-Go RT-PCR bead as descried in 4.2.13 and examined
by agarose gel electrophoresis. The amplified samples exhibited bands at approximately 1,200
bp and 1,100 bp which correspond to the full- and short-length PAR2 DNA (Figure 4.11). To
finally confirm the correct insertion of the PAR2 ¢cDNA into the plasmids, positive samples
from the previous amplification method were further examined by sequencing. These were
carried out alongside the amplified PAR2 cDNA from VersaClone plasmid (containing PAR2
cDNA) and was sequenced for comparison, and used together with the published sequence. All
DNA sequences were analysed and aligned using the Clustal Omega software. The results
confirmed that the full-length PAR2 was successfully ligated into the mEmerald-C1 plasmid
in the correct direction whilst the shortened version of PAR2 was inserted into the mCherry?2-
C1 plasmid. Also, the amplified PAR2 cDNA from the VersaClone plasmid matches with the

published sequence of the PAR2 protein (Figures 4.12-4.14).
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Figure 4. 10 Analysis of the constructed plasmids by HindIII and BamHI restriction digestion
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The constructed plasmids were digested with high-fidelity Hindlll and BamHI restriction
enzymes and the digested DNA were analysed by agarose gel electrophoresis. The digestion of
the DNA samples produced two fragments of approximately 4,700 bp and 1,100 bp,
correspondingly to the mCherry2-C1 plasmid and the short-length PAR2 cDNA respectively
(lane 2). Another digested DNA sample showed bands at 4,700 bp and 1,200 bp which
corresponds to the mEmerald-C1 plasmid and the full-length PAR2 cDNA respectively (lane
4). The undigested DNA samples were used as control (lanes 1 and 3).
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Figure 4. 11 Confirmation of cloning of PAR2 inserts by PCR amplification
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The cloned inserts were amplified by PCR using the appropriate primers. The PCR products
were analysed using agarose gel electrophoresis. The amplified DNA samples contained
fragments at approximate sizes of 1,200 bp (lane 2) and 1,100 bp (lane 3) respectively which
correspond to the full- and short-length PAR2 cDNA respectively. The empty plasmid without

insert (lane 1) was used as control.
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Figure 4. 12 Alignment of the amplified PAR2 cDNA PCR product with the published PAR2

sequence

tcgctagcgcggccgccaccatgcgaagtcctagtgctgcgtggctgctgggggccgcca
————————————————————————————————————— C-ATGCTGCTG--GGGCGCCA

tcctgctagcagcctctctctecctgcagtggcaccatccaaggaaccaatagatcctcecta
TCCTGCTAGCAGCCTCTCTCTCCTGCAGTGGCACCATCCAAGGAACCAATAGATCCTCTA

aaggaagaagccttattggtaaggttgatggcacatcccacgtcactggaaaaggagtta
AAGGAAGAAGCCTTATTGGTAAGGTTGATGGCACATCCCACGTCACTGGAAAAGGAGTTA

cagttgaaacagtcttttctgtggatgagttttctgcatctgtcctcactggaaaactga
CAGTTGAAACAGTCTTTTCTGTGGATGAGTTTTCTGCATCTGTCCTCACTGGAAAACTGA

ccactgtcttccttccaattgtctacacaattgtgtttgtggtgggtttgccaagtaacg
CCACTGTCTTCCTTCCAATTGTCTACACAATTGTGTTTGTGGTGGGTTTGCCAAGTAACG

gcatggccctgtgggtctttcttttccgaactaagaagaagcaccctgcectgtgatttaca
GCATGGCCCTGTGGGTCTTTCTTTTCCGAACTAAGAAGAAGCACCCTGCTGTGATTTACA

tggccaatctggccttggctgacctcctctctgtcatctggttccccttgaagattgcecct
TGGCCAATCTGGCCTTGGCTGACCTCCTCTCTGTCATCTGGTTCCCCTTGAAGATTGCCT

atcacatacatggcaacaactggatttatggggaagctctttgtaatgtgcttattggct
ATCACATACATGGCAACAACTGGATTTATGGGGAAGCTCTTTGTAATGTGCTTATTGGCT

ttttctatggcaacatgtactgttccattctcttcatgacctgcctcagtgtgcagaggt
TTTTCTATGGCAACATGTACTGTTCCATTCTCTTCATGACCTGCCTCAGTGTGCAGAGGT

attgggtcatcgtgaaccccatggggcactccaggaagaaggcaaacattgccattggca
ATTGGGTCATCGTGAACCCCATGGGGCACTCCAGGAAGAAGGCAAACATTGCCATTGGCA

tctccctggcaatatggctgctgattctgctggtcaccatccctttgtatgtecgtgaagc
TCTCCCTGGCAATATGGCTGCTGATTCTGCTGGTCACCATCCCTTTGTATGTCGTGAAGC

agaccatcttcattcctgccctgaacatcacgacctgtcatgatgttttgcctgagcagc
AGACCATCTTCATTCCTGCCCTGAACATCACGACCTGTCATGATGTTTTGCCTGAACAGC

tcttggtgggagacatgttcaattacttcctctctctggeccattggggtctttctgttcc
TCTTGATGGGAGACATGTTCAATTACTTCCTCTCTCTGGTCATTGGGGTCTCTCTGTTCT

cagccttcctcacagcctctgecctatgtgectgatgatcagaatgctgecgatcttctgeca
CAGCCTTCCTCACAGCCTCTGCCTATGTGCTGATGATCAGAATGCTGCGATCTTCTGCCA

tggatgaaaactcagagaagaaaaggaagagggccatcaaactcatftgtcactgtcctgg
TGGATGACAACTCATAGAACATAAGGAAGATGGCCATCACACTCATTGTCACTGTCCTGG
ccatgtacctgatctgcttcactcctagtaaccttctgcttgtggtgcattattttctga
CCATGTACCTGATCTGCTTCACTCCTAGTAACCTTCTGCTTGTGGAGCATTATTTTCTGA

ttaagagccagggccagagccatgtctatgccctgtacattgtagccctctgecctctceta
TTAAGAGCCAGGGCCAGAGCCATGTCTATGCCCTGTACATTGTAGCCCTCTGCCTCTCTA

cccttaacagctgcatcgacccctttgtctattactttgtttcacatgatttcagggatce
CCCTTAACAGCTGCATCG———————————————————————————— — —

A sample of the PAR2 amplified from the VersaClone plasmid (containing PAR2 cDNA) was

submitted for sequencing to ensure that its sequence matches that of the published PAR2

protein. The alignment of the sequences showed that the sequence of the amplified PAR2 (red)

matched with the published PAR2 sequence (black). The sequences were aligned using Clustal
Omega software (EMBL-EBI).
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Figure 4. 13 Confirmation of the sub-cloning of the full-length PAR2 cDNA into the
mEmerald-C1 plasmid

——————————————————————————————————————————————————— cgaagtcct
GCATGGACGAGCTGTACAAGTCCGGACTCAGATCTCGAGCTCAAGCTTATGCGAAGTCCT

agtgctgcgtggctgctgggggccgccatcctgctagcagecctctctectecctgcagtgge
AGTGCTGCGTGGCTGCTGGGGGCCGCCATCCTGCTAGCAGCCTCTCTCTCCTGCAGTGGC

accatccaaggaaccaatagatcctctaaaggaagaagccttattggtaaggttgatggce
ACCATCCAAGGAACCAATAGATCCTCTAAAGGAAGAAGCCTTATTGGTAAGGTTGATGGC

acatcccacgtcactggaaaaggagttacagttgaaacagtcttttctgtggatgagttt
ACATCCCACGTCACTGGAAAAGGAGTTACAGTTGAAACAGTCTTTTCTGTGGATGAGTTT
tctgcatctgtcctcactggaaaactgaccactgtcttccttccaattgtctacacaatt

TCTGCATCTGTCCTCACTGGAAAACTGACCACTGTCTTCCTTCCAATTGTCTACACAATT

gtgtttgtggtgggtttgccaagtaacggcatggccctgtgggtctttcttttccgaact
GTGTTTGTGGTGGGTTTGCCAAGTAACGGCATGGCCCTGTGGGTCTTTCTTTTCCGAACT

aagaagaagcaccctgctgtgatttacatggccaatctggccttggctgacctcecctcectet
AAGAAGAAGCACCCTGCTGTGATTTACATGGCCAATCTGGCCTTGGCTGACCTCCTCTCT

gtcatctggttccccttgaagattgcctatcacatacatggcaacaactggatttatggg
GTCATCTGGTTCCCCTTGAAGATTGCCTATCACATACATGGCAACAACTGGATTTATGGG

gaagctctttgtaatgtgcttattggctttttctatggcaacatgtactgttccattctc
GAAGCTCTTTGTAATGTGCTTATTGGCTTTTTCTATGGCAACATGTACTGTTCCATTCTC

ttcatgacctgcctcagtgtgcagaggtattgggtcatcgtgaaccccatggggcactcc
TTCATGACCTGCCTCAGTGTGCAGAGGTATTGGGTCATCGTGAACCCCATGGGGCACTCC

aggaagaaggcaaacattgccattggcatctccctggcaatatggctgctgattctgcectyg
AGGAAGAAGGCAAACATTGCCATTGGCATCTCCCTGGCAATATGGCTGCTGATTCTGCTG

gtcaccatccctttgtatgtcgtgaagcagaccatcttcattcctgccctgaacatcacg
GTCACCATCCCTTTGTATGTCGTGAAGCAGACCATCTTCATTCCTGCCCTGAACATCACG

acctgtcatgatgttttgcctgagcagctcttggtgggagacatgttcaattacttcctc
ACCTGTCATGATGTTTTGCCTGAGCAGCTCTTGGTGGGAGACATGTTCAATTACTTCCTC

tctctggccattggggtctttctgttcccageccttecctcacagecctctgecctatgtgectg
TCTCTGGCCATTGGGGTCTTTCTGTTCCCAGCCTTCCTCACAGCCTCTGCCTATGTGCTG

atgatcagaatgctgcgatcttctgccatggatgaaaactcagagaagaaaaggaagagg
ATGATCAGAATGCTGCGATCTTCTGCCATGGATGAAAACTCAGAGAAGAAAAGGAAGAGG

gccatcaaactcattgtcactgtcctggccatgtacctgatctgcttcactcctagtaac
GCCATCAAACTCATTGTCACTGTCCTGGCCATGTACCTGATCTGCTTCACTCCTAGT———

The full-length PAR2 ¢cDNA was ligated into the mEmerald-C1 plasmid. A sample of the
construct was isolated and sequenced to ensure the right sequence of the insert. The sequenced
sample of the mEmerald-full-length PAR2 construct (red) was aligned against the published
PAR2 sequence (black) using Clustal Omega software (EMBL-EBI) and both sequences

appeared to match.
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Figure 4. 14 Confirmation of the sub-cloning of the short-length PAR2 cDNA into the
mCherry2-C1 plasmid

————— caaggaaccaatagatcctctaaaggaagaagccttattggtaaggttgatggca
TTATCCAAGGAACCAATAGATCCTCTAAAGGAAGAAGCCTTATTGGTAAGGTTGATGGCA

catcccacgtcactggaaaaggagttacagttgaaacagtcttttctgtggatgagtttt
CATCCCACGTCACTGGAAAAGGAGTTACAGTTGAAACAGTCTTTTCTGTGGATGAGTTTT

ctgcatctgtcctcactggaaaactgaccactgtcttccttccaattgtctacacaattg
CTGCATCTGTCCTCACTGGAAAACTGACCACTGTCTTCCTTCCAATTGTCTACACAATTG

tgtttgtggtgggtttgccaagtaacggcatggccctgtgggtctttectttteccgaacta
TGTTTGTGGTGGGTTTGCCAAGTAACGGCATGGCCCTGTGGGTCTTTCTTTTCCGAACTA

agaagaagcaccctgctgtgatttacatggccaatctggccttggctgacctecctcectetg
AGAAGAAGCACCCTGCTGTGATTTACATGGCCAATCTGGCCTTGGCTGACCTCCTCTCTG

tcatctggttccccttgaagattgcctatcacatacatggcaacaactggatttatgggg
TCATCTGGTTCCCCTTGAAGATTGCCTATCACATACATGGCAACAACTGGATTTATGGGG

aagctctttgtaatgtgcttattggctttttctatggcaacatgtactgttccattctct
AAGCTCTTTGTAATGTGCTTATTGGCTTTTTCTATGGCAACATGTACTGTTCCATTCTCT

tcatgacctgcctcagtgtgcagaggtattgggtcatcgtgaaccccatggggcactcca
TCATGACCTGCCTCAGTGTGCAGAGGTATTGGGTCATCGTGAACCCCATGGGGCACTCCA

ggaagaaggcaaacattgccattggcatctccctggcaatatggctgctgattctgctgg
GGAAGAAGGCAAACATTGCCATTGGCATCTCCCTGGCAATATGGCTGCTGATTCTGCTGG

tcaccatccctttgtatgtcgtgaagcagaccatcttcattcctgccctgaacatcacga
TCACCATCCCTTTGTATGTCGTGAAGCAGACCATCTTCATTCCTGCCCTGAACATCACGA

cctgtcatgatgttttgcctgagcagctcttggtgggagacatgttcaattacttcctct
CCTGTCATGATGTTTTGCCTGAGCAGCTCTTGGTGGGAGACATGTTCAATTACTTCCTCT

ctctggccattggggtctttctgttcccagccttecctcacagecctctgecctatgtgectga
CTCTGGCCATTGGGGTCTTTCTGTTCCCAGCCTTCCTCACAGCCTCTGCCTATGTGCTGA

tgatcagaatgctgcgatcttctgccatggatgaaaactcagagaagaaaaggaagaggg
TGATCAGAATGCTGCGATCTTCTGCCATGGATGAAAACTCAGAGAAGAAAAGGAAGAGGG

ccatcaaactcattgtcactgtcctggccatgtacctgatctgcttcactcecctagtaacce
CCATCAAACTCATTGTCACTGTCCTGGCCATGTACCTGATCTGCTTCACTCCTAGTAACC

ttctgcttgtggtgcattattttctgattaagagccagggccagagccatgtctatgccc
TTCTGCTTGTGGTGCATTATTTTCTGATTAAGAA——————————————————————————

The short-length PAR2 ¢cDNA was ligated into Cherry2-C1 plasmid. A sample of the construct
was isolated and sequenced to ensure the right sequence of the insert. The sequenced sample
of the mCherry2-short-length PAR2 construct (red) was aligned against the published PAR2
sequence (black) using Clustal Omega software (EMBL-EBI) and the sequences appeared to

match.
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4.3.4 Assessment of DNA transfection efficiency into HCAEC and HDBEC

Viromer RED and TransIT-2020 transfection reagents were used to transfect endothelial cells
(HCAEC or HDBEC) with the mEmerald-full-length PAR2 construct or mCherry2-short-
length PAR2 construct as described in section 4.2.14. The cells were then incubated for 24 h
and examined for viability by light microscope. The transfection of HDBEC with the construct
(1 pg) had no obvious effect on the cell viability. In contrast, the transfection of HCAEC with
the construct (1-2 pg) was shown to reduce cell viability. Therefore, only HDBEC were used

for subsequent studies.

4.3.4.1 Examination of Viromer RED transfection efficiency in HDBEC

HDBEC (8 x 10%) were seeded into 12-well plates and incubated in complete MV medium
overnight. On the following day, the cells were transfected as described in section 4.2.14.1 and
incubated up to 48 h at 37°C. The cells were then harvested and the transfection efficiency was
assessed by flow cytometry as described in 4.2.15. Transfection of HDBEC with the
mEmerald-full-length PAR2 construct did not result in efficient expression of the protein as
measured by flow cytometry after 24 h (8.79%; mean fluorescence = 26) and 48 h incubation
(7.20%; mean fluorescence = 55) (Figure 4.15). Furthermore, the mCherry2-short-length PAR2
construct was not expressed efficiently by HDBEC which showed 6.15% (mean fluorescence
= 135) after 48 h incubation and 5.76% (mean fluorescence = 138) after 24 h (Figure 4.16).

Therefore, the Viromer RED reagent was not used in further studies.
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Figure 4. 15 Analysis of transfection efficiency using the Viromer RED-mediated
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HDBEC (8 x 10%) were transfected with the mEmerald-full-length PAR2 construct (1 pg) using
the Viromer RED transfection reagent (4 pl) and incubated up to 48 h. Sets of the transfected
cells were analysed by flow cytometry after 24 h (red) and after 48 h (green). For each sample,
10,000 events were analysed. A set of untransfected cells were used as a control to determine
the background fluorescence produced by untransfected cells. A gate was set (M1) to include
4% of untransfected cells (purple) and used to compare the fluorescence of the transfected cells.

The data is representative of two separate experiments.
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Figure 4. 16 Analysis of transfection efficiency using the Viromer RED-mediated
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HDBEC (8 x 10%) were transfected with the mCherry2-short-length PAR2 construct (1 pg)
using the Viromer RED transfection reagent (4 pl) and incubated up to 48 h. Sets of the
transfected cells were analysed by flow cytometry after 24 h (red) and after 48 h (green). For
each sample, 10,000 events were analysed. A set of untransfected cells were used as a control
to determine the background fluorescence produced by untransfected cells. A gate was set (M1)
to include 4% of untransfected cells (purple) and used to compare the fluorescence of the

transfected cells. The data is representative of two separate experiments.
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4.3.4.2 Examination of TransIT-2020-mediated transfection efficiency in HDBEC

Due to the low transfection efficiency obtained using the Viromer RED transfection reagent,
TransIT-2020 reagent was used in attempt to increase it. HDBEC (8 x 10%) were seeded into
12-well plates and incubated overnight. On the next day, the cells were transfected separately
with the constructs mCherry2-short-length PAR2 or mEmerald-full-length PAR2 as described
in section 4.2.14.2 and incubated for up to 48 h at 37°C. The transfected cells were then
collected and analysed by flow cytometry as described in section 4.2.15. Transfection of
HDBEC with the mCherry2-short-length PAR2 construct showed the highest rate of the protein
expression as measured by flow cytometry after 24 h (23.1%; mean fluorescence = 277) and
48 h incubation (23%; mean fluorescence = 231) respectively (Figure 4.17). The mEmerald-
full-length PAR2 construct was not expressed efficiently by HDBEC as measured by
flowcytometry after 24 h (12.25%; mean fluorescence = 451) and 48 h incubation (11.47%;

mean fluorescence = 439) (Figure 4.18).

To further assess the expression of the mCherry2-short-length PAR2 in HDBEC, the cells were
transfected with the construct, incubated for 24 h and visualised by fluorescence microscopy.
Some of these cells were labelled with FITC-conjugated anti-PAR2 (SAMI11; 20 pg/ml) for
comparison. Both the transfected and labelled cells showed same distribution of PAR2 protein
(Figure 4.19). Therefore, the optimised procedure using the mCherry2-short-length PAR2
construct and TransIT-2020 transfection regent was used to transfect HDBEC and cell lines in

subsequent studies.
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Figure 4. 17 Analysis of transfection efficiency using the TransIT-2020-mediated
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HDBEC (8 x 10%) were transfected with the mCherry2-short-length PAR2 construct (1 pg)
using the TransIT-2020 transfection reagent (2 pl) and incubated up to 48 h. Sets of the
transfected cells were analysed by flow cytometry after 24 h (red) and after 48 h (green). For
each sample, 10,000 events were analysed. A set of untransfected cells were used as a control
to determine the background fluorescence produced by untransfected cells. A gate was set (M1)
to include 4% of untransfected cells (purple) and used to compare the fluorescence of the

transfected cells. The data is representative of two separate experiments.
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Figure 4. 18 Analysis of transfection efficiency using the TransIT-2020-mediated
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HDBEC (8 x 10*) were transfected with the mEmerald-full-length PAR2 construct (1 pg) using
the TransIT-2020 transfection reagent (2 pl) and incubated up to 48 h. Set of the transfected
cells were analysed by flow cytometry after 24 h (red) and after 48 h. For each sample, 10,000
events were analysed. A set of untransfected cells were used as a control to determine the
background fluorescence produced by untransfected cells. A gate was set (M1) to include 4%
of untransfected cells (purple) and used to compare the fluorescence of the transfected cells.

The data is representative of two separate experiments.
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Figure 4. 19 Analysis of the expression of the mCherry2-short-length PAR2 construct by

fluorescence microscopy
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HDBEC (5 x 10%) were seeded into glass bottom dishes (35 mm) and transfected with the
mCherry2-short-length PAR2 construct (1 pg) using the TransIT-2020 transfection reagent.
The transfected (A) and untransfected (B) cells were then fixed, stained with phalloidin-iFluor
488 (2 pg/ml) and DAPI (2 pg/ml). The samples were then examined by fluorescence
microscopy with a X40 magnification for mCherry?2 short-length PAR2 (red), phalloidin-iFluor
488 (green) and DAPI (blue). For comparison, sets of cells were labelled (C) with FITC-
conjugated anti-PAR2 (SAMI11; 20 pug/ml) or (D) without a label and examined for PAR2

(green) and DAPI (blue). The data is representative of one experiment.
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4.3.5 Measurement of PAR?2 activation on the surface of cells and MV release using cell
lines expressing the mCherry2-short-length PAR2 construct

The aim of this study was to measure the activation of PAR2 on the surface of cancer cell lines
(HepG2, 786-0, BxPC-3, MDA-MB-231 and MCF7) which may be induced by endogenous
cellular proteases (auto-activation). All of the cell lines were transfected with the mCherry?2-
short-length PAR2 construct as described in section 4.2.14.2. The digestion of PAR2 by
proteases results in the release of the fluorescent tag into the media. Therefore, by measuring
the fluorescence intensity of mCherry?2 in the media, the level of the PAR2 activation can be
quantified. To determine the percentage of PAR2 activation, the fluorescence in both non-
permeabilised (released mCherry) and the permeabilised (total mCherry) cells was measured
(Ext. 580 nm, Em. 610 nm). The percentage of PAR2 activation on the cell surface was then
calculated as described in section 4.2.17. MCEF7 cell line was found to exhibit the highest level
of PAR2 activation 89% followed by MDA-MB-231 69%. In contrast, HepG2 and 786-O cell
lines showed the lowest levels of PAR2 activation 25% and 27%, respectively (Figure 4.20).
Furthermore, the release of MV by the transfected cell lines was quantified using the Zymuphen
MP assay kit. Interestingly, the potential to release MV appeared to be proportional to the
percentage of PAR2 activation (Figure 4.21). This result agrees with the study conducted by
Collier and Ettelaie (2011) which suggests that the magnitude of the release of MV is related

to the level of activation of PAR2.

4.3.6 Examination of the influence of TF-fVII complex on the activation of PAR2 in
HDBEC

The aim of this study was to examine the influence of exogenous TF-fVIla complex on PAR2
activation on the surface of HDBEC. The cells (10*) were transfected with the mCherry2-short-
length PAR2 construct (1 pg) using TransIT-2020 transfection reagent. On the following day,

the
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Figure 4. 20 Auto-activation of PAR2 on the surface of the transfected cancer cell lines
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Cell lines (10%) were seeded into 96-well plates and permitted to adhere. The cells were then
transfected with the mCherry2-short-length PAR2 construct (1 pg) using the TransIT-2020
transfection reagent and incubated for 24 h at 37°C. On the following day, the media were
replaced with serum-free medium and the cells incubated for 1 h. Parallel sets of cells were
permeabilised with 0.01% (v/v) triton diluted in serum-free medium to facilitate the
measurement of total mCherry2-short-length PAR2 hybrid protein expressed within the cells.
The media was collected from all samples and the of mCherry2 fluorescence intensities in the
supernatants of permeabilised and non-permeabilised samples were measured at (Ext. 580 nm,
Em. 610 nm) with a plate reader. The percentage of PAR2 activation on the cells surface was
then calculated by dividing the fluorescence of non-permeabilised cells medium by
fluorescence of permeabilised cells medium multiplied by 100 (The results show the average

of five independent experiments and expressed as the mean + SEM).
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Figure 4. 21 Measurement of the MV release from the transfected cell lines
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Cell lines (10*) were seeded into 96-well plates and permitted to adhere. The cells were then
transfected with the mCherry2-short-length PAR2 construct (1 pg) using the TransIT-2020
transfection reagent and incubated for 24 h at 37°C. On the following day, the cells were
adopted to serum-free medium for 1 h. Aliquots of media (50 pl) were collected from the intact
cells and analysed using the Zymuphen MP assay to determine the concentrations of released
MYV (The data is the average of three independent experiments and expressed as the mean +

SEM).
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cells were treated with a combination of recombinant TF (0-4 U/ml) and purified fVIIa (0-10
nM) and incubated for 1 h. The media was collected and the mCherry2 fluorescence intensities
were measured (Ext. 580 nm, Em. 610 nm) with a plate reader. In the absence of TF, fVIIa (0-
10 nM) had no detectable effect on PAR2 activation in HDBEC. Moreover, treatment of the
transfected cells with TF alone or in combination with a low concentration of purified fVIla
(0.5 nM) did not result in significant release of mCherry2 fluorescence into the media.
However, higher concentrations of fVIIa (2 nM), together with TF (0.5-4 U/ml) resulted in the
activation of PAR2 which was significantly elevated in the presence of 10 nM fVIla (Figure

4.22).

4.3.7 Examination of the influence of MV isolated from cell lines on PAR2 activation in
HDBEC

In the previous chapter, the amount of TF and fVII proteins were within MV isolated from
different cell lines was quantified. One aim of the current study was to evaluate if the
differences in the amount of these proteins in MV can influence PAR2 activation on the surface
of HDBEC. The cells (10%) were transfected with the mCherry2-short-length PAR2 construct
(1 pg) using the TransIT-2020 transfection reagent as before. On the following day, the cells
were incubated for 1 h with MV (0.05 nM) derived from each different of the five cell lines
(786-0, BxPC-3, MDA-MB-231, HepG2 and MCF7). The supernatants were collected and the
mCherry?2 fluorescence intensities were measured using a plate reader (Ext. 580 nm, Em. 610
nm). Treatment of the transfected HDBEC with MV isolated from HepG2 and MCF7 cell lines
resulted in high levels of PAR2 activation while MV isolated from MDA-MB-231 cell line had
a lower, but stiff significant influence on PAR2 activation. MV isolated from BxPC3 and 786-

O cells were found to exert lower influence on PAR2 activation (Figure 4.23).
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Figure 4. 22 Measurement of the activation of PAR2 in HDBEC by combinations of exogenous

TF and fVIla
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HDBEC (10%) were transfected with the mCherry2-short-length PAR2 construct (1 pg) using

the TransIT-2020 transfection reagent and incubated for 24 h at 37°C. The cells were then
incubated for 1 h with a combination of recombinant TF (0-4 U/ml) and purified fVIIa (0-10

nM). The intensities of mCherry2 fluorescence in the media were then measured using a plate

reader (Ext. 580 nm, Em. 610 nm) (The results show the average of five independent

experiments and expressed as the mean = SEM; * = p < 0.05 versus the untreated sample).
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Figure 4. 23 The influence of isolated MV from cell lines on PAR2 activation on the surface

of HDBEC
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HDBEC (10%) were transfected with the mCherry2-short-length PAR2 construct (1 pg) using
the TransIT-2020 transfection reagent and incubated for 24 h at 37°C. The cells were then
incubated with MV (0.05 nM) isolated from cell lines (786-O, BxPC-3, MDA-MB-231, HepG2
and MCF?7) for 1 h. The intensities of mCherry?2 fluorescence in the media were then measured
using a plate reader (Ext. 580 nm, Em. 610 nm) (The data is the average of five independent

experiments and expressed as the mean + SEM; * = p < 0.05 versus the untreated sample).
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4.4 Discussion

PAR2 has been reported to initiate many cellular functions involved in pathological and
physiological processes including MV release, cell proliferation and cancer metastasis
(Indrakusuma et al., 2017; Vergnolle et al., 1999; Rothmeier and Ruf, 2011; Yang et al., 2015;
Collier and Ettelaie, 2011). PAR2 is expressed by various cells and can be activated by many
proteases including the TF-fVIIa complex. It has been reported that as well as expressing TF,
cancer cells can also express ectopic fVIla (Yang et al., 2015; Ungefroren et al., 2017,
Featherby et al., 2019). The expression of TF and fVIIa by cancer cells can result in the
formation of TF-fVIla complex on the cell surface which in turn promotes PAR2 auto-
activation and enhances PAR2-initated signalling (Ungefroren et al., 2017). One aim of this
study was to measure the PAR2 activation on the surface of cancer cell lines by endogenous
TF-fVIla complex (auto-activation). For this purpose, the cDNA corresponding to the complete
and the mature forms of PAR2 were sub-cloned into plasmids in tandem at the C-terminus of
mEmerald or mCherry fluorescent tags encoded within the two plasmids used, respectively.
The aim of using these two clones was to ensure the optimal surface expression of PAR2 cloned
when transfected into HDBEC. While the cells showed a high level of surface expression of
mCherry2-short-length PAR2 protein after 24 h, the mEmerald-full-length PAR2 construct was

not expressed efficiently in the cells possibly due to incorrect transport to the cell surface.

On analysis, both MCF7 and MDA-MB-231 exhibited strong endogenous potential for PAR2
auto-activation while BxPC3 cell was less effective. In contrast, HepG2 and 786-O cells
showed the lowest percentage of PAR2 activation although some level of activation was
detectable (Figure 4.20). Studies conducted by ElKeeb et al. (2015) and Ethaeb et al. (2019)
have shown that the accumulation of TF in endothelial cells can induce apoptosis whereas

lower levels of TF promote cellular proliferation (Collier et al., 2008). Collier and Ettelaie
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(2011) showed that the activation of PAR2 can induce the release of procoagulant MV
containing TF. Therefore, the release of TF within MV has been proposed as a mechanism by
which the cells can manage the excessive amounts of TF (Collier and Ettelaie, 2011, Date et al
2017). Furthermore, in the previous chapter it was shown that MCF7 and MDA-MB-231 cell
lines expressed higher levels of TF than the other cells (Figures 3.6). Therefore, MCF7 and
MDA-MB-231 cells displayed higher percentage of PAR2 activation in order to release the
excessive amount of TF within MV and regulate the cellular TF. In contrast, 786-O cells were
found to express a lower level of TF compared to other cell lines as well as a lower level of
PAR2 activation. Further examination of cancer cells from various tissues may produce
evidence for the different potential of different cancers for PAR2 activation. Even though the
exact processes involved in MV release are not understood, it has been suggested that cellular
activation or apoptosis can trigger the release of MV (Burnouf et al. 2015). In keeping with the
above hypothesis, cell lines with the highest level of PAR2 activation (MCF7 and MDA-MB-
231) also released the greatest amounts of MV compared to HepG2 and 786-O (Figure 4.21).
The release of MV with different contents from cancer cells can in turn have various influences
on the surrounding tissue as well as the whole body. Among the more exposed cells to
circulating MV are the vascular endothelial cells. Therefore, to examine these influences

further the outcome on endothelial cells were examined next.

It has been suggested that MV which originate from different cell types have different effects
on endothelial cells (Lovren and Verma, 2013). Furthermore, in the previous chapter it was
shown that the incubation of HCAEC with MV isolated from HepG2 or MCF-7 enhanced cell
proliferation. In contrast, treating HCAEC with MV purified from 786-0 cells induced cellular
apoptosis. In this section of the study, MV were isolated from different cell lines and were then

incubated with HDBEC expressing the mCherry2-short-length PAR2 protein and the level
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PAR?2 activation on the endothelial cells was examined. The results indicate that MV isolated
from HepG2, MCF-7 and MDA-MB-231 were more efficient in activating PAR2 on the
recipient endothelial cells respectively compared to those purified from 786-O cells. It is
hypothesised that the amount of fVIIa and TF carried by the MV can determine the rate of
PAR?2 activation. In addition, although some level of TF was detected in MV isolated from
HepG2, MCF-7 and MDA-MB-231, the MV from these cells was found to contain high levels
of fVIla (Figure 3.4). Therefore, while low amounts of TF may be sufficient for PAR2
activation, a minimum concentration of fVIla associated with the MV is a prerequisite to PAR2
activation on the recipient cells. In support of this, MV purified from 786-O cell which possess
low concentrations of fVIIa but high amounts of TF showed a low potential for PAR2
activation on endothelial cells. Therefore, these results strongly suggest that the amounts of
both fVIla and TF within MV are important criteria for the potential of cancer cell-derived MV

to activate PAR2 on the recipient cells (Figure 4.24).

As well as the quantities, the ratio of fVIIa:TF within MV appears to be a determinant of the
outcome on the endothelial cells. In the previous chapter, it was show that MV isolated from
HepG2, MCF7 and MDA-MB-231 exhibited high ratios of fVIIa:TF and were also found to
enhance endothelial cell proliferation. In contrast, MV purified from 786-O displayed a lower
ratio of fVIIa:TF and was capable of inducing cellular apoptosis (Figure 3.10). However,
inhibition of PAR2 activation by antibody (SAMI11; 20 pg/ml) abolished both MV-induced
mechanisms involved in proliferation and apoptosis (Figure 3.15). An explanation for the
different behavior of the MV isolated from these cell lines may also involve the dissimilar

potential of these cells to activate PAR2.
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Furthermore, in the previous chapter it was demonstrated that incubation of HCAEC with either
MYV isolated from 786-O or PAR2-AP promoted the internalization of PAR2, causing less
accessibility of this receptor protein on the cell surface. This may also be an explanation for
the lower influence of MV isolated from 786-O cells on PAR2 activation, although the
mechanism needs clarification. A separate study was thus undertaken to further investigate the
influence of the ratio of fVIla:TF on activation of PAR2, using exogenous TF and fVIla and
measuring the release of mCherry from HDBEC transfected to express the mCherry2-short-
length PAR2 protein. In agreement with above results, incubation of the transfected cells with
fVIla alone or with a low concentration (0.5 nM) in combination with TF (0.5 U/ml) did not
induce PAR2 activation. This observation is in agreement with the result obtained in the
previous chapter which showed that incubation HCAEC with fVIla alone (2-10 nM) had no
effect on cell proliferation (Figure 3.12). Additionally, it would be expected that some of the
exogenous fVIla will be lost in the media and therefore the threshold concentrations could not
be achieved in order to activate PAR2. In contrast, treatment of cells with higher concentrations
of exogenous fVIla (2 nM) together with either concentration of recombinant TF (0.5-4 U/ml)
resulted in significant release of mCherry. This release was significantly enhanced when using
a higher concentration of fVIIa (10 nM) and further supports the dependence on fVIla activity
(Figure 4.22). Finally, while it was originally aimed to examine the activation of PAR2 by both
fVIla and fXa, because fXa is capable of multiple digestion of the mCherry2 protein, it was

not possible to repeat the study using fXa.

In conclusion, cancer cells can auto-activate by expressing endogenous fVIla and TF through
a mechanism involving PAR2 activation. The amounts of TF and fVIIa influence the rate of
PAR?2 activation in cancer cells and consequently determine the amount of MV released. In

addition, cancer cells appear to regulate the presence of excessive amounts of TF through
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release within MV. This in vitro study highlights some of the properties of MV released with
different types of cancers that express TF (Kleinjan et al., 2012). In addition, analysis of the
differences in MV-associated TF and fVIla in circulating MV from patients with diabetes,
hypertension, myocardial infraction or cancers (Badimon et al., 2017) may have ramifications
for understanding the disease progress and the nature of the affected organs. In particular, the
increase in the amount of MV release can cause endothelial dysfunction (Boulanger et al.,
2001; Badimon et al., 2017) which subsequently result in endothelial denudation and disease
(Davignon and Ganz, 2004). Therefore, in order to examine the mechanism by which
endothelial cells cope with the excessive amounts of TF, the association of TF, fVIla, and

PAR?2 proteins on cells was investigated in the next chapter.
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Figure 4. 24 The proposed role of TF-fVIla complex on PAR2 activation

fVila alone High fVIla+ low TF Low fVlla+ high TF
(e.g. MCF-7 MV) (e.g. 786-0 MV)
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The activation of PAR2 can be regulated by the amounts of TF and fVIla proteins. fVIla alone
is not capable of activating PAR2. However, high concentration of fVIla in combination with
TF, associated with MV possess a potential for PAR2 activation and induce cell proliferation
signal. In contrast, low concentrations of fVIla, particularly in conjunction with high
concentration of TF, results in lower PAR2 activation but produces an alternative signal

promoting cell apoptosis.
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Chapter 5

Excess tissue factor is preferentially cleared from the surface of
endothelial cells through microvesicle release and caveolae-

mediated internalisation
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5.1 Introduction

The presence of cancer increases the risk of VTE which is considered one of the main causes
of mortality and morbidity in cancer patients. It is estimated that up to 20% of cancer patients
will develop VTE at same point during disease condition (Khorana et al., 2007). The most
commonly encountered venous thrombotic complications are deep vein thrombosis (DVT) and
pulmonary embolism (PE) (Heit et al., 2000). It has been shown that patients who suffer from
chronic disease such as atherosclerosis, cancer and other inflammatory conditions express
higher levels of TF compared with healthy individuals (Tatsumi and Mackman, 2015;
Eisenreich et al., 2016; Witkowski et al., 2016). TF-fVIIa complex is known as a main initiator
of the coagulation system. In addition, TF-fVIla complex on cell surfaces is capable of
regulating a number of cellular functions including MV release, cell proliferation,
angiogenesis, and tumour metastasis (Rao and Pendurthi, 2005; Belting et al., 2005; Collier
and Ettelaie, 2010). However, recent studies conducted by ElKeeb et al. (2015) and Ethaeb et
al. (2019) have shown that the accumulation of TF in endothelial cells can induce apoptosis.
Apoptosis can give rise to impairment of cellular functions leading to vascular endothelial cell
denudation associated with a number of chronic diseases. It has been also demonstrated that
the formation of TF-fVIla complex is required for PAR2 activation (Camerer et al., 2000;
Riewald and Ruf, 2001; Rao and Pendurthi, 2005). Collier and Ettelaie (2011) showed that the
activation of PAR2 can induce the release of procoagulant MV containing TF. This has been
proposed as a mechanism by which the cells can manage the excessive amounts of TF
associated with inflammatory condition (Collier and Ettelaie, 2011). However, the role of fVIla
is largely unexplored. Although, liver cells are known to be the main producer of the fVII
protein, cancer cells such as ovarian have been shown to express ectopic fVII as well as TF
expression (Koizume et al., 2006; Yokota et al., 2009; Koizume and Miyagi, 2015). It was

demonstrated in chapter 3 that repeated treatment of endothelial cells with recombinant TF
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reduced the amount of fVII stores available within cells (Figure 3.24). In addition, the
magnitude of these reductions was dependent on amount of fVII that was released within MV
(Figure 3.25). The repetitive treatment of cells with TF resulted in the depletion of cellular fVII
reserves in endothelial cells. As a result, the process of activation of PAR2 and TF release
within MV became impaired. A study conducted by Kawamoto et al. (2012) showed that MV
isolated from cancer cells were taken up by endothelial cells through endocytic processes. A
similar study conducted by Collier et al. (2013) demonstrated that TF associated MV can be

internalised and recycled by endothelial cells.

Endocytic mechanisms are cellular processes by which receptor proteins or their ligands are
engulfed within the cells. Once the cargo is endocytosed by the cell, it can be either degraded,
stored within Golgi apparatus or recycled to the cell surface (Grant and Donaldson, 2009).
There are a number of mechanisms by which endocytosis process can occur including the
clathrin-dependent, clathrin-independent, and the caveolae-dependent mechanisms. However,
it has been suggested that the prominent mechanism by which cells regulate cargo uptake is
the clathrin-dependent process (Aguilar and Wendland, 2005). The internalisation of TF-fVIIa-
TFPI complex has also been demonstrated to be mediated through the clathrin-dependent
mechanism (Hamik et al., 1999). However, a study conducted by Hansen et al. (2001) showed
that TF-fVIla complex alone is internalised through the clathrin-independent processes. This
suggests an alternative mechanism by which these proteins are endocytosed. It has been shown
that TF can localise within cholesterol rich membrane microdomains, including the caveolae
and the lipid rafts (Mandal et al., 2005). Caveolae are small (50-100 nm), flask-shaped,
invaginations within the plasma membrane and differ from lipid rafts in that caveolae contain
caveolin proteins as well as being rich in cholesterol within the membrane (Mandal et al.,
2005). Caveolae dynamically harbour receptor proteins which may include TF protein

(Sevinsky et al., 1996). In fact, a number of studies have suggested that TF protein alone, or in
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complex with fVIIa can associate with caveolae (Liu et al., 1997; Sevinsky et al., 1996; Mulder
etal., 1996; Mandal et al., 2006; Awasthi et al., 2007). Furthermore, the depletion of cholesterol
from the cell membrane significantly reduced the amount of TF associated with lipid rafts
(Mandal et al., 2006). Dietzen et al. (2004) suggested that the TF present within caveolae
remains in an encrypted form. This caveolae-associated TF may act as a latent pool which
becomes activated once the caveolae release their content (Mulder et al., 1996). In support of
this hypothesis, depletion of cholesterol from the cell membrane was shown to increase TF

procoagulant activity on the cell surface (Dietzen et al., 2004).

5.1.1 Aims

The results obtained in chapter 3 showed that cancer cells have the ability to express fVIL. It
was also demonstrated that TF-fVIla complex can induce cellular apoptosis in HCAEC which
was shown to be mediated through PAR2. Therefore, the first aim of this study was to examine
the association of TF and fVII with PAR2 in MDA-MB-231 cell line using PLA. It was also
demonstrated that the repeated treatment of HCAEC with recombinant TF resulted in the
depletion of cellular reserves of fVII and the exhaustion of MV release. However, some TF
appeared to remain on the cells even after the release of MV by the cells. Since the mechanism
of releasing TF within MV might not be enough to manage the excess amounts of TF, it was
hypothesised that cells may also manage the excess TF through caveolae uptake where it can
be stored in a non-functional form. Therefore, the second aim of this study was to investigate
the association of TF and fVII with caveolin-1 in HCAEC by PLA. In addition, the co-
localisation of labelled TF with caveolae on the surface of HCAEC was examined by confocal
microscopy. Finally, the influence of cholesterol-depletion of cell-membrane on TF-mediated

cell apoptosis was assessed.
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5.2 Methods
5.2.1 Optimization of the knockdown of fVII expression using siRNA

Small interfering RNA (siRNA) is a synthetic version of a small double-stranded RNA
(consisting of 21-25 nucleotides) which can interfere with mRNA translation by enhancing the
degradation of messenger RNA coding for specific proteins. The prevention of the synthesis
of specific protein using this procedure is known as knockdown or siRNA silencing (Agrawal
et al, 2003). A set of siRNA (Ambion® Silencer® Select Pre-designed siRNA) specific for the
coagulation factor VII was used to silence the expression of fVII protein in MDA-MB-231 cell
line. In order to optimize the silencing, a range of fVII siRNA concentration (0-200 nM) was
initially used to determine the optimal concentration for supressing the expression of fVII
protein. MDA-MB-231 cells (8 x 10%) were seeded into 6-well plates and incubated overnight.
On the following day, the media was replaced with 0.9 ml of complete fresh medium and
incubated for 30 min at 37°C. The cells were subsequently transfected with the different
concentrations of fVII siRNA using Trans IT-2020 transfection reagent, as described in section
4.2.14.2. The cells were incubated for 48 h at 37°C and lysed in Laemmli buffer. To test the
efficiency of gene silencing, the samples were subjected to western blot analysis, as described
in section 2.2.8. The nitrocellulose membranes were incubated with a mouse polyclonal anti-
fVII antibody 1:2000 (v/v) and developed with a goat anti-mouse antibody 1:4000 (v/v). The
membranes were analysed by the ImageJ program to determine the level of expression of fVII

protein. The expression levels were normalised against the respective GAPDH.
5.2.2 In situ Proximity ligation assay (PLA) using the Duolink® kit

Duolink® in situ proximity ligation assay is a sensitive technique that detects protein-protein
interactions in cells. PLA is sensitive to the proximity of proteins if within 40 nm of each other.

During the procedure, proteins of interest are probed with primary antibodies raised in two
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different species. These are then labelled using complementary oligonucleotide-labelled
secondary antibodies (plus and minus probes, respectively) specific to IgG from the two
species. The proximity of the PLA probes produces a closed circular DNA template, which can
be amplified using a polymerase enzyme. Consequently, a signal is generated only when the
two PLA probes interact in close proximity. The amplified DNA is then detected by hybridizing
a fluorescence-labelled oligo-nucleotides and counting the number of fluorescent labels using

an appropriate microscope (Figure 5.1).

Cells (10%) were seeded into glass bottom dishes (35 mm) and allowed to attach. The media
was then removed. The cells were washed twice with PBS buffer and fixed with 4% (v/v)
formaldehyde for 15 min at room temperature. The cells were then washed again with PBS and
blocked with Duolink® blocking solution provided with kit (100 pl/well) for 75 min at room
temperature with shaking. After the incubation, the blocking solution was discarded and the
samples were incubated with the two primary antibodies (dilute 1:100 v/v with Duolink®
Antibody Diluent) overnight at 4°C. On the following day, the samples were washed twice
with the provided wash buffer A (0.01 M Tris, 0.15 M NaCl and 0.05% (v/v) Tween 20; pH
7.4) each time for 10 min and then incubated with plus and minus PLA probes (dilute 1:5 v/v
with Duolink® Antibody Diluent) for 1 h at 37°C. The samples were washed twice with buffer
A and the ligation mixture (8 pl ligation + 1.25 pl ligation enzyme + 32 ul dH>0) was added
into each dish and incubated for 30 min at 37°C. The cells were then washed twice with wash
buffer A and the amplification mixture (8 pl amplification stock + 40 ul dH2O + 0.625 pl
polymerase) was added into each sample and incubated at 37°C for 2 h in the dark. The cells
were then washed with the wash buffer B (0.2 M Tris and 0.1 M NaCl; pH 7.5) for 10 min. The
samples were then washed twice with wash buffer B (1:100 diluted) for 2 min and then stained

with DAPI (2 pg/ml) and phalloidin-iFluor 488 (2 pg/ml) for 10 min. Finally, the cells were
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Figure 5. 1 The principle of Duolink® in situ proximity ligation assay reaction
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Duolink® in situ proximity ligation assay is a sensitive technique that detects protein-protein
interactions in cells. (1) Proteins of interest are probed with primary antibodies raised in two
different species. (2) The primary antibodies then labelled using complementary
oligonucleotide-labelled secondary antibodies (plus and minus probes, respectively) specific
to IgG from the two species. (3) The proximity of the PLA probes produces a closed circular
DNA template. (4) The DNA template can be amplified using a polymerase enzyme. (5) The
amplified DNA is then detected by hybridizing a fluorescence-labelled oligo-nucleotides and
counting the number of fluorescent labels using an appropriate microscope (Adapted from

www.sigmaaldrich.com).
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washed twice with wash buffer B (1:100 diluted) for 2 min and analysed using a fluorescence

microscope with a X40 magnification.
5.2.3 Examination the association of TF, fVII and PAR2 proteins

This experiment was aimed to assess the interaction between the TF, fVII and PAR2 proteins.
The proximity of each of the proteins TF, fVII and PAR2 was examined using the Duolink®
PLA. MDA-MB-231 cells (10%) were seeded into glass bottom dishes (35 mm) and allowed to
adhere. The cells were fixed and probed with a mouse anti-fVII antibody (10 pg/ml) and a
rabbit anti-TF antibody (5 pg/ml) to examine the interaction between fVII and TF. when testing
the proximity between fVII and PAR2, the cells were probed with a rabbit anti-fVII antibody
(10 pg/ml) and mouse anti-PAR?2 antibody (SAM11; 20 pg/ml). Also, sets of cells were probed
with a rabbit anti-TF antibody (5 pg/ml) and a mouse anti-PAR2 antibody (SAM11; 20 pg/ml)
to examine the association of TF and PAR2 proteins. The procedure was carried out as

described in section 5.2.2.

In addition, the influence of fVIIa on the association of TF and PAR2 was evaluated. The
expression of fVII in MDA-MB-321 cells was suppressed using fVII siRNA. MDA-MB-321
cells (10%) were seeded into glass bottom dishes (35 mm) and allowed to adhere. The cells were
subsequently transfected with the optimal concentration fVII siRNA (150 nM) as determined
in section 5.3.2. Additionally, a set of transfected cells devoid fVII were supplemented with
exogenous fVIIa (10 nM). The cells were then fixed with 4% (v/v) formaldehyde and probed
with a rabbit anti-TF antibody (5 pg/ml) and mouse anti-PAR2 antibody (SAMI11; 20 pg/ml).
A set of cells were also examined without any antibodies and used as a control. The proximity

between TF and PAR2 protein was then assessed in all samples using PLA.

The association of fVII and PAR2 protein was examined in the absence of TF. The interaction

between fVII and PAR in MDA-MB-231 TF knockout cells (Rondon et al., 2018) was assessed
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to examine if TF is required for fVIla and PAR2 association. To ensure the MDA-MB-231 TF
knockout cells lacked TF protein, the cells were first examined by flow cytometry. In addition,
MDA-MB-231 TF knock out cells were supplemented with a range of concentration of
recombinant TF (0-4 U/ml) for 24 h and cell numbers assessed using crystal violet assay prior
to the PLA experiment. MDA-MB-231 TF knockout cells were seeded into glass bottom dishes
(35 mm) and allowed to adhere. The cells were then fixed with 4% (v/v) formaldehyde and
probed with a rabbit anti-fVII antibody (10 pg/ml) and a mouse anti-PAR2 antibody (SAM11;
20 pg/ml). A set of wild type MDA-MB-231 cells were used as control. The interaction

between fVII and PAR2 was examined using PLA, as described in 5.2.2.
5.2.4 Examination of the association of fVII and TF within caveolin-1 in HCAEC

In chapter 3, it was demonstrated that the stimulation of HCAEC with recombinant TF results
in a significant increase in cell surface fVII antigen (Figure 3.22). It was speculated that the
additional fVII antigen might be released from the caveolae on the cell surface following cell
stimulation. Therefore, this study was designed to investigate the association of fVII and TF
within caveolin-1 in HCAEC. To assess the interaction between fVII and caveolin-1, HCAEC
(10%) were seeded into glass bottom dishes (35 mm) and permitted to adhere. The cells were
then treated with a range of human recombinant TF (0-4 U/ml) for up to 40 min. A set of
untreated cells were used as a control. The cells were fixed and permeabilised with 0.01 %
(v/v) Triton. The cells were then probed with a mouse anti-fVII antibody (10 pg/ml) and a
rabbit anti-caveolin-1 antibody (10 pg/ml). The association of fVII and caveolin-1 was then

assessed using PLA.

In addition, the proximity between TF and caveolin-1 in HCAEC was evaluated. HCAEC (10%)
were seeded into glass bottom dishes (35 mm) and permitted to adhere. The cells were then

treated with a range of recombinant TF (0 -4 U/ml) for up to 40 min. The cells were then fixed,
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permeabilised with 0.01 % (v/v) Triton and probed with a mouse anti-TF antibody (5 pg/ml)
and a rabbit anti-caveolin-1 antibody (10 pg/ml). The association of TF and caveolin-1 was

examined using PLA as described in section 5.2.2.
5.2.5 Optimisation of the depletion of cell-membrane cholesterol in HCAEC

One of the most common chemical methods used in cholesterol removal is methyl-B-
cyclodextrin (MBCD). In this study, a protocol described by Christian et al. (1997), using
MBCD was adapted for the removal of cholesterol from cell membranes. HCAEC (2 x 10%)
were seeded in 96-well plates containing complete medium and incubated overnight. On the
following day, the media was removed and the cells were treated with a range of concentrations
of MBCD (0-5 mM) diluted in serum-free MV medium (w/v) for 1 h at 37°C. After the
incubation, the cells were washed twice with PBS and incubated with complete MV medium
for 24 h at 37°C. Cell numbers were then measured using crystal violet assay as described in

2.2.11 to determine the optimal concentration of MBCD in order to maintain cell viability.

5.2.6 Optimization the MPCD:cholesterol molar ratios for labelling lipid rafts in
HCAEC

This study was aimed to further investigate the association of TF and cavolin-1 initially
examined using PLA in section 5.2.4. The experiment was designed to label lipid rafts
(including caveolae) and recombinant TF with fluorescent tags and examine the localisation of
TF. The cellular cholesterol in HCAEC was depleted using MBCD as described in section 5.2.5
and replaced with 3-dodecanoyl-NBD cholesterol which is fluorescently-tagged (Ext. 465 nm,
Em. 535 nm). The experiment was optimized using a range of MBCD (0- 2 mM) in conjunction
with NBD cholesterol at molar ratios 6:1, 8:1 and 12:1. HCAEC (10%) were seeded into glass
bottom dishes (35 mm) and permitted to adhere. Subsequently, the cells were treated with the
various MBCD:NDB cholesterol complexes and then incubated for 1 h at 37°C. The media was

discarded, and the cells were fixed with 4% (v/v) formaldehyde for 15 min. The cells were then
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washed with PBS and stained with DAPI (2 pg/ml) for 10 min. The cells were finally washed

twice with PBS and visualized using a fluorescence microscope with a X40 magnification.

5.2.7 Labelling human recombinant TF using the Lightning-Link® Rapid Texas Red®
conjugation kit

Human recombinant TF (1 pg/ml) was labelled with a Texas Red® tag using the Lightning-
Link® conjunction kit. TF (1 ug/ml) was diluted with the LL-Modifier reagent provided with
the kit at a ratio 10:1 (v/v). The mixture was then added into the lyophilized Lightning-Link®
vial, gently shaken, and then incubated overnight at room temperature in the dark. The LL-
quencher reagent provided with the kit was then added to the vial at a ratio 1:4 and incubated
at room temperature for 30 min in the dark which acts to remove any unlabelled Texas Red.
To examine the success of the labelling procedure, HCAEC were seeded into glass bottom
dishes (35 mm) and allowed to adhere. The cells were then incubated with the labelled Texas-
Red -TF (5.2 ng/ml) for 30 min. The cells were then fixed with 4% (v/v) formaldehyde and
stained with DAPI (2 pg/ml) for 10 min. The cells were then washed twice with PBS and

visualized using a fluorescent microscope with a X40 magnification.

5.2.8 Analysis of the co-localisation of TF on the surface of HCAEC by confocal
microscopy

To examine the co-localisation of the recombinant TF on the surface of cells, HCAEC (10%)
were seeded out into glass bottom dishes (35 mm) and permitted to adhere. The cells were
subsequently enriched in NBD cholesterol at a ratio 8:1 as above and incubated for 1 h at 37°C.
After the incubation, the cells were washed and incubated with the Texas Red-conjugated TF
(5.2 ng/ml) for up to 40 min at 37°C. After the incubation, the cells were fixed with 4% (v/v)
formaldehyde for 15 min, washed with PBS and stained with DAPI (2 pg/ml) for 10 min.

Subsequently, the cells were washed again two times with PBS. The cells were then analysed
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for TF cell surface using a Zeiss LSM 710 confocal microscope with a X60 magnification and

the images were acquired by the ZEN software.

5.2.9 Evaluating the influence of cell-membrane cholesterol on preventing TF
inducing apoptosis in HCAEC

This study was designed to investigate the influence of cell-membrane cholesterol on induction
of cell apoptosis by TF. Initially, the cell-membrane cholesterol in HCAEC was depleted using
a range of MPBCD (0-5 mM). The cholesterol depleted cells and the normal cells were then
stimulated with recombinant TF (4 U/ml) to induce apoptosis. The cells were subsequently
incubated for 24 h at 37°C and the cell numbers were determined using crystal violet assay, as

described in 2.2.11.
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5.3 Results
5.3.1 Examination of the interactions of fVII, TF and PAR2 in cancer cells using PLA

This experiment aimed to assess the interaction between TF, fVIIa and PAR2 proteins. The
proximity of each of the proteins with the other two was examined in turn using the Duolink®
PLA. MDA-MB-231 cells (10%) were seeded into glass bottom dishes (35 mm) and allowed to
adhere. The cells were fixed and probed with a mouse anti-fVII antibody (10 pug/ml) and a
rabbit anti-TF antibody (5 pg/ml) to confirm the interaction between fVIla and TF. When
examining the proximity between fVIla and PAR2, the cells were probed with a rabbit anti-
fVII antibody (10 pg/ml) and a mouse anti-PAR2 antibody (20 pg/ml). Finally, sets of cells
were probed with a rabbit anti-TF antibody (5 pg/ml) and a mouse anti-PAR2 antibody (20
pg/ml) to examine the proximity between TF and PAR2 proteins. Analysis of cells using PLA
showed close proximity between all of these proteins (Figure 5.2 A and B). The results also
suggest that the association between fVIla, TF and PAR2 proteins may be initiated by the

formation of TF-fVIIa complex which may then form a ternary complex with PAR2.
5.3.2 Optimization of the silencing of fVII expression in MDA-MB-231 cell line

To examine whether fVIla is required for the interaction between TF and PAR2, the silencing
of fVII expression in MDA-MB-321 cells was optimised using a specific fVII-siRNA. MDA-
MB-231 cells (8 x 10*) were seeded into 6-well plates and incubated overnight. The cells were
transfected on the following day with a range of fVII siRNA (0-200 nM) and incubated for a
further 48 h. The expression of fVII protein was then analysed by western blot and the
membranes were analysed by the ImageJ program. The amount of fVII protein was normalised
against GAPDH, as described in 5.2.1. Assessment of fVII knockdown using fVII-siRNA
showed a reduction in the protein expression content as follows. Maximal gene silencing was

82% obtained using 200 nM fVII-siRNA, while transfection with 150 nM resulted in
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Figure 5. 2 Interactions between fVII, TF and PAR2 as detected by PLA
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MDA-MB-231 cells (10*) were seeded into glass bottom dishes (35 mm) and allowed to adhere.
The cells were fixed with 4% (v/v) formaldehyde. The cells then probed with a mouse anti-
fVII antibody (10 pg/ml) and a rabbit anti-TF antibody (5 pg/ml) to assess the interaction
between fVIIa and TF. To examine the association of fVIIa and PAR2, another set of cells
were probed with a rabbit anti-fVII antibody (10 pg/ml) and a mouse anti-PAR2 antibody (20
pg/ml). Sets of cells were probed with a rabbit anti-TF antibody (5 pg/ml) and a mouse anti-
PAR?2 antibody (20 pg/ml) to examine the interaction between TF and PAR2. Another set of
cells were examined without antibodies and used as a control. (A) Proximity ligation assay was
performed and the cells were then stained with phalloidin-iFluor 488 (green; 2 pg/ml) and
DAPI (blue; 2 pg/ml) and visualized by fluorescence microscopy with a X40 magnification.
(B) Ten images were captured for each sample and the number of incidences were determined
using the ImageJ software (The results show the average of three independent experiments and

expressed as the mean £ SEM; * = p <0.05 vs devoid of antibodies).
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approximately 79% reduction of fVII protein expression. However, cell viability was preserved
when using 150 nM of fVII-siRNA but was reduced when using 200 nM siRNA. Therefore,
150 nM of fVII-siRNA was considered the optimal concentration for further studies to silence

fVII expression (Figure 5.3 A and B).
5.3.3 Examination of the influence of fVII on the association of TF and PAR?2 protein

To examine whether fVIIa is essential for the interaction between TF and PAR2, the expression
of fVII was suppressed in MDA-MB-321 cells using a fVII siRNA. The interaction between
TF and PAR2 was then assessed by PLA. MDA-MB-321 cells (10*) were seeded into glass
bottom dishes (35 mm) and allowed to adhere. The cells were subsequently transfected with
fVII-siRNA (150 nM) according to the optimized procedure described in section 5.3.2.
Additionally, a set of siRNA-transfected cells was supplemented with exogenous fVIIa protein
(10 nM). The proximity between TF and PAR2 was then assessed in all cell samples and
controls using PLA. The data indicates that the reduction in fVIla expression significantly
disrupted the association between TF and PAR2 in MDA-MB-231 cells (Figure 5.4 A and B).
Furthermore, supplementation of the siRNA-transfected cells with exogenous fVIIa marginally
restored the interaction between TF and PAR2. Therefore, these results suggest that fVIla is an

essential component which facilitates the interaction of TF with PAR2.
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Figure 5. 3 Optimization of the suppression of fVII expression
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MDA-MB-231 cells (8 x 10%) were seeded into 6-well plates and allowed to adhere overnight.
The cells were transfected with a range of fVII-siRNA (0-200 nM) using Trans 1T-2020
transfection reagent and incubated for 48 h at 37°C. (A) The cells were harvested, and fVIla
protein was examined by western blot by incubating the nitrocellulose membrane with a mouse
anti-fVII antibody 1:2000 (v/v) and developed with a goat anti-mouse alkaline phosphatase-
conjugated antibody 1:4000 (v/v). The bands were visualised using western blue stabilised
substrate for alkaline phosphatase. (B) The bands were analysed using the ImagJ program and
the protein expression quantified against GPADH bands (The results show the average of two

separate experiments and expressed as the mean + SD).
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Figure 5. 4 The influence of fVIla on the association of TF with PAR2
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MDA-MB-231 cells (10*) were seeded into glass bottom dishes (35 mm) and allowed to adhere.
The cells were subsequently transfected with the optimal concertation of fVII-siRNA (150 nM)
and then incubated for 48 h at 37°C. A set of siRNA-transfected cells was also supplemented
with exogenous fVIla (10 nM). The cells were fixed with 4% (v/v) formaldehyde and probed
with a rabbit anti-TF antibody (5 pg/ml) and a mouse anti-PAR2 antibody (20 pg/ml). (A) PLA
was carried out and the cells were then stained with DAPI (blue; 2 pg/ml) and visualized by
fluorescence microscopy with a X40 magnification. (B) Ten images were captured for each
sample and the data were analysed using the ImagelJ software (The results show the average of
three independent experiments and expressed as the mean + SEM; * =p <0.05 vs no antibodies;

#=p < 0.05 vs siRNA-transfected cells without fVIla).
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5.3.4 Confirmation of the lack of TF expression in MDA-MB-231 TF knock out cell
line

The aim of this study was to confirm the lack of TF in MDA-MB-231 TF KO cells. MDA-MB-
231 TF KO cells along with the wild type cells were incubated with a FITC-conjugated mouse
anti-TF antibody (0.5 pg/ml) and analysed by flow cytometry. A set of wild type MDA-MB-
231 cells were also tested and used as a control. The flow cytometric analysis confirmed the
lack of TF in MDA-MB-231 TF KO cells compared to the wild type MDA-MB-231 cells. A
gate was set to contain 4% of unlabelled cells. From a total of 10,000 events, 41% of MDA-
MB-231 wild type cells (mean fluorescence = 115) and 0.8% of MDA-MB-231 TF KO cells
(mean fluorescence = 22) were within this region (Figure 5.5). To further examine the influence
of the lack of TF on the MDA-MB-231 TF KO cell, sets of cells were incubated with a range
of concentrations of recombinant TF (0-4 U/ml) for 24 h and cell numbers were determined by
crystal violet assay. The addition of any amount of recombinant TF to the MDA-MB-231 KO
cells enhanced the rate of cell proliferation in comparison to the untreated cells but the highest

rate was achieved on incubation with 4 U/ml of recombinant TF (Figure 5.6).

5.3.5 Examination of the association of fVIIa and PAR2 protein in the absence of TF

The aim of this study was to examine whether TF is required for the interaction between fVIla
with PAR2. To examine the association between fVIIa and PAR2, MDA-MB-231 TF KO cells
were seeded into glass bottom dishes (35 mm) and allowed to adhere. The cells were then fixed
and probed with a rabbit anti-fVII antibody (10 pg/ml) and a mouse anti-PAR2 antibody (20
pg/ml). A set of wild type MDA-MB-231 cells were used as a control. The interaction between
fVIla and PAR2 was examined using PLA, as described in 5.2.2. The data obtained from PLA
indicates that the absence of TF expression significantly reduced the association of fVIIa and
PAR?2 protein (Figure 5.7 A and B). This finding agrees with the data from the previous chapter

(Figure 4.22) which showed that the addition of exogenous fVIla to HCAEC which do not
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normally express TF, does not induce PAR2 activation. Therefore, it is suggested that TF may

act as a molecular scaffold for fVII and promote the interaction of fVIla with PAR2.

5.3.6 Examination of the association of fVII and caveolae in HCAEC

In the previous chapter, it was demonstrated that stimulation of HCAEC with recombinant TF
resulted in a significant increase in the cell-surface fVII antigen. One possible explanation for
this may be due to the disruption of caveolae resulting in the release of fVII reserves onto the
cell surface. Also, it has been suggested that caveolae may harbour proteins such as TF-fVIla
complex (Liu et al., 1997). Therefore, this study was designed to examine the proximity
between fVII and caveolin-1 before and after the addition of TF. HCAEC were seeded into
glass bottom dishes (35 mm) and allowed to adhere. The cells were subsequently treated with
a range of human recombinant TF (0-4 U/ml) for up to 40 min. The cells were then fixed,
permeabilised and probed with a mouse anti-fVII antibody (10 pg/ml) and a rabbit anti-
caveolin-1 antibody (10 pg/ml). The samples were then examined using PLA, as described in
5.2.2. The analysis of the data showed a high level of proximity between fVII and caveolin-1
in resting cells (Figure 5.8 A and B). However, the association of fVII and caveolin-1 was
significantly reduced at 10 min following the supplement with either concentration of TF.
Interestingly, a recovery in the association between fVIIa and caveolin-1 was observed on
incubation with 2 U/ml TF which was absent on addition of 0.5 U/ml. Furthermore, an
enhancement in the association between fVIla and caveolin-1 was observed following 40 min
on incubation with 4 U/ml TF. This finding agrees with the previous result (Figure 3.22) which
shows an increase in the fVII antigen on the cell surface of HCAEC in response to TF treatment

at 10 min.
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Counts

Figure 5. 5 Confirmation of the lack of TF expression in MDA-MB-231 TF KO cells by flow
cytometry
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Cells (3 x 10°) were collected in eppendorf tube and washed twice with PBS. The cells were
suspended in PBS containing 3% (w/v) BSA and a FITC-conjugated mouse anti-TF antibody
(0.5 pg/ml) and incubated for 1 h in the dark. A set of cells was incubated with an IgG isotype
control antibody. After the incubation, the cells were washed with PBS, resuspended in 500 pl
PBS and analysed by flow cytometry. 10,000 events were examined for each sample and a gate

(M1) was set to include 4% of unlabelled cells. The data represents one experiment.
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Figure 5. 6 The influence of recombinant TF on MDA-MB-231 TF KO proliferation
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MDA-MB-231 TF knock out cells (2 x 10%) were seeded into 96-well plates and incubated for
overnight. The cells were then treated with a range of recombinant TF (0-4 U/ml) and incubated
for 24 h. Cell numbers were then determined using crystal violet assay (The results show the
average of four independent experiments and expressed as the mean = SEM, * = p < 0.05 vs

untreated cells).
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Figure 5. 7 Analysis of the association of fVIIa and PAR2 in TF knock out cells
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Cells (10%) were seeded into glass bottom dishes (35 mm) and allowed to adhere. The cells
were then fixed and probed with a rabbit anti-fVII antibody (1 pg/ml) and a mouse anti-PAR2
antibody (1 pg/ml). (A) PLA was used to examine the association between fVIla and PAR2
and the cells were then stained with DAPI (2 pg/ml) and visualized by fluorescence microscopy
with a X40 magnification. (B) Ten images were captured for each sample and the data were
analysed using the ImageJ software (The results show the average of three independent

experiments and expressed as the mean + SEM; * = p < 0.05 vs wild type cell).
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Figure 5. 8 Analysis of the proximity between fVII and caveolin-1 in HCAEC
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HCAEC cells (10%) were seeded into glass bottom dishes (35 mm) and allowed to adhere.
Thecells were subsequently incubated with a range of recombinant TF (0-4 U/ml) for up to 40
min at 37°C. A set of untreated cells was used as a control. The cells were then fixed with 4%
(v/v) formaldehyde, permeabilised with 0.01 % (v/v) Triton and probed with a mouse anti-fVII
antibody (10 pg/ml) and a rabbit anti-caveolin-1 antibody (10 pg/ml). (A) PLA was performed
to examine the association between fVII and caveolin-1 and the cells were then stained with
DAPI (2 pg/ml) and visualized by fluorescence microscopy with a X40 magnification. (B) Ten
images were captured for each sample and the data were analysed using the ImageJ software
(The results show the average of three independent experiments and expressed as the mean +

SEM; * = p < 0.05 vs the non-treated sample).
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5.3.7 Examination of the association of TF and caveolin-1 in HCAEC

In the above section, a high degree of association between fVII and caveolin-1 was detected. It
was suggested that TF can be taken up by caveolae in the presence of fVIla (Mandal et al.,
2006). Therefore, the aim of this study was to examine the association between TF and
caveolin-1 in HCAEC. The cells were seeded into glass bottom dishes (35 mm) and permitted
to adhere. The cells were then incubated with a range of recombinant TF (0-4 U/ml) for 40
min. after the incubation, the cells were fixed, permeabilised and probed with a mouse anti-TF
antibody (5 pg/ml) and a rabbit anti- caveolin-1 antibody (1 pg/ml). The proximities between
TF and caveolin-1 was then assessed by PLA. Analysis of the samples showed a concentration
dependent association between the supplemented TF and caveolin-1 following 40 min

incubation with recombinant TF (Figure 5.9).

5.3.8 Optimization of the depletion and exchange of cell-membrane cholesterol in
HCAEC

This study was designed to determine the optimal concentration of MBCD which can be used
in order to deplete cell-membrane cholesterol without any detrimental effect on cell viability.
HCAEC were seeded into 96-well plates and allowed to adhere. The cells were subsequently
treated with a range of MBCD (0-5 mM) for 1 h at 37°C. After the incubation, the cells were
washed twice with PBS and incubated with fresh complete MV medium for 24 h. Cell numbers
were determined using crystal violet assay. Incubation of HCAEC with 1 mM of MBCD did
not have any effect on cell viability. However, higher concentrations of MBCD (2-5 mM)

caused a notable reduction in the cell numbers (Figure 5.10).

A second aim of this study was to replace the cholesterol in lipid rafts (including caveolae) in
HCAEC with NBD-cholesterol by exchange. To optimise the procedure, HCAEC (10%) were

seeded and incubated for 1 h with a range of MBCD (0-2 mM) combined with NBD-cholesterol
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Figure 5. 9 Analysis of the proximity between TF and caveolin-1 in HCAEC

A)

No antibodies TF (0.5 U/ml) TF(2U/ml) TF (4 U/ml)

B)

200
180 -
160

140 -
120 -
100 -
80 -
60 -
40 -
20 A
0 {——mmimm : . .

No antibodies TF(0.5U/ml)40 TF(2U/ml)40 min TF (4 U/ml) 40 min
min

Incedence/cell number

HCAEC (10%) were seeded into glass bottom dishes (35 mm) and allowed to adhere. The cells
were subsequently incubated with a range of recombinant TF (0-4 U/ml) for 40 min. The cells
were then fixed with 4% (v/v) formaldehyde, permeabilised with 0.01 % (v/v) Triton and
probed with a mouse anti-TF antibody (5 pg/ml) and a rabbit anti-caveolin-1 antibody (10
pg/ml). (A) PLA was used to examine the proximity between TF and caveolin-1 and the cells
were then stained with DAPI (2 pg/ml) and visualized by fluorescence microscopy with a X40
magnification. (B) Ten images were captured for each sample and the data were analysed using
the Imagel software (The results show the average of three independent experiments and

expressed as the mean + SEM).
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at different molar ratios 6:1, 8:1 and 12:1. The cells were subsequently fixed and examined by
fluorescent microscopy. Analysis of the data showed that using a combination of 1 mM of
MBCD together with the NBD-cholesterol complex at a ratio 8:1 was optimal to enrich the lipid

rafts with NBD-cholesterol without affecting cell viability (Figure 5.11).
5.3.9 Analysis of the incorporation of Texas-Red labelled TF into cell membrane

This study was designed to label TF with Texas-Red tag before examining the co-localisation
of TF on the cell membrane. Human recombinant TF (1 pg/ml) was labelled with a Texas
Red® tag using the Lightning-Link® kit, as described in section 5.2.7. To confirm the successful
labelling of recombinant TF with Texas-Red, HCAEC (10%) were seeded into glass bottom
dishes (35 mm) and allowed to adhere. The cells were subsequently incubated for 30 min at
37°C with labelled Texas Red-conjugated TF (5.2 ng/ml). The cells were then fixed and stained
with DAPI (2 pg/ml) and examined by fluorescence microscopy. Analysis of the cell treated
with labelled TF in comparison to the untreated cells confirmed the successful conjunction of

the fluorescent label and the incorporation of the TF into the cell membrane (Figure 5.12).

5.3.10 Examination of the co-localisation of TF with the lipid rafts within HCAEC
membrane by confocal microscopy

The results from section 5.3.7 show an association between supplemented TF and caveolin-1
in HCAEC. The aim of this study was to investigate the co-localisation of the TF within the
plasma membrane of HCAEC. The cells were enriched with NBD cholesterol and incubated
with Texas Red-conjugated TF. The cells (10%) were seeded into glass bottom dishes (35 mm)
and allowed to adhere. The cells were subsequently treated with MBCD (1 mM) in combination
with NBD-cholesterol complex at a molar ratio of 8:1 and incubated for 1 h according to

optimized procedure described in section 5.2.9. The mixture was removed from the dishes and
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Figure 5. 10 Analysis of cell viability for the optimisation of cholesterol depletion
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HCAEC (2 x 10%) were seeded into 96-well plates and permitted to adhere. The media were
removed and the cells were incubated for 1 h at 37°C with a range of concentration of MBCD
(0-5 mM) diluted in serum free MV. After the incubation, the cells were washed twice with
PBS and incubated with fresh complete MV medium for 24 h at 37°C. Cell numbers were
determined using crystal violet assay (The results show the average of four independent

experiments and expressed as the mean + SEM).
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Figure 5. 11 Optimisation of the ratio of MBCD:cholesterol complex for labelling lipid rafts on
HCAEC
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HCAEC (10%) were seeded into glass bottom dishes (35 mm) and allowed to adhere. The cells
were subsequently incubated for 1 h at 37°C with a range of MBCD (0-2 mM) in conjunction
with NBD-cholesterol at molar ratios of 6:1, 8:1 and 12:1. The cells were then fixed with 4%
(v/v) formaldehyde and stained with DAPI (2 pg/ml). The samples were visualized by
fluorescence microscopy with a X40 magnification and images were captured. The data

represents one experiment.
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the cells were incubated with Texas Red-conjugated TF (5.2 ng/ml) for up to 40 min. The cells
were then fixed and examined by confocal microscopy. Incubation of the cells with Texas Red-
conjugated TF resulted in the progressive increases in the incorporation of red fluorescent label
(Figure 5.13). In addition, the labelled TF was mainly incorporated within the cholesterol-rich

domain/rafts at 40 min post incubation which were identified by NBD-cholesterol.

5.3.11 Examination of the influence of cell-membrane cholesterol on TF- mediated cell
apoptosis

It was demonstrated in chapter 3 that TF has the capability to induce cell apoptosis in HCAEC.
It is also hypothesized that TF can be stored at lipid rafts (including caveolae) in a non-
functional form (Dietzen et al., 2004). Therefore, in this study an attempt was made to disrupt
the lipid rafts prior to treatment of the cells with recombinant TF and measuring the outcome
on cell number. HCAEC were seeded into 96-well plates and allowed to adhere. The cells were
subsequently treated with MBCD (0-5 mM) for 1 h at 37°C. After the incubation, the MBCD
was replaced with complete MV medium containing recombinant TF (4 U/ml) and incubated
for 24 h at 37°C. Cell numbers were then determined using crystal violet assay. Pre-treatment
of cells with MBCD prior to the addition of recombinant TF resulted in a concentration-
dependent reduction in cell numbers compared to recombinant TF alone reaching a maximum

of 16% on pre-incubation with 5 mM MBCD (Figure 5.14).
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Figure 5. 12 Examination the incorporation of Texas-Red labelled TF into cell membrane by

fluorescent microscopy
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HCAEC (10%) were seeded into glass bottom dishes (35 mm) and allowed to adhere. The cells
were then incubated with the Texas Red-conjugated TF (5.2 ng/ml) for 30 min at 37°C. After
the incubation, the cells were fixed with 4% (v/v) formaldehyde and stained with DAPI (blue;
2 pg/ml). The samples were visualized by fluorescent microscopy with a X40 magnification

and images were captured. The data represents one experiment.
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Figure 5. 13 Examination of the co-localisation of TF within lipid rafts in HCAEC

Negative

@® DAPI @ NBD cholesterol @ Texas Red-conjugated TF Overlay

HCAEC (10%) were seeded into glass bottom dishes (35 mm) and allowed to adhere. The cells
were incubated for 1 h with MBCD (1 mM) in conjunction with NBD-cholesterol at molar ratio
8:1. The mixture was then removed from the dishes and the cells were incubated with Texas
Red-conjugated TF (5.2 ng/ml) for up to 40 min at 37°C. The samples were fixed with 4% (v/v)
formaldehyde and stained with DAPI (2 pg/ml). The samples were visualized by confocal

microscopy with a X60 magnification. The data represents one experiment.
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Figure 5. 14 The influence of cholesterol on the influence of TF on cell numbers
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HCAEC (2 x 10%) were seeded into 96-well plates and allowed to adhere. The media was
removed and the cells were incubated with a range of MBCD (0-5mM) for 1 h. After the
incubation, the cells were washed twice with PBS and then incubated with fresh complete MV
medium containing recombinant TF (4 U/ml) for 24 h at 37°C. A set of untreated cells were
also incubated with TF (4 U/ml) and used as a control. Cell numbers were determined using
crystal violet assay (The results show the average of four independent experiments and

expressed as the mean £ SEM; * = p < 0.05 vs 4 U/ml TF sample).
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5.4 Discussion

Previous studies have suggested that the TF-fVIla complex can promote tumour growth and
metastasis mediated through the activation of PAR2 (Shi X et al., 2004; Rao and Pendurthi,
2005; Belting et al., 2005). It has been shown that the expression of TF is elevated in many
diseases such as atherosclerosis (Tatsumi and Mackman, 2015), cancer (Eisenreich et al., 2016)
and other inflammatory conditions (Witkowski et al., 2016). Moreover, the accumulation of
TF in endothelial cells has been demonstrated to induce cellular apoptosis meditated through
overactivation of Src and P38 (ElKeeb et al., 2015; Ethaeb et al., 2019). A proposed mechanism
by which the cells manage the excessive amounts of TF associated with inflammatory condition
is to incorporate and release this TF within MV (Collier and Ettelaie, 2011). Studies conducted
by Koizume et al. (2006, 2015) demonstrated that cancer cells are capable of expressing ectopic
fVII protein. It has been demonstrated that the activation of PAR2 can induce MV release
(Collier and Ettelaie, 2011). In this model, the TF-fVIIa complex interacts with the PAR2
protein on the cell surface in order to activate the later receptor. In this study, PLA was used to
demonstrate the association between TF, fVIla and PAR2 proteins on the surface of MDA-
MB-231 cell line. The data showed associations between TF and PAR2, fVIla and PAR2, as
well as between TF and fVIla suggesting the formation of a ternary complex (Figure 5.2).
These data also confirmed the ability of MDA-MB-231 cells to express fVII. PAR2 is activated
by the proteolytic action of fVIIa which needs to bind to TF forming the TF-fVIla complex
(Camerer et al., 2000; Larsen et al., 2010; Rao and Pendurthi, 2005). Since these cells express
both fVII and PAR2, the ability of fVII alone to bind to PAR2 in the absence of TF was
examined. Therefore, MDA-MB-231 TF knockout cells were used to examine the association
between fVII and PAR2 proteins in the absence of TF (Figure 5.5). PLA analysis of the
association of fVII with PAR2 in MDA-MB-231 TF KO cells showed a 60% reduction

compared to that in the wild-type cell (Figure 5.7). This finding agrees with the data from
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previous chapter (Figure 4.22) which showed that the addition of exogenous fVIla to HCAEC,
which do not normally express TF, did not result in PAR2 activation. Therefore, in the absence
of TF, tVII does not appear to be effective in binding or activating PAR2 protein. This suggests
a mechanism by which the cells gauge the amount of the TF they come into contact with, or
that is expressed by the cells, and by which regulate how much TF is released without the

excessive production of MV.

In addition to TF, fVIla is also an essential component of the complex responsible for the
activation of PAR2. In the previous chapter, it was shown that repeated treatment of HCAEC
with recombinant TF decreased the amount of fVII available to the cells (Figure 3.24).
Furthermore, the magnitude of these reductions was accounted for by the amount of fVII that
was released in MV (Figure 3.25). The repetitive treatment with TF caused a depletion of
cellular fVII reserves in HCAEC. Consequently, the activation of PAR2 resulting in TF release
within MV became impaired. To examine the hypothesis that TF is required as part of complex
with fVII to activate PAR2, the expression of fVII was supressed in MDA-MB-231 cells using
siRNA and the outcome on association of TF and PAR2 examined by PLA. The suppression
of fVII expression in MDA-MB-231 using siRNA resulted in a significant reduction in the
association of PAR2 and TF indicating the importance of TF-fVIla complex formation for the
interaction with PAR2. This was further supported by the supplementing the fVII-knock down
cells with exogenous fVIIa which partially restored the interaction of TF and PAR2 (Figure
5.4). These data indicate that the source of fVII is derived from the treated cells which agrees
with the result from previous chapter which showed that HCAEC can also express fVII protein
(Figure 3.23 and 3.24). In addition, it was shown in the previous chapter that the stimulation
of HCAEC with TF resulted in exposure of fVII protein on the cell surface. However, the
cellular location of the source of fVII is undetermined. It has been suggested by Mandal et al.

(2005) and Awasthi et al. (2006) that fVII can associate with the caveolae. This accounts for

208



the rapid exposure of fVII following the cell activation which also rules out the de novo
expression of fVII, or the endvesicular transport of the fVII from the golgi apparatus.
Therefore, the association of fVII and caveolin-1 in HCAEC, which lack TF, was examined
before and after the addition of recombinant TF. Analysis of the cells using PLA indicated the
presence of fVII in caveolae in resting HCAEC. This association between fVII caveolin-1 was
significantly reduced at 10 min following the incubation of the cells with TF. Interestingly, a
recovery in the association between fVIla and caveolin-1 was observed on incubation with 2
U/ml TF but was absent at lower concentration of 0.5 U/ml. This agrees with the hypothesis
that fVII is released from its source in caveolae following cellular contact with TF to allow the
activation of PAR2 and release of MV. At lower TF concentration, the release of MV is
sufficient to dispose of the cell surface TF while at the higher concentrations a secondary
mechanism of TF clearance through the caveolae endocytosis is initiated. Furthermore, an
enhancement in the association between fVIla and caveolin-1 was observed following 40 min
incubation with 4 U/ml TF (Figure 5.8). This further suggests that the release of TF within MV
is limited and exhaustible and therefore any excess TF have to be cleared by another

mechanism.

Following the prolonged exposure of cells to TF such as during chronic inflammatory diseases,
the depletion of reserves of fVII results in excessive amounts of TF which cannot be cleared
through the release of MV. Therefore, an alternative cellular mechanism involving endocytosis
through the caveolae mange the excessive amounts of TF. As stated before, caveolae are cable
of harbouring proteins such as TF (Mandal et al., 2005; Awasthi et al., 2006). To examine the
hypothesis that this mechanism allows further clearance of TF, the association of TF with
caveolin-1 in HCAEC was examined. PLA analysis of the samples showed an association
between the supplemented TF and caveolin-1 following 40 min incubation (Figure 5.9) which

was also TF concentration dependent. To further consolidate these finding, the
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association/localisation of the exogenous TF with cholesterol-rich lipid rafts was examined.
Data obtained using confocal microscopy revealed that increasing amounts of Texas Red-
conjugated TF co-localised within cholesterol rich domain/lipid rafts within 40 min of
supplementation (Figure 5.13). These findings are also in agreement with a study conducted
by Awasthi et al. (2006) who used specific antibodies to TF and caveolin-1 to demonstrate the
co-localisation of cellular TF with caveolae. In addition, it was hypothesised that the regulation
of TF on the cell surface is essential to prevent the pro-apoptotic influence of TF on cells. To
explore the consequence of preventing the clearance of TF from the cell surface, the formation
of caveolae in HCAEC was disrupted by cholesterol depletion using MBCD prior to the
addition of recombinant TF. It was envisaged that by removing the cholesterol, TF would
remain active and capable of signalling through PAR2. Pre-treatment of cells with MBCD prior
to the addition of recombinant TF resulted in a MBCD-concentration dependent reduction in
cell numbers compared to the recombinant TF alone reaching a maximum of 16% on pre-
incubation with 5 mM MPBCD (Figure 5.14). This result agrees with the study conducted by
Dietzen et al., (2004) which suggested that removing cholesterol from the cell membrane could
also enhance the procoagulant activity of TF. Therefore, the association of TF with caveolae
may also result in the storage of TF in an encrypted form devoid of any procoagulant or

signalling activities.

In conclusion, the regulation of the amount of active TF on the cell surface is mediated through
two separate mechanisms. The incorporation and release of TF within MV constitutes the
primary means of disposing excess TF and is dependent on complex formation with fVIIa and
PAR?2 activation. Consequently, this mechanism is dependent on the amounts of fVIIa and MV
available to the cell. The alternative mechanism clears any unreleased TF through caveolae-
mediated endocytosis and this mechanism is also dependent on TF-fVIla complex formation.

Therefore, although the cells respond to acute exposures to varying amounts of TF through
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these mechanisms, the long-term exposure of cells to TF during chronic inflammatory
condition results in the exhaustion of the cellular potential to manage TF activity. This in turn
can give rise to impairment of cellular functions such as the vascular endothelial cell

denudation associated with chronic diseases.
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Chapter 6

Discussion
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6.1 General discussion

In the course of this study, the ability of cells to cope with excess TF and avoid the associated
detrimental effects were investigated. The exposure of TF at the site of injury initiates the
coagulation mechanism which prevents excessive bleeding (Lasne et al., 2006; Owens and
Mackman, 2010). However, the ability of TF is not limited to initiating the coagulation system
and growing evidence demonstrates that TF can induce multiple cellular signalling mechanisms
(Rao and Pendurthi, 2005; Ruf et al., 2011; Zelaya et al., 2018). It is postulated that TF
possesses the dual functions of instructing cells to divide (Cirillo et al., 2004; Pradier and
Ettelaie, 2007) or become apoptotic (Pradier and Ettelaie, 2007; Frentzou et al., 2010; ElKeeb
et al., 2015; Ethaeb et al., 2019). Having these two, contrasting, activities may be crucial in
distinguishing between viable and irreparably injured cells essential for precise vascular

homeostasis.

In addition, the functional properties of TF appear to be replicated in TF-bearing MV, which
may be released into the bloodstream from various sources. These MV may also contain a
complement of negatively charged phospholipids (Morel et al., 2006; Freyssinet and Toti,
2010; Gardiner et al., 2015; Date et al., 2013; Hron et al., 2007; Thaler et al., 2014; Auwerda
et al., 2011) and functional fVIIa (Yokota et al., 2009; Koizume et al., 2006; Featherby et al.,
2019). Furthermore, MV-associated TF can be acquired and internalised by vascular and blood
cells (Losche et al., 2004; Escolar et al., 2008; Collier et al., 2013; Osterud and Bjorklid, 2012)

and may in turn be beneficial, or detrimental to cells (Widlansky et al., 2003).

The current study aimed to examine the processes involved in gauging the level of injury and
determining the fate of the cells. One important factor is the amount of TF that cells come in
contact with, but this this study has also investigated the hypothesis that different ratios of

fVII/fVIIa and TF within MV mediate different functional outcomes in cultured primary
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endothelial cells. For the first time, this study showed that the ratio of fVIIa:TF in MV is a
determining factor driving endothelial cell proliferation or apoptosis. This was demonstrated
by incubation of HCAEC with a combination of purified fVIla and recombinant TF which
resulted in different cellular outcomes, depending on the fVIIa:TF ratio. This was also reflected
in the outcome of incubation of endothelial cells: whilst MV derived from HepG2 (54:1) and
MCF-7 (38:1) cells, which contained high ratios of fVIIa:TF, had proliferative effect, MV
derived from 786-O cells (10:1) were pro-apoptotic. However, no significant influence on
proliferation or apoptosis were observed with MV derived from MDA-MB-231 (34:1) and
BxPC-3 (16:1) cells, which had relatively low levels of TF which demonstrated both the
fVIL:TF ratio and the concentration of TF are critical factors. These observations are in
agreement with previous studies showing that incubating cardiomyocytes with low
concentrations of TF induced proliferation, while high TF concentrations caused apoptosis, but
the fVIIL: TF ratio were not measured (Pradier and Ettelaie, 2007; Frentzou et al., 2010; ElKeeb

et al., 2015; Ethaeb et al., 2019).

To investigate the mechanism by which the ratio of fVIla: TF is a determinate of the fate of the
cells, the role of fVIIa was examined further. The effects of MV on cell proliferation and
apoptosis appear to require the proteolytic activity of fVIla, since blocking of fVIla by an
inhibitory polyclonal antibody prevented both these outcomes. Similarly, Cirillo et al. (2004)
reported that blocking of the active site of fVIla prevented the proliferative stimulatory function
of fVIla when added to smooth muscle cells. Moreover, in order to induce cell signalling, fVIla
is required to form a complex with TF (Serensen et al., 1999; Cirillo et al., 2004; Rao and
Pendurthi, 2005). TF-fVIIa complex is then capable of approaching and activating of PAR2 on
the cell surface. In fact, adding purified fVIla alone did not significantly promote proliferation
or apoptosis in HCAEC (Figure 3.12). Furthermore, the proximity between PAR2 and fVIla

observed in wild-type cells was not detectable in MDA-MB-231-TF KO cells that were
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deficient in TF (Figure 5.7). The pro-apoptotic influence of cancer cell-derived MV was
prevented by pre-incubating the MV with an inhibitory antibody against TF that blocks fVIla
binding (HTF1) (Tripisciano et al., 2017), but not with an antibody that blocks TF signalling
(10H10) (Versteeg et al., 2008). Therefore, TF appears to induce apoptosis and proliferation in

endothelial cells through procoagulant signalling, which requires an association with fVIla.

As mentioned above, PAR2 is a target for TF-fVIla complex on cell surface. PAR2 signalling
can induce either cellular proliferation (Hu et al., 2013) or apoptosis (Ethaeb et al., 2019).
PAR?2 can be activated by fVIla alone as well as the TF-fVIla complex (Vergnolle et al., 1999;
Rothmeier and Ruf, 2011; Zhao et al., 2014; Benelhaj et al., 2019). Therefore, it was envisaged
that the mechanism for inducing apoptosis or proliferation in endothelial cells via MV-
associated TF-fVII complex could be mediated by PAR2. To demonstrate this association, the
blocking of PAR2 in endothelial cells with the SAM11 antibody was shown to abolish both the
proliferative and the pro-apoptotic effects of MV, indicating that PAR2 activation is required
for both. However, activation of PAR2 by incubating with an activating peptide, concurrent
with the addition of the MV also did not result in the pro-apoptotic outcome of cancer cell-
derived MV on the endothelial cells. This observation is consistent with a previous study
suggesting that the activation of PAR2 using PAR2-AP can prevent cellular apoptosis in
colonic epithelial cells (Iablokov et al., 2014). However, rapid activation of PAR2 due to high
fVIIa:TF activity appears to lead to HCAEC de-sensitisation and suggests that inducing
apoptosis in endothelial cells requires controlled PAR2 activation (Ettelaie et al., 2012; Ethaeb
et al., 2019). This was further evident by the maximal activation levels of cells apoptosis being
achieved at 0.05 nM using 786-0O cell-derived MV, whereas higher concentrations were less
effective. Further analysis of cell-surface PAR2 indicated the possible endocytosis of the
receptor as an explanation for the desensitisation, following rapid activation by TF-fVIla

complex or by PAR2-AP.
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However, incubation of endothelial cells with recombinant TF alone caused significant levels
of cellular apoptosis (Figure 3.12) and since fVIla is pre-requisite to the induction of apoptosis,
this suggests that cells have an alternative source of fVII. Examination of fVII expression by
endothelial cells revealed that only approximately 20% of the antigen is presented on the
surface of resting cells (Figure 3.22). High levels of fVII/fVIIa were associated with caveolin-
1 as detected using PLA. Interestingly, these cells responded to stimulation with recombinant
TF, or PAR2 activation by exposing significantly increased levels of fVII on the cell surface
(Figures 3.22 and 3.23). Therefore, endothelial cells may respond to the stimulatory signals
arising from injuries or trauma by altering the fVIIa:TF ratio to counter the pro-apoptotic
influence of excess TF. It suggests that endothelial cells may express fVII/fVIla as a defence
mechanism against the apoptotic effects of TF, since fVIla binds to TF and promotes the release
of excess TF within MV (Figures 3.24 and 3.25). In fact, the addition of exogenous fVIla
rescued endothelial cells from any MV-induced apoptosis and promoted proliferation instead
(Figure 3.14). Moreover, repeated exposure of endothelial cells to TF resulted in depletion of
cellular fVII reserves (Figures 3.24 and 3.25). This compromise in endothelial cell function
implies that eventually the cellular response becomes insufficient to maintain cell survival.
Therefore, repeated exposure to TF-positive MV, for example during chronic diseases, may
potentially exhaust the ability of endothelial cells to counter the pro-apoptotic function of TF

resulting in cell death.

As stated above, in addition to its signalling function in proliferation and apoptosis (Darmoul
et al., 2004; Hu et al., 2013; Ethaeb et al., 2019), PAR?2 is also capable of inducing MV release
which contain TF (Collier and Ettelaie, 2011; Ettelaie et al., 2012; Das et al., 2018). Therefore,
the second part of this study focused on the relationship between MV release and PAR2
activation. TF and fVIla expression by cancer cells can result in the formation of the TF-fVIla

complex on the cell surface, which in turn promotes PAR2 auto-activation, and enhances
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PAR2-initiated signalling (Ungefroren et al., 2017). The cDNA for PAR2 was cloned and
expressed as a hybrid protein, in tandem with either mCherry or mEmerald tags. Proteolytic
digestion of PAR2 resulted in the release of the fluorescent group into the media, which was
measured using a fluorescence plate reader. Cell lines that expressed relatively high levels of
TF, such as BxPC-3 and MDA-MB-231, showed a high percentage of PAR2 activation and
high levels of MV release. In contrast, cell lines with low TF expression levels demonstrated
low PAR2 activation and released fewer MV, in agreement with previous studies (Ettelaie et
al. 2016). Therefore, these findings support the hypothesis that cells attempt to dispose of
excess cellular TF by releasing it within MV, which may otherwise become detrimental (Figure
6.1). Accumulation of TF by endothelial cells has been shown previously to promote cell

apoptosis (Ethaeb et al. 2019; Elkeeb et al. 2015).

Earlier studies by the group have on the whole concentrated on the examination of MV release
as aresult of PAR2 activation by an exogenous stimulus, such as PAR2-AP or trypsin (Ettelaie
et al., 2012; Collier and Ettelaie, 2011; Das et al., 2018; Featherby et al., 2019). The released
MYV carry content that is derived from source cells and therefore mediates a range of outcomes
on the surrounding tissue. Vascular endothelial cells are amongst the cells with the greatest
exposure to any circulating MV (Lovren and Verma, 2013), therefore this study examined the
influence of cancer cell-derived MV on the activation of PAR2, present on the surface of
HCAEC. MV carrying high ratios of fVIIa:TF were more efficient in activating PAR2 in
recipient endothelial cells as expected. Therefore, it is proposed that the amount of fVIla and
TF carried by MV also determines the rate of PAR2 activation. Furthermore, consistent with
this hypothesis, MV purified from the 786-O cell line, which carry low concentrations of fVIla
but high TF levels, demonstrated low potential for PAR2 activation in endothelial cells. These
results further demonstrate that both fVIla and TF levels contribute to the potential of cancer

cell-derived MV to activate PAR2 in recipient cells.
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In turn, the amount of fVIIa and TF present on the surface of the cells determines the ability of
the cells to regulate the TF with which the cells come into contact. Consequently, given the
significant differences in MV from various sources the analysis of circulating MV in patients
with diabetes, hypertension, myocardial infraction, or cancers may potentially provide new
disease biomarkers (Badimon et al., 2017; Silambanan et al., 2019; Atehortta et al., 2019). For
example, high levels of circulating procoagulant MV are thought to cause endothelial
dysfunction (Boulanger et al., 2001; Badimon et al., 2017; Silambanan et al., 2019) leading to
endothelial denudation and atherosclerotic disease conditions (Davignon and Ganz, 2004;

Atehortta et al., 2019).

A second possible mechanism of coping with excess TF appears to involve endocytosis by the
cells. Although MV release is sufficient to dispose of lower concentrations of cell-surface TF,
it appears that a secondary TF clearance mechanism involving caveolar endocytosis is utilised
in response to higher TF concentrations. Following prolonged exposure of cells to TF, as during
chronic inflammatory diseases, the depletion of fVII reserves may result in excess TF that
cannot be cleared by releasing MV, thereby initiating the alternative cellular mechanism
involving endocytosis through caveolae. Several studies have shown that MV-associated TF
can be endocytosed by recipient cells such as endothelium (Collier et al., 2013; del Conde et
al., 2005; Osterud and Bjorklid, 2012). As well as being a source of fVII, caveolae can harbour
proteins, including TF (Mandal et al., 2005; Awasthi et al., 2006). Furthermore, Mandal et al.
(2005) reported that the internalised TF in fibroblasts was functionally inactive, suggesting that
the association of TF with caveolin-1 may result in storage of TF in an encrypted form that is
devoid of either procoagulant or signalling activities. To examine the hypothesis that the
caveolar endocytosis mechanism facilitates further TF clearance, the association of TF with
caveolin-1 in HCAEC was examined. PLA and other microscopy co-localisation studies

showed the concentration-dependent association between exogenous TF and caveolein-1, as

218



well as with cholesterol rich membranous lipid rafts which occurred within 40 min of addition.
This is in agreement with the data reported by Awasthi et al. (2006) who showed the co-
localisation of cellular TF with cholesterol rich domain. Moreover, Mandal et al. (2005) earlier
reported that the internalisation of TF by fibroblasts requires the complex formation between

TF and fVlIla.

As stated above, fVII may associate with caveolae (Mandal et al., 2005; Awasthi et al., 2006),
which could explain the rapid exposure of fVII following stimulation of cells with exogenous
TF (Figure 3.22). Analysis of resting HCAEC by PLA further indicated the association of fVII
with the caveolae. This association was significantly reduced after incubation of the cells with
recombinant TF for 10 min. Interestingly, the association of fVII with caveolae recovered
following addition of 2 or 4 U/ml TF, but not 0.5 U/ml TF (Figure 5.8). Therefore, these
findings suggest that fVII is released from caveolae on the cells upon contact with TF activating
PAR?2 and the releasing the fVIIa-TF complex within MV. However, at higher concentrations
of TF, the second mechanism is initiated and the excess TF which cannot be released within
the MV is returned as the fVIla-TF complex to the caveolae to be retained in a latent form. To
explore the consequences of preventing the clearance of TF from the cell surface, caveolae
were disrupted in HCAEC using MBCD before the addition of recombinant TF. Previously,
Dietzen et al. (2004) demonstrated that the removal of cholesterol from the cell membrane
enhanced the procoagulant activity of TF. Pre-treatment of cells with MBCD before the
addition of recombinant TF resulted in a concentration-dependent reduction in cell numbers
compared to treatment with recombinant TF alone (Figure 5.14). Therefore, upon disruption of
caveolae, high concentrations of cell surface TF remaining active on the cell surface, together
with enhanced PAR2 signalling, are likely to promote cellular apoptosis. Therefore, the
caveolae mediated internalisation of TF acts as alternative mechanism to counter both the

procoagulant and the pro-apoptotic effects of TF on cells (Figure 6.1).
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During normal physiological conditions, the body responds to injury by releasing TF in order
to initiate clotting and preventing blood loss, which is crucial for homeostasis and cell repair.
In addition, cells regulate the excess amount of cell-surface TF through either MV release, or
by endocytosis. However, in disease conditions, repeated exposure to MV-associated TF
(Boulanger et al., 2001; Badimon et al., 2017) overwhelms the ability of cells to regulate TF
by depleting the fVII from the cells which then, results in the retention of TF on the cell surface.
This in turn promotes both cell death and thrombosis. The outcomes of the exaggerated TF
activities are clearly manifested in cardiovascular diseases as the enhanced denudation of
endothelium and promotion of myocardial infraction (Steffel et al., 2006), and also in the
promotion of VTE in cancer patients (Manly et al., 2011). Although this study clearly
demonstrated two separate mechanisms by which cells deal with excess amount of TF, the
effectiveness and relative contribution of each was not determined. The maximal levels of MV
release by a panel of cancer cell lines was determined to be approximately 30 min following
PAR2 activation (Ettelaie et al., 2016). In addition, the co-localisation of TF within
caveolae/lipid rafts appeared to occur at 40 min post-stimulation. Similarly, Collier et al. (2013)
demonstrated a reduction in TF activity on the surface of endothelial cells at 30 min as a result
of TF being endocytosed. Collectively, it may be speculated that the mechanism of MV release
may precede those of endocytosis. However, the similarity in timeframes of these mechanisms
suggests a concurrent initiation of the regulation of cell-surface TF. Additional experiments
based on blocking each mechanism separately would be needed to clarify the effectiveness,
inter-dependence and importance of each mechanism. Furthermore, a study of the alterations
in the resultant signalling mechanisms arising from the release, or endocytosis of TF may be
discerning in the understanding of differences that lead to the promotion of cell apoptosis or
proliferation. Finally, since the mechanisms of proliferation and apoptosis both involve the

activation of PAR2 and the activities of TF and fVIla on cell surface, it will be of interest to
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investigate the difference in cell signalling arising from excess TF, that promote either progress
through cell cycle or alternatively its arrest. Such studies can be carried out by examining the
activities of various cell cycle regulators and pro-apoptotic proteins, as before (Pradier and

Ettelaie, 2007; Frentzou et al, 2010).

In conclusion, the results from this study propose the existence of two distinct mechanisms of
regulation of active TF levels on the cell surface (Figure 6.1). The incorporation and release of
TF within MV appears to be the primary means of disposing of excess TF. This process is
dependent on activation of PAR2 which itself requires the formation of a complex between
fVIla and TF. This process is affected by the amounts of fVIIa and MV available to the cell.
The alternative mechanism clears unreleased TF through caveolae-mediated endocytosis in a
manner that is also dependent on TF-fVIla complex formation. Although cells respond to acute
exposure to TF through these mechanisms, cells exposed to TF over prolonged periods in
chronic inflammatory conditions exhaust their ability to manage TF activity. This can impair

cellular function, as is the case for vascular endothelial cell denudation in chronic disease.
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Figure 6. 1 Postulated cellular mechanisms for the management of excess TF
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Cells can use either of two mechanisms to manage cell-intrinsic excess TF or TF endocytosed
from the extracellular environment. The first mechanism is the release of TF within MV, which
requires PAR2 activation (A). The second mechanism is the localisation and encryption of TF
within caveolae/lipid rafts (B). The fVIIa:TF ratio influences the degree of PAR2 activation
and determines the induction of cell proliferation or apoptosis. The figure was created using

BioRender.com
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