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Abstract

Atherosclerosis is a progressive inflammatory disease, characterized by
accumulation of fatty deposits and degenerative material in the wall of arteries
forming a growing atheromatous plaque that upon rupture may cause
thrombosis. An essential step in atherosclerosis progression is monocyte
recruitment to the inflamed vessel wall and subsequent uptake of fats that upon
apoptosis contribute to further inflammation. Increased levels of PEV have been
reported to circulate in atherosclerosis patients, suggesting that they possibly

contribute to disease development.

We demonstrated that PEV are released from platelets upon activation
through various routes. PEV contain adhesion receptors such as GPIb and GPIIb
and may also contain a mitochondrion. In vitro platelet activation in the blood
results in PEV release that preferentially form aggregates with monocytes.
Monocytes can internalize PEV through various endocytic mechanisms. PEV
aggregation with monocytes was functional as monocytes that had aggregated
with PEV exhibited increased recruitment to the carotid endothelium in mice
with established atherosclerosis in vivo. We also generated and characterized a
new mouse model, which is athero-prone and inducible of platelet clearance.
This mouse will help elucidate the acute and chronic effects of injected PEV in

atherosclerosis, independently of platelets.

Our observations are important because they have identified a novel
thrombo-inflammatory pathway of leukocyte recruitment to the vessel wall, that

may be relevant in atherosclerosis.
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1. GENERAL INTRODUCTION



1.1 Atherosclerosis

Atherosclerosis is a progressive inflammatory disease, characterised by
accumulation of fatty deposits and degenerative material in the wall of arteries forming
a growing atheromatous plaque that upon rupture may cause thrombosis (Libby et al.,
2011). It constitutes the primary cause of heart disease and stroke, accounting for 50 %

of all deaths in the western world (Lusis, 2000).

Development of Atherosclerosis

Healthy artery walls consist of three layers. The innermost layer, the tunica
intima, is lined by a monolayer of endothelial cells that is in direct contact with the
blood and a sheet of elastic fibres, the internal elastic lamina underneath that contains
extracellular connective tissue matrix. The middle layer, the tunica media, consists of
smooth muscle cells (SMCs) in a complex extracellular matrix. The outermost layer, the
adventitia, contains connective tissue, mast cells, nerve ending and microvessels.

Atherosclerosis is initiated by lipoprotein accumulation and aggregation with
matrix and collagen fibrils in the subendothelial matrix of the intima. The next step in
atherosclerosis progression involves monocyte recruitment at the inflammatory site.

Leukocyte recruitment is a physiological response in the event of infection and
inflammation. Leukocytes are recruited at the site of inflammation by traversing the
endothelium (Fig.1.1). In atherosclerosis, the endothelial cells get activated and
upregulate expression of L-, P- and E-selectins and intercellular adhesion molecules
(ICAMs), such as ICAM-1 (Borregaard, 2010; Galkina and Ley, 2007; Johnson-Tidey et
al, 1994). These adhesion molecules are recognised by the P-selectin glycoprotein
ligand-1 (PSGL-1) and L-selectin on the surface of leukocytes that mediate capture from

flow. Sequential formation and dissolution of these bonds under the shear forces



generated by blood flow results in rolling adhesion along the luminal endothelial cells
(Kansas 1996; McEver and Cummings, 1997). This initial interaction results in the
activation of the B2 integrins lymphocyte function-associated antigen 1 (LFA-1) and
Macrophage-1 antigen (Mac-1) on the leukocyte which then bind to the ICAM-1
immunoglobulin receptors of the endothelium; leading to arrest of rolling and “firm
adhesion” (Woollard and Geissmann, 2010; Yago et al., 2010; Mueller et al., 2010; Ley et
al, 2007; Campbell et al., 1998). After firmly adhering, the leukocyte then crawls on the
endothelial surface until it finds an endothelial cell junction, which it uses to
transmigrate in a process depending on 32 integrins and ICAM molecules (Ley et al,,
2007; Phillipson et al,, 2006). Having crossed the endothelial barrier, the leukocyte

continues its journey towards invading pathogens by following chemotactic gradients.

Following recruitment in the artery wall, monocytes mature into macrophage
with the aim to clear the accumulated lipoprotein in atherosclerosis. Upon uptake of
fats, macrophages become foam cells. With time, foam cells die liberating their contents
into the necrotic core of the lesion (Fig. 1.2). The lesion progresses with the migration
of SMCs from the media to the intima and secretion of fibrous elements such as collagen,
elastin and proteoglycans that contribute to plaque build up. SMC may also die like foam
cells further increasing the size of the lesion, which initially expands towards the
adventitia but as the lesion advances it starts to expand into the lumen of the vessel,
occluding blood flow (Fig. 1.3). Advanced lesions also contain cholesterol crystals and
microvessels. Monocytes keep getting recruited in the vessel wall at all stages in
atheroma formation in order to clear the degenerative material but instead they keep
dying further worsening the plaque. (Libby et al, 2011) In the event of a physical

disruption that breaks the plaque’s fibrous cap, coagulation factors and platelets in the



blood may come into contact with tissue factor and other pro-thrombogenic agents in

the lesion, triggering thrombosis (Fig. 1.4).

Figure 1.1. The Leukocyte recruitment cascade.

Leukocytes from blood are recruited at the sites of inflammation by traversing the
endothelium in a process that involves tethering to the endothelium, followed by rolling
along the surface, leukocyte firm adhesion and activation, mediated by different
selectins and integrins such as p-selectin, PSGL-1, ICAM-1, Mac-1 and LFA-1. Upon
transendothelial migration, leukocytes are attracted towards invading pathogens by
chemotaxis.



Figure 1.2. Monocyte recruitment in atherosclerosis and foam cell formation

Atherosclerosis is initiated by accumulation of lipids in the innermost layer of the artery
wall, the tunica intima, causing inflammation. The monocyte is recruited at the
inflammatory site by traversing the endothelium, it differentiates into a macrophage
and then, with the uptake of lipid it becomes a foam cell.

Atherosclerosis occurs near bifurcations or in curvatures of arteries where there
is oscillatory or low wall shear stress i.e. bidirectional or low frictional force imposed on
the endothelium by the flowing blood (Pedersen et al, 1999; Chiu et al, 2011;
Chatzizisis et al., 2007; Andreou et al., 2015). The risk factors for cardiovascular disease,
as defined by the American Heart Association, include smoking, obesity, lack of exercise,

poor diet, high blood cholesterol, high blood pressure and high blood glucose.



Figure 1.3. SMC migration and proliferation in atherosclerosis

Lesion progresses with the migration of smooth muscle cells from the media layer to the
intima and increased synthesis of collagen and other ECM macromolecules, in order to
provide extra support to the vessel wall. With time, foam cells die bursting their
contents out, contributing to inflammation. SMC can die as well, further inflaming the
artery wall. Advancing lesions also contain crystalised cholesterol. The size of the
plaque increases and starts to extend into the lumen of the artery, limiting blood flow.

Once blood endothelial cells encounter oscillatory or low shear stress, they up-
regulate expression of cellular adhesion molecules on their surface such as monocyte
chemotactic protein-1 (MCP-1), also called chemokine (C-C motif) ligand 2 (CCL2)
which causes monocyte recruitment in the arterial wall (Chien, 2003; Chien, 2007; Hsai
et al., 2001; Hsai et al,, 2003; Hwang et al.,, 2003a; Li et al., 2005; Shyy et al., 1994; Shyy
et al., 1995) and platelet-derived growth factors (PDGFs) that promote endothelial cell
growth and migration of smooth muscle cells into the sub-intimal space (Kraiss et al.,
1996; Malek et al., 1993; Wilcox et al., 1988). On the contrary, at the straight parts of the

arteries where there is sustained laminar blood flow and high shear stress, the above



genes are down- regulated and endothelial growth-arrest genes are favored instead
(Berk, 2008; Chien, 2003; Chien, 2007; Hsai et al., 2003; Hwang et al., 2003b; Li et al,,

2005; Malek et al.; 1993; Traub et al., 1998).

Figure 1.4. Pathological thrombosis upon atherosclerotic plaque rupture

A physical rupture of the plaque’s fibrous cap, brings the blood coagulation components
in contact with tissue factors in the plaque’s interior which triggers the formation of a
thrombus that may occlude blood flow completely.

Low endothelial shear stress results in the development and progression of
atherosclerosis through a variety of mechanisms; a) by attenuating nitric-oxide (NO)-
dependent atheroprotection, b) by promoting LDL uptake, synthesis and permeability,
c) by promoting oxidative stress, d) by promoting inflammation, e) by promoting
vascular smooth muscle cell migration, differentiation, and proliferation, f) by ECM

degradation in vascular wall and plaque fibrous cap, g) by attenuating ECM synthesis in



vascular wall and plaque fibrous cap, h) by increasing plaque thrombogenecity and i) by

affecting atherosclerotic wall structure. These mechanisms are described below.

Attenuation of Nitric-oxide (NO)-dependent atheroprotection

Nitric oxide, a major regulator of vascular tone (Palmer et al., 1987), possesses
major anti-atherosclerotic properties. It down-regulates expression of both the
monocyte chemoattractant peptide-1 (MCP1) and the vascular cell adhesion molecule-1
(VCAM1), inhibits lipid oxidation, inhibits vascular smooth muscle proliferation,
prevents platelet aggregation and inhibits expression and action of matrix
metalloproteinases (MMPs) (Cai and Harrison, 2000; Wang et al., 2005; Chen and Wang,

2004; Upchurch et al.,, 2001; Akool et al., 2003).

Physiologic shear stress continuously stimulates NO production by the blood
endothelial cells (Lam et al., 2006; Go et al., 2001). However, in conditions of disturbed
flow, low shear stress results in the decrease of NO available by limiting eNOS mRNA
and protein expression, ultimately leading to decreased atheroprotection (Gambillara et

al,, 2006; Cheng et al., 2005).

Low-density lipoprotein (LDL) uptake, synthesis and permeability

Low shear stress results in sustained activation of sterol regulatory element-
binding proteins (SREBPs) in endothelial cells in a beta (1)-integrin-dependent manner.
SREBPs cause up-regulation of low-density lipoprotein receptor (LDLR), cholesterol
synthase and fatty acid synthase (Liu et al., 2007), resulting in uptake and synthesis of
LDL by endothelial cells, ultimately contributing to sub-endothelial accumulation of LDL

(Chien, 2003).



Low shear stress also enables endothelial cells to change shape from fusiform to
polygon, resulting in wider junctions between adjacent cells (Malek et al., 1999; Chien,
2003). This low shear stress-associated gap formation makes endothelial cells more
permeable to LDL, contributing to further sub-endothelial accumulation of LDL (Traub

and Berk, 1998; Himburg et al., 2004).

Oxidative stress

Once LDL particles get access to the subendothelium, they associate with intimal
proteoglycans and undergo oxidative modification (Ross, 1999; Hansson, 2005). Low
shear stress results in reactive oxygen species (ROS) production in the artery wall that
then oxidise LDL, by endothelial upregulation of gene expression of major oxidative
enzymes such as NADPH oxidase (Harrison et al.,, 2006; Hwang et al., 2003; McNally et
al, 2003). In addition, animal studies have shown that the extracellular group Ila
phospholipase A2 (sPLA2) can also contribute to LDL oxidation and atherosclerosis
progression (Ivandic et al., 1999).

Inflammation

Another consequence of low shear stress is increased recruitment of circulating
inflammatory cells (monocytes, T-lymphocytes, mast cells, eosinophils, dendritic cells)
into the arterial wall. Increased infiltration of these cells is mainly due to activation of
nuclear factor-kappa 8 (NF-kB), which leads to the up-regulation of various endothelial
genes downstream of it. These genes encode adhesion proteins e.g. vascular cell
adhesion molecule (VCAM-1), intercellular adhesion molecule (ICAM)-1 and E-selectin;
chemotactic proteins e.g. monocyte chemoattractant protein (MCP)-1, pro-
inflammatory cytokines e.g. tumor necrosis factor (TNF)-a, interleukin (IL)-1 and

interferon (IFN)-y and growth factors such as the macrophage colony-stimulating factor
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(M-CSF) that stimulates macrophage proliferation, differentiation and scavenger
receptor expression (Watson et al., 1997).

Oxidised LDL also modulates inflammation by inhibiting endothelial synthesis of
nitric oxide (Wang et al., 2011). Oxidized LDL is rapidly taken up by macrophages to
form foam cells. LDL modified by myeloperoxidase binds to macrophage scavenger
receptors such as CD36 and SR-A (Podrez et al., 2000; Suzuki et al.,, 1997; Febbraio et al.,
2000). Absence of these receptors results in a reduction in the size of atherosclerotic
plaques. Activity of these receptors is controlled by the transcription factor PPARy and
by various cytokines such as TNFa and IFNy (Tontonoz et al., 1998). Sphingomyelinase
on the other hand hydrolyzes the sphingomyelin of LDL and promotes LDL retention
and aggregation, this way enhancing macrophage uptake (Marathe et al., 1999).

Vascular smooth muscle cell (VSMC) migration, differentiation and proliferation

Under conditions of disturbed flow, endothelial cells over-express various
growth factors such as platelet-derived growth factor (PDGF) and vascular endothelial
growth factor (VEGF) (Malek et al., 1999; Palumbo et al., 2002) that attract VSMC from
the media to the intima layer and stimulate their proliferation (Jones et al., 2005; Ross,
1999). Once in the intima layer, VSMC start producing extracellular matrix (ECM)
components, such as collagen (Ross, 1999). By time, VSMC and fibroblasts produce a
fibrous cap over the thrombogenic lipid core to keep it away from flowing platelets. The
lipid core along with the associated fibrous cap is what makes up the atherosclerotic
plaques (Stary et al., 1995; Virmani et al., 2000).

ECM degradation and synthesis in vascular wall and plaque fibrous cap

The pro-inflammatory cytokines (TNF-q, IL-1, IFN-y) that are upregulated under

low shear stress conditions, stimulate the secretion of matrix metalloproteinases
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(MMPs) from macrophages, VSMC, T-lymphocytes and mast cells, that degrade the ECM

in the atherosclerotic plaques (Dollery and Libby, 2006).

Apart from increased ECM degradation, there is also decreased ECM synthesis in
vascular wall and plaque fibrous cap in low shear stress conditions, due to inhibition of

collagen production by VSMC, by the IFN-y (Xu et al., 2003).

The fibrous cap is maintained by continuous matrix synthesis and breakdown
that are regulated by inflammatory cells. T lymphocytes secrete gamma interferon that
inhibits matrix production by SMC (Armento et al., 1991). In addition, macrophages
secrete ECM degradative enzymes such as interstitial collagenase, gelatinases and
stromolysin (Henney et al., 1991; Galis et al., 1994; Nikkari et al., 1995).

An important player in fibrous plaque formation is the interaction between the
costimulatory protein CD40 and its ligand CD40L (CD154). These proteins are found on
endothelial cells, SMC, macrophages and T cells and CD40 ligation stimulates synthesis
of cytokines, matrix metalloproteinases and adhesion molecules. Disruption of CD40
engagement with its ligand has lesion progression limiting consequences due to
decreased macrophage recruitment and associated lipid deposition but increased SMC
accumulation and associated ECM on the other hand (Schonbeck et al., 2000).

Plaque Thrombogenicity

During the atherogenic process, the plaque’s core becomes more thrombogenic
with increased expression of TF that triggers coagulation by the endothelium and
macrophages. Synthesis of TF is promoted by the CD40/CD40L signalling pathway and
the oxidization of LDL (Schonbeck et al, 2000). Furthermore, disturbed flow and
underlying low shear stress downregulate the expression of anti-thrombotic agents

such as eNOS and prostacyclin (Ziegler et al., 1998; Qiu and Tarbell, 2000).
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Severe atherosclerosis may lead to thrombosis and associated complications
upon plaque rupture. Whether a lesion will lead to the formation of thrombus depends
primarily on how stable the plaque is, which further depends on the plaque’s
composition. A vulnerable plaque is typically characterised by a thin fibrous cap and a
large number of recruited inflammatory cells.

The vulnerability of the plaque is further affected by the level of calcification and
neovascularization. Calcification in the intima occurs when cytokines such as TGF1 and
oxysteroles stimulate vascular cells that start to express osteoblastic features (Watson

etal., 1994).

1.1.1 The Role of Platelets

Platelets are the smallest of blood cells, having a diameter of just 2-3um (Paulus,
1975). They originate from fragmentation of the megakaryocytes of the bone marrow
and as a result they are anucleate (Machlus et al, 2014). They exist only in the
mammalian blood and their life span in the human is up to 10 days (Leeksma and
Cohen, 1955). Platelet activation, coagulation and resulting thrombus formation are
essential to prevent haemorrhage upon tissue injury, however; in pathological
conditions, these processes may cause thrombotic vessel occlusion such as in
myocardial infarction or ischaemic stroke which may have detrimental effects or even

be fatal (Savage et al., 1998).

The Response of Platelets to Vascular Injury

Any damage to the vascular endothelium that exposes the subendothelial
extracellular matrix (ECM) triggers platelet recruitment at the injured site. Circulating

platelets initially decelerate over the compromised site due to transient interactions
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with the extracellular matrix. These initial interactions trigger platelet activation, which
results in the expression of specialized integrins that then enable firm adhesion of
platelets to the ECM. Activated platelets release agonists that activate more platelets
and start platelet aggregation that seals the wound and prevent further haemorrhage

until wound healing takes place (see Fig. 1.5).

Initial interaction between platelets and the subendothelium is influenced by the
rheological conditions of the blood. In veins and microvessels, where there is low shear
stress, platelets bind directly to exposed collagen, fibronectin and laminin. However
under conditions of high shear stress, such as those in the large arteries, platelet
binding to the subendothelium is achieved indirectly, through binding plasma VWF that

itself rapidly binds exposed collagen (Savage et al., 1998; Jackson et al., 2003).

Platelets initially bind VWF through the platelet receptor GPIba (Sakariassen et
al,, 1986). This binding has a fast dissociation rate; hence it is incapable of mediating
stable adhesion and indeed functions in the same manner as selectins during leukocyte
recruitment, supporting platelet rolling. However, this interaction keeps platelets in
close proximity with the vessel surface, with rolling along the VWF in the direction of
blood flow. The resulting deceleration or “rolling” enables another platelet receptor,
called glycoprotein-VI (GPVI), to interact with exposed collagen. GP VI binds collagen
with low affinity; therefore it is incapable of mediating stable adhesion either. However,
it induces intracellular signaling that activates platelets and transforms platelet
integrins to a high-affinity state. Platelet activation, results in the activation of integrin
receptor allbf3 (glycoprotein IIbllla, GPIIbllla), forming a stable bond with VWF

(Savage et al., 1998; Jackson et al., 2003).
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Figure.1.5. Platelet Recruitment at sites of Vascular Injury

Platelets initially bind to the exposed ECM (collagen) indirectly, through binding with
their GPIb to VWF adhered to collagen. Next, platelet GPVI binding to collagen initiates
platelet activation that causes platelet integrin shift to a high-affinity state. Platelet
activation also leads to extracellular release of soluble agonists such as ADP, ATP and
TxA; that activate additional platelets. Exposed tissue factor stimulates the formation of
thrombin, which contributes to platelet activation. Finally, platelets adhere firmly to
collagen directly through activated azf31 and indirectly through allbf33 binding to VWF
and ensure sustained GPVI signaling and initiation of thrombus growth.

Platelet activation induces the production of various eicosanoids (signalling
molecules made by oxidation of 20-carbon fatty acids) from the arachidonic acid. These
reactions are brought about by the action of the enzyme cyclooxygenase. The various
eicosanoids produced such as thromboxane A2 and different prostaglandins can act as
vasoconstriction agents, contributing to haemostasis. The lipid mediator thromboxane
A2 (TxA?) is also a potent secondary activation signal for platelets reinforcing the initial
GPVI-mediated activation and stimulating adjacent cells through cognate receptors on

the platelet surface (Paul et al., 1999). Platelet activation also contributes to coagulation

by exposure of phosphatidylserine (PS) on the plasma membrane to which coagulation
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factors bind and through which interaction their enzymatic activity is potentiated

(Heemskerk et al., 2005).

Upon coverage of the total injured vessel wall area with a monolayer of platelets,
the next step in thrombus formation is the recruitment of additional platelets which
subsequently aggregate. The different soluble agonists that are produced or secreted
from activated platelets attached to collagen (or to VWF attached to collagen) such as
ADP, thromboxane, epinephrine and thrombin cause passing circulating platelets to
activate as well and then aggregate. These soluble agonists activate platelet GP IIbIlla
through a series of signalling events causing a conformational change which enables it
to bind fibrinogen and free VWF, forming stable bridges between platelets (Savage et al.,

1998).

Platelet activation and aggregation (primary haemostasis) leading to clot
formation is linked to activation of the coagulation cascade (secondary haemostasis)
that leads to fibrin formation from fibrinogen by the proteolytic activity of thrombin.
Fibrin fibrils further strengthen the clot (Furie and Furie, 2005), preventing premature

disaggregation and ensuring effective thrombus formation.

Pathological thrombosis upon atherosclerotic plaque rupture

Platelets were initially thought to have a role in atherosclerosis only in the final
event, which is pathological thrombosis upon atherosclerotic plaque rupture. A physical
rupture of the plaque’s fibrous cap, brings the blood coagulation components in contact
with tissue factors in the plaque’s interior which triggers the formation of a thrombus
that may occlude blood flow completely. However, there is now accumulating evidence

to suggest that platelets are also involved in the initial steps of atherosclerosis a) by
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acting as an adhesive substrate that leads to the recruitment of monocytes to the
surface of the vessel wall, and b) by releasing chemokines that stimulate monocyte

activation and support transendothelial migration. Some examples are given below.

Both granulocytic and mononuclear leukocytes were shown to be able to bind
immobilised, activated platelets from flow via p-selectin (Buttrum et al., 1993; Lalor et

al,, 1995; Bahra and Nash, 1998).

In an in vitro flow-based adhesion assay where secretory smooth arterial smooth
muscle cells (SMCs) were cocultured with endothelial cells, simulating inflammatory
conditions, flowing platelets were able to bind to the activated endothelium and get
activated themselves (platelets do not ordinarily bind to endothelium). P-selectin
expression on the activated platelet was able to preferentially capture flowing
monocytes, this way recruiting them to the endothelium as well. In addition, platelet
factor 4 (CXCL4) release from the activated platelet supported monocyte activation on
the endothelial surface, followed by transendothelial migration (Kuckleburg et al.,

2011).

In the blood of healthy individuals, platelets naturally form aggregates with
leukocytes at low levels (Yip et al.,, 2013). However in different inflammatory diseases
such as diabetes, rheumatoid arthritis, inflammatory bowel disease, atherosclerosis and
athero-thrombotic disease, the incidence of these aggregates is higher and correlates
with the severity of disease (Harding et al., 2004; Joseph et al., 2001; Tekelioglu et al.,
2013; Wrigley et al,, 2013; Furman et al., 1998). Indeed, circulating activated platelets
were found to preferentially bind monocytes in whole blood, forming heterotypic

aggregates that exacerbate atherosclerosis in apolipoprotein-E-deficient mice. These
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activated platelets secreted the chemokines CCL5 (RANTES) and CXCL4 that activate

monocytes and endothelial cells, leading to monocyte recruitment (Huo et al., 2003).

1.1.2 The role of Extracellular Vesicles

Extracellular vesicles are membranous vesicles released from activated cells.
They are present in various biological fluids such as blood (Nieuwland and Sturk, 2007;
Yuana et al., 2010), urine (Miranda et al., 2010; Royo et al.,, 2016), saliva (Xiao and
Wong, 2012), semen (Vojtech et al., 2014), breast milk (Admyre et al., 2007), amniotic
fluid (Asea et al., 2008), ascites fluid (Peng et al., 2011), cerebrospinal fluid (Street et al.,
2012) and bile (Li et al.,, 2014). EV present proteins indicative of their cellular origin and
may also contain different types of genetic material (Valadi et al., 2007). High levels of
EV have been reported in patients with cardiovascular risk factors and after

cardiovascular events (Rautou et al., 2011).

EV are a heterogeneous population in terms of size, density, morphology, cell
origin, organelle origin and composition. Taking these differential characteristics into
account, van der Pol et al., (2012) divided EV into three main types: (a) exosomes, (b)
microvesicles (MV) or microparticles (MP) and (c) apoptotic vesicles (Fig. 1.6). The

classification of these three EV types is shown in Table 1.1.
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Figure 1.6. The three main types of EV.

Transmission electron micrographs of human plasma (A) exosomes, urine (B)
microvesicles and a scanning electron micrograph of (C) apoptotic vesicles released
from human umbilical vein endothelial cells. Edwin van der Pol et al., 2012.

Exosomes are cell-derived vesicles that originate from the endosome (Booth et
al., 2006; Fang et al., 2007; Harding et al., 1983; Lenassi et al., 2010; Pan et al., 1985).
They are released by most cell types and tend to have a diameter of 30-100nm (Escola
et al,, 1998; Heijnen et al, 1999; Raposo et al., 1996; Trams et al,, 1981), a density
between 1.13 and 1.19 g/ml (Escola et al.,, 1998; Heijnen et al,, 1999; Raposo et al,,
1996), they have a “cup” shape (Escola et al., 1998; Heijnen et al., 1999; Raposo et al,,
1996; Andre’ et al., 2004). Based on biochemical studies it was found that exosomes are
made of high levels of cholesterol, sphingomyelin, ceramide and glycerophospholipids
with long and saturated fatty acyl-chains (Subra et al, 2007; Trajkovic et al., 2008;
Wubbolts et al, 2003). Regarding their protein content, exosomes are enriched in

proteins that have a role in membrane transport and fusion such as Rab, GTPases,
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Annexins and flotillin, vesicular trafficking mediators such as Alix and tumour
susceptibility gene 101 (TSG101), stress proteins (hsp70 and hsp90), integrins (e.g. a4)
and tetraspanins such as CD9 and CD63 (Simons and Raposo, 2009; Thery et al., 2009;
Beyer and Pisetsky, 2010; Mathivanan et al., 2010; Bombrie et al., 2011; Chaput and

Thery, 2011; Record et al., 2011; Wubbolts et al., 2003).

Apoptoticbodies Microvesicles Exosomes
Size 0.5-2 um 100-1000 nm 20-100 nm
Density (g/ml) | 1.16-1.28 1.04-1.07 1.13-1.19
Formation cell surface, cell surface, endolysosomal pathway,
outward blebbing  outward blebbing inward endosomal
of apoptotic cell of cell membrane = membrane budding, and
membrane multivesicular bodies
fusion with cell
membrane
Contents nuclear fractions, = RNA, miRNA, RNA, miRNA, other non-
DNA, RNA, miRNA, other non-coding  coding RNA, cytoplasmic
protein, cell RNA, cytoplasmic  protein and membrane
organelles protein and protein, major
membrane histocompatibility
protein, cell complex (MHC)
organelles, lipids
Markers Annexin V Annexin V, origin  integrins (a3, a4, B1, f2),
cell-specific lactadherin, Tetraspanins
markers (CD81,CD82, CDY, CD63),
ESCRT proteins (alix,
TSG101), actin, flotillin,
clathrin

Table 1.1. EV classification

Adapted from Yin et al.,, 2015.
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Microvesicles (MV) or microparticles (MP) are the vesicles released from the
plasma membrane as a result of cell stress or upon cell activation. They can be as small
as the smallest exosomes (Wolf, 1967) but can reach up to 1.0 pm (Thery et al., 2009).
The density of MV is unknown. MV often expose phosphatidylserine (PS), the main
phospholipid component of the cell membrane (Thery et al., 2009; Beyer and Pisetsky,
2010) and they also express transmembrane proteins and receptors and enclose
cytosolic molecules such as enzymes, transcription factors and RNA obtained from their

parent cell (VanWijk et al., 2003).

MV are released from the plasma membrane by shedding/budding that requires
membrane remodeling. When cells are at rest, lipids are unevenly distributed, with
phosphatidylcholine and sphingomyelin concentrated on the outer leaflet of the
membrane and PS and phosphatidylethanolamine located on the inner leaflet (Manno et
al, 2002; Seigneuret et al.,, 1984). This lipid order is maintained by the action of
phospholipid transporters; flippases that transport lipids from the outer leaflet to the
inner, and floppases that move PS from the interior to the exterior leaflet (Daleke,
2003). When cells are activated, this lipid asymmetry is disrupted because PS is
transferred to the external leaflet due to increased floppase action (Bevers et al., 1999;
van Helvoort, 1996). In addition a bidirectional non-specific lipid transporter gets
activated by an influx of Ca?* during cell activation and starts transporting all
phospholipids down their concentration gradient, leading to random distribution
(Bevers and Williamson, 2010). Furthermore, the increase in calcium ions inhibits
flippase activity (Daleke, 2003). Eventually, the random distribution of phospholipids
causes a temporary imbalance between the two leaflets that results in the shedding of

MVs (Freyssinet and Toti, 2010) (Fig. 1.7 & Fig. 1.8).
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Figure 1.7. Change in phospholipid distribution leading to MV formation

(A) Maintenance of the asymmetric distribution of phospholipids in the membrane of a
resting cell, by low cytoplasmic calcium concentration and active flippase enzymatic
activity (B) Loss of the asymmetric distribution of phospholipids in the cell membrane
due to cell activation and associated rise in cytoplasmic calcium level that activates the
floppase and scramblase enzymes, leading to exposure at the outside surface of
phosphatidylserine.
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Figure 1.8. Exosome and MV Formation

Exosomes are generated by the budding of endosomal membranes inwardly. Once the
membranes accummulate, they form multivesicular bodies that travel to the plasma
membrane where they fuse with and secrete the exosomes to the extracellular space.
The transport, fusion and secretion of exosomes is facilitated by ESCRT and Rab
proteins. MV on the other hand, are formed by structural rearrangement of the
cytoskeleton, due to cleavage of actin filaments by enzymes activated by the rise in
cytoplasmic calcium level. The associated loss of the asymmetric distribution of
phospholipids, causes the membrane to budd off and form MV.

EV and cholesterol metabolism

Removal of excess cholesterol from cells is paramount in atherosclerosis, as
cholesterol overload in monocytes/macrophages results in foam cell formation, a key
event in atherosclerosis (Reiss and Cronstein, 2012; Cochain and Zernecke, 2017).
Excess cholesterol is primarily removed by the efflux of apolipoprotein A1 (ApoA1l),

which is regulated by the ATP-binding cassette transporter A1 (ABCA1) at the plasma
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membrane (Ikonen, 2008; Maxfield and Meer, 2010). There is evidence that ABCA1
mediates MV formation during the production of high-density lipoprotein (HDL) (Nandi
et al.,, 2009) and more recently it has been shown that these EV contribute to
approximately 1/3 of ABCA1- and ApoAl-mediated cholesterol efflux (Hafiane and
Genest, 2017). In addition, overexpression of ABCA1 is associated with incresed release

of cholesterol-rich EV from THP-1 macrophages and other cell lines (Liu et al., 2007).

On the contrary, EV may promote foam cell formation and atherosclerosis
progression. T cell-derived exosomes have been shown to induce cholesterol
accumulation in human monocytes by enriching cholesterol and exposing PS at their

outer membrane leaflet (Zakharova et al., 2007).

EV and Vascular Endothelial Cells

EV from various sources exert a variety of effects on the vascular
endothelium. T-cell-derived MV can decrease endothelial production of NO and
increase oxidative stress (Mostefai et al., 2008). MV secreted from monocytes
might contain caspase leading to EC apoptosis (Hezel et al., 2017). In addition,
MV derived from human atheromatous plaques have been found to upregulate
endothelial expression of ICAM-1 facilitating monocyte adhesion and

transendothelial migration (Raoutou et al,, 2011).

On the other hand, EV may also exert endothelial-protective effects. MV
released from activated HUVECs have been shown to prevent lipid-induced
endothelial damage by reducing oxidative stress through Akt/eNOS signaling

(Mahmoud et al., 2017). Endothelial-derived MV may contain activated protein C
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(APC) and protein C receptor (CD201), preventing cell death in a PAR-1-

dependent manner (Perez-Casal, 2011).

EV and Vascular Smooth Muscle Cells

Communication between EC and VSMC is important in maintaining vessel
wall homeostasis. VSMC themselves release EV in response to endoplasmic
reticulum (ER) stress that cause endothelial dysfunction (Jia et al., 2017). VSMC-
derived EV can also transfer miR-150 to EC, triggering EC migration (Zhao et al,,
2016). In atherosclerosis, VSMC EV promote extracellular mineralization

(Kapustin et al., 2015).

EV released from other cells can also modulate VSMC function. Leukocyte-
derived EV from atherosclerotic blood was found to promote the adhesion and
migration of VSMC (Vanhaverbeke and et al., 2017), through the transfer of

miRNA-223 (Shan et al., 2015) or by activating ERK and Akt (Niu et al., 2016).

EV and Vascular Inflammation

EV can directly induce inflammation by stimulating secretion of
inflammatory cytokines e.g. monocyte chemotactic protein-1 (MCP-1) and IL-6,
by stimulating the upregulation of adhesion receptors on EC and leukocytese.g.
ICAM-1, VCAM-1, P-selectin and E-selectin and by activating the coagulation
cascade (Yin et al., 2015). Myeloid cell-derived EV were shown to contribute to
inflammation through their phospholipid content that activates toll-like receptor

TLR-4 on macrophages (Thomas and Salter, 2010). Macrophage- and dendritic
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cell-derived exosomes were found to contain enzymes associated with
leukotriene synthesis, thus further promoting granulocyte migration (Esser et al.,

2010).

Various cells release EV that carry inflammatory mediators such as IL-1f3 that
cause inflammation directly. They may also carry lipid mediators such as phospholipids
and arachidonic acid that can activate cells and induce them to produce and release
different chemokines and cytokines such as IL-6/8 and MCPs (Wang et al,, 2011; Qu et
al,, 2007; Pizzirani et al,, 2007; Thomas and Salter, 2010; Esser et al.,, 2010; Berckmans
et al, 2005; Distler et al., 2005; Beyer and Pisetsky, 2010; Distler and Distler, 2010;

Jungel et al., 2007; Rautou et al.,, 2011).

However, other studies have identified anti-inflammatory actions for EV.
Neutrophil-derived EV can inhibit monocyte/ macrophage activation in a TGFf31-
dependent mechanism (Gasser and Schifferli, 2004), or by binding monoclonal
antibodies immunoglobulin M (IgM) that binds oxidized epitopes (Tsiantoulas et

al, 2015).

EV and Angiogenesis and Vasculogenesis

MV from human atherosclerotic plaques were found to mediate endothelial
proliferation and angiogenesis, a potential mechanism for the transition from stable to
unstable lesions. This effect was achieved by VEFG expression and CD40 ligation
(Leroyer et al., 2008). In addition, endothelial cells, released EV in vitro that contained
the metalloproteinases MMMP-2 and MMP-9, which are known to degrade matrix, thus

facilitating neovascularization (Taraboletti et al., 2002). Endothelial- and leukocyte-
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derived MV can also have angiogenesis-inhibitory effects by inducing increased ROS and

decreased NO production (Burger and Kipps, 2006; Mostefai et al., 2008).

EV and Coagulation

EV shed from atherosclerotic plaques are highly pro-coagulant (Mallat et al,,
1999). EV-mediated coagulation is usually through the exposure of PS or TF on the EV
membrane (Nomura and Shimizu, 2015, Tesselaar et al.,, 2007). On the other hand, MV
from EC and leukocytes can serve as a circulating source for fibrinolysis by the
generation of plasmin on their surface through the active surface tissue plasminogen

activator (Lacroix et al., 2012).

1.1.3 The role of Platelet-derived Extracellular Vesicles (PEV)

Overview of PEV

PEV constitute about 30% of EVs in the plasma, as reviewed in 2014 (Arraud et
al. 2014). The number of PEV released from platelets and their protein concentration
depend on the platelet activation pathway (Aatonen et al., 2014). In terms of size, the
large majority of PEV (90%) are smaller than 500 nm (Arraud et al., 2014; Yuana et al.,

2010; Gabriel and Giordano, 2010; Aatonen et al., 2014).

Platelets release PEV upon activation. Platelet activation in vivo or in vitro is
achieved by stimulation with different agonists that interact with various platelet
membrane receptors. Such stimulants include collagen and cross-linked collagen-
related peptide (CRP) that bind platelet glycoprotein VI, thrombin and thrombin-
receptor activating peptide (TRAP) which bind and cleave protease-activated receptors

(PAR), heat-aggregated immunoglobulin G that binds to the FcyRII receptor and
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adenine di-phosphate (ADP) that binds to purinergic receptors (Boudreau et al., 2014;
Heijnen et al., 1999; Aatonen et al., 2014). In addition, PEV are released from platelets
when the levels of second messengers such as Ca%*are increased directly, by addition of
compounds such as calcium ionophors and phorbol esters (Aatonen et al., 2014;
Boudreau et al., 2014). Cytosolic rise in calcium levels is a prerequisite for PEV release
upon platelet activation. Other methods to generate PEV from activated platelets
include high shear (Miyazaki et al., 1996; Holme et al., 1998), contact with artificial
surfaces (Gemmell et al., 1995), complement proteins (Sims et al., 1988) and low
temperature (Bode and Knupp, 1994). PEV can be also formed by platelet activation-
independent ways such as by integrin-mediated destabilization of actin cytoskeleton
(Cauwenberghs et al., 2006) during in vitro aging of platelets (Bode et al.,, 1991), upon
platelet destruction (Wiedmer et al., 1993) or directly from megakaryocytes rather than

from platelets (Cramer et al., 1997).

Depending on the platelet activation pathway involved, PEV carry numerous
proteins (>500), known to be involved in various cellular responses, to have different
molecular functions and to be located at distinct sites within the platelet (Garcia et al,,
2005; Milioli et al., 2015). For example, activation of platelets by calcium ionophore
A23187, leads to PEV formation that bear many proteins characteristic of a granules
(such as thrombospondin, platelet factor 4 and 3-thromboglobulin) (Horstman and Ahn,
1999; Holme et al, 1998), whereas activation by thrombin results in PEV high in
signaling regulatory proteins (such as Dok-2) (Shai et al., 2012). Most identified PEV-
born proteins are known to be involved in signal transduction and cell communication
and to be found in the cytoplasm of platelets; however a significant portion (21%) have

unknown or unclassified molecular functions. Of particular interest, PEV express more
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than 40 platelet membrane surface receptors such as glycoproteins Ib (CD42), IIb
(CD41), IllIa, IV (CD36), V (CD42d), IX (CD42a), p-selectin (CD62), as well as different
chemokines such as CXCL4, pro-platelet basic protein (CXCL7) and CCL5 (Garcia et al,,
2005; Aatonen et al,, 2014). PMV and platelet-derived exosomes express largely distinct
proteins with only 28% of PMV proteins and 45% of platelet exosomal proteins in

common (Aatonen et al.,, 2014).

PEV are also rich deposits of mRNA and miRNA species as discovered by recent
transcriptomic studies (Pienimaeki-Roemer et al., 2017). As platelets do not contain a
nucleus, their RNA content derives from megakaryocytes during platelet biogenesis.
Comparison of regulated miRNAs from PEV versus senescent platelets revealed 70
regulated miRNAs with approximately one third being up-regulated. Upregulated PEV-
derived miRNAs are known to target mRNAs that have roles in lipid metabolism (such
as ABCB1), inflammation and vascular disease (such as complement factors and
interleukins), platelet adhesion and activation (such as GPVI), coagulation (eg.
fibrinogen and collagen), endocytosis and vesicle trafficking (e.g. Rab proteins),
autophagy (e.g. ATG12), and generation and binding of small RNA (e.g. DICER1). The

microRNA profile of PEV is also agonist specific (Ambrose et al., 2018).

The life span of PEV in the human circulation is unknown. Mouse studies of PEV
injection into peripheral blood observed clearance within 30 minutes (unpublished
observation from Flaumenhaft, 2006). The phosphatidylserine (PS) on PEV surface can
trigger opsonization by the complement component C3b. Opsonized PEV are then
bound to CR1 on erythrocytes and delivered to endothelial phagocytes in the liver and

spleen for receptor-mediated endocytosis.
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PEV in Atherosclerosis

Increased levels of PEV have been reported to circulate in atherosclerosis
patients (Michelsen et al.,, 2009), suggesting that they possibly contribute to disease
development. There is also an accumulation of studies correlating the level of plasma EV
with the occurrence of a number of cardiovascular and other diseases (Table 1.2.). In
addition, studies on certain atherosclerosis medications, such as statins, have
attributed, at least part of their cardioprotective effect, on the associated reduction in
(P)EV concentration (Suades et al., 2013). Below there is evidence to suggest that PEV
are also involved in many aspects of atherosclerosis, such as, adhesion, inflammation,

procoagulation, angiogenesis and lipid deposition.

PEV contain various adhesion receptors on their surface as stated previously,
such as glycoproteins Ia/Ib/Ila/Ilb/Illa (Aatonen et al., 2014; Garcia et al., 2005).
Lukasik et al. (2013), found a correlation between increased PEV release from platelets
and atherosclerotic thickening of carotid artery wall and plaque formation. These
platelets expressed decreased levels of active GPIIb/Illa, suggesting that this receptor

was transferred into the PEV.

PEV have been found to promote adhesion of monocytes to activated endothelial
cells. PEV-derived arachidonic acid and/or GPIb mediated this effect. PEV also increased
expression of lymphocyte function-associated antigen-1 (CD11a) and macrophage
antigen-1 (CD11b) by monocytes (Chimen et al.,, unpublished; Barry et al., 1998). PEV
can also activate the intercellular adhesion molecule 1 (ICAM-1) that mediates
transendothelial migration of leukocytes (Forlow et al., 2000; Lukasik et al., 2013). In
addition, PEV can release chemotactic gradients that recruit leukocytes to the vascular

endothelium. Specifically, PEV induced chemotaxis of U-937 cells in a protein kinase C
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(PKC)- dependent way (Barry et al, 1998). In addition, PEV were reported to have
transferred CD41 to cancer cells that enhanced their adhesion to fibrinogen and
endothelium (Janowska-Wieczorek et al, 2004). Moreover, PMV may bind
hematopoietic stem-progenitor cells and transfer to them various platelet membrane
receptors such as CD41, CD62, CXCR4 and PAR-1, thus enhancing their adhesion to the

endothelium (Janowska-Wieczorek et al., 2001).

Clinical Disorders Associated with References
Elevated PEV levels
Acute coronary syndrome Sun etal, 2016;
Bernal-Mizrachi et al., 2003
Hypertension Preston et al., 2003;
Nomura et al,, 2002
Diabetes Type 1 Sabatier et al., 2002
Diabetes Type 2 Tan et al,, 2005;
Koga et al., 2006;
Sabatier et al., 2002
Peripheral artery disease van der Zee et al,, 2006
Preeclampsia VanWijk et al., 2002;
Pulmonary or venous embolism Inami et al.,, 2003
Sepsis Nieuwland et al., 2000;
Joop et al, 2001
Immune thrombocytopenic purpura Sewify et al,, 2013
Thrombotic thrombocytopenic purpura Galli et al.,, 1996;
Kelton et al,, 1992
Heparin-induced thrombocytopenia Hughes et al,, 2000;
Drug-induced thrombocytopenia Thushara et al,, 2014
Transient ischemic attack Lee etal,, 1993
Multiple sclerosis Marcos-Ramiro et al., 2014
Alzheimer disease Goncalves et al.,, 2016
Cardiopulmonary bypass Nieuwland et al.,, 1997
Scott syndrome Sims et al,, 1989
Polycystic ovary syndrome Willis et al,, 2014;
Koiou et al., 2011
Systemic lupus erythematosus Lood etal, 2017
Obstructive sleep apnea syndrome Maruyama et al.,, 2012
Psoriasis Tamagawa-Mineoka et al., 2010
Uremia Ando et al.,, 2002

Table 1.2. Clinical disorders associated with elevated PEV levels

PEV also induce SMC recruitment to the inflamed vessel wall. PEV release

various mitogens such as platelet-derived growth factor (PDGF), platelet-derived
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endothelial cell growth factor, endothelin, thrombospodin and endothelial growth
factor that promote recruitment and multiplication of SMC in the arterial walls (Diehl et

al, 2010).

As already described in this chapter, the inner leaflet of the lipid bilayer
membrane of platelets is composed of different aminophospholipids such as
phosphatidylserine (PS) that gets exposed to the extracellular space only when platelets
get activated (Thiagarajan and Tait, 1991). PS-expressing platelet-derived microvesicles
(PMV) promote coagulation in the presence of calcium (Zwaal and Schroit, 1997).
Notably, the membrane of PMV was found to be 50-100 times more procoagulant than
the surface of activated platelets (Sinauridze et al., 2007) and EV-depleted plasma was
found to be incapable of clotting (Nieuwland and Sturk, 2007). The role of PMV in
haemostasis is pathologically confirmed from the bleeding phenotype in PMV deficiency
conditions such as Scott Syndrome and Castaman syndrome (Piccin et al., 2007;

Castaman et al,, 1996).

In addition, PMV express surface receptors for coagulation factor VIII, factor Va
and activated coagulation factor IX (Gilbert et al., 1991; Comfurius et al., 1990; Hoffman
et al.,, 1992). Factor VIII is a cofactor in the tenase enzyme complex which forms on the
membrane of activated platelets. Factor Va combines with factor Xa and form the
prothrombinase complex. Each PMV was able to bind as much factor VIII as a stimulated
platelet (Gilbert et al., 1991). PEV can also bind to subendothelial matrix (fibrinogen,
fibronectin and collagen) in vitro and in vivo via glycoprotein IIbIlla (GPIIbIIla) and to
act as a substrate for platelet adhesion (Merten et al., 1999). These findings suggest that
the procoagulant effect can take place at distant sites and for longer periods than that

for activated platelets.
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The role of platelets in thrombotic inflammation is now well documented
(Wagner and Burger, 2003). PEV play a role in inflammation accordingly by delivery of
proinflammatory mediators, such as the chemokine CXCR4 (Rozmyslowicz et al., 2003)

and IL-1 (Boilard et al., 2010).

When PMV get exposed to phospholipase A2, they release arachidonic acid. The
platelets then metabolize it to thromboxane A2, resulting in their activation (Barry et
al, 1997). PMV-released arachidonic acid also transactivates monocytes and
endothelial cells leading to increased monocyte adhesion to endothelial cells through
intracellular cell adhesion molecule-1 (ICAM-1) binding and elevated chemotaxis of
monocytoid cells (Barry et al., 1998). The arachidonic acid also induces synthesis of
cyclooxygenase-2 (COX-2)-derived prostacyclin (PGI2) (Barry et al.,, 1999; Barry et al,,
1997). PEV can also activate cells through exposure of platelet activating factor
(Iwamoto et al, 1996). Furthermore, PEV can bind leukocytes through p-selectin -
PSGL-1 interaction and enhance indirect leukocyte-leukocyte aggregation in flow and
increase neutrophil phagocytic activity (Forlow et al., 2000; Jy et al., 1995). Laffont et al.
(2016) have discovered that PEV are internalised by primary human macrophages and
deliver microRNAs that reprogram macrophage gene expression towards a phagocytic

function.

Notably, circulating microparticles from patients with myocardial infarction
could hinder the nitric oxide-dependent vasodilation (Boulanger et al., 2001) and PMV-
derived cyclooxygenase from a rabbit artery model was found to convert arachidonic
acid produced by endothelial cells into the vasoconstrictor thromboxane A; (Pfister,

2004), suggesting that PEV can mediate vascular tone.
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Activated platelets release PEV containing mitochondria (Laffont et al., 2016)
and by hydrolysis of the mitochondrial membrane, different inflammatory stimuli are
produced that activate neutrophils (Boudreau et al, 2014). These PEV-derived
mitochondria are functional and can be internalized by leukocytes and can serve as a
substrate for phospholipase A2 (PLAZ2 IIA) that leads to the formation of inflammatory
mediators e.g. lysophospholipids and fatty acids (Boudreau et al., 2014). Such mediators

are known to activate leukocytes and promote the progression of atherosclerosis.

There is now sufficient evidence to suggest that PEV are important mediators
between oxidative stress and platelet activation. Oxidized LDL can trigger the formation
of PEV that then promote platelet activation. However, platelets that lacked the
scavenger receptor CD36 could not get activated in this setting, suggesting a possible
role for platelet- derived CD36 in atherosclerosis. The action of the PEV-CD36 complex
was mediated by the MKK4/JNK2 (mitogen-activated protein kinase kinase 4/c-Jun N-
terminal kinase 2) signaling pathway. In addition, PEV also induced the formation of 8-
iso-prostaglandin-F2a, a marker of oxidative stress, from platelets, that triggered

procoagulant effects (Wang et al., 2012).

PEV are heavily involved in angiogenesis. They can induce proliferation, survival,
migration and tube formation of endothelial cells in vitro mainly through the action of
lipid growth factors (Kim et al, 2004) and by inducing phosphorylation of MAPK
p42/44 and serine/threonine kinase (Janowska-Wieczorek et al., 2004). PEV were also
found to promote angiogenesis in vivo in a transplantation model of ischaemia (Brill et
al, 2005). PEV can also contribute to neovascularization by stimulation of
metalloproteinase production (Dashevsky et al, 2009; Janowska-Wieczorek et al,,

2004). Another example includes PEV delivery of miR-24 to tumor cells in vivo targeting
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mt-Nd2 mRNA, regulating mitochondrial function and inhibiting angiogenesis (Michael

etal., 2016).

Further dissection of the roles of PEV in adhesion, inflammation, procoagulation,
angiogenesis and lipid deposition, might identify targets for development of future
pharmacological agents in order to prevent and treat atherosclerotic cardiovascular

diseases.

1.2 Project Hypothesis and Aims

Our hypothesis is that PEV play a role in the progression of atherosclerosis
through a) facilitating the recruitment of monocytes to the inflamed endothelium and b)
through the transfer of agents that render monocytes or monocyte components such as

mitochondria or lysosomes dysfunctional.

Hence, our overall aims are to investigate a) PEV-mediated recruitment of
monocytes in atherosclerosis and b) potential adoption of PEV components such as
mitochondria from PEV that can potentially affect monocyte behaviour in

atherosclerosis.
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2 METHODS
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2.1 Ethics

2.1.1 Human

Peripheral blood was collected from healthy volunteers with written informed
consent and approval from the University of Birmingham Local Ethical Review

Committee (ERN-07-058).

2.1.2 Mouse

All procedures were performed in accordance with Home Office regulations and
approval from a local ethics committee. Procedures were conducted under Home Office

Project License PPL 40 3659.

2.2 Sources, Housing and Diet of Mice

C57BL/6 mice and apolipoprotein E-null (ApoE/-) mice on a C57BL/6
background were obtained from Charles River UK and were further bred and

maintained at the Biomedical Services Unit.

hiL4R/GPIba-Tg*/* mice on a C57BL/6 background were generated by Ware and
colleagues (2002) and were obtained from Wolfgang Bergmeier (University of North

Carolina) and were further bred and maintained at the Biomedical Services Unit.

ApoE-/- hiL4R/GPIba-Tg*/* mice were generated by crossing ApoE~/-with
IL4R/GPIba-Tg*/* mice to first generate heterozygous ApoE*/- hiL4R/GPIba-Tg*/-mice.
Heterozygous mice were crossed among themselves to generate different genotype
combinations of which only the ApoE-/- hiL4R/GPIba-Tg*/* and ApoE-/- hiL4R/GPIba-

Tg*/- mice were used in experiments and for further breeding.
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All mice were fed on Chow diet upon weaning. Where induction of
atherosclerosis was required, mice were switched to Western RD diet (0.15%
cholesterol, Special Diet Services) at 10-12 weeks of age and were maintained on this

high fat diet for 6 or 14 weeks, before culling.

2.3 Blood Collection

2.3.1 Human

Blood was withdrawn by venepuncture into tubes containing anticoagulant;
either in 10 % citrate-phosphate-dextrose solution with adenine (CPDA) (Sigma-
Aldrich) for platelet extraction or for whole blood use, or in 1.6 mg/ml
ethylenediaminetetraacetic acid (EDTA)-coated tubes (Sarstedt) for WBC extraction.
Anti-coagulated blood was mixed by inversion. Blood samples were stored at room
temperature and processing started within 30 minutes of collection for platelet

extraction or for whole blood use or within 1hour for white blood cell extraction.

2.3.2 Mouse

2.3.2.1 Cardiac Bleeds

When total peripheral blood or large volumes of blood were required i.e. to
extract a particular cell type, blood was collected by cardiac puncture using 25-gauge
needle from animals under anaesthesia induced by inhalation of 4% isofluorane.
Collected blood was immediately inserted into tubes containing anticoagulant where
needed; either in 10 % CPDA for platelet extraction, as its platelet activation inhibition
is reversible or in 1.6 mg/ml EDTA-coated tubes which best preserves cellular
components and cell morphology (Banfi et al., 2007) for WBC extraction or whole blood

analysis, as recommended by the NCCLS (National Committee for Clinical Laboratory



38

Standards). Blood was mixed by inversion or left untreated in order to clot where
necessary. Blood samples were stored at room temperature and processing started
within 30 minutes of collection for platelet extraction or within 1hour for white blood

cell extraction or whole blood use.

Citrate acts as an anticoagulant by chelating free calcium and so reducing the
activity of coagulation pathway components such as platelet activation. However, its
inhibitory action on platelets is reversible. Upon platelet stimulation with agonists,
calcium ions get released from platelets and overcome the ionic equilibrium promoted
by the citrate as a chelator. Hence, the shedding of PEV can occur. However, EDTA is a
stronger calcium chelator that does not allow platelets to recover efficiently; hence
platelet stimulation in EDTA-anticoagulated blood may result in lower levels of

leukocyte-platelet/PEV aggregates.

2.3.2.2 Saphenous Vein Bleeds

When repeated blood collections in small volumes were required i.e. to perform
haematological or biochemical tests, blood was collected through the saphenous vein on
the lower leg. Mice were restrained by scruffing and placed in a 50ml falcon tube, face
down. One of the back legs was hung outside of the tube and was shaved close to the
foot to reveal the saphenous vein. The vein was punctured once using 26-gauge needle
to cause minor bleeding. Blood droplets were collected using EDTA dipotassium salt
coated or clot activator-coated Microvette® CB300 capillary tubes (Sarstedt), (for
haematological tests or serum isolation respectively). Upon blood collection, the site of

puncture was pressed using paper for a few seconds to stop haemorrhage.
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2.4 Genotyping

2.4.1 ApoE Gene

DNA was extracted from ear tissue using the ISOLATE II Genomic kit (Bioline)
according to manufacturer’s instructions. DNA samples were amplified for the wild type
ApoE gene and the recombinant ApoE-deficient gene by PCR (see Table 2.1.). The
master mix was prepared using 1.1x Reddy Mix PCR Master Mix (Thermo Scientific)
(see Table 2.2.). The amplified DNA samples (see Table 2.3.) were run on a 1.5%
agarose gel containing SYBR Safe stain (Thermo Fisher) at 120 volts in 1x Tris-Borate-
EDTA buffer (Sigma) for approximately 60 minutes. A 1 KbPlus DNA ladder (Invitrogen)
was also loaded on the gel. The gel was visualized under UV light. The presence of the
wild type ApoE gene was denoted by a 155-bp fragment (Primer 1 + Primer 2) and the
recombinant, ApoE deficient gene by a 245-bp fragment (Primer 2 + Primer 3).

Heterozygous mice were identified by exhibiting both bands (see Fig. 2.1).

Primer 1 5’- GCC TAG CCG AGG GAG AGC CG -3’

Primer 2 | 5- TGT GAC TTG GGA GCT CTG CAG C-3’

Primer 3 5’- GCC GCC CCG ACT GCATCT -3’

Table 2.1. The sequences of primers for WT and genetically modified ApoE gene.
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Reagent Per reaction
Reddy Mix PCR Master Mix (1.1x) 45p]
Primer 1 (10pmoles/pl) 2ul
Primer 2 (10pmoles/pl) 2ul
Primer 3 (10pmoles/pl) 2ul
DNA Sul

Table 2.2.. The components of the PCR reaction for the ApoE gene.

95°C - 3 minutes 1 cycle
94°C - 20 seconds
68°C - 40 seconds 35 cycles
72°C - 120 seconds
72°C - 10 minutes 1 cycle
4°C - hold

Table 2.3. The PCR settings for the ApoE gene.
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Figure 2.1. Representative gel showing ApoE WT and ApoE KO DNA bands

ApoE*/- animals exhibit two bands at 245bp and 155bp, ApoE~/- animals only exhibit the
245bp band and ApoE*/* animals only exhibit the 155bp band. The TrackItTM 1 Kb Plus
DNA ladder is shown for band size determination.

2.4.2 hiL4Ra Gene

Presence of the hiL4Ra gene was assessed by expression of hiL4Ra protein on
the platelets, as detected by FACS (Accuri C6, BD Biosciences) (see Fig. 2.2).
Anticoagulated blood samples were diluted 10x in PBS and stained with 1:10 mouse

anti-human CD124 PE/ mouse IgG1PE (BD Biosciences) for 30 minutes.
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Figure 2.2. Representative FACS histogram showing hiL4Ra trace of ApoE KO-
hiL4Ra/GPIba Tg mice

hiL4Ra homozygous KI mice exhibit higher hiL4Ra fluorescence than hiL4Ra
heterozygous mice.

2.5 Cell Extraction from Blood
2.5.1 Human

2.5.1.1 Platelets

Whole blood was collected in 10 % citrate-phosphate-dextrose solution with
adenine (Sigma-Aldrich) and centrifuged at 250 x g for 15 minutes in the presence of 10
% Theophylline solution (60mM theophylline anhydrous, 4.8mM D-glucose anhydrous,
phosphate buffered saline without Ca2*/Mg?2+) (0.2um pore-filtered) (Sigma-Aldrich), in
order to prevent phosphodiesterase-mediated breakdown of cAMP into AMP and
thereby platelet activation (Moake et al., 1977; Feinstein et al., 1975; Salzman et al.,
1972; Mills and Smith, 1971). Platelet-rich plasma was collected and washed in
Theophylline-Albumin solution (6mM theophylline anhydrous, 0.48mM D-glucose

anhydrous, 0.15 % bovine albumin fraction V solution, phosphate buffered saline
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without Ca%*/Mg?*) (0.2 um pore-filtered) by centrifugation at 800 x g for 15 minutes.
The pellet containing platelets was resuspended in 100 pl of Theophylline-Albumin

solution per 5 ml of whole blood.

2.5.1.2 Monocytes

Blood was collected in 1.6 mg/ml ethylenediaminetetraacetic acid (EDTA)-
coated tubes (Sarstedt). In order to separate the different components of the blood, 2.5
ml of Histopaque 1199 (Sigma) was added to 10 ml tubes, 2.5 ml of Histopaque 1077
(Sigma) was layered on top of Histopaque 1199. Following addition of 5 ml anti-
coagulated blood, the tubes were centrifuged for 30 minutes at 700 x g. The top cloudy
layer between the plasma and the Histopaque 1199, that contains the mononuclear cells
(PBMCs), was collected using a Pasteur pipette and transferred to a fresh falcon tube.
The cells were washed twice in 10 ml MACS buffer (2 mM EDTA-Sigma, 0.5 % bovine
albumin fraction V from ThermoFisher Scientific in PBS) at 400 x g for 6 minutes. The
cells were pelleted and resuspended in 80 pul MACS buffer per 1 x 107 cells. 20 pl of
CD14 magnetic microbeads were added and the cells were incubated on ice for 20
minutes. The suspension was washed in MACS buffer by centrifugation at 400 x g for 6
minutes. Pellet was resuspended in 500 pul MACS buffer. Suspensions were passed
through an MS column (Miltenyi Biotec) that was attached to a MiniMACS magnetic
separator (Miltenyi Biotec). The flow-through was discarded and the column was
washed twice in 500 pl MACS buffer. The column was removed from the magnetic
separator, 1 ml of MACS buffer was added and the fluid was forced through the column

using the column plunger into an eppendorf tube to collect the purified monocytes.
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2.5.2 Mouse

2.5.2.1 Platelets

Whole blood was collected in 10 % citrate-phosphate-dextrose solution with
adenine (Sigma-Aldrich) and centrifuged at 150 x g for 6 minutes in the presence of 10
% Theophylline solution (60mM theophylline anhydrous, 4.8mM D-glucose anhydrous,
phosphate buffered saline without Ca%*/Mg2*) (0.2um pore-filtered) (Sigma-Aldrich).
Platelet-rich plasma and the top half of the red blood cell layer was transferred to a
fresh eppendorf. 0.150 ml of Theophylline solution was added to the remaining red
blood cell layer and 100 pl of Theophylline solution was added to the tube containing
platelet-rich plasma (PRP) and the top half of the red blood cell layer and resuspended.
Both tubes were centrifuged at 200 x g for 6 minutes. PRP was collected from both
tubes and pooled together in fresh eppendorf. PRP was centrifuged at 1000 x g for 6
minutes to pellet platelets. Supernatant was removed and the platelets were

resuspended in required medium.

2.6 PEV Generation and Detection

2.6.1 Human and Mouse PEV Generation

3 x 108 platelets were resuspended in 1ml PBS-Albumin solution (0.15% bovine
albumin fraction V solution, phosphate buffered saline with Ca2+/Mg2+) (0.2pum pore-
filtered) and stimulated with 1 pg/ml (for human) or 10 pg/ml (for mouse) CRP-XL
(Prof. Farndale Group, Department of Biochemistry, University of Cambridge) or 0.5 U
/ml thrombin (Sigma) at 37 °C for 30 minutes to generate extracellular vesicles.
Samples were spun at 2000 x g for 20 minutes to pellet platelets. The supernatants
containing the vesicles were transferred in fresh tubes leaving behind ~100 pl in order

to prevent contamination with the platelet pellet and were further spun at 13 000 x g
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for 2 minutes to pellet any platelet remnants. The supernatants containing pure vesicles
were transferred to fresh tubes leaving behind ~100 ul in order to prevent

contamination with the pellet.

2.6.2 PEV Detection

Samples were run on a BD Accuri C6 flow cytometer to assess successful
generation, contamination with platelets and staining levels. Threshold levels were set
at 6700 for the forward scatter and 7500 for the side scatter in order to eliminate noise.
APC, Mitotracker deep red and PKH26 staining were observed in channel FL4. FITC and
PKH67 staining were observed in the FL1 channel. PEV gating was determined by

running microspheres of < 1 um in size and is shown in Fig. 2.3.

Figure 2.3. Gating strategy for detecting

PEV

Platelet gating is determined by size and
granularity. The PEV gate was determined by
running microspheres of < 1 um in size and

exhibits smaller size and lower granularity
than activated platelets.

2.7 Cell and Particle Counting

2.7.1 Platelets

The number of human or mouse purified platelets was counted using a Beckman
Coulter Z2 cell and particle counter according to manufacturer’s instructions. Briefly,

the counter was washed in ISOTON II Diluent (Beckman Coulter). The platelet
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suspension was diluted by a factor of 20 in ISOTON II Diluent in Beckman Coulter

counter cuvettes.

2.7.2 PBMC and Monocytes

PBMCs and monocytes were counted using a Nexcelom Cellometer K2 Image
Cytometer according to manufacturer’s instructions. Briefly, PBMC suspension (PBMC
suspended in 1ml MACS buffer) was diluted by a factor of 20 in MACS buffer, whereas
monocyte suspension (monocytes suspended in 100ul MACS buffer) was diluted by a
factor of 10. 20ul of the diluted cells were injected in a Nexcelom Cellometer K2 slide

and placed in the machine. The image was focused manually.

2.7.3 PEV

The concentration and size distribution of PEV (including both PMV and platelet
exosomes) were determined by nanoparticle tracking analysis that can detect particles
from as small as 10 nm, using a Nanosight NS300 (Malvern Panalytical) (Pikramenou
group, Chemistry Department, University of Birmingham) using NTA software 3.0.
Diluted samples (1:50 in 0.2 pm pore-filtered milli Q water) were loaded into the
counting chamber manually using 1ml plastic syringes. milli Q water was further loaded
through the syringe pump to ensure sample flow during imaging. Focus was set
manually. Data acquisition was undertaken at ambient temperature (23.1 - 23.5°C).
Settings for data acquisition were: detect threshold 50, 15 runs, FPS 25.0, automatic
camera level/ slider shutter/ slider gain, blur size/ max jump distance, viscosity 0.9.
The chamber was washed with 70% ethanol in between samples. Samples were

measured three times each.
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2.7.4 Mouse Whole Blood

Diluted mouse peripheral blood was analysed for total cell counts and

haematological parameters using the Pentra 60 haematocytometer (ABX Diagnostics).

2.8 Staining of Washed Platelets

2.8.1 Antibodies

3 x 108 platelets were resuspended in 100ul of Theophylline-Albumin solution
(6mM theophylline anhydrous, 0.48mM D-glucose anhydrous, 0.15 % bovine albumin
fraction V solution, phosphate buffered saline without Ca2*/Mg?2+) (0.2 um pore-filtered)
and stained with APC anti-CD42b (GPIba) antibody (BioLegend) (1:6); APC isotype
(BioLegend) (1:6); FITC anti-CD41a (GPIIb) (Dako) (1:10); FITC isotype (Dako) (1:10)
by 30-minute incubation at 4 °C in the dark. Following incubation stained platelets

were washed in Theophylline-Albumin solution to remove excess antibody.

2.8.2 Dyes

The membrane of the platelets was stained using the PKH67 Green Fluorescent
Cell Linker Kit (Sigma-Aldrich) or the PKH26 Red Fluorescent Cell Linker Kit (Sigma-
Aldrich) as follows: Platelet pellets containing 3 x 108 platelets each, were resuspended
in 750 pl Diluent C. In a fresh tube 15 ul of dye was diluted in 750 pl of Diluent C. The
dye solution was added to the cell solution and left to incubate at RT in the dark for 5
minutes with periodic mixing. An equal volume of 1.5 % Bovine Albumin Fraction V
solution (7.5 %, Life Technologies) in diluted theophylline solution was added to the
stained cells and left to incubate for 1 minute to neutralize free dye. Cells were then
washed by centrifugation at 800 x g for 10 minutes at 20-25 °C. The pellet was rewashed

twice in 10 ml of the same solution.
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Platelets were alternatively stained with MitoTracker Deep Red, Orange, or
Green to label their mitochondria as follows: 3 x 108 platelets were resuspended in 1 ml
Theophylline-Albumin solution and stained with 0.2 pM / ml MitoTracker for 15

minutes at RT in the dark. Platelets were washed twice to remove excess dye.

Double staining of platelets for their mitochondria and membrane was achieved
by consecutive staining. Platelets were first stained using MitoTracker dye and then

with PKH- dye as indicated above.

2.9 Invitro Leukocyte-PEV Aggregation Assays

2.9.1 Aggregation between Leukocytes and PEV in Whole Blood

CPDA-anticoagulated whole blood was treated with 1ug/ml CRP-XL or 100nM
TRAP (Alta Bioscience, Birmingham, UK) and incubated at 37° on a roller mixer to apply
low shear stress in order to mimic the flow conditions in the circulation. Alternatively,
CPDA-anticoagulated whole blood was treated with purified and stained PEV prepared

in advance and incubated at 37° on a roller mixer.

At the end of incubation, samples were fixed in 1 % formaldehyde solution
(Sigma) at RT for 10 minutes. Following fixation, cells were washed in Dulbeco’s
phosphate buffered saline (PBS) (Sigma) without Ca%*/Mg?* by centrifugation at 400 x g
for 5 minutes. Pellet was resuspended in 200 pl PBS and cells were stained with FITC
anti-CD16; FITC isotype antibody (1:50) (BioLegend) or PE-Cy7 anti-CD16; PE-Cy7
isotype (1:50) (eBioscience) and PE anti-CD14; PE isotype (1:100) (ImmunoTools) by
30-minute incubation at 4°C. Following staining, cells were washed in PBS by
centrifugation to remove excess antibody. Pellets were resuspended in ACK Lysing

buffer (Life Technologies) and left to incubate at RT for 10 minutes in order to lyse red
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blood cells. Lysing buffer was neutralised in 10 x by volume PBS and samples were
centrifuged to remove lysed red blood cells. Pellets were resuspended in 300 pl PBS,
transferred into FACS (fluorescence-activated cell sorting) tubes and stored in the

fridge until analysis by flow cytometry.

2.9.2 PEV Aggregation with Washed Monocytes and Internalisation

1 x 106 unstained monocytes were incubated with unstained PEV generated from
3 x 108 platelets at 37°C on a roller mixer to impose low shear for 30 minutes or for a
60-minute time course. For endocytosis investigations, monocytes were pre-treated
with various endocytosis inhibitors; 10uM Cytochalasin D (Sigma-Aldrich), 100 uM
Ly294002 (Abcam), 200uM EIPA (Sigma-Aldrich) or 80 pg/ml Dynasore (Abcam) diluted in

DMSO for 30 minutes before introducing PEV. For mitochondria transfer studies,
monocytes unstained or MitoTracker-stained were incubated with MitoTracker-stained
PEV/platelets or PEV/platelet filtrate (filtration through 0.2um pore filters). Following

incubation, free PEV were removed by centrifugation at 400 x g for 5 minutes.

To prepare for flow cytometry analysis, pelleted monocytes were resuspended in
100 ul MACS buffer and stained with anti-GPIba-APC or APC isotype (1:10), anti-CD14-
PE (1:50), anti-CD16-FITC (1:50) or with anti-GPIIb-FITC isotype (1:10), anti-CD14-PE,
anti-CD16-PE-Cy7 (1:50) by incubation at 4°C for 30 minutes where required (antibody
concentrations were determined by dose-response experiments). Alternatively, for PEV
internalisation investigation, half of the monocytes pre-incubated with PEV were a) first
stained with anti-GPIba antibody for 30 minutes and then fixed and permeabilised
using the Foxp3 kit (eBioscience) according to manufacturer’s instructions (to stain
only surface PEV), and the rest monocytes were b) first fixed and permeabilised and

secondly stained with anti-GPIba antibody (to stain both surface and internalized PEV).
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Lastly, washed cells were resuspended in 300 pl PBS, transferred into FACS tubes and

saved in the fridge until analysis by flow cytometry.

2.9.3 Detection of Aggregates by Flow Cytometry

Samples were run on a Dako CYAN ADP flow cytometer (acquisition parameters
are listed in Table 2.5). PKH67 staining was observed in the FITC channel and
Mitotracker deep red was observed in the APC channel. Since PEV are at least 10-50
times smaller than leukocytes, any PEV bound to leukocytes cannot be distinguished as
individual entities, separate from leukocytes, hence the machine records any aggregates
as being leukocytes (based on forward versus side scatter). In brief, leukocyte-PEV
aggregates are identified as the leukocytes (identified by size/granularity/expression of
leukocyte markers) that also express PEV markers. (Gating strategy adapted from
Shantsila et al., 2011). The software Flow]Jo version 7.6 was used to analyse flow

cytometry data.

Table 2.4. Acquisition Parameters set on the CYAN ADP flow cytometer

2.9.3.1 Gating Strategy for Monocyte-platelet/ PEV Aggregates

The monocyte population is defined by CD14 expression and granularity. The
two main monocyte subsets are differentiated by expression levels of CD14 and CD16:

high expression of CD14 and no expression of CD16 define CD14+veCD16-ve monocytes
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whereas high CD16 expression and variable expression of CD14 defines
CD14+veCD16+ve monocytes (see Figure 2.2.). CD14+veCD16-ve monocytes-PEV
aggregates are defined by having high expression of CD14, no expression of CD16 and
express a platelet/ PEV marker. CD14+veCD16+ve monocyte-PEV aggregates are
defined by having high CD16 expression and also express platelet/ PEV markers (see

figure 2.1).

Figure 2.4. Gating strategy for detecting monocyte-platelet/ PEV aggregates

The monocyte population is defined by size and granularity (gate #1) and by CD14
expression (gate #2). Gates #1 and #2 are then applied to a CD14 versus CD16 plot. A
gate (#3) is set to remove any events low for both CD14 and CD16. The new plot is then
used to split the population into two subsets. Gate #4 is set to include only cells that
express high levels of CD16, representing the CD14+CD16+ subset. Gate #5 is set to
include only cells that express high levels of CD14 and low levels of CD16, representing
the CD14+CD16- subset. Then gate #6 is applied to a PEV marker plot and double
expression of the two markers defines a CD14+CD16+monocyte-platelet/PEV
aggregate. Similarly, gate #4 is applied to a PEV marker plot and double expression of
the two markers defines a CD14+CD16-monocyte-PEV aggregate (gate #7).
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2.9.3.2 Gating Strategy for Lymphocyte-PEV Aggregates

The lymphocyte population is defined by size and granularity. Lymphocyte-PEV
aggregates are defined by having the lymphocyte size and granularity and also being

positive for platelet/ PEV markers (see Figure 2.3.).

Figure 2.5. Gating strategy for detecting lymphocyte-PEV aggregates

The lymphocyte population is defined by size and granularity (gate#1). Gate #1 is then
applied to a platelet/ PEV marker versus Side Scatter plot and any events that fall in
gate#2 exhibiting expression of a PEV marker are defined as lymphocyte-platelet/ PEV
markers.

2.9.3.3 Gating Strategy for Neutrophil-PEV Aggregates

The neutrophil population is defined by size, granularity and CD16 expression.
Neutrophil-platelet/ PEV aggregates are defined by size, granularity and CD16

expression and positivity for a platelet/ PEV marker (see Figure 2.4).
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Figure 2.6. Gating strategy for detecting neutrophil-platelet/ PEV aggregates

The neutrophil population is defined by size and granularity (gate#1). Gate #1 is then
applied to a PEV marker versus CD16 plot. A gate (#2) is set to remove any events low
for both CD14 and CD16. A gate (#3) is set in the new plot to include any events that
are both high in CD16 expression and positive for the platelet/ PEV marker that defines
the neutrophil-platelet/ PEV aggregates.

2.9.4 Detection of Aggregates by Microscopy

Pelleted monocyte-platelet extracellular vesicle aggregates were resuspended in
medium 199, no phenol red (Thermo Fisher Scientific). 1.5 x 10> monocytes were plated
on glass microwell plates (MatTek Corporation) that were coated in advance with poly-
l-lysine solution (Sigma) for 5 minutes at RT, washed with tissue culture grade water
and left to dry for 2-3 hours before introducing cells and medium. Alternatively, 1.5 x
10> monocytes were plated in 8-well p-slides T/C treated (Thistle Scientific). Plated
cells were incubated at 37°C for 30 minutes or as indicated in a CO2 incubator (NU-
5510, NuAire). The cells were then fixed in 2% formaldehyde solution (Sigma) for 10
minutes. Following fixation, the culture surface was blocked with Bovine Albumin
Fraction V solution 6.7% (Thermo Fisher Scientific), 10% goat serum (Sigma-Aldrich)
and FcR blocking reagent (1:100, Miltenyi Biotec) for 30 minutes. The culture surface
was washed with Dulbeco’s phosphate buffered saline (Sigma). Cells were incubated
with anti-CD14-alexa fluor 647 (1:200, abcam) or rabbit anti-LAMP-1 (1:50) (abcam),

and either GPIb alpha/ IgG1 isotype-alexa fluor 488 (1:200, Novus Biologicals) for 1
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hour at 4°C. Wells were washed in Dulbeco’s phosphate buffered saline and further
stained with goat anti-rabbit-alexa fluor 647 (secondary antibody for LAMP-1) for 1
hour. Wells were washed in PBS and saved at 4°C in Vectashield antifade mounting

medium with DAPI (Vector Laboratories) until imaging.

Alternatively, cells were stained live with MitoTracker Deep Red

(1:10000)/0Orange (1:5000)/Green (1:1000) and washed extensively before plating.

Fixed monocyte-PEV aggregates (and monocyte-platelet/filtrate incubates) were
imaged by confocal microscopy, either using an N-Storm Super Resolution Microscope
(Nikon) or an Axioscan 780 (Zeiss). Z-stacks of 0.2um depth (in all colour channels)
were produced spanning the whole monocytes from top surface to bottom surface using

the 100x lens.

Live mitotracker-stained monocytes were imaged in real time by STORM
(Stochastic Optical Reconstruction Microscopy) using a Nikon N-Storm Super
Resolution Microscope. The same monocytes were imaged every second for 50 seconds
using a 100x lens at approximately the middle depth inside the cells to determine

mitochondria motion.

2.9.4.1 Image Processing

Fluorescent images produced by confocal microscopy were processed using the
Image] /FIJI software. Z-stacks produced, were used to create composite images (max
projection for GPIb, DAPI, PKH67, PKH26, LAMP1 and MitoTracker and average
projection for CD14) to show the total PEV signal by individual monocytes. Automatic
background subtraction was performed. The mean PEV fluorescence intensity was

measured individually for each monocyte from the composite images.
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The path of individual mitochondria in monocytes was tracked over the course
of 50 seconds using the Trackmate plugin on FIJI software and a projection image was

created with all individual trajectories .

2.10 Murine Tissue Preparation and Histochemistry

Peripheral blood was removed by cardiac puncture as previously described and
mice were culled by intra-peritoneal injection of euthatal. 20 ml of PBS was injected in
the left ventricle of the heart in order to wash organs post mordem. Aorta, heart, lungs,

liver, kidneys, stomach and intestine were extracted and weighed.

2.10.1 Aortas

Mouse aortas were fixed in 2 % PFA for 10 minutes and washed in PBS. They
were stained with Oil Red O according to manufacturer’s guidelines in order to remove
external fat and connective tissue. Aortas were cut longitudinally and re-stained with
0il Red O to stain atheromatous plaques. Aortas were mounted flat using double-sided
sticky tape onto slides and imaged using a digital camera (Canon EOS) using the P-
mode. Photoshop was used to select aorta from the background. Percentage of plaque

coverage was measured on Image] by auto threshold analysis.

2.10.2 Livers

Mouse livers were fixed in 2 % PFA immediately upon extraction. They were
embedded in paraffin and sectioned using a microtome. Sections were stained with
haematoxylin & eosin and imaged by brightfield microscopy using an AxioScan

microscope (Zeiss) using a 20x lens.
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2.11 Serum Lipid Measurements

Peripheral blood was left untreated at room temperature for 2-4 hours to clot.
Clotted blood was centrifuged at 15 000 x g for 10 min to collect serum. Serum was
stored at -20°C. Serum triglycerides (Randox), total cholesterol, high-density
lipoprotein and low-density lipoprotein were determined by colourimetric assays

according to manufacturer’s guidelines.

2.12 Platelet Depletion

Endogenous platelets in the ApoE-/- hiL4R/GPIba-Tg*/* mouse were depleted by

intra-venous injection of 2.5 pg or 5pg / g body weight of anti-hiL4Ra (R & D Systems).

2.13 Intravital Microscopy in the Mouse

2.13.1 Mice Preparation and Surgical Procedure

ApoE-/- mice were fed a high fat diet for six weeks from 10 weeks of age. Mice
were then anaesthetized by intra-peritoneal injection with 10 pl / g body weight of
medetomidine-ketamine. The upper front side of the mice was shaved. The shaved area
was disinfected using chlorhexidine (Sigma-Aldrich). The mice were placed on a heated
mat with their chest facing upwards. An incision was made on top of the throat area to
expose the trachea. The membrane tissue around the trachea was cleared away. The
trachea was cannulated to aid mouse breathing. The left common carotid artery was
then exposed and detached from surrounding tissue. The left common carotid artery
was then cannulated and the cannula was used to attach a syringe for cell injection into
the circulation. The right common carotid artery was then exposed and the cleared from
surrounding fat close to the bifurcation site. A small piece of thin black nylon plastic was

placed underneath the artery.
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2.13.2 Preparation of Cells to be Injected

PEV were generated from 3 x 108 purified mouse platelets as described in
section 2.6.1., and were incubated with 1.5 x 106 human monocytes for 30 minutes at
37°C. The cells were stained with 25uM cell tracker orange (Thermo Fisher Scientific)
during the incubation with PEV. Stained monocytes were spun twice at 400 x g for 6
minutes to remove free dye and free PEV. Pelleted monocytes were resuspended in
500ul PBS-Albumin solution (0.15% bovine albumin fraction V solution, phosphate
buffered saline with Ca2*/Mg2*) and kept on ice until injection. Stained monocytes

without PEV were injected as a control.

2.13.3 Imaging and Imaging Analysis

Interaction of injected cells with the vessel wall was monitored by fluorescent
video-microscopy using an Olympus BX61WI Upright Confocal microscope in the 561
channel using a 4x objective in the right common carotid artery at the athero-prone fork
site for six minutes following cell introduction. The number of stable and unstable
monocyte adhesion was manually counted using the Slidebook 6 Reader Software. The
speed and the duration of the adhesion interactions were also calculated manually using
data from the Slidebook 6 Reader Software. Briefly, rolling velocity was calculated by
dividing the measured distance travelled by each cell (cell trace) as seen on a single

frame by the time during which the imaging of one frame lasts.
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Figure 2.5. Mouse surgical preparation for injecting cells in the left carotid artery
and imaging interactions in the right carotid artery

2.14 Graphical and Statistical Analysis

Graphical and statistical analysis was performed using the software GraphPad
Prism 4. Data are shown as mean +/- standard error of the mean. The tests used for
each experiment and their outcomes are detailed in the figure legends and the text of

the results sections of individual chapters.
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3 CHARACTERISATION OF INDUCED PEV
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3.1 Introduction

Platelets release PEV upon activation. Physiological platelet activation occurs
upon vascular injury, when platelets attach to the exposed extracellular matrix. The
most thrombogenic component of the exposed extracellular matrix is collagen
(Baumgartner and Haudenschild, 1972). Collagen, apart from acting as a substrate for
platelet adhesion, also induces platelet activation (Cowan et al.,, 1981; Morton et al,,
1989; Poole and Watson, 1995). There are two platelet receptors that interact with
collagen; firstly collagen binds integrin azf:1 to anchor platelets on collagen, then
enabling binding to the lower affinity receptor glycoprotein VI (GPVI) that induces the

activation of platelets (Morton et al., 1989; Santoro et al., 1991).

Activated platelets then release soluble agonists that induce activation of new
platelets. Released thrombin activates platelets by binding and cleaving protease-
activated receptors PAR-1 and PAR-4. There is some evidence to suggest that cleavage
of PAR-1 by thrombin is facilitated by the adherence of thrombin to receptor GPIba of
the GPIb/IX/V complex (Brass, 2003). Adenine di-Phosphate (ADP) from the dense
granules of platelets binds to purinergic receptors P2Y: and P2Yi2, and the lipid
mediator thromboxane A2 (TxA:z) binds to TxA; receptor (TP), both contribute to
further platelet activation (George, 2000; Grette, 1962; Zucker and Borrelli, 1962;
Hovig, 1963; Hugues and Lapiere, 1964; Mills et al., 1968; Murugappan et al., 2004).
Circulating epinephrine also contributes to platelet activation through the 2A-

adrenergic receptor («24) (Lanza et al., 1988) (Fig. 3.1.).

In addition to these physiological agonists, synthetic peptides such as thrombin

receptor-activating peptide (TRAP) and cross-linked collagen-related peptide (CRP-XL)
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that mimic thrombin and collagen respectively are also used to induce platelet

activation in vitro.

Figure 3.1. Major platelet receptor-ligand interactions leading to primary or
secondary cell activation

The number of PEV released from platelets and their protein concentration
depend on the platelet activation pathway (Aatonen et al., 2014). In terms of size, the
large majority of PEV (90%) are smaller than 500 nm (Arraud et al., 2014; Yuana et al.,

2010; Gabriel et al., 2010; Aatonen et al., 2014).

Depending on the platelet activation pathway involved, PEV carry different assemblages
of proteins. These are known to be involved in various cellular responses, to have

different molecular functions and to be located at distinct sites within the platelet
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(Garcia et al., 2005). PEV express more than 40 platelet membrane surface receptors
such as glycoproteins GPIb (CD42), GPIIb (CD41), GPIIla, GPIV (CD36), GPV (CD42d),
GPIX (CD42a) and P-selectin (CD62) (Garcia et al., 2005). The identity of the proteins
found in PMV or platelet-derived exosomes is largely distinct, with only 28% of PMV

proteins and 45% of platelet exosomal proteins in common (Aatonen et al., 2014).

The aims for this chapter were to:

1) Investigate the potential of different agonists to induce the in vitro formation of
PEV by platelets.

2) Assess purity of PEV and optimise purification technique .

3) Assess PEV detection techniques.

4) Identify different PEV components that can serve as PEV markers.

3.2 Methodology

Platelets were isolated from CPDA-anticoagulated blood and were stimulated
with different agonists (1 pg/ml CRP-XL and 0.5 U/ml thrombin) in the presence of Caz-
for 30 minutes at 37°C to induce the formation and release of PEV. Prior to generation of
PEV, platelets were labelled with antibodies against GPIba or GPIIb coupled to
fluorescent probes or with appropriate isotype controls, or with the lipophilic dye
PKH67 (cell membrane dye), or were left unstained. PEV were purified by two-step
sequential centrifugation; 2000 x g for 20 minutes followed by 13000 x g for 2 minutes
to pellet and remove platelets. PEV were stained at the platelet stage instead at after
platelet stimulation in order to avoid using an ultracentrifugation wash step to pellet
PEV, as this would result in PEV loss from incomplete sedimentation and aggregation in

the pellet (Weber and Clayton, 2013). PEV were quantified and characterized by FACS



63

(Accuri C6) and Nanoparticle tracking analysis (NanoSight). Statistical analysis was

performed using Graph Pad Prism 6. (For further detail see methods section 2).

3.3 Results

Our first aim was to induce EV formation and release from platelets, to purify the
resulting PEV suspension and to characterize them in terms of numbers, size,
granularity and molecular and lipid composition. Two potent platelet agonists that act
in different ways were used to activate platelets; CRP-XL that binds and activates
through GPVI, and thrombin that binds and cleaves PAR receptors. Both agonists were
used at a concentration known to induce robust, but not excessive platelet activation; 1
ug/ml CRP-XL and 0.5 U/ml thrombin. Upon stimulation, PEV were purified by double
centrifugation and the supernatant was analysed on a flow cytometer (Accuri C6) and a

nanoparticle tracking analyser (NanoSight).

Both agonists were capable of inducing platelets to shed EV. The number of PEV
generated in response to CRP-XL stimulation or with thrombin stimulation using flow
cytometric quantification was not significantly different; therefore both agonists
generated the same number of PEV (Fig. 3.2A). Next, we compared the number of PEV
formed from CRP-XL stimulation, as detected by flow cytometry versus nanoparticle
tracking analysis quantification. The number of PEV detected by FACS was significantly
smaller than the number of PEV detected by NanoSight (Fig. 3.2B). Specifically, the
number of particles detected by NanoSight was >1000 times greater than the number of

particles detected by Accuri.

In order to determine whether PEV were effectively purified by the double

centrifugation, stimulated platelets were run on the flow cytometer before and after
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centrifugation and the percentage of events in the platelet gate was recorded (Fig.
3.3A). Double centrifugation significantly reduced the number of platelets in the PEV
suspension. Upon stimulation, there is almost 10% contamination with platelets in the

PEV suspension. This number falls below 1% upon double centrifugation (Fig. 3.3B).

Figure 3.2. PEV Quantification

(A) Number of PEV produced from 3 x 108 platelets stimulated with CRP-XL or
thrombin, as quantified by flow cytometry. Data are represented as mean +/- SEM of 3-
10 experiments. (B) Number of PEV produced from 3 x 108 platelets stimulated with
CRP-XL, quantified by flow cytometry or nanoparticle tracking analysis. Data are
represented as mean +/- SEM of 3-10 experiments. (All data were analysed by unpaired
t-test. * indicates P<0.05, ** indicates P<0.01.

Having generated PEV successfully and quantified them, the next objective was
to determine their size and granularity characteristics. Unpurified PEV (with platelet
contamination) were analysed by flow cytometry and the trace of forward scatter (a
measure of size), as well as the side scatter (a measure of granularity) were observed.
The forward scatter histogram (ungated) indicated the presence of two distinct
populations as evident by the presence of two distinct peaks (Fig. 3.4A). The two peaks
corresponded to the platelet and PEV gate (not shown). The platelet peak was narrower

than the PEV peak, showing that the size of platelets was less variable than the size of
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PEV. Upon quantification, PEV were found to be significantly smaller than platelets,
specifically >10 times smaller based on forward scatter measurements (Fig. 3.4B).
Hence, PEV and platelets do not form a continuum of size, but they are two distinct

entities in terms of size.

Figure 3.3. PEV Purification

(A) Representative FACS dot-plots showing the number of events in a platelet gate
before and after purification of PEV by centrifugation. (B) Contamination of PEV with
platelets before vs after purification of PEV by centrifugation. Data are represented as
mean +/- SEM of 5-8 experiments. Data were analysed by t-test. * indicates P<0.05, **
indicates P<0.01.
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PEV were also analysed on a NanoSight in order to get real size measurements in
non-arbitrary units. The size distribution profile of a representative PEV sample was
automatically produced by the NTA software version NTA 3.0 0068 and is shown in Fig.
3.4C. The diameter of PEV spans from 0-650nm. Four peaks can be seen; an extremely
small peak at 35nm, a large peak at 145nm and two peaks of intermediate height at

339nm and 591nm. The majority of PEV are 100-250nm in size.

Figure 3.4. Size distribution of Platelets and PEV

(A) Representative histogram of size trace (forward scatter) of PEV vs platelets upon
CRP-XL stimulation, as detected by flow cytometry. (B) Median size of platelets vs PEV,
as detected by flow cytometry. Data are represented as mean +/- SEM of 6 experiments.
(C) Representative histogram of size distribution of purified PEV released upon platelet
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stimulation with CRP-XL, as measured by nanoparticle tracking analysis. Data were
analysed by t-test. * indicates P<0.05, ** indicates P<0.01.

The side scatter histogram (ungated) also indicated the presence of two
populations as evident by the presence of two distinct peaks (Fig. 3.5A). The two peaks
corresponded to the platelet and PEV gate (not shown). Upon quantification, PEV were
found to be significantly less granular than platelets (Fig. 3.5B). Hence, PEV and
platelets do not form a continuum of increased granularity, but they are two distinct

entities characterised by different granularity.

Figure 3.5. Granularity of Platelets and PEV

(A) Representative histogram of granularity trace (side scatter) of PEV and platelets
upon CRP-XL stimulation, as detected by flow cytometry. (B) Median granularity of
platelets and PEV. Data are represented as mean +/- SEM of 3-10 experiments. All data
were analysed by t-test, ** indicates P<0.01.

Having characterised PEV in terms of size and granularity, the next objective was
to assess their molecular content to identify molecules that could serve as PEV markers
in experiments with leukocytes. The first molecule investigated was GPIb, which is a
highly abundant adhesion receptor on the platelet surface. Washed platelets were
stained with an anti-GPIba antibody coupled to fluorescent tag before stimulation with
agonists so that both whole platelets and PEV get stained. Unpurified PEV were

analysed by FACS upon platelet stimulation and the GPIba expression trace for both
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platelets and PEV was observed. Platelets/PEV were also stained with an isotype
antibody as a control. Figure 3.6A shows overlay histograms of GPIba expression of
isotype and GPIba-stained platelets and PEV. The gate of positive events is set based on
the expression profile of the isotype sample. The large shift to the right of GPIba
expression on platelets shows that the whole platelet population is strongly positive for
GPIba. The smaller shift to the right on the GPIba scale for PEV shows that not all PEV
express GPIb on their surface. Upon quantification, 100% of platelets expressed GPIba
on their surface, whereas only ~75% of PEV expressed GPIba (Fig. 3.6B). In addition,
PEV were found to express significantly less GPIba in quantity than platelets. (Fig.

3.6C).

In order to determine whether this expression pattern was valid for other
platelet markers, we also investigated expression of another highly abundant surface
platelet integrin; GPIIb. Washed platelets were stained with an anti-GPIIb antibody
coupled to fluorescent tag before stimulation with agonists so that both whole platelets
and PEV were stained. Unpurified PEV were analysed by FACS upon platelet stimulation
and the GPIIb expression trace for both platelets and PEV was observed. Platelets/PEV
were also stained with an isotype antibody as a control. Figure 3.7A shows overlay
histograms of GPIIb expression of isotype and GPIIb-stained platelets and PEV. The gate
of positive events is set based on the expression profile of the isotype sample. The large
shift to the right of GPIIb expression on the platelets shows that the whole platelet
population is strongly positive for GPIIb. The smaller shift to the right on the GPIIb scale
for PEV shows that not all PEV express GPIIb on their surface. Upon quantification,

100% of platelets expressed GPIIb on their surface, whereas only 75% of PEV expressed
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it (Fig. 3.7B). In addition, PEV were found to express significantly less GPIIb in quantity

than platelets, specifically >20 times less (Fig. 3.7C).

Figure 3.6. Expression of GPIba on platelets and PEV

(A) Representative histograms of GPIba expression of platelets and PEV, as detected by
flow cytometry. (B) Percentage of platelets and PEV, positive for GPIba, as detected by
flow cytometry. Data are represented as mean +/- SEM of 4 experiments. (C) Median
GPIba expression of platelets versus PEV, as detected by flow cytometry. Data are
represented as mean +/- SEM of 4 experiments. All data were analysed by t-test. **
indicates P<0.01.
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Figure 3.7. Expression of GPIIb on platelets and PEV

(A) Representative histograms of GPIIb expression of platelets and PEV, as detected by
flow cytometry. (B) Percentage of platelets and PEV, positive for GPIIb, as detected by
flow cytometry. Data are represented as mean +/- SEM of 4 experiments. (C) Median
GPIIb expression of platelets and PEV, as detected by flow cytometry. Data are
represented as mean +/- SEM of 4 experiments. All data were analysed by t-test. *
indicates P<0.05, ** indicates P<0.01.

Since not 100% of PEV were positive for GPIb and GPIIb, we hypothesised that

unstained vesicles did not bear the receptors. However, to exclude the possibility that
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the negatively stained vesicles were an artefact of the preparation and staining process,
washed platelets were stained with the lipophilic dye PKH67 that fluorescently stains
the cell membrane by incorporating aliphatic reporter molecules into the cell
membrane lipid bilayer by selective partitioning. Platelets were stained before
stimulation with agonists so that both whole platelets and PEV were stained. Unpurified
PEV were analysed by FACS upon platelet stimulation and the PKH67 expression trace
for both platelets and PEV was observed. Platelets/PEV were also analysed with
unstained cells as a control. Figure 3.8A shows overlay histograms of PKH67
expression of unstained and PKH67-stained platelets and PEV. The gate of positive

events is set based on the expression profile of the unstained sample.

The large shift to the right of PKH67 expression of the whole platelet population
and the whole PEV population shows that both are positive for PKH67. Upon
quantification, 100% of both platelets and PEV expressed PKH67 (Fig. 3.8B). In
addition, PEV were found to express significantly less PKH67 in quantity than platelets,

specifically about 10 times less (Fig. 3.8C).
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Figure 3.8. Membrane lipids of Platelets and PEV

(A) Representative histograms of PKH67 (membrane marker) expression of platelets
and PEV, as detected by flow cytometry. (B) Percentage of platelets and PEV, positive
for PKH67, as detected by flow cytometry. Data are represented as mean +/- SEM of 3
experiments. (C) Median PKH67 expression of platelets vs PEV, as detected by flow
cytometry. Data are represented as mean +/- SEM of 3 experiments. All data were
analysed by t-test. ** indicates P<0.01.

3.4 Discussion

PEV were successfully generated by platelet stimulation with two different
agonists that activate in different ways; CRP-XL that binds and activates through GPVI],
and thrombin that binds and cleaves PAR receptors. Both agonists were used at a high

concentration known to induce robust platelet activation; 1 ug/ml CRP-XL and 0.5 U/ml
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thrombin. The number of PEV generated was statistically the same for both agents so
thrombin and CRP-XL are equally powerful and efficient in inducing PEV release from
platelets. The literature is contradictory as to which stimulant(s) is/are the most potent
in generating PEV. Collagen and CRP-XL have been considered by some more powerful
in inducing PEV shedding than thrombin, TRAP and ADP (Heemskerk et al., 1999; Sims
et al, 1989). However, more recent observations found thrombin to be a stronger

stimulant than collagen and CRP-XL (Aatonen et al., 2014).

Quantification of PEV was attempted using Flow Cytometry (FC) and
Nanoparticle Tracking analysis (NTA). Nanoparticle Tracking technology was able to
count >1000 times more PEV than Flow Cytometry. Our data on PEV quantification by
conventional flow cytometry agree with those of others (Aatonen et al., 2014; van der
Pol et al, 2014). According to manufacturer’s specifications, an Accuri C6 flow
cytometer cannot detect particles smaller of 500nm, hence the large discrepancy
between the two instruments is logical. Accuri C6 can only detect the larger PMV so
caution must be taken when interpreting PEV data from such flow cytometers, as it is
unknown whether these are representative of the whole PEV population. However, this
method provides a good indicator of platelet contamination in PMV-preparations. PEV
were purified using a two-step centrifugation strategy. This resulted from 10% initial
platelet contamination to <1% platelet contamination. Perhaps a repeat centrifugation
step at 13 000 x g could minimize platelet contamination more. More sensitive
techniques to count PMV include nanosight tracking analysis (NTA), resistive pulse
sensing (RPS), transmission electron microscopy (TEM), atomic force microscopy
(AFM) and flow cytometers dedicated to detecting submicrometer particles (van der Pol

et al, 2014, Nieuwland et al., 2013). However these techniques (excluding dedicated
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flow cytometry) do not allow fluorescence detection, hence the most beneficial and

relevant technique for clinical research is perhaps dedicated flow cytometry.

We therefore argue that a flow cytometer such as an Accuri C6 should be mainly
used to check platelet contamination and to test for the expression of markers that are
known to be present on large MV. For exosome detection or when whole EV population
data are required, a more sophisticated instrument should be used such as a NanoSight
that has a fluorescent mode. On average, in our experiments each platelet generates 10-
40 PEV (based on the initial platelet count stimulated and the yield in PEV, as count by

NanoSight), which agrees with past research (Aatonen et al., 2014).

PEV were found to be significantly smaller and less granular than platelets. PEV
span from 0 to 650 nm in size, the majority being between 100-250nm. Our results are
in accordance with independent observations made in other labs (Arraud et al., 2014;
Yuana et al., 2010; Gabriel et al., 2010; Aatonen et al., 2014). Independent observations
made by Brisson and colleagues (2017) suggest that platelet stimulation with thrombin,
TRAP or CRP-XL produces EV with similar size distribution. In our studies, the size
distribution of PEV was multimodal, suggesting the presence of more than two PEV
subpopulations so PEV may not be simply divided in exosomes and PMV, but may be
further differentiated in terms of composition and the contents they may carry. With
regards to protein cargo, the majority of the larger PMV were confirmed to express the
adhesion receptors GPIb and GPIIb, a pattern of expression also found by many other
labs (Garcia et al., 2005; Aatonen et al., 2014; Brisson et al, 2017). Hence these
receptors can be used as good PMV markers. The expression level of GPIb and GPIIb of
PMV was significantly lower than the expression level of platelets, therefore we

hypothesised that the expression level of GPIb or GPIIb can be perhaps used in other
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experiments to differentiate between platelet or PMV binding, if any, to the surface of

monocytes and other leukocytes.

By definition, EV are membranous vesicles, hence a good marker for EV would be
a stained membrane. The lipophilic dye PKH67 has proven to be very efficient in
staining the PMV membrane as all detected PMV in our experiments. In summary, PMV
expressed lower levels of cellular proteins compared to their parent cell, smaller
amounts of plasma membrane and had lower granularity. This is not surprising bearing

in mind that PEV are of much smaller size compared to their parent cell.
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4 CHARACTERISATION OF PEV-

LEUKOCYTE AGGREGATES IN

ACTIVATED WHOLE BLOOD
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4.1 Introduction

Increased levels of circulating PEV have been detected in atherosclerosis
patients (Michelsen et al., 2009). In addition, elevated levels of monocyte-platelet
aggregates have been reported to circulate in atherosclerosis (Shantsila and Lip, 2009).
Hence, there is a possibility that PEV also form aggregates with monocytes in
atherosclerosis and that the formation of these aggregates contributes to disease
development. Since PEV possess various adhesion receptors on their surface such as
GPIb, GPIIb and P-selectin, there is a possibility that upon binding, monocytes use the
bound PEV as a bridge for recruitment them to the vessel wall. In addition, binding of
PEV to monocytes, could be followed by transfer of proinflammatory mediators from
PEV, such as arachidonic acid, tissue factor or scavenger receptors such as CD36 that
could activate leukocytes and shift them towards an inflammatory phenotype. Both of

these mechanisms could contribute to progression of atherosclerosis.

The monocyte population is divided into two main subsets; those that express
CD16 on their surface, simply termed CD16+ve monocytes, and those that do not
express CD16 on their surface, simply termed CD16-ve monocytes and often delineated
by CD14 expression. According to proteomics analysis more than 200 proteins are
differentially expressed between CD16+ve and CD16-ve monocytes, resulting in
functional differences between them (Zhao et al, 2009). Hence, there could be

differences between the two-monocyte subsets and their interactions with PEV.

The aims for this chapter were to:

1) Investigate the potential of PEV to form aggregates with monocytes and other

leukocytes in activated blood
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2) Detect differences if any between CD16+ve and CD16-ve monocytes in their
capacity to form aggregates with PEV

4.2 Methodology

Platelet agonist TRAP (100 pM) was added to CPDA-anticoagulated peripheral
blood or blood was left untreated over the course of 30 minutes at 37°C under shear
stress induced by roller mixer. Heterotypic aggregation was detected by FACS (Cyan
ADP) by the presence of platelet/PEV markers (GPIba and GPIIb) on the leukocytes.
Statistical analysis was performed using Graph Pad Prism 6. (For further detail see

methods section 2).

4.3 Results

4.3.1 Detection of PEV-Leukocyte Aggrgates using GPIb as the PEV marker

Upon confirmation that activation of platelets through GPVI and PAR receptors
successfully results in the release of PEV (see Chapter 3), we then wanted to test
whether PEV released into the blood formed aggregates with monocytes or other
leukocytes. Peripheral blood was treated with a high concentration of TRAP (100uM) or
left untreated over the course of 30 minutes at 37°C on a roller mixer. At the end of
treatment, samples were fixed and stained for monocyte/leukocyte markers (CD14 and
CD16) and for the platelet/PEV marker GPIb. Samples were analysed on a Cyan ADP
flow cytometer and the different leukocyte populations were analysed for presence of

GPIba, which serves as evidence of heterotypic aggregation.

4.3.1.1 Formation of Aggregates between PEV and CD16-ve Monocytes

Representative flow cytometry dot-plots show acquisition of PEV-borne GPIba

by the CD16-ve monocyte subset over the course of 30 minutes (Fig. 4.1). There is a



79

very small percentage of cells that are positive for GPIba in the control samples. There
is clearly a higher number of events in the GPIba+ve gate for the 10-, 15-, 20-, 25- and
30-min treatment samples compared to the 0- and 30-min control samples, suggesting
that CD16-ve monocytes form aggregates with platelets and/or PEV upon TRAP
treatment in the blood. However, there is no clear trend in the acquisition rate of GPIbq,
so we cannot conclude that PEV binding to CD16-ve monocytes is proportional to time

of stimulation with TRAP.

We then looked at the GPIba expression profiles of the CD16-ve monocytes in
order to get deeper insights on the interaction with platelets and/ or PEV. Figure 4.2
displays a representative histogram for the CD16-ve monocytes with traces from each
time point and controls overlaid. The GPIba expression trace of platelets is also overlaid
to enable us to determine whether CD16-ve monocytes bind platelets or PEV. Since our
experiments in Chapter 3 revealed that PEV show significantly lower expression of
GPIba than platelets, we speculated that we could differentiate whether leukocytes bind

PEV or platelets (if at all) from their GPIba expression level.

The distribution curve of GPIba for the CD16-ve monocytes is shown in Figure
4.2. The curve is shifted towards higher expression of GPIba at all time points
compared to the 0-min and 30-min controls, implying that CD16-ve monocytes form
aggregates with GPIba+ve entities. The expression curve is almost identical at all time
points of treatment, suggesting that time of incubation with TRAP does not have a major
effect on aggregation levels. However, expression peak of GPIba is lower than the
expression on platelets, implying that CD16-ve monocytes bind PEV. However, the right

tail of the curve extends into the platelet expression levels and higher, suggesting that a
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small percentage of cells might have bound to whole platelets or that they have bound

to many PEV and the sum of their GPIba cargo reaches the GPIba cargo of a platelet.

Figure 4.1. Formation of aggregates between CD16-ve monocytes and platelets
and/or PEV in whole blood over time in response to 100nM TRAP

Representative FACS dotplots demonstrating percentage of GPlba+ve CD16-ve
monocytes over time up to 30 minutes in response to stimulation with 100um TRAP
under roller mixing. Gate of positive events was set by isotype sample (not shown). A 0-
min control (immediate fixation) and a 30-min control (no TRAP, roller mixing) were
included.
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Figure 4.2. GPIba expression of CD16-ve monocytes over time in whole blood in
response to stimulation with 100uM TRAP

Representative FACS overlay histograms demonstrating GPIba expression on CD16-ve
monocytes over time up to 30 minutes in response to stimulation with 100um TRAP
under roller mixing. A 0-min control (immediate fixation) and a 30-min control (no
TRAP, roller mixing) were included. The GPIba expression trace of resting platelets is
also shown.

The expression of GPIba on CD16-ve monocytes was analyzed graphically and
statistically from a number of experiments. The percentage of CD16-ve monocytes
expressing GPIba at 30-min with TRAP vs 30-min no TRAP is statistically higher and the

percentage increases significantly by increasing incubation time with TRAP (Fig. 4.3A).

The graph of median GPIba expression of CD16-ve monocytes is shown in
Figure 4.3D. The median GPIba expression of CD16-ve monocytes at 30-min incubation

with TRAP vs 30-min no TRAP is significantly higher, so TRAP increases the median
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GPIba expression on CD16-ve monocytes. The median GPIba expression on CD16-ve

monocytes increases significantly with increasing incubation time with TRAP.

The data from the overlay histogram clearly showed that CD16-ve monocytes
formed aggregates with PEV, however, since there was an indication that a small
percentage of monocytes formed aggregates with platelets, we decided to also perform

statistical analysis separately in the “PEV gate” and “Platelet gate”.

The percentage of CD16-ve monocytes binding to GPIba+ve entities in the PEV
gate (Fig. 4.3B) increased significantly with time whereas the percentage in the platelet
gate did not change through the experiment (Fig. 4.3C). The percentage of CD16-ve
monocytes expressing GPIba upon 30-minute incubation with TRAP was significantly
higher than the no TRAP control in both the PEV and platelet gate. However, the GPIba
expression intensity was not affected by incubation time in either gate (Fig. 4.3E and F).
The fluorescence intensity at 30 minutes incubation with TRAP was also not

significantly higher than the control in both gates.
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Figure 4.3. Formation of aggregates between CD16-ve monocytes and platelets
and/or PEV in whole blood over time in response to 100pM TRAP

Percentage of GPIba+ve CD16-ve monocytes as a whole (A), in the PEV gate (B) and in
the Platelet gate (C) over time up to 30 minutes in response to stimulation with 100um
TRAP under roller mixing. Median GPIba expression on CD16-ve monocytes as a whole
(D), in the PEV gate (E) and in the Platelet gate (F). A 0-min control (immediate
fixation) and a 30-min control (no TRAP, roller mixing) are also shown. Data are
represented as mean +/- SEM of 3-4 experiments. All data were analysed by One-way
ANOVA to determine effect of time, and where applicable data were also analysed by
Dunnett’s multiple comparisons test. T-tests were performed between 30-min TRAP vs
30-min control (A, B, C, D, E, F) and between mean GPIba expression of 30-min TRAP
vs platelet GPIba expression (E, F). * indicates P<0.05, ** indicates P<0.01.
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4.3.1.2 Formation of Aggregates between PEV and CD16+ve Monocytes

We also investigated the behaviour of CD16+ve monocytes. A similar behaviour
is observed with the CD16+ve monocytes, with a higher number of events in the
GPIba+ve gate of representative flow cytometry dot-plots for the 10-, 15-, 20-, 25- and
30-min samples compared to the 0- and 30-min control samples (Fig. 4.4). Hence,
CD16+ve monocytes also form aggregates with platelets and/or PEV upon TRAP
treatment in the blood. Again, there is no clear trend in the acquisition rate of GPIba, so
we cannot conclude that PEV binding to CD16+ve monocytes is proportional to time of
incubation with TRAP. However, we can observe distinct populations of GPIba+ve
events, one with low and one with high expression. The population highlighted inside
the red rectangle in the 10-min sample is an example. Interestingly as time passes the
number of cells in this population diminishes. It is probable that population represents
monocytes that have bound whole platelets, however, over time these detach from the

monocytes so that by 30 minutes few remain.

The GPIba expression profile of the CD16+ve monocytes was also analyzed.
Figure 4.5 displays a representative histogram for the CD16+ve monocytes with traces
from each time point and controls overlaid. The GPIba expression trace of platelets is
also overlaid to enable us determine whether CD16+ve monocytes bind platelets or

PEV.
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Figure 4.4. Formation of aggregates between CD16+ve monocytes and platelets
and/or PEV in whole blood over time in response to 100nM TRAP

Representative FACS dotplots demonstrating percentage of GPIba+ve CD16+ve
monocytes over time up to 30 minutes in response to stimulation with 100um TRAP
under roller mixing. Gate of positive events was set by isotype sample (not shown). A 0-
min control (immediate fixation) and a 30-min control (no TRAP, roller mixing) were
included.

CD16+ve monocytes show a different pattern of staining compared to CD16-ve

monocytes. This distribution is bimodal, with a GPIba “low” and “high” population. The
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GPIba high cells show expression greater than platelets. This indicates that a
percentage of this population is binding whole platelets. The GPIba “low” population
shows staining below the intensity of platelets, indicating PEV acquisition. Hence, the
GPIba+ve section was separated into two subsections; a GPIba+ve section of lower
expression than the platelet expression in order to enable us to detect interactions with
PEV (“PEV gate”) and a GPIba+ve section of higher expression than the platelet

expression in order to enable us to detect interactions with platelets (“Platelet gate”).

Figure 4.5. GPIba expression of CD16+ve monocytes over time in whole blood in
response to whole blood stimulation with 100puM TRAP

Representative FACS overlay histograms demonstrating GPIba expression on CD16+ve
monocytes over time up to 30 minutes in response to stimulation with 100pm TRAP
under roller mixing. A 0-min control (immediate fixation) and a 30-min control (no
TRAP, roller mixing) were included. The GPIba expression trace of resting platelets is
also shown.
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The percentage of CD16+ve monocytes expressing GPIba at 30-min with TRAP
vs 30-min no TRAP is statistically higher. The percentage of CD16+ve monocytes

acquiring GPIba increases significantly with time (Fig. 4.6A).

The graph of median GPIlba expression of CD16+ve monocytes is shown in
Figure 4.6D. The mean GPIba expression of CD16+ve monocytes at 30-min incubation
with TRAP vs 30-min no TRAP is statistically higher. The median GPIba expression on

CD16+ve monocytes is proportional to time of incubation.

Upon observing that CD16+ve monocytes form aggregates distinctively with
platelets and PEV, statistical analysis was also performed separately in the “PEV gate”
and “Platelet gate”. Time of incubation does not affect the percentage of CD16+ve
monocytes binding to PEV (Fig. 4.6B) or platelets (Fig. 4.6C) significantly, even though
we can observe a decreasing trend for platelet binding and increasing trend for PEV
binding. The GPIba expression intensity on monocytes in the “platelet gate” is
statistically the same as the GPIba expression of platelets, suggesting that several
platelets bind to monocytes (Fig. 4.6F). The GPIba expression intensity on monocytes
in the “PEV gate” is significantly lower than the GPIba expression of platelets,

suggesting that those monocytes bind PEV instead (Fig. 4.6E).
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Fig. 4.6. Formation of aggregates between CD16+ve monocytes and platelets
and/or PEV in whole blood over time in response to 100nM TRAP

Percentage of GPIba+ve CD16+ve monocytes as a whole (A), in the PEV gate (B) and in
the Platelet gate (C) over time up to 30 minutes in response to stimulation with 100pum
TRAP under roller mixing. Median GPIba expression on CD16+ve monocytes as a whole
(D), in the PEV gate (E) and in the Platelet gate (F). A 0-min control (immediate
fixation) and a 30-min control (no TRAP, roller mixing) are also shown. Data are
represented as mean +/- SEM of 3-4 experiments. All data were analysed by One-way
ANOVA to determine effect of time, and where applicable data were also analysed by
Dunnett’s multiple comparisons test. T-tests were performed between 30-min TRAP vs
30-min control (A, B, C, D, E, F) and between mean GPIba expression of 30-min TRAP
vs platelet GPIba expression (E, F). * indicates P<0.05, ** indicates P<0.01.
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4.3.1.3 Formation of Aggregates between PEV and Neutrophils

We then investigated the behaviour of neutrophils in order to determine
whether the affinity for PEV was monocyte-specific or also true for other leukocytes. We
analysed the acquisition of PEV-borne GPIba by neutrophils over the course of 30
minutes (Fig. 4.7). There is a very small percentage of cells that are positive for GPIba
in the control samples. There is clearly a higher number of events in the GPIba+ve gate
for the 10-, 15-, 20-, 25- and 30-min treatment samples compared to the 0- and 30-min
control samples, showing that neutrophils also form aggregates with platelets and/or
PEV upon TRAP treatment in the blood. However, there is no clear trend in the

acquisition rate of GPIba, so PEV binding to neutrophils does not increase with time.

Analysis of the GPIba expression histogram of neutrophils indicates that the
main body of the curve shifts very little towards higher expression compared to the
controls. However, the right tail extends towards noticeable higher expression and

reaches the expression of platelet (Fig. 4.8A).

Graphical and statistical analysis is shown in Fig. 4.9. Incubation with TRAP
increases the percentage of GPlba+ve neutrophils significantly (Fig. 4.9A). The
percentage of neutrophils expressing GPIba at 30-min with TRAP vs 30-min no TRAP is

statistically higher.

The graph of median GPIba expression of the total neutrophil population is
shown in Figure 4.9D. Incubation with TRAP significantly increases the median GPIba
expression on neutrophils. The median GPIba expression of neutrophils at 30-min
incubation with TRAP vs 30-min no TRAP is statistically higher, so TRAP increases the

median GPIba expression on neutrophils.
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Figure 4.7. Formation of aggregates between Neutrophils and Platelets and/or
PEV in whole blood over time in response to 100uM TRAP

Representative FACS dotplots demonstrating percentage of GPIba+ve neutrophils over
time up to 30 minutes in response to stimulation with 100pm TRAP under roller mixing.
Gate of positive events was set by isotype sample (not shown). A 0-min control
(immediate fixation) and a 30-min control (no TRAP, roller mixing) were included.
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Figure 4.8. GPIba expression of neutrophils over time in whole blood in response
to whole blood stimulation with 100puM TRAP

Representative FACS overlay histograms demonstrating GPlba expression on
neutrophils over time up to 30 minutes in response to stimulation with 100um TRAP
under roller mixing. A 0-min control (immediate fixation) and a 30-min control (no
TRAP, roller mixing) were included. The GPIba expression trace of resting platelets is
also shown.

The percentage of GPIba+ve neutrophils was also measured separately in the
platelet gate and in the PEV gate and was analyzed statistically over the course of 30
minutes. The percentage of neutrophils binding to PEV increases significantly by time
(Fig. 4.9B), however the expression intensity in the PEV gate does not increase

significantly by time (Fig. 4.9E).
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Fig. 4.9. Formation of aggregates between neutrophils and platelets and/or PEV in
whole blood over time in response to 100pM TRAP

Percentage of GPIba+ve neutrophils as a whole (A), in the PEV gate (B) and in the
Platelet gate (C) over time up to 30 minutes in response to stimulation with 100pm
TRAP under roller mixing. Median GPIba expression on neutrophils as a whole (D), in
the PEV gate (E) and in the Platelet gate (F). A 0-min control (immediate fixation) and a
30-min control (no TRAP, roller mixing) are also shown. Data are represented as mean
+/- SEM of 3-4 experiments. All data were analysed by One-way ANOVA to determine
effect of time, and where applicable data were also analysed by Dunnett's multiple
comparisons test. T-tests were performed between 30-min TRAP vs 30-min control (A,
B, C, D, E, F) and between mean GPIba expression of 30-min TRAP vs platelet GPIba
expression (E, F). * indicates P<0.05, ** indicates P<0.01.
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The percentage of neutrophils binding to platelets (Fig. 4.9C) and the expression
intensity in the platelet gate (Fig. 4.9F) do not change significantly with time. The GPIba
expression on neutrophils in the “platelet gate” is significantly higher than the GPIba

expression of platelets, suggesting that neutrophils bind to >1 platelets (Fig. 4.9F).

4.3.1.4 Formation of Aggregates between PEV and Lymphocytes

We also investigated the behaviour of lymphocytes. The acquisition of PEV-
borne GPIba by lymphocytes over the course of 30 minutes can be seen on the
representative flow cytometry dotplots of Fig. 4.10. The gate for GPIba+ve events is set
according to expression level upon staining with an appropriate isotype antibody (not
shown). There is a small percentage of cells that are positive for GPIba in the control
samples. This increases to some degree at later time points, suggesting that some
lymphocytes form aggregates with platelets and/or PEV upon TRAP treatment in the

blood. However, there is no clear trend in the acquisition rate of GPIba.

Analysis of the expression histogram of lymphocytes indicates that a
subpopulation of the cells acquire low levels of GPIba and the intensity of staining does

not approach that of platelets, indicating acquisition of PEV (Fig. 4.11A).

The percentage of lymphocytes expressing GPIba at 30-min no TRAP vs 30-min
TRAP is statistically the same, suggesting that PEV do not form aggregates with
lymphocytes. As a consequence, time of incubation with TRAP does not have an effect

on the percentage of lymphocyte-PEV aggregates (Fig. 4.12A).

The graph of median GPIba expression of lymphocytes is shown in Figure

4.12D. There is no statistical difference between the 0-min and 30-min control sample
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or between the 30-min no TRAP and the 30-min TRAP sample, so lymphocytes do not

form aggregates with PEV or platelets in response to TRAP treatment.

Figure 4.10. Formation of aggregates between lymphocytes and platelets and/or
PEV in whole blood over time in response to 100uM TRAP

Representative FACS dotplots demonstrating percentage of GPIba+ve lymphocytes over
time up to 30 minutes in response to stimulation with 100pm TRAP under roller mixing.
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Gate of positive events was set by isotype sample (not shown). A 0-min control
(immediate fixation) and a 30-min control (no TRAP, roller mixing) were included.

Figure 4.11. GPIba expression of lymphocytes over time in whole blood in
response to whole blood stimulation with 100uM TRAP

Representative FACS overlay histograms demonstrating GPlba expression on
lymphocytes over time up to 30 minutes in response to stimulation with 100pm TRAP
under roller mixing. A 0-min control (immediate fixation) and a 30-min control (no
TRAP, roller mixing) were included. The GPIba expression trace of resting platelets is
also shown.

The percentage of GPIba+ve lymphocytes and the GPIba expression intensity
were also measured separately in the platelet gate and in the PEV gate and they did not

change upon TRAP treatment (Fig. 4.12B, C, E, F).

The results of section 4.3.1 are summarized in Tables 12.1 and 12.2 of the

Supplementary Material.
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Fig. 4.12. Formation of aggregates between lymphocytes and platelets and/or PEV
in whole blood over time in response to 100uM TRAP

Percentage of GPIba+ve lymphocytes as a whole (A), in the PEV gate (B) and in the
Platelet gate (C) over time up to 30 minutes in response to stimulation with 100pm
TRAP under roller mixing. Median GPIba expression on lymphocytes as a whole (D), in
the PEV gate (E) and in the Platelet gate (F). A 0-min control (immediate fixation) and a
30-min control (no TRAP, roller mixing) are also shown. Data are represented as mean
+/- SEM of 3-4 experiments. All data were analysed by One-way ANOVA to determine
effect of time, and where applicable data were also analysed by Dunnett’s multiple
comparisons test. T-tests were performed between 30-min TRAP vs 30-min control (A,
B, C, D, E, F) and between mean GPIba expression of 30-min TRAP vs platelet GPIba
expression (E, F). * indicates P<0.05, ** indicates P<0.01.
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4.3.2 Detection of PEV-Leukocyte Aggrgates using GPIIb as the PEV marker

Formation of leukocyte-PEV aggregates upon whole blood stimulation with
TRAP was also assessed by labelling PEV for a different marker; GPIIb; in order to
detect whether marker choice affects level of aggregation. GPIIb was also largely
expressed on PMV in our pevious experiments (see Chapter 3). It gets upregulated on

the platelet surface upon activation in contrast to GPIb that does not.

4.3.2.1 Formation of Aggregates between PEV and CD16-ve Monocytes

Representative flow cytometry dotplots show acquisition of PEV-borne GPIIb by
the CD16-ve monocyte subset after 30-min of incubation with TRAP under shear (Fig.
4.13A). There is minimal percentage of cells that are positive for GPIIb in the 0-min
sample. There is a high number of events in the GPIIb+ve gate for the 30-min sample,
suggesting that CD16-ve monocytes form aggregates with platelets and/or PEV upon

TRAP treatment in the blood.

A representative GPIIb expression histogram of the CD16-ve monocytes was
analyzed in order to get deeper insights on the interaction between leukocytes and
platelets and/ or PEV (Fig. 4.13B) The GPIIb expression trace of platelets is also
overlaid on each histogram to enable us determine whether leukocytes bind platelets or
PEV. The TRAP-treated sample shows higher expression of GPIIb compared to the
control. There is bimodal expression, one peak of lower and one of higher expression
than the platelet expression. This result suggests that a subpopulation of CD16-ve

monocytes binds preferentially to PEV, and another subpopulation binds to platelets.
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Figure 4.13. Formation of aggregates between CD16-ve monocytes and platelets
and/or PEV in whole blood in response to treatment with 100pM TRAP

(A) Representative FACS dotplots demonstrating percentage of GPIIb+ve CD16-ve
monocytes and (B) representative FACS overlay histograms demonstrating GPIIb
expression on CD16-ve monocytes before and after 30 minutes stimulation with 100um
TRAP under roller mixing. Gate of positive events was set by isotype sample (not
shown).
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Figure 4.14. Formation of aggregates between CD16-ve monocytes and platelets
and/or PEV in whole blood over time in response to 100nM TRAP

(A) Percentage of GPIIb+ve CD16-ve monocytes as a whole, in the PEV gate and in the
Platelet gate after treatment with TRAP. (B) Median GPIIb expression on CD16-ve
monocytes as a whole, in the PEV gate and in the Platelet gate. Data are represented as
mean +/- SEM of 3 experiments. All data were analysed by T-tests to determine
difference between 0-min and 30-min samples.

Upon graphical analysis of a number of experiments, we observed that the
percentage of the whole CD16-ve monocyte population and the CD16-ve monocyte
population in the PEV gate increased upon treatment with TRAP (Fig. 4.14A). However,
the median GPIIb expression of CD16-ve monocytes after 30-min incubation with TRAP

did not increase significantly (Fig. 4.14B).
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4.3.2.2 Formation of Aggregates between PEV and CD16+ve Monocytes

A similar behaviour is also observed with the CD16+ve monocytes. There is
minimal percentage of cells that are positive for GPIIb before TRAP treatment and there
is a high number of events in the GPIIb+ve gate for the 30-min sample, suggesting that
CD16+ve monocytes form aggregates with platelets and/or PEV upon TRAP treatment
in the blood (Fig. 4.15A). The TRAP-treated sample also shows higher expression of
GPIIb compared to the control. There is bimodal expression, one peak of lower and one
of higher expression than the platelet expression. This result suggests that a
subpopulation of CD16+ve monocytes binds preferentially to PEV, and another

subpopulation binds to platelets (Fig. 4.15B).

Upon graphical analysis of a number of experiments, we observed that the
percentage of the whole CD16+ve monocyte population and the CD16+ve monocyte
population in the PEV gate significantly increased upon treatment with TRAP (Fig.
4.16A). However, the median GPIIb expression of CD16+ve monocytes after 30-min

incubation with TRAP did not increase significantly (Fig. 4.16B).
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Figure 4.15. Formation of aggregates between CD16+ve monocytes and platelets
and/or PEV in whole blood in response to treatment with 100nM TRAP

(A) Representative FACS dotplots demonstrating percentage of GPIIb+ve CD16+ve
monocytes and (B) representative FACS overlay histograms demonstrating GPIIb
expression on CD16-ve monocytes before and after 30 minutes stimulation with 100um
TRAP under roller mixing. Gate of positive events was set by isotype sample (not
shown).
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Figure 4.16. Formation of aggregates between CD16+ve monocytes and platelets
and/or PEV in whole blood over time in response to 100nM TRAP

(A) Percentage of GPIIb+ve CD16+ve monocytes as a whole, in the PEV gate and in the
Platelet gate after treatment with TRAP. (B) Median GPIIb expression on CD16-ve
monocytes as a whole, in the PEV gate and in the Platelet gate. Data are represented as
mean +/- SEM of 3 experiments. All data were analysed by T-tests to determine
difference between 0-min and 30-min samples. * indicates P < 0.05.

4.3.2.3 Formation of Aggregates between PEV and Neutrophils

We also investigated the acquisition of PEV-borne GPIIb by the neutrophil
population. There is minimal percentage of cells that are positive for GPIIb before TRAP
treatment and there is a high number of events in the GPIIb+ve gate for the 30-min
sample, suggesting that neutrophils form aggregates with platelets and/or PEV upon

TRAP treatment in the blood (Fig. 4.17A). The TRAP-treated sample also shows higher
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expression of GPIIb compared to the control. There is bimodal expression, one peak of
lower and one of higher expression than the platelet expression. This result suggests
that a subpopulation of neutrophils binds preferentially to PEV, and another

subpopulation binds to platelets (Fig. 4.17B).

Upon graphical analysis of a number of experiments, we observed that the
percentage of the whole neutrophil population, the neutrophil population in the PEV
gate and in the platelets gate, all significantly increased upon treatment with TRAP (Fig.
4.18A). However, the median GPIIb expression of neutrophils after 30-min incubation

with TRAP did not increase significantly (Fig. 4.18B).
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Figure 4.17. Formation of aggregates between neutrophils and platelets and/or
PEV in whole blood in response to treatment with 100nM TRAP

(A) Representative FACS dotplots demonstrating percentage of GPIIb+ve neutrophils
and (B) representative FACS overlay histograms demonstrating GPIIb expression on
neutrophils before and after 30 minutes stimulation with 100um TRAP under roller
mixing. Gate of positive events was set by isotype sample (not shown).



105

Figure 4.18. Formation of aggregates between neutrophils and platelets and/or
PEV in whole blood over time in response to 100uM TRAP

(A) Percentage of GPIIb+ve neutrophils as a whole, in the PEV gate and in the Platelet
gate after treatment with TRAP. (B) Median GPIIb expression on neutrophils as a whole,
in the PEV gate and in the Platelet gate. Data are represented as mean +/- SEM of 3
experiments. All data were analysed by T-tests to determine difference between 0-min
and 30-min samples. ** indicates P < 0.01.
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4.3.2.4 Formation of Aggregates between PEV and Lymphocytes

The acquisition of PEV-borne GPIIb by the lymphocyte population was also
investigated. There is minimal percentage of cells that are positive for GPIIb before
TRAP treatment and there is a little higher number of events in the GPIIb+ve gate for
the 30-min sample, suggesting that lymphocytes form aggregates with platelets and/or
PEV upon TRAP treatment in the blood to a small extent (Fig. 4.19A). The TRAP-treated
sample shows a little higher expression of GPIIb compared to the control. There is
bimodal expression, one peak of lower and one of higher expression than the platelet
expression. This result suggests that a small subpopulation of neutrophils binds

preferentially to PEV, and another small subpopulation binds to platelets (Fig. 4.19B).

Upon graphical analysis of a number of experiments, we observed that the
percentage of the whole neutrophil population and the neutrophil population in the PEV
gate significantly increased upon treatment with TRAP (Fig. 4.20A). However, the
median GPIIb expression of neutrophils after 30-min incubation with TRAP did not

increase significantly (Fig. 4.20B).
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Figure 4.19. Formation of aggregates between lymphocytes and platelets and/or
PEV in whole blood in response to treatment with 100pM TRAP

(A) Representative FACS dotplots demonstrating percentage of GPIIb+ve lymphocytes
and (B) representative FACS overlay histograms demonstrating GPIIb expression on
lymphocytes before and after 30 minutes stimulation with 100pm TRAP under roller
mixing. Gate of positive events was set by isotype sample (not shown).
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Fig. 4.20. Formation of aggregates between neutrophils and platelets and/or PEV
in whole blood over time in response to 100uM TRAP

(A) Percentage of GPIIb+ve lymphocytes as a whole, in the PEV gate and in the Platelet
gate after treatment with TRAP. (B) Median GPIIb expression on lymphocytes as a
whole, in the PEV gate and in the Platelet gate. Data are represented as mean +/- SEM of
3 experiments. All data were analysed by T-tests to determine difference between 0-
min and 30-min samples. * indicates P < 0.05.

4.4 Discussion

The potential of PEV released from activated platelets in stimulated whole blood
to form aggregates with leukocytes was investigated. CPDA-anticoagulated blood was
incubated under conditions of roller mixing at 37°C in the presence of the platelet

stimulant TRAP in order to cause PEV shedding and to investigate the binding of these
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PEV, if any, to leukocytes. Heterotypic aggregation was detected by FACS, based on

presence of platelet/PEV-borne GPIb or GPIIb on the leukocytes.

It has been shown that the anticoagulant used critically affects measurement of
circulating platelet-leukocyte aggregates (Bournazos et al., 2008). Citrate acts as an
anticoagulant by chelating free calcium and so inhibiting platelet activation. However,
its inhibitory action on platelets is reversible. Upon platelet stimulation with agonists,
calcium ions get released from platelets and overcome the ionic equilibrium promoted
by the citrate as a chelator. However, EDTA is a stronger calcium chelator that does not
allow platelets to recover efficiently; hence platelet activation and associated PEV
release would be inhibited. Heparin on the other hand has a different mechanism of
action; it binds and enhances the inhibitory activity of plasma antithrombin against
several serine proteases of the coagulation system such as thrombin and factor Xa.
Heparin-anticoagulated blood was found to contain the highest level of platelet-
leukocyte complexes at basal levels (Basavaraj et al., 2012). Hence, CPDA seemed to be

the best choice.

The percentage of leukocytes acquiring GPIb or GPIIb in the blood increased
significantly with addition of TRAP. Based on fluorescence intensity readings, we
discovered that leukocytes acquired GPIb / GPIIb in quanta that are significantly
smaller than whole platelets at resting conditions. This suggested that leukocytes bound
PEV. This result agrees with our data from Chapter 3, where it was shown that PEV
carry significantly lower GPIba and GPIIb cargo than platelets. It has already been
shown that platelet activation causes the release of GPIb+ve PEV (Flaumenhaft et al,
2009). GPIb release from activated platelets (Michelson, 1994; Schmitz et al., 1998;

Hourdillé et al., 1992; Hourdillé et al., 1990) and GPIIb release (Chen et al., 2015) would
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result in decreased platelet GP signal, hence one could argue that the low signal on the
leukocytes does not come from PEV, but from whole platelets that have lost a portion of
these molecules. However this cannot be true as platelet activation with TRAP in the
blood resulted not in a single but in two GPIb/GPIIb+ve expression curves on the
leukocytes, with the higher expression curve being at the levels of resting platelets or
even higher, and the lower expression curve lying at significantly lower expression
levels than resting platelets. This suggested the presence of two distinct GPIb- or

GPIIb+ve populations i.e. platelets and PEV.

Leukocyte-platelet/PEV aggregation before any treatment upon immediate
fixation after venepuncture was minimal in our experiments. Overall, PEV exhibited a
preferential affinity for binding monocytes. Lymphocytes exhibited the lowest affinity
for forming heterotypic aggregates with PEV and neutrophils exhibited an intermediate

affinity.

The two main monocyte subsets exhibited similar but not identical patterns of
PEV acquisition. Both subsets were able to form aggregates with whole platelets to
some extent. CD16+ve monocytes exhibit a greater propensity for binding platelets than
CD16-ve monocytes, however, both monocyte subsets exhibit a higher affinity for PEV
rather than platelets. According to proteomics analysis > 200 proteins are differentially
expressed between CD16+ and CD16- monocytes, resulting in functional differences
between them (Zhao et al., 2009), hence their differential interaction with PEV at times

could be the result of differential expression of surface receptors.

Other laboratories that investigated platelet-leukocyte interactions found high
levels of whole platelets bound to leukocytes (Nagasawa et al., 2013; Xiao and Theroux,

2004; Jensen et al., 2001) and did not mention anything about PEV binding. We argue
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that in these experiments whole platelets bound to leukocytes because the experiment
was performed in static conditions without any shear imposed, hence their result is an
artefact of their experimental procedure. In our laboratory we could detect high levels
of whole platelets bound to leukocytes (mainly monocytes) even without activation
with a stimulant if blood was left under static conditions. However when shear is
imposed on the previously static blood, the platelet unbind from leukocytes. Indeed, in
our experiments with TRAP we detected low levels of whole platelets bound to
leukocytes and the signal from these platelets decreased with time of incubation under

low shear stress conditions.

In this study, we used a combination of CD14 and CD16 expression as well as
forward scatter and side scatter characteristics to differentiate between leukocyte
types. Another study used pan-leukocyte marker CD45 gating combined with side
scatter to measure platelet-leukocyte aggregates by flow cytometry (Nagasawa et al,,
2013). Both gating strategies appear to be able to differentiate leukocyte types
adequately. However, CD45 staining alone cannot differentiate between monocyte

subsets.

The number of PEV bound per monocyte/leukocyte could not be determined
precisely in these experiments as we used a Cyan ADP to analyse leukocytes in lysed
blood. A Cyan ADP cannot detect vesicles hence we could not compare fluorescence
intensity of GPIb/GPIIb on a single PEV with fluorescence intensity of one of these

markers on leukocytes in the blood to get an idea on how many PEV bound leukocytes.

Previous studies in our lab assessed the level of platelet/PEV-leukocyte
aggregates in the blood in response to platelet activation using the thromboxane

mimetic U46619, rhodocytin, ADP, CRP-XL and calf thymous histones (Box CL et al,,
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2014). Rhodocytin, which is found in snake venom and activates platelets through
binding the surface receptor CLEC-2 (Suzuki-Inoue et al., 2006), appeared to be the
most potent agonist, resulting in the highest number of monocyte-platelet/PEV
aggregates. On the other hand, ADP, U46619 and CRP-XL exhibited a much lower
maximum response. A lower level of heterotypic aggregates was expected with ADP and
the thromboxane mimetic as these are known to be weak activators (secondary,

released from the platelets).

In this study we assumed that the presence of the platelet receptors GPIb and
GPIIb on leukocytes is evidence of PEV binding. However there is a possibility that these
receptors were shed from platelets independently of vesicles. We tried to answer this

question in the next chapters (Chapters 5 and 6).

Conclusions

PEV exhibit a high affinity for forming heterotypic aggregates preferentially with
monocytes in activated whole blood. The binding is time-dependent and non-monocyte
subset dependent. PEV showed lower affinity for binding other leukocyte types, such as

lymphocytes and neutrophils.
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5 CHARACTERISATION OF PEV-

LEUKOCYTE AGGREGATES USING

EXOGENOUS PEV
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5.1 Introduction

As suggested from our experiments in Chapter 4, activation of whole blood with
TRAP results in the release of PEV from platelets that preferentially form heterotypic
aggregates with monocytes. Preferential affinity for monocytes by PEV has been also
recently observed in anti-coagulated whole blood that was stored for 3 hours upon
collection (Weiss et al., 2018). However, formation of PEV-leukocyte aggregates upon

exogenous PEV administration has not been exclusively investigated to date.

Eitan et al, 2017 showed that incubation of plasma-derived EV with washed
PBMCs resulted in the formation of aggregates between EV and monocytes and between
EV and B cells. T cells did not form aggregates with the EV. A higher percentage of
monocytes aggregated with the plasma EV than B cells. The percentage of monocytes
and B cells that aggregated with the plasma EV was dose-dependent and time-
responsive in the assay. In these experiments, plasma EVs activated monocytes and B
cells. Other studies have found that EV from RBC units bound to purified monocytes but
not T-cells when incubated together in culture and induced pro-inflammatory cytokine
secretion (Danesh et al., 2013). In addition, EV from the blood of diabetes patients
formed preferential aggregates with monocytes than with the rest blood cells and also
increased monocyte cytokine levels when incubated together in vitro (Freeman et al,,
2018). In all these studies the authors did not investigate the cell origin of the EV. The

effects noted on the monocytes might have arisen at least partly from PEV.

The presence of PEV on the leukocytes in Chapter 4 was judged by the presence
of the platelet receptors GPIb and GPIIb in quanta that were significantly smaller than
whole platelets. However there is a possibility that these receptors were shed from

platelets independently of vesicles. One way to answer this question would be to label a
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different component of PEV than proteins, i.e. the surrounding membrane. However,
trying to label the PEV membrane in whole blood would result in labelling the plasma
membrane of all blood cells. Hence, there is need for PEV purification in order to stain
their membrane independently of blood. Labelled PEV can subsequently be incubated

with whole blood to determine any aggregation.

Provision of exogenous PEV changes the dynamics of PEV-leukocyte aggregation
seen in Chapter 4. With exogenous PEV there is a constant number of PEV available to
interact with leukocytes, which are all available upon addition. When inducing PEV
release in the blood with agonists or during prolonged storage, there is continuous
shedding of PEV in the blood hence the number of PEV available to interact with
leukocytes increases with time. In addition, incubation of exogenous PEV with
leukocytes allows investigation of PEV binding independently of platelets. Only PEV are
labeled in theory (given that purification of PEV from whole platelets is efficient), hence
any signal on the leukocytes is PEV-derived since endogenous platelets remain

unstained and should be undetected.

The aims for this chapter were to:

1) Investigate the potential of exogenous PEV to form aggregates with monocytes
and other leukocytes.

2) Investigate the dynamics of leukocyte-PEV aggregation.

3) Detect differences if any between CD16+ve and CD16-ve monocytes in their

capacity to form aggregates with exogenous PEV.
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5.2 Methodology
5.2.1 Formation of Aggregates between Leukocytes in Blood and

exogenously provided PEV

Purified PEV (produced from platelet stimulation with CRP-XL), stained with
anti-GPIba antibody or PKH67 dye were incubated with CPDA-anticoagulated blood at
37°C on a roller mixer, either over the course of 20 minutes or for 10 minutes at
different concentrations of PEV (from 2 x 107 PEV to 2 x 1010 PEV incubated with 200pl
of blood) in order to generate PEV-leukocyte aggregates and investigate the dynamics of
the interaction. Heterotypic aggregation was detected by FACS (Cyan ADP). Statistical
analysis was performed using Graph Pad Prism 6. (For further detail see methods

section 2).

5.2.2 Formation of Aggregates between Washed Monocytes in Blood and

PEV

Purified PEV were incubated with washed monocytes in phosphate buffered
saline with Ca2+/Mg2+ (0.2um pore-filtered) over the course of 65 minutes at 37°C on a
roller mixer in order to investigate the dynamics of heterotypic aggregation.
Heterotypic aggregation was detected by FACS (Cyan ADP). Statistical analysis was

performed using Graph Pad Prism 6. (For further detail see methods section 2).

5.3 Results
5.3.1 Formation of Aggregates between Leukocytes in Blood and GPIb-
labeled PEV over a Time-Course

Upon observing that platelet activation in the blood resulted in the release of

PEV that form aggregates with leukocytes, preferentially monocytes, we wanted to
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investigate this interaction in more detail. In this case, we generated purified PEV,
stained for GPIba, and incubated them with blood, under shear over a 20-minute time-
course. We incubated 2 x 10° PEV with 200pl of blood as 2 x 10° PEV is the average
number of PEV we get from 6 x 107 platelets which is the number of platelets there is on

average in 200 pl of blood.

5.3.1.1 Formation of Aggregates between PEV and CD16-ve Monocytes

Representative flow cytometry dot-plots show acquisition of PEV by CD16-ve
monocytes over the course of 20 minutes (Fig. 5.1). There is negligible background
signal for GPIba expression before PEV addition to the blood (0-min sample). There is
clearly a higher percentage of cells positive for GPIba at all time points compared to the
0-min control, hence exogenously-provided PEV are forming heterotypic aggregates
with the CD16-ve monocytes. The percentage of GPIba-ve CD16-ve monocytes increases

with time.

We also analysed the GPIba histograms of the CD16-ve monocytes. The traces
from each time point and controls were overlaid. The GPIba expression trace of
platelets was also overlaid on each histogram. The distribution curve is at all time
points greatly shifted towards higher expression compared to the 0-min control. The
shift becomes larger with time (Fig. 5.2A). The expression at all times is significantly
lower than the platelet expression indicating that CD16-ve monocytes are only binding

PEV.

The percentage of CD16-ve monocytes expressing GPIba was analysed

statistically. The percentage expressing GPIba increases significantly by time of
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incubation with PEV, hence formation of CD16-ve monocyte-PEV aggregates is time-

dependent (one-way anova) (Fig. 5.2B).

Figure 5.1. Formation of aggregates between CD16-ve Monocytes in blood and
added PEV over time

Representative FACS dotplots demonstrating percentage of CD16-ve monocytes
positive for GPIba over time. Gate of positive events was set by isotype sample (not
shown).

The median fluorescence intensity of GPIba expression on CD16-ve monocytes
was also analysed statistically and found to increase significantly with time of
incubation with PEV. Hence, formation of CD16-ve monocyte-PEV aggregates is time-

dependent (Fig. 5.2C).
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Figure 5.2. Formation of aggregates between CD16-ve monocytes in blood and
added PEV over time

(A) Representative FACS overlay histograms demonstrating GPIba expression on CD16-
ve monocytes over time. The trace of platelets is overlaid. (B) Percentage of GPIIb+ve
CD16-ve monocytes over time. (C) Median GPIba expression on CD16-ve monocytes
and. Data are represented as mean +/- SEM of 3-4 experiments. Data were analysed by
One-way ANOVA to determine effect of time. All data were analysed by One-way ANOVA
to determine effect of time, and by Dunnett’s multiple comparisons test. ** indicates
P<0.01.

5.3.1.2 Formation of Aggregates between PEV and CD16+ve Monocytes

Acquisition of PEV-borne GPIba by the CD16+ve monocyte subset over the
course of 20 minutes is shown in representative flow cytometry dotplots of Figure 5.3.
There is negligible background signal for GPIba expression before PEV addition to the
blood (0-min sample). There is clearly a higher percentage of cells positive for GPIba at

all time points compared to the 0-min control, hence exogenously-provided PEV are
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forming heterotypic aggregates with the CD16+ve monocytes. The percentage of GPIba-

ve CD16+ve monocytes seems to increase by time.

Figure 5.3. Formation of aggregates between CD16+ve monocytes in blood and

added PEV over time

Representative FACS dotplots demonstrating percentage of GPlba+ve CD16+ve
monocytes over time. Gate of positive events was set by isotype sample (not shown).

The histogram of GPIba expression is different for the CD16+ve monocytes
compared to CD16-ve (Fig. 5.4A). This distribution seems to be bimodal, having two
peaks, even though the peak of higher expression is relatively small. This peak falls at
the levels of staining found on platelets. This means that the majority of CD16+ve
monocytes form aggregates with PEV and a very low percentage of the cells may bind to

the platelets that were not removed during the PEV purification step.
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The percentage of CD16+ve monocytes expressing GPIba and the median GPIba
expression in the PEV gate was analysed statistically. Both parameters increased
significantly with time of incubation with PEV, hence formation of CD16+ve monocyte-

PEV aggregates is time-dependent (Fig. 5.4B and C).

Figure 5.4. Formation of aggregates between CD16+ve monocytes in blood and

added PEV over time

(A) Representative FACS overlay histograms demonstrating GPIba expression on
CD16+ve monocytes over time. The trace of platelets is overlaid. (B) Percentage of
GPIIb+ve CD16+ve monocytes over time. (C) Median GPIba expression on CD16+ve
monocytes and. Data are represented as mean +/- SEM of 3-4 experiments. Data were
analysed by One-way ANOVA to determine effect of time, and by Dunnett’s multiple
comparisons test. ** indicates P<0.01.

5.3.1.3 Formation of Aggregates between PEV and other Leukocyte

Populations

Interestingly, in this format of the PEV binding assay, we could not observe

significant acquisition of GPIb on neutrophils (Fig. 5.5 and 5.6). Although a small
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population (<5% showed some positive staining, this was extremely low fluorescent

intensity and was not significantly different from untreated control samples).

Lymphocytes showed a similar response, with a small population (1-2%)
showing low levels of staining, again this was not significantly different from control

samples (Fig. 5.7 and 5.8).

Figure 5.5. Formation of aggregates between Neutrophils in blood and added PEV

over time

Representative FACS dotplots demonstrating percentage of GPIba+ve neutrophils over
time. Gate of positive events was set by isotype sample (not shown).
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Figure 5.6. Formation of aggregates between Neutrophils in blood and added PEV
over time

(A) Representative FACS overlay histograms demonstrating GPIba expression on
neutrophils over time. The trace of platelets is overlaid. (B) Percentage of GPIIb+ve
neutrophils over time. (C) Median GPIba expression on neutrophils. Data are
represented as mean +/- SEM of 3-4 experiments. Data were analysed by One-way
ANOVA to determine effect of time. ns indicates P>0.05.



124

Figure 5.7. Formation of aggregates between Lymphocytes in blood and added

PEV over time

Representative FACS dotplots demonstrating percentage of GPIba+ve neutrophils over
time. Gate of positive events was set by isotype sample (not shown).
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Figure 5.8. Formation of aggregates between Lymphocytes in blood and
exogenously provided PEV over time

(A) Representative FACS overlay histograms demonstrating GPIba expression on
lymphocytes over time. The trace of platelets is overlaid. (B) Percentage of GPIIb+ve
lymphocytes over time. (C) Median GPIba expression on lymphocytes. Data are
represented as mean +/- SEM of 3-4 experiments. Data were analysed by One-way
ANOVA to determine effect of time. ns indicates P>0.05.

5.3.2 Formation of Aggregates between Leukocytes in Blood and GPIb-

labeled PEV over a Concentration Gradient

Upon observation that PEV added into blood form aggregates preferentially with
monocytes in a time-dependent manner, we hypothesized that the formation of these
heterotypic aggregates depends on the number of PEV incubated with blood and that
there is a threshold beyond which, monocytes can no longer aggregate with any more
PEV. Hence, we added GPIba-stained purified PEV into blood over a concentration
gradient; from subphysiological numbers (2 x 108), to physiological numbers (2 x 1010)

and incubated for 10 minutes at 37°C under shear. At the end of incubation, we
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measured the percentage of GPIba+ve leukocytes and the median fluorescence intensity

of GPIba on the leukocytes by FACS.

Representative flow cytometry dot-plots and histograms can be found in
Supplementary Material (Fig. 12.1 - 12.5). The percentage of leukocytes expressing
GPIba and the median fluorescence intensity of GPIba from a number of experiments on
the different leukocyte populations is shown in Fig. 5.10. The percentage of CD16-ve
and CD16+ve monocytes and that of neutrophils expressing GPIba increases
significantly by increasing the number of PEV incubated with blood (Fig. 5.10A),
whereas the percentage of lymphocytes expressing GPIba does not. The median GPIba
expression of CD16-ve and CD16+ve monocytes was also found to increase significantly
by increased PEV concentration, whereas that of neutrophils and lymphocytes does not

(Fig. 5.10B).
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Figure 5.9. Formation of aggregates between leukocytes in blood and exogenously
provided PEV over a PEV concentration gradient

(A) Percentage of GPIba+ve leukocytes over time. (B) Median GPIba expression on the
different leukocyte populations. Data are represented as mean +/- SEM of 3-4
experiments. Data were analysed by One-way ANOVA to determine effect of PEV
concentration, and by Dunnett’s multiple comparison test. * indicates P<0.05, **
indicates P<0.01.
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5.3.3 Formation of Aggregates between Leukocytes in Blood and PKH67-

labeled PEV over a Time-Course

There was a possibility that labelling PEV with antibodies physically obstructed
the formation of aggregates with leukocytes due to the comparable size of antibodies
with the smallest of exosomes. In addition, PEV were about 75% positive for GPIba as
judged by FACS, whereas PKH67 lipophilic dye was found to label 100% of PEV (see
section 3.3.1). Hence, we decided to repeat incubation of blood with washed PEV, this
time by staining with PKH67 that marks the PEV membrane, over the same 20-min
time-course. The PKH67 dye was used because it does not leak and it does not get

transferred from cell to cell.

Representative flow cytometry dot-plots and histograms can be found in the
Supplementary Material (Fig. 12.6 - 12.10). The percentage of the different leukocytes
expressing PKH67 and their respective fluorescence intensity is shown in Figure 5.10.
The percentage of CD16-ve and CD16+ve monocytes expressing PKH67 increases
significantly with time of incubation with PEV, whereas that of neutrophils and
lymphocytes does not (Fig. 5.10A). The median PKH67 expression of all leukocytes did

not increase significantly with time (Fig. 5.10B).
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Figure 5.10. Formation of aggregates between leukocytes in blood and
exogenously provided PEV over time

(A) Percentage of PKH67+ve leukocytes over time. (C) Median PKH67 expression on the
different leukocyte populations. Data are represented as mean +/- SEM of 3-4
experiments. Data were analysed by One-way ANOVA to determine effect of time and by
Dunnett’s multiple comparison test. ** indicates P<0.01.
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5.3.4 Formation of Aggregates between PEV and Washed Monocytes over a

Time-Course

Upon observation that PEV show a preferential affinity for binding monocytes,
we wanted to isolate the interaction between PEV and monocytes, to observe its
dynamics in more detail. Washed monocytes were incubated with PEV at a physiological

ratio at 37°C and under roller mixing over the course of 60 minutes.

5.3.4.1 Formation of Aggregates between PEV and CD16-ve Monocytes

Representative flow cytometry dot-plots can be found in the Supplementary
Material (Fig. 12.11). The GPIba expression histograms for CD16-ve at all time points
are shown in Figure 5.11A. The expression profile for platelets is also overlaid. CD16-
ve monocytes exhibit one peaks of positive GPIba expression; Lower than that of
platelets. Hence, CD16-ve monocytes aggregated with PEV. The expression profile of
monocytes from 10 minutes of incubation onwards is about the same. The expression
profile of monocytes at 5 minutes of incubation is lower. Hence, heterotypic aggregation
is time-dependent, but after10 minutes of incubation, monocytes reach a point of

saturation.

Upon statistical analysis, the percentage of CD16-ve monocytes was found to
increase significantly with time (Fig. 5.11B). However, the median GPIba expression
does not change significantly with time (Fig. 5.11C). However, there seems to be a clear
trend with CD16-ve monocytes acquiring GPIba at an increasing trend up to 20 minutes
of incubation, reaching a maximum, and subsequently the amount of GPIba on them

starts decreasing.
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Figure 5.11. Formation of aggregates between washed CD16-ve monocytes and
washed PEV over time

(A) Representative FACS overlay histograms demonstrating GPIba expression on CD16-
ve monocytes over time. The trace of platelets is overlaid. (B) Percentage of GPIba+ve
CD16-ve monocytes over time. (C) Median GPIba expression on CD16-ve monocytes.
Data are represented as mean +/- SEM of 3-4 experiments. Data were analysed by One-
way ANOVA to determine effect of time and by Dunnett’s multiple comparison test. **
indicates P<0.01.

5.3.4.2 Formation of Aggregates between PEV and CD16+ve Monocytes

Representative flow cytometry dot-plots can be found in the Supplementary
Material (Fig. 12.12). The GPIba expression histograms for CD16+ve at all time points
are shown in Figure 5.12A. The expression profile for platelets is also overlaid. CD16-
ve monocytes exhibit one peak of positive GPIba expression; Lower than that of
platelets. Hence, CD16+ve monocytes aggregated with PEV. The expression profile of
monocytes from 10 minutes of incubation onwards is about the same. The expression

profile of monocytes at 5 minutes of incubation is lower. Hence, heterotypic aggregation
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is time-dependent, but after10 minutes of incubation, monocytes reach a point of

saturation.

Upon statistical analysis, the percentage of CD16-ve monocytes was found to
increase significantly with time (Fig. 5.12B). However, the median GPIba expression
does not change significantly by time (Fig. 5.12C). However, there seems to be a clear
trend with CD16-ve monocytes acquiring GPIba at an increasing trend up to 20 minutes
of incubation, reaching a maximum, and subsequently start decreasing the amount of

GPIba on them.

Figure 5.12. Formation of aggregates between washed CD16+ve monocytes and
washed PEV over time

(A) Representative FACS overlay histograms demonstrating GPIba expression on
CD16+ve monocytes over time. The trace of platelets is overlaid. (B) Percentage of
GPIba+ve CD16+ve monocytes over time. (C) Median GPIba expression on CD16+ve
monocytes. Data are represented as mean +/- SEM of 3-4 experiments. Data were
analysed by One-way ANOVA to determine effect of time, and by Dunnett’s multiple
comparison test. ** indicates P<0.01.
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5.4 Discussion

The potential of PEV released from activated platelets to form aggregates with
leukocytes was investigated. To our knowledge this was the first study to assess
formation of aggregates between leukocytes and exogenously added PEV. PEV were
produced from stimulation of washed platelets with CRP-XL and they were
subsequently incubated with whole blood or washed monocytes under conditions of
roller mixing. Heterotypic aggregation was detected by FACS, based on presence of
platelet/PEV markers on the leukocytes. The dynamics of this experiment are different
from the previous experiment in Chapter 4 where platelets were being stimulated
continuously in the blood, and blood was stained for platelet/PEV markers at the end of
incubation. In this case, PEV were exogenously provided so that a stable number of PEV
to leukocytes. In addition, these PEV are purified and stained before incubation with
blood so that platelet contamination is limited and so we can observe only stained PEV-

leukocyte interactions without platelet interference.

Overall, PEV exhibited a preferential affinity for binding monocytes. The
neutrophils and the lymphocytes exhibited some indications of binding with PEV,
however this behaviour was significantly lower than the behaviour of monocytes. The
two monocyte subsets exhibited similar mode of PEV acquisition. The binding of PEV to
both monocyte subsets is time-dependent and proportional to the PEV concentration.

These results agree with our results in Chapter 4.

Presence of PEV on the monocytes was confirmed by antigen expression GPIb
and presence of PEV membrane (PKH67 dye). GPIb is a receptor for von Willebrand
factor (VWF). Binding of GPIb to VWF initiates platelet deposition on the compromised

vessel wall and upon platelet activation this complex is cleaved (Morrison et al.,, 2014).
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Platelet activation has been shown to cause a decrease in GPIb on platelets (Bergmeier
et al,, 2004; Wang et al., 2010; Gardiner et al.,, 2007), due to both shedding and its

incorporation and release into PMV.

A higher percentage of aggregates between monocytes and PEV was noted when
exogenous PEV were marked with PKH67 dye rather than with an anti-GPIba antibody,
hence staining EV with antibodies might cover a significant area of the surface of the EV,
this way obstructing EV-cell interactions. Also this could be due to the fact that not all
PEV express these glycoproteins; we found that the majority of the larger PMV express
them but we do not know if this is also true for the smaller PMV that could not get
detected by flow cytometry and the exosomes. A higher percentage of aggregates
between monocytes and PEV was also noted when PEV were incubated with washed
monocytes than with blood. This was expected, as other cells or other vesicles and
compounds in the blood may in theory physically obstruct access of PEV to monocytes.
In addition, some PEV form aggregates with other leukocytes as we observed, and they
may also form aggregates with the platelets in the blood. Hence, a portion of PEV might

get consumed elsewhere, leaving lower numbers available to interact with monocytes.

The number of PEV bound per monocyte/leukocyte could not be determined
precisely in these experiments as we used two different flow cytometers. A BD Accuri
was used to run unpurified/purified PEV and determine staining levels, whereas lysed
blood and purified monocytes were ran on a Dako Cyan ADP to determine platelet/PEV
markers staining level on leukocytes. A Cyan ADP cannot detect vesicles hence we could
not compare fluorescence intensity of GPIb/PKH67 on a single PEV with fluorescence
intensity of one of these markers on leukocytes in the blood to get an idea on how many

PEV bound leukocytes.
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Presence of PEV-borne GPIba in monocytes raised the critical prospect of this
adopted GPIba being functional. GPIba is part of the GPIb-IX complex receptor for von
Willebrand factor (VWF) that mediates initial platelet binding to the subendothelium
(Savage et al.; 1996; Savage et al., 1998; Morrison et al., 2014). Indeed, further studies
from our group revealed that perfusion of monocytes ‘decorated’ with PEV across
immobilised human VWF resulted in significantly higher monocyte recruitment
compared to monocytes perfused alone. This behaviour was GPIba-dependent as
monocyte recruitment was inhibited by the use of a function-neutralizing antibody
against GPIba (Chimen et al; under review). This represents a novel thrombo-
inflammatory pathway of leukocyte recruitment to the vessel wall, that may be relevant

in atherosclerosis.

Conclusions

Exogenous PEV exhibit a high affinity for forming heterotypic aggregates
preferentially with monocytes. This binding is time-dependent and not specific to a
particular monocyte subset. PEV showed lower affinity for binding other leukocyte
types such as lymphocytes and neutrophils. This interaction might be relevant in

monocyte recruitment in atherosclerosis.
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6 INTERNALISATION OF PEV BY

MONOCYTES
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6.1 Introduction

In chapters 4 and 5, it was found that PEV are able to form aggregates with
leukocytes, preferentially monocytes. Experiments using acid (Feng et al, 2010) or
trypsin (Franzen et al, 2014) that strip surface-bound EV off and staining EV with
fluorescent lipid membrane dyes such as PKH67 (Na'slund et al., 2014; Christianson et
al, 2013) have proven microscopically that EV in general are largely endocytosed.

Hence, we speculated that PEV could also get endocytosed in monocytes.

Endocytosis is the internalisation of extracellular material without passing
through the cell membrane. There are four main distinct endocytic pathways;
phagocytosis, macropinocytosis, clathrin-mediated and caveolae-mediated endocytosis

(Fig. 6.1).

Phagocytosis is the receptor-mediated internalization of opsonised particles into
plasma membrane-derived vacuoles called phagosomes. Upon detachment from the
plasma membrane, the phagosomes fuse with endosomes and lysosomes, forming
phagolysosomes, which degrade the internalized particles (Botelho and Grinstein,
2011). This process is largely and efficiently used by monocytes, macrophages and
neutrophils mainly to kill pathogens, hence for material >1 pm in size (Akinc and
Battaglia, 2013). However there is evidence that even small particles such as exosomes
can also get phagocytosed (Feng et al., 2010). Phagocytosis blocking is often achieved by

Phosphoinositide 3-kinases (PI3Ks) inhibition (Feng et al., 2010).

Macropinocytosis is a non-selective mechanism of extracellular fluid
internalisation associated with cell surface ruffling. It is actin-driven, induced by
activation of growth factor signalling pathways and requires Na+/H+ exchanger activity

(Kerr and Teasdale, 2009). Extracellular material is endocytosed as part of the



138

extracellular fluid without direct contact with the membrane ruffles, hence it can
accommodate a range of cargo sizes, reaching up to 1 pm (Swanson, 2008). Inhibition of
this mechanism is often achieved by blocking the sodium/proton exchanger (Fitzner et

al, 2011; Escrevente et al,, 2011).

Clathrin-mediated endocytosis refers to progressive and sequential formation of
vesicles covered with the coat-protein clathrin. These vesicles cause the membrane to
collapse into a vesicular bud that matures and pinches off. This process continues with
clathrin uncoating and fusion of the uncoated vesicle with the endosome with
associated release of its contents. Clathrin-mediated entry is associated with particles
with sizes ranging from 10 nm to 300 nm (Wasylewski et al., 1986; Heuser and Reese,

1973; Ehrlich et al., 2004).

Caveolin-dependent endocytosis involves caveolae, which are small cave-like
invaginations of the plasma membrane, which, like clathrin-coated pits, get internalised
in the cytoplasm. Caveolae are mainly composed of cholesterol, sphingolipids and
proteins of the caveolin gene family (caveolin-1. -2, -3) (Kiss and Botos, 2009). This
route has been shown to facilitate the entry of nanoparticles up to 100 nm in diameter
(Wang et al, 2009). Clathrin- and caveolin-dependent endocytosis both require
dynamin2 for the formation and expansion of the endocytic vesicles and its inhibition

ablates endocytosis (Barre’s et al.,, 2010).

EV have also been shown to gain entry for their cargo in recipient cells by non-
endocytic pathways i.e. by EV membrane fusion with the plasma membrane of the
recipient cells, followed by EV cytosol merging with the recipient cell cytoplasm

(Montecalvo et al., 2012).
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It is important to discover the internalisation mechanism as it determines the
trafficking and intracellular fate of particles. EV uptake is affected by EV size, shape,
material and surface coating and acceptor cell type, age and cellular environment
(Iversen et al., 2011; Rejman et al, 2004; Yacobi et al., 2008; Doherty et al., 2009;

Kumari et al., 2010; Sakhtianchi et al., 2013).

Figure 6.1. Main Pathways of Endocytosis

Extracellular matter is mainly internalised by phagocytosis or macropinocytosis that

depend largely on the actin-mediated remodelling of the cell membrane, or by clathrin-
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mediated endocytosis and caveolin-mediated endocytosis that depend on dynamin-

mediated formation of endocytic vesicles.

PEV internalisation investigation by monocytes could provide us with insights on
atherosclerosis pathology as it could be linked to the dysregulation of the LDL uptake
cycle. In normal cells, the low-density lipoprotein receptor mediates the endocytosis of
LDL, which provides the cells with the essential lipids to be used for growth of their
membranes and as an energy source. The LDL is transferred to late endosomes and
lysosomes, where lysosomal enzymes digest the cholesteryl esters of the LDL, releasing
cholesterol and fatty acids (Goldstein and Brown, 2009). The cholesterol is either stored
in the macrophages as cholesteryl esters in lipid droplets or effluxed to HDL particles

that transfer it to the liver (Maxfield and Tabas, 2005).

In atherosclerosis, this process is dysregulated. Macrophages internalise
excessive amounts of LDL, their cytoplasm becomes filled with cholesteryl ester lipid
droplets and they enlarge and eventually the cells die of intracellular stress (Maxfield

and Tabas, 2005; Moore and Tabas, 2011).

Platelets contain lysosomes that digest phagocytic and cytosolic components,
similarly to nucleated cells. The function of platelet lysosomes has not been studied
well, but platelet lysosomal glycohydrolases were found to be released “in vivo” in
humans upon platelet activation (Ciferri et al., 2000). In addition, platelet-specific
ablation of PIKfyve kinase, whose activity is essential for vesicle trafficking and cargo
transport along the endosomal-lysosomal pathway (McCartney et al., 2014), resulted in
impaired lysosomal secretion associated with accelerated arterial thrombosis and
macrophage accumulation (Sang et al., 2014). Hence, there seems to be a link between
platelet lysosomes and macrophage action in atherosclerosis and we further speculate

that such an action could be mediated by PEV. PEV might get internalised into
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monocytes and their contents might act on the monocyte lysosomes causing lysosomal

dysfunction.
The aims for this chapter were to:

1. Discover whether PEV get internalised into monocytes.

2. Image PEV inside monocytes and determine distribution and fate (transfer into
monocyte lysosomes?).

3. Investigate the mechanism(s) of internalisation.

6.2 Methodology

6.2.1 Investigation of PEV Internalisation

Purified PEV were incubated with washed monocytes for 30 minutes at 37°C on a
roller mixer. Monocytes were then centrifuged to remove unbound PEV and were either
a) first stained with anti-GPIba antibody for 30 minutes before fixation and
permeabilisation (this procedure lasted 30 minutes), or b) were first fixed and
permeabilised and secondly stained with anti-GPIba antibody. All monocytes were
analysed by FACS (Cyan ADP) to measure surface PEV signal and total PEV signal
(surface + intracellular). Statistical analysis was performed using Graph Pad Prism 6.

(For further detail see methods chapter 3).

6.2.2 Imaging of internalised PEV

Purified PEV (unstained or stained with the lipophilic PKH67 dye) were
incubated with washed monocytes for 30 minutes at 37°C on a roller mixer. Monocytes
were then centrifuged to remove unbound PEV and were cultured in plates at 37°C for
30 minutes or as indicated. The cells were then fixed and stained with anti-GPIba or

isotype control, anti-CD14 antibody, anti-LAMP1 (lysosomal marker), and DAPI in the
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presence of FcR blocking reagent. Monocytes were imaged using confocal microscopy.
Images were analysed using FIJI software. Statistical analysis was performed using

Graph Pad Prism 6. (For further detail see methods chapter 2).

6.2.3 Inhibition of Endocytosis

Washed monocytes were incubated with various endocytosis inhibitors
(Cytochalasin D, Ly294002, EIPA or Dynasore) for 30 minutes. Purified PEV were then
incubated with the monocytes for 30 minutes at 37°C on a roller mixer in the presence
of the inhibitors. Monocytes were then centrifuged to remove unbound PEV and were
either a) first stained with anti-GPIba antibody for 30 minutes before fixation and
permeabilisation (this procedure lasted 30 minutes) in the presence of the inhibitors, or
b) were first fixed and permeabilised in the presence of the inhibitors and secondly
stained with anti-GPIba antibody. All monocytes were analysed by FACS (Cyan ADP) to
measure surface PEV signal and total PEV signal (surface + intracellular). Statistical
analysis was performed using Graph Pad Prism 6. (For further detail see methods

chapter 3).
6.3 Results
6.3.1 Investigation of PEV Internalisation

In order to determine whether PEV get internalized into monocytes the PEV
signal (GPIba) from the surface of monocytes and the total signal (surface and

intracellular) was measured for the CD16-ve and the CD16+ve monocytes.

6.3.1.1 Internalisation by CD16-ve Monocytes

Representative flow cytometry dotplots show acquisition of PEV-borne GPIba by

the CD16-ve monocyte subset on the surface only and total acquisition (i.e. surface and
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intracellular) (Fig. 6.2A). We can observe that the percentage of GPIba+ve events

slightly increases in the total expression sample.

The GPIba histograms were also analyzed. The traces of the surface and total
expression were overlaid. The distribution curve is shifted towards higher expression

for the total expression sample compared to the surface expression (Fig. 6.2B).

The percentage of GPIba+ve events and the median GPIba expression were
analyzed graphically and statistically. The percentage of CD16-ve monocytes that
express GPIba on their surface only, is not significantly different than the percentage of
total expression (Fig. 6.2C), however the total median GPIba expression is significantly
higher than the surface median GPIba expression (Fig. 6.2D), suggesting that there is an

amount of GPIb located intracellularly.

6.3.1.2 Internalisation by CD16+ve Monocytes

Representative flow cytometry dotplots show acquisition of PEV-borne GPIba by
the CD16+ve monocyte subset on the surface only and total acquisition (surface and
intracellular) (Fig. 6.3A). We can observe that the percentage of GPIba+ve events

slightly increases in the total expression sample.

The GPIba histograms were also analyzed. The traces of the surface and total
expression were overlaid. The distribution curve is shifted towards higher expression

for the total expression sample compared to the surface expression (Fig. 6.3B).

The percentage of GPIba+ve events and the median GPIba expression were
analyzed graphically and statistically. The percentage of total expression is not

significantly higher than the percentage of surface expression (Fig. 6.3C), however the
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total median GPIba expression is significantly higher than the surface median GPIba

expression (Fig. 6.3D).

Figure 6.2. Surface and Total expression of GPIba in CD16-ve Monocytes

(A) Representative FACS dotplots indicating percentage of cells expressing GPIba on
their surface and total (surface and intracellular) GPIba expression upon 30 minutes
incubation with PEV. (B) Representative FACS overlay histograms demonstrating the
surface and the total GPIba expression. (C) Percentage of cells expressing GPIba on
their surface and total GPIba expression and (D) median GPIba expression. Data are
represented as mean +/- SEM of 3 experiments. T-tests were performed between
surface and total expression. * indicates P<0.05.
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Figure 6.3. Surface and Total expression of GPIba in CD16+ve Monocytes

(A) Representative FACS dotplots indicating percentage of cells expressing GPIba on
their surface and total (surface and intracellular) GPIba expression upon 30 minutes
incubation with PEV. (B) Representative FACS overlay histograms demonstrating the
surface and the total GPIba expression. (C) Percentage of cells expressing GPIba on
their surface and total GPIba expression and (D) median GPIba expression. Data are
represented as mean +/- SEM of 3 experiments. T-tests were performed between
surface and total expression. * indicates P<0.05.

6.3.2 Imaging of internalised PEV

FACS analysis suggested that PEV get internalised into monocytes since the
fluorescence intensity of GPIba on monocytes (both subsets) was higher upon staining
after cell permeabilisation compared to staining before cell permeabilisation. This
observation raised questions regarding the fate of internalised PEV, which we

attempted to answer by imaging the heterotypic aggregates.
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6.3.2.1 Detection of PEV-derived GPIba

Figure 6.4 shows successive frames from z-stacks of plated monocytes that have
aggregated with PEV. Aggregated monocytes were stained for GPIba (Fig. 6.4A) to
visualise PEV or with an isotype control (Fig. 6.4B) to check for any non-specific signal
in the green channel. Each successive frame shows signal 0.6um deeper into the cell.
Individual cells were identified by a DAPI-stained nucleus and CD14-stained surface
(not shown on the z-stack frames). Clearly, numerous, distinct, green dots appear at
different frames of the z-stack, away from the top (frame 1) and bottom (frame 10) cell
surfaces suggesting that the majority of PEV are located inside the monocyte.

Monocytes stained with an isotype control show very low non-specific staining.

The z-stack frames were combined together to form a single image of total signal
(maximum projection of each pixel) using FIJI software in order to view all PEV on and
in the monocyte (Fig. 6.5). Clearly, the GPIba+ve particles are in the sub-micron range
and evenly distributed in all directions of the cell (Fig. 6.5A). The composite image for
the isotype control revealed numerous particles scattered everywhere as well, however

the fluorescence intensity of these is much lower (Fig. 6.5B).

The signal intensity in the green channel per cell and the individual particles
were analyzed using the FIJI software and are shown graphically in Fig. 6.6. The signal
intensity in the green channel is significantly higher in the GPIba-stained aggregates
compared to the isotype control (Fig. 6.6A). The number of particles per cell is not
higher in the GPIba-stained sample compared to the isotype control (Fig. 6.6B),
however the particles in the GPIba-stained sample are significantly larger in size than

the particles of the control sample (Fig. 6.6C).
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Figure 6.4. GPIba distribution in monocytes after 1 hour of initial PEV
introduction

Representative successive frame images from z-stacks of monocyte-PEV aggregates.
PEV were labelled with anti-GPIba antibody tagged with alexa-488 fluorochrome (A) or
with isotype control (B). The cell depth between successive images is 0.6pm.
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Figure 6.5. GPIba distribution in monocytes after 1 hour of initial PEV
introduction

Representative composite images from z-stacks of monocyte-PEV aggregates. PEV were
labelled with anti-GPIba antibody tagged with alexa-488 fluorochrome (A) or with
isotype control (B). The composite signal from all channels and from the green channel
alone are shown in individual images.
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Figure 6.6. PEV-derived GPIba in monocytes after 1 hour of initial introduction

Mean expression of GPIba or isotype control per monocyte (A), number (B) and
average particle size (C) upon staining with GPIba or isotype control as determined
using the FIJI software. Data are represented as mean +/- SEM of 3 independent
experiments. T-tests were performed between surface and total expression. ** indicates
P<0.01, ns indicates no statistical significance.

6.3.2.2 Detection of PEV Membrane

Figure 6.7 shows successive frames from z-stacks of plated monocytes that have
aggregated with PEV. PEV were stained with the PKH67 dye before incubation with
monocytes. Each successive frame shows signal 0.6um deeper into the cell. Individual
cells were identified by a DAPI-stained nucleus and CD14-stained surface (not shown on
the z-stack frames). Some particles are seen to be located inside the monocytes as they

are most clearly seen on the middle frames.
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The z-stack frames were combined together to form a single image of total signal
(maximum projection of each pixel) using FIJI software in order to view all PEV on and
in the monocyte (Fig. 6.8). The PKH67+ve particles are in the sub-micron range and
evenly distributed in all directions of the cell. Some of them are seem to be located on
the extracellular surface of the cell (Fig. 6.8A). The composite image for the unstained
control revealed only some minimal fluorescence in the green channel coming from the
DAPI-stained nucleus (Fig. 6.8B). An unstained sample was considered to be an
adequate control because the PKH67 dye showed no signs of “leaking” out of the
vesicles in Chapter 5, as judged from the fact that lymphocytes for example did not

acquire significant PKH67 signal upon incubation with exogenous PKH67-stained PEV.

The signal intensity in the green channel per cell and the individual particles
were analyzed using the FIJI software and are shown graphically in Fig. 6.9. The signal
intensity in the green channel is significantly higher in the PKH67-stained sample
compared to the unstained control (Fig. 6.9A). The number of particles per cell (Fig.
6.9B) and their size in the PKH67-stained sample are significantly higher than the

particles of the control sample (Fig. 6.9C).
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Figure 6.7. PEV membrane distribution in monocytes after 1 hour of initial PEV
introduction

Representative successive frame images from z-stacks of monocyte-PEV aggregates.
PEV were labelled with PKH67 dye. The cell depth between successive images is 0.6um.
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Figure 6.8. PEV membrane distribution in monocytes after 1 hour of initial PEV
introduction

Representative composite images from z-stacks of monocyte-PEV aggregates. PEV were
labelled with PKH67 dye. The composite signal from all channels and from the green
channel alone are shown in individual images.
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Figure 6.9. PEV membrane in monocytes after 1 hour of initial PEV introduction

Mean fluorescence intensity in the green channel for the PKH67-stained and the
unstained PEV (A), number (B) and average particle size (C) as determined using the
FIJI software. Data are represented as mean +/- SEM of 3 independent experiments. T-
tests were performed between surface and total expression. ** indicates P<0.01.

6.3.2.3 Investigation of PEV transfer into Monocytes Lysosomes

After observing that PEV get internalized into monocytes, we wondered where
they end up inside the monocytes; whether they get transferred into lysosomes for
degradation or whether they get recycled and used somewhere by monocytes? In order
to determine whether PEV get trafficked into lysosomes, plated monocyte-PEV
aggregates were stained for GPIba and LAMP1, a lysosomal and late endosomal marker,
to check colocalization. Cells were imaged by confocal microscopy by z-stacking 1 hour,

3 hours and 20 hours post-plating.
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The z-stack frames were combined together to form a single image of total signal
(maximum projection of each pixel) using FIJI software in order to view all PEV and all
lysosomes in the monocytes (Fig. 6.10). We clearly see numerous lysosomes and PEV.
These do not seem to colocalise by eye observation. Only in the 20-hour sample we can
see two individual lysosomes exhibiting GPIba signal (appearing as yellow in the

composite image).

Figure 6.10. PEV-derived GPIba localization in monocyte lysosomes

Representative composite images from z-stacks of monocyte-PEV aggregates.
Monocyte-PEV aggregates were labelled with anti-GPIba antibody tagged with alexa-
488 fluorochrome, anti-LAMP1 tagged with alexa-647 and DAPI. The composite signal
from all channels and from individual colour channels.

The colocalization coefficient (Pearson’s) was determined at each time point using FIJI

software and was analyzed statistically. It was found to increase significantly with time
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however even after 20 hours, the colocalization value is low meaning that a small
number of PEV (225%) colocalize with lysosomes; most of them do not (Fig. 6.11A).
The number of individual GPIba+ve particles was also counted at each time point using
FIJI software and was found not to change significantly with time. In addition, the
number of GPIba+ve particles at 20h was not significantly different than at 3h (Fig.

6.11B).

Figure 6.11. PEV-derived GPIba localization in monocyte lysosomes

(A) Pearson’s colocalization coefficient of GPIba and LAMP1 as calculated using FIJI
software in monocytes over time. (B) Number of GPIba+ve particles. Data are
represented as mean +/- SEM of 3 experiments. One-way ANOVA was performed to
determine effect of time. T-test was performed between number of particles at 3h and
20h. * indicates p<0.05.

6.3.3 Investigation of the PEV Internalisation Mechanism

Upon observing that PEV get internalised by monocytes, the mechanism of
internalisation was investigated. Purified PEV were incubated with various endocytosis

inhibitors and the level of endocytosed PEV was measured.

6.3.3.1 Role of Actin Polymerisation

The role of actin polymerization, which is important in phagocytosis

macropinocytosis and clathrin-dependent endocytosis, on the uptake of PEV was
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investigated using the chemical inhibitor Cytochalasin D (C.D) which depolymerizes F-

actin.

Representative flow cytometry dotplots show surface acquisition of PEV-borne
GPIba and total acquisition (surface and intracellular) by monocytes in the presence of
DMSO vehicle or actin polymerization inhibitor Cytochalasin D (Fig. 6.12). We can
observe that the percentage of GPIba+ve events decreases in the Cytochalasin D-treated

sample.

Figure 6.12. Role of Actin polymerization on the uptake of PEV by Monocytes

Representative FACS dotplots indicating percentage of monocytes that express GPIba
on their surface and total (surface and intracellular) GPIba expressionn upon 30
minutes incubation with PEV in the presence of Cytochalasin D or DMSO control which
blocks actin polymerization.
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The GPIba histograms were also analyzed. The traces of the surface and total
expression of DMSO and Cytochalasin D were overlaid. The distribution curve is shifted
towards lower surface and total expression for the Cytochalasin D-treated sample

compared to the DMSO control (Fig. 6.13).

Figure 6.13. Role of Actin polymerization on the uptake of PEV by Monocytes

Representative FACS overlay histograms demonstrating the surface and the total GPIba
expression on monocytes upon 30 minutes incubation with PEV in the presence of
Cytochalasin D (C.D) or DMSO control which blocks actin polymerization.

The percentage of GPIba+ve events and the median GPIba expression were
analyzed graphically and statistically (Fig. 6.14). The percentage of surface and total
expression of Cytochalasin D is not significantly lower than the percentage of the DMSO
expression (Fig. 6.14A). The median total GPIba expression in the presence of
Cytochalasin D. is significantly lower than the median total GPIba expression of the
control, however the median surface GPIba expression in the presence of Cytochalasin
D is not significantly lower than the median total GPIba expression of the control. The

median total GPIba expression in the presence of Cytochalasin D is significantly higher
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than the median surface GPIba expression of (Fig. 6.14B), hence Cytochalasin D

decreases the intercellular GPIba expression i.e. (partly) inhibits GPIba internalization.

Figure 6.14. Role of Actin polymerization on the uptake of PEV by Monocytes

Percentage of monocytes that express GPIba on their surface and total GPIba
expression (A) and median GPIba expression (B) upon 30 minutes incubation with PEV
in the presence of Cytochalasin D or DMSO control. Data are represented as mean +/-
SEM of 3 experiments. T-tests were performed between surface and total expression
with Cytochalasin D, between surface expression of DMSO vehicle and surface
expression of Cytochalasin D and between total expression of DMSO vehicle and total
expression of Cytochalasin D. * indicates P<0.05, absence of * indicates no significance.
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6.3.3.2 Role of PI3K

The role of phosphoinositide 3-kinases (PI3K), which are important in
phagocytosis (Feng et al., 2010), on the uptake of PEV was investigated using the

chemical inhibitor Ly294002.

Representative flow cytometry dotplots show surface acquisition of PEV-borne
GPIba and total acquisition (surface and intracellular) by monocytes in the presence of
DMSO control or Ly294002 (Fig. 6.15). We can observe that the percentage of
GPIba+ve events is about the same in the Ly294002-treated samples compared to the

controls.

The GPIba histograms were also analyzed. The traces of the surface and total
expression of DMSO and Ly294002 were overlaid. The distribution curves of the
Ly294002 samples lie exactly on those of the controls i.e. there is no shift towards lower

GPIba expression (Fig. 6.16).

The percentage of GPIba+ve events and the median GPIba expression were
analyzed graphically and statistically (Fig. 6.17). The percentage of surface and total
expression of Ly294002 is the same as the percentage of the DMSO sample (Fig. 6.17A).
The median total and surface GPIba expression in the presence of Ly294002 is also the
same as the median GPIba expression of the control (Fig. 6.17B), hence Ly294002 does

not have any effect on PEV internalisation.
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Figure 6.15. Role of PI3K on the uptake of PEV by Monocytes

Representative FACS dotplots indicating percentage of monocytes that express GPIba
on their surface and total (surface and intracellular) GPIba expressionn upon 30
minutes incubation with PEV in the presence of Ly294002, which inhibits PI3K action
or DMSO control.
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Figure 6.16. Role of PI3K on the uptake of PEV by Monocytes

Representative FACS overlay histograms demonstrating the surface and the total GPIba
expression on monocytes upon 30 minutes incubation with PEV in the presence of
Ly294002 which inhibits PI3K action or DMSO control.
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Figure 6.17. Role of PI3K on the uptake of PEV by Monocytes

Percentage of monocytes that express GPIba on their surface and total GPIba
expression (A) and median GPIba expression (B) upon 30 minutes incubation with PEV
in the presence of Ly294002, which inhibits PI3K action or DMSO control. Data are
represented as mean +/- SEM of 3 experiments. T-tests were performed between
surface and total expression with Ly294002, between surface expression of DMSO
vehicle and surface expression of Ly294002 and between total expression of DMSO
vehicle and total expression of Ly294002. Absence of * indicates no significance.
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6.3.3.3 Role of Sodium/ Proton Exchanger

The role of sodium/proton exchanger, which is important in macropinocytosis,
on the uptake of PEV was investigated using the chemical inhibitor 5-(N-Ethyl-N-

isopropyl)amiloride (EIPA) (Fitzner et al., 2011; Escrevente et al., 2011).

Representative flow cytometry dotplots show surface acquisition of PEV-borne
GPIba and total acquisition (surface and intracellular) by monocytes in the presence of
DMSO vehicle or macropinocytosis inhibitor EIPA (Fig. 6.18). We can observe that the

percentage of GPIba+ve events decreases in the EIPA-treated samples.

The GPIba histograms were also analyzed. The traces of the surface and total
expression of DMSO and EIPA were overlaid. The distribution curve is shifted towards
lower surface and total expression for the EIPA-treated sample compared to the DMSO

control (Fig. 6.19).

The percentage of GPIba+ve events and the median GPIba expression were
analyzed graphically and statistically (Fig. 6.20). The percentage of surface and total
expression of EIPA is not significantly lower than the percentage of the DMSO
expression (Fig. 6.20A). The median total GPIba expression in the presence of EIPA is
significantly lower than the median total GPIba expression of the control, however the
median surface GPIba expression in the presence of EIPA is not significantly lower than
the median total GPIba expression of the control. The median total GPIba expression in
the presence of EIPA is not significantly higher than the median surface GPIba
expression of (Fig. 6.20B), hence EIPA decreases the intercellular GPIba expression i.e.

inhibits most GPIba internalization.
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Figure 6.18. Role of the sodium/proton exchanger on the uptake of PEV by
Monocytes

Representative FACS dotplots indicating percentage of monocytes that express GPIba
on their surface and total (surface and intracellular) GPIba expressionn upon 30
minutes incubation with PEV in the presence of EIPA, which inhibits the action of the
sodium/proton exchanger or DMSO control.
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Figure 6.19. Role of the sodium/proton exchanger on the uptake of PEV by
Monocytes

Representative FACS overlay histograms demonstrating the surface and the total GPIba
expression on monocytes upon 30 minutes incubation with PEV in the presence of EIPA,
which inhibits the action of the sodium/proton exchanger or DMSO control.
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Figure 6.20. Role of the sodium/proton exchanger on the uptake of PEV by
Monocytes

Percentage of monocytes that express GPIba on their surface and total GPIba
expression (A) and median GPIba expression (B) upon 30 minutes incubation with PEV
in the presence of EIPA, which inhibits the action of the sodium/proton exchanger or
DMSO control. Data are represented as mean +/- SEM of 3 experiments. T-tests were
performed between surface and total expression with EIPA, between surface expression
of DMSO vehicle and surface expression of EIPA and between total expression of DMSO
vehicle and total expression of EIPA. ** indicates p<0.01, absence of * indicates no
significance.
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6.3.3.4 Role of Dynamin

The role of dynamin, which is important in clathrin-and caveolin-mediated
endocytosis, on the uptake of PEV was investigated using the pharmacological inhibitor

Dynasore which blocks the GTPase activity of dynamin.

Representative flow cytometry dotplots show surface acquisition of PEV-borne
GPIba and total acquisition (surface and intracellular) by monocytes in the presence of
DMSO vehicle or clathrin-mediated endocytosis inhibitor Dynasore (Fig. 6.21). We can
observe that the percentage of GPIba+ve events decreases in the Dynasore-treated

samples.

The GPIba histograms were also analyzed. The traces of the surface and total
expression of DMSO and Dynasore were overlaid. The distribution curve is shifted
towards lower total expression for the Dynasore-treated sample compared to the DMSO

control (Fig. 6.22). The surface curve is the same for both samples.

The percentage of GPIba+ve events and the median GPIba expression were
analyzed graphically and statistically (Fig. 6.23). The percentage of surface and total
expression of Dynasore is not significantly different than the percentage of the DMSO
sample (Fig. 6.23A). The median total GPIba expression in the presence of Dynasore is
significantly lower than the median total GPIba expression of the control. The median
surface GPIba expression in the presence of Dynasore is a little higher than the median
surface GPIba expression of the control, however it does not reach significance. The
median total GPIba expression in the presence of Dynasore is not significantly higher
than the median surface GPIba expression of Dynasore (Fig. 6.23B), hence Dynasore

completely blocks internalization of GPIba.
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Figure 6.21. Role of Dynamin-2 on the uptake of PEV by Monocytes

Representative FACS dotplots indicating percentage of monocytes that express GPIba
on their surface and total (surface and intracellular) GPIba expressionn upon 30
minutes incubation with PEV in the presence of Dynasore, which blocks the action of
Dynami-2 or DMSO control.
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Figure 6.22. Role of Dynamin-2 on the uptake of PEV by Monocytes Representative
FACS overlay histograms demonstrating the surface and the total GPIba expression on
monocytes upon 30 minutes incubation with PEV in the presence of Dynasore, which
blocks the action of Dynamin-2 or DMSO control.
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Figure 6.23. Role of Dynamin-2 on the uptake of PEV by Monocytes Percentage of
monocytes that express GPIba on their surface and total GPIba expression (A) and
median GPIba expression (B) upon 30 minutes incubation with PEV in the presence of
Dynasore, which blocks the action of Dynamin-2 or DMSO control. Data are represented
as mean +/- SEM of 3 experiments. T-tests were performed between surface and total
expression with Dynasore, between surface expression of DMSO vehicle and surface
expression of Dynasore and between total expression of DMSO vehicle and total
expression of Dynasore. ** indicates p<0.01, absence of * indicates no significance.

6.4 Discussion

The potential of monocytes to internalize PEV was investigated by FACS analysis.
Monocyte-PEV aggregates were stained for GPIba before and after cell permeabilization
in order to compare surface with total signal. A significant difference between surface

and total GPIba signal revealed that the majority of GPIba molecules were located
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intracellularly. This observation was not surprising as EV in general are largely
endocytosed by various cells (Feng et al.,, 2010; Franzen et al., 2014; Na'slund et al,,

2014; Christianson et al., 2013).

The two main monocyte subsets; CD16-ve and CD16+ve, exhibited the same
capacity to internalise PEV. This is in contrast to the literature where one subset (not
always the same one) is shown to be more phagocytic than the other (Mosig et al., 2008;
Mukherjee et al., 2015; Boyette et al.,, 2017). However, this observation led us to

speculate that PEV get internalized in a non-phagocytotic mechanism.

In order to shed some light on the post-internalisation fate of PEV, PEV were
imaged. Confocal imaging of monocyte-PEV aggregates revealed the presence of
numerous GPIba+ve particles in the microvesicle size range (100-200nm diameter),
scattered throughout the cells. Labeling PEV with the lipophilic dye PKH67 resulted in
larger particles (sized 600-1000nm) but fewer in number. In addition, the PKH67+ve
particles were not clearly located inside the cells and they appeared to be located closer
to the surface of the cells, away from the cells’ core. Lipophilic dyes, such as the PKH67
dye used in our experiments, associate with lipids, whereas antibodies, such as our anti-
GPIba antibody, associate with proteins. Different EV molecules might separate and
have different post-internalization fate inside the monocytes. A study deduced that EV
proteins start separating from the EV membrane within 3 hours of endocytosis. The
separation occurred possibly by fusion of EV to endosome or acidified environment in
late endosome. EV lipids in these experiments were transported to the plasma
membrane, whereas EV membrane proteins were transported to lysosomes (Tian et al.,
2010). In other studies, internalized EV components were transferred from endosomal

vesicles to the ER (Heusermann et al., 2016). Double staining of PEV using a lipophilic
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dye and an antibody targeting a PEV protein i.e. GPIba could help us understand better
whether PEV are internalized as whole, or whether their membrane fuses with the
monocytes’s plasma membrane and only the non-membrane contents get internalized,
or whether the different components of PEV (i.e. lipids and proteins) separate and have

a different post-internalization fates.

There is concern that the presence of fluorescent molecules in membrane-
binding dyes or the presence of antibodies might affect the behavior of EV. The
fluorescent molecules from the lipophilic dyes might in theory leach from EV onto the
recipient cell’s plasma membrane. A significant improvement to our experiment in
order to visualize our PEV would be the use fluorescent proteins, such as GFP, fused

with vesicular proteins (Keller et al,, 2011; Koumangoye et al., 2011).

In order to gain a deeper understanding and further investigate this possibility,
the internalization mechanism was sought. PEV were incubated with monocytes in the
presence of various endocytosis inhibitors. The chemical compound Cytochalasin D
which depolymerizes F-actin and inhibits most endocytic pathways (phagocytosis,
macropinocytosis and clathrin-dependent endocytosis) decreased significantly
internalization of PEV by monocytes, however the chemical compound Ly294002 that
inhibits phagocytosis only, by blocking the action of PI3Ks, did not have any effect on
the uptake of PEV by monocytes. Hence, it is most likely that PEV do not get
endocytosed by phagocytosis and that the inhibitory effect observed with Cytochalasin

D is attributed to macropinocytosis or/and clathrin-dependent endocytosis.

Contribution of macropinocytosis was further confirmed by the use of another
chemical macropinocytosis inhibitor, EIPA, that acts by blocking the sodium/proton

exchanger, which also (partly) inhibited internalization of GPIba. Nonetheless, EIPA did
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not block internalization of PEV completely, suggesting that PEV get internalized into
monocytes via non-macropinocytotic mechanisms as well. This observation agrees with
literature where EV are usually taken up by cells via more than one mechanism (Barre's
et al., 2010; Feng et al., 2010; Morelli et al.,, 2004; Tian et al., 2010; Escrevente et al.,

2011; Hao et al., 2007).

Since macropinocytosis blocking did not block PEV internalization completely,
the contribution of other endocytic pathways was evaluated. The pharmacological
inhibitor Dynasore, which blocks the GTPase activity of dynamin and clathrin/caveolin-
mediated endocytosis, completely hindered internalization of PEV, suggesting that this
is the main pathway(s) used by the monocytes to internalise PEV. Future experiments
should include tracking of PEV into monocytes in real time, along with staining of
endocytic components such as clathrin/caveolin/early endosome and markers of

endocytosis-related organelles such as endoplasmic reticulum and Golgi.

Endocytosed molecules inside endosomes are either recycled usually back to the
plasma membrane via transport vesicles or, if considered “useless” or harmful, they are
transferred to the lysosomes for degradation. The distribution of GPIba inside the
monocytes (numerous particles scattered throughout inside of cells) and the fact that
PEV were found to be internalized into monocytes via endocytosis (macropinocytosis
and clathrin/caveolin-mediated endocytosis) led us to speculate that PEV might end up
in monocyte lysosomes. Such an observation would strengthen our hypothesis that PEV
might contribute to the lysosomal dysfunction that might cause atherosclerosis.
However, after 1, 3 or 20 hours of initial introduction, GPIba+ve molecules did not
localize inside lysosomes. There seems to be a variation in the time it takes for EV to

reach lysosomes. EV have been shown to localize into lysosomes 2 hours upon initial
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introduction (Fitzner et al, 2011). However, another study found colocalized EV
membrane proteins with lysosomes 12 hours upon initial EV introduction (Tian et al,,
2010) and another study found high colocalization (50-60%) of EV with lysosomes in
fibroblasts after 48 hours upon addition of EV (Heusermann et al., 2016). Hence it is
possible that the time points in our experiment were not appropriate. However, this
might be a true result. The GPIba protein might be recycled by monocytes. Indeed, it
was found in our lab that monocytes pre-incubated with PEV bound to human
immobilized vWF or stimulated cultured endothelial cells in flow in a GPIba-dependent

way (Chimen et al., unpublished).

Uptake of EV by cells is usually mediated by protein-protein interactions.
Platelets and monocytes contain various tetraspanins, integrins, immunoglobulins,
proteoglycans and lectins that could possibly be involved in the PEV uptake by

monocytes and could be the focus of future studies.

Conclusions

Monocytes internalize PEV by macropinocytosis and clathrin/caveolin-
dependent endocytosis. Both CD16-ve and CD16+ve exhibit the same efficiency in
internalizing PEV. The majority of PEV-derived GPIba does not end up in monocyte
lysosomes upon endocytosis. Further experimentation and live tracking is required to
dissect the trafficking and fate of PEV and PEV components inside monocytes and to

unravel the functional consequence, if any, in atherosclerosis.
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7 INVESTIGATION OF PEV-DERIVED

MITOCHONDRIA INTERNALISATION

BY MONOCYTES
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7.1 Introduction

We have shown by FACS and confocal microscopy in Chapter 6 that PEV are
internalized by monocytes. This raises the interesting prospect of transfer of PEV
components that can affect monocyte behavior in atherosclerosis. An interesting
observation made by Boudreau et al. (2014) is the presence of mitochondria in PEV.
Upon internalization by neutrophils and subsequent hydrolysis of the PEV-derived
mitochondrial membrane by the bactericidal phospholipase A2 (PLA2 I1A), different
inflammatory stimuli were produced; in particular lysophospholipid, fatty acids and
mtDNA. These mediators activated neutrophils in vivo (Boudreau et al., 2014) and are
known to activate leukocytes and promote the progression of atherosclerosis. Hence,
we hypothesized that PEV can transfer platelet mitochondria to monocytes and confer

monocyte mitochondrial dysfunction, associated with atherosclerosis.

Mitochondria can regulate cell death, inflammation, ROS generation and
metabolism. Hence, mitochondrial DNA (mtDNA) damage that leads to mitochondrial
dysfunction can directly promote atherosclerosis (Yu and Bennet, 2014). ROS are
responsible for oxidation of the lipids that accumulate at sites of endothelial damage in
atherosclerosis and are mainly generated as a byproduct of mitochondrial respiration
(Turrens, 2003). Thus, prolonged mitochondrial dysfunction may cause high levels of

oxidative stress (Logan et al., 2014).

The human mitochondrial genome encodes 13 respiratory chain subunits as well
as rRNAs and tRNAs (Larsson, 2010). mtDNA is not protected by histones like nuclear
DNA and is located close to the site of ROS production, conditions that render it
susceptible to damage. Damaged mtDNA was discovered in blood cells and in

atherosclerotic plaques in patients with coronary artery disease and was associated
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with high-risk plaques in humans, implying that it has a role in atherosclerosis
progression independently of ROS (Botto et al., 2005; Corral-Debrinski et al., 1992; Yu
et al.,, 2013). Monocytes exhibited increased apoptosis and a proinflammatory status.

Damaged mtDNA promoted atherosclerosis also in animal models (Trifunovic et al,,

2004).

mtDNA contains high levels of unmethylated DNA as CpG islands (regions of DNA
where a cytosine nucleotide is followed by a guanine nucleotide in the linear sequence
of bases along its 5 -> 3’ direction). These can act as DAMPs (damage-associated
molecular patterns) and activate TLR9 (Toll-like receptor 9) (Zhang et al., 2010).
Activated TLR9 increases nuclear factor kappa B (NFkB) signaling that results in
proinflammatory cytokine expression (Oka et al., 2012). Mitochondrial dysfunction can
promote inflammation also through activation of the NRLP3 inflammasome through
ROS, mtDNA release, cardiolipin release and by altering NAD/NADH ratios (Yu and

Bennet, 2014).

Mitochondrial dysfunction promotes cell apoptosis. Apoptotic signals in the cells
might reach the mitochondrial proteins Bax and Bak, which form pores on the
mitochondrial outer membrane. This allows proapoptotic factors such as cytochrome c
to escape the mitochondria and activate the cascade that executes apoptosis (Marino et

al., 2014). However, the exact mechanism of this remains unclear.

Mitochondria also affect metabolism. They do so by generating ATP using
compounds from the Krebs cycle, which are obtained from lipids, sugars and proteins.
Dysfunctional mitochondria that result in insufficient levels of ATP, lead to the
activation of AMP-activated protein kinase (AMPK) that inhibits gluconeogenesis and

adipogenesis (Hardie et al., 2012).
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Figure 7.1. Mitochondrial dysfunction and Atherosclerosis

Mitochondrial dysfunction can directly promote atherosclerosis. Dysfunctional
mitochondria produce reactive oxygen species (ROS), release cardiolipin and damaged
mitochondrial DNA (mtDNA) that can activate the NLRP3 inflammasome. They can also
release cytochrome C upon sensing apoptotic signals that further promotes cellular
apoptosis. Insufficient production of ATP, leads to the activation of AMP-activated
protein kinase (AMPK) that inhibits gluconeogenesis and adipogenesis.

Mitochondria are highly dynamic organelles that constantly undergo fusion and
fission (division) forming mitochondrial networks. Integrity of these networks is vital
for cell survival and health. Hence, we speculate that internalized PEV into monocytes
transfer mitochondria, which can get integrated in the existing mitochondrial networks.
However, in atherosclerosis PEV-borne mitochondria might disrupt the function of

monocyte mitochondrial networks, this way contributing to atherosclerosis.



179

The aims for this chapter were to:

1. Check whether PEV contain mitochondria.

2. Discover whether PEV-borne mitochondria get internalised into monocytes.

3. Discover whether PEV-borne mitochondria get integrated into monocyte
mitochondrial networks.

7.2 Methodology

7.2.1 Staining of PEV Mitochondria

Resting platelets were stained with MitoTracker dyes (Green/ Deep Red) at
different concentrations and with PKH67 dye where necessary and washed extensively.
Stained platelets were stimulated using CRP-XL/ thrombin to shed PEV-containing
mitochondria. Stained PEV were purified by differential centrifugation and were
analyzed by FACS (Accuri C6). Statistical analysis was performed using Graph Pad Prism

6. (For further detail see methods section 2).

7.2.2 Staining and Imaging of Live Monocyte Mitochondria

Washed monocytes were stained with MitoTracker dyes (Green/ Deep Red) at
different concentrations and washed extensively. Stained monocytes were plated onto
glass surfaces in culture medium and imaged in real time by STORM (Stochastic Optical

Reconstruction Microscopy).

7.2.3 Investigation of transfer of PEV-derived Mitochondria to Monocytes

Monocytes unstained or MitoTracker-stained were incubated with MitoTracker-
stained PEV or the filtrate from the PEV suspensions (filtered through 0.25 pm pores) in
order to remove the bigger PMV that contain mitochondria; or platelets or the filtrate

from platelet suspensions. Monocyte uptake of exogenous mitochondria was assessed
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by by FACS (Cyan ADP) and confocal microscopy. Images were analysed using FIJI
software. Statistical analysis was performed using Graph Pad Prism 6. (For further

detail see methods section 2).

7.3 Results

7.3.1 Investigation of Mitochondria presence in PEV

In order to determine whether PEV contain mitochondria and whether these are
enclosed in vesicular membranes or are “naked” mitochondria, platelets were stained
with the mitochondrial dye MitoTracker Deep Red and/or with the membrane dye
PKH67 before stimulation and subsequent shedding of PEV. The level of staining was
assessed by FACS. Fig. 7.2 shows representative histograms of MitoTracker Deep
Red/PKH67 expression by PEV. When PEV were only stained with MitoTracker, >90%
of PEV appeared positive, indicating that many of the PEV detectable by FACS contained
high presence of mitochondria (Fig. 7.2A, left histogram). However, when PEV were
also stained with PKH67 in order to see what percentage of the mitochondria were
membrane-enclosed or not, the level of MitoTracker staining decreased by
approximately one third (Fig. 7.2A, right histogram). All MitoTracker+ve particles
were also positive for PKH67, indicating that mitochondria were always shed within an
envelopeof platelet membrane (Fig. 7.2B, left histogram). When PEV were stained only
with PKH67 dye, almost 100% of them were found positive (Fig. 7.2B, right

histogram).

The percentage of MitoTracker+ve/PKH67+ve events was analysed graphically
and statistically from a number of experiments (Fig. 7.3). The percentage of

MitoTracker+ve vesicles decreases significantly when PEV were also stained with
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PKH67 dye (Fig. 7.3A). All PEV and all MitoTracker+ve PEV were also positive for

PKH67 (Fig. 7.3B).

Normalised Count
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Figure 7.2. Presence of Mitochondria in PEV
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(A) Representative histograms of MitoTracker Deep Red expression by PEV stained for
MitoTracker Deep Red dye only or MitoTracker Deep Red and PKH67 dye, as detected
by flow cytometry. (B) Representative histogram of PKH67 expression by PEV, stained
with MitoTracker Deep Red and PKH67 dye, gated on MitoTracker Deep Red+ve events
or ungated. The gates were set using unstained controls (not shown).
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Figure 7.3. Presence of Mitochondria in PEV

(A) Percentage of PEV stained with MitoTracker Deep Red only or MitoTracker Deep
Red and PKH67 dye expressing MitoTracker Deep Red. (B) Percentage of PEV stained
with MitoTracker Deep Red and PKH67 dye gated on MitoTracker Deep Red+ve events
or ungated expressing PKH67. Data are represented as mean +/- SEM of 3 experiments.
All data were analysed by t-test. ** indicates P<0.01.

7.3.2 Characterisation of Mitochondria in Monocytes

Before introduction of PEV mitochondria to monocytes, we wanted to first
observe and characterize the behaviour of endogenous mitochondria in monocytes, as
well as optimise imaging conditions. Live mitochondria were stained with MitoTracker
Deep Red and imaged in real time by STORM (Stochastic Optical Reconstruction
Microscopy). Figure 7.4 shows representative images of mitochondria in two live
monocytes stained with MitoTracker Deep Red. Upon careful observation, individual
mitochondria can be seen to be located at different positions within the cells, indicating

that they are constantly moving.

The path of individual mitochondria was tracked over the course of 50 seconds
using the Trackmate plugin on FIJI software and is shown in different colours in Fig.
7.5. Individual mitochondria were constantly moving, fusing with each other and
dividing, forming tubular networks i.e. elongated structures from the fusion of

mitochondria.
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Figure 7.4. The behaviour of Mitochondria in Monocytes

Live monocytes stained with MitoTracker Deep Red were imaged by STORM live.
Images were captured every second. White dots represent individual mitochondria.
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Figure 7.5. The trajectory of Mitochondria in Monocytes

(A) Individual mitochondria trajectories in representative monocytes over the course of
50 seconds as tracked by FIJI software. (B) Quantification of mitochondria in monocytes
based on differential trajectories. Data is mean + / - SEM of 10 monocytes.

7.3.3 Investigation of transfer of PEV-derived Mitochondria to Monocytes

Since PEV were found to carry mitochondria and since PEV were found in
Chapter 6 to be internalized by monocytes, we hypothesized that PEV-borne
mitochondria can also gain entry into monocytes. In order to investigate this possibility,
induced-PEV were stained with MitoTracker dyes and incubated with washed
monocytes over a 50-minute time-course. As a control, the filtrate (filtration through

0.25um pores) from the PEV suspension was also incubated with washed monocytes.

7.3.3.1 Investigation by FACS

Acquisition of PEV-derived mitochondria by monocytes is shown in flow
cytometry dotplots in Figure 7.6. PEV were stained with MitoTracker Green. Almost all
monocytes become positive for MitoTracker Green upon incubation with PEV or with
the filtrate at all time points. Monocytes seem to acquire MitoTracker Green with

increased intensity by time.
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The histograms of MitoTracker Green expression by monocytes were also
analysed. They show clearly that most monocytes become positive for MitoTracker
Green upon incubation with both PEV or the filtrate from PEV at all time points. The
fluorescence intensity however increases with time with both PEV and filtrate. The

signal starts to saturate between 30-50 minutes (Fig. 7.7).

The percentage of MitoTracker Green+ve monocytes and the median
fluorescence intensity of monocytes were plotted graphically and analysed statistically
(Fig. 7.8). Most monocytes become positive with MitoTracker Green when incubated
with PEV suspension or the filtrate from PEV from as early as 5 minutes of incubation
(Fig. 7.8A). The fluorescence intensity increases significantly with time up to 50
minutes with both PEV and the filtrate from them. The signal of monocytes with the

filtrate is significantly lower than the signal with the PEV (Fig. 7.8B).
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Figure 7.6. Uptake of PEV-derived Mitochondria by Monocytes

Monocytes were incubated with PEV stained with MitoTracker Green or with the filtrate
from the PEV suspension over the course of 50 minutes under shear stress conditions.
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Figure 7.7. Uptake of PEV-derived Mitochondria by Monocytes

Monocytes were incubated with PEV stained with MitoTracker Green or with the filtrate
from the PEV suspension over the course of 50 minutes under shear.
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Figure 7.8. Uptake of MitoTracker Green by Monocytes

Monocytes exposed to PEV or a filtered supernatant from PEV suspensions were
analysed by flow cytometry for fluorescent stain. Two-way ANOVA tests were
performed for both graphs to determine effect of time and any difference between PEV
and filtrate. ** indicates P<0.01, ns indicates no statistical significance.

7.3.3.2 Investigation by Microscopy

Incubation of monocytes with the filtrate of PEV (control sample) resulted in
detectable signal on the monocytes that significantly increased by time. However, this
signal was significantly lower than the signal with the PEV. We wanted to image

monocytes incubated with the filtrate by PEV, in order to check whether the signal is
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detectable by confocal microscopy or whether it is minimal and should be disregarded

as background signal. Monocytes in these experiments were fixed before imaging.

Representative images are shown in Fig. 7.9. The positive control (monocytes
stained with MitoTracker Green) shows clearly defined dots of high fluorescent
intensity. The unstained monocyte that was incubated with PEV stained with
MitoTracker shows less-defined dots that are of lower fluorescent intensity. The
unstained monocytes that were incubated with the filtrate from MitoTracker-stained

PEV shows low green fluorescence. Individual dots cannot get identified.

Figure 7.9. Mitochondria signal in Monocytes

Monocytes were either stained with MitoTracker Green or were incubated with PEV
stained with MitoTracker Green or with the filtrate from stained PEV. Scale bar is 10um.

The fluorescence intensity from a number of cells was quantified using FIJI
software (Fig. 7.10). The mean fluorescence intensity on the monocytes that were
incubated with the PEV suspension was significantly lower than the control sample and

significantly higher than the filtrate sample.
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Figure 7.10. Mitochondria signal from Monocytes

Monocytes were either stained with MitoTracker Green or were incubated with PEV
stained with MitoTracker Green or with the filtrate from stained PEV. T-tests were
performed between groups. > 20 randomly selected cells were analysed per group. **
indicates P<0.01.

7.3.4 Investigation of Dye Leakage

7.3.4.1 Investigation by Microscopy

Upon observing that incubation of monocytes with the filtrate from PEV
suspension results in significant mitochondrial signal expressed by monocytes, we
decided to perform a control experiment. Monocytes stained with MitoTracker Green
and resting platelets stained with MitoTracker Deep Red were incubated together for 30
minutes, washed and imaged live by confocal microscopy. In theory, monocytes should

appear green and platelets red without any overlap.

However, most mitochondria, either in the monocytes or in the platelets
appeared stained with both colours (this was not due to spectral overlap) (Fig. 7.11A).
Monocytes and platelets are distinguished by their difference in size. The monocyte in
the white dashed circle appears only green in the merged image. However in the single
colour images, a low level of red fluorescence is revealed. The platelet in the blue
dashed circle clearly contains both red and green mitochondria aligned next to each

other. These are however the same mitochondria, stained with both green and red
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MitoTracker, but because stained live, they appear as misaligned because of the lag time
it takes for the microscope to change lasers and image in the next colour channel. The
next monocyte in the purple dashed circle contains dots in different shades/intensities
of green, yellow and orange. This shows that monocyte mitochondria acquired

MitoTracker Deep Red dye. Hence, there is a large level of dye leakage.

Colocalization analysis using FIJI software revealed two different correlations
between the green and red fluorescence intensities (dashed blue and green lines). The
overall correlation coefficient was 0.82, which is indicative of high correlation (Fig.
7.11B). The existence of two correlations reveals the presence of two separate entities.
The blue-lined correlation represents mitochondria originally stained with MitoTracker
Green and later stained with MitoTracker Deep Red (these show higher green
fluorescence and lower red fluorescence) and the green-lined correlation represents
mitochondria originally stained with MitoTracker Deep Red and later stained with

MitoTracker Green (these show higher red fluorescence and lower green fluorescence).
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Figure 7.11. MitoTracker dye leakage

Monocytes stained with MitoTracker Green were incubated with resting platelets
stained with MitoTracker Deep Red and imaged live by confocal microscopy. (A)
Representative images of monocytes and platelets, (B) Correlation of the fluorescence
intensity in the Red versus the Green channel by FIJI analysis. The calculated correlation
coefficient is indicated.

7.3.4.2 Investigation by FACS

Unstained monocytes were incubated with resting platelets or platelet filtrate or
PEV or PEV filtrate, all stained with MitoTracker Deep Red for 30 minutes and the level
of MitoTracker Deep Red expression on the monocytes was assessed by FACS. A
representative overlay histogram indicates that all monocytes become positive for
MitoTracker Deep Red upon incubation with any suspension or solution. The lowest

fluorescence is acquired with the platelet filtrate, followed by PEV filtrate, PEV and
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platelets in ascending order of fluorescence. Incubation with the filtrates resulted in
lower fluorescence than that expressed by platelets, whereas incubation with platelets
or PEV resulted in higher MitoTracker expression than that expressed by platelets on

the monocytes.

Figure 7.12. MitoTracker dye leakage

Overlay histogram of MitoTracker Deep Red expression on monocytes upon incubation
with resting platelets/platelet filtrate/PEV/PEV filtrate, all stained with MitoTracker
Deep Red, as analysed by FACS. The trace of MitoTracker expression on the platelets is
also shown as reference.

The percentage and fluorescence intensity were assessed graphically and
statistically from a number of experiments. All monocytes became positive for
MitoTracker Deep Red upon incubation with platelets/PEV /filtrates. However the
fluorescence acquired by monocytes varies in each case. Incubation with the filtrate
from platelets results in very low MitoTracker expression by monocytes; significantly
lower than the expression when incubated with platelets. This means that the high

expression encountered when incubated with platelets is not the result of inadequate



194

washing of the platelets that results in high levels of free dye outside of the cells and
into the solution. The expression of MitoTracker Deep Red on the monocytes upon
incubation with the PEV filtrate is not significantly lower than the signal seen with the

PEV and is higher than the signal with the platelet filtrate.

Figure 7.13. MitoTracker dye leakage

(A) Graphical percentage of monocytes expressing MitoTracker Deep Red. (B) Graphical
median fluorescence intensity of MitoTracker Deep Red on monocytes. The fluorescence
intensity of platelets is also shown as a reference. Data are represented as mean +/-
SEM of three independent experiments. One way ANOVA test with multiple
comparisons was performed. * indicates P < 0.05, ** indicates P < 0.01.

7.4 Discussion

There is now evidence to suggest that monocyte mitochondrial dysfunction can
directly promote atherosclerosis. A recent publication showed that activated platelets
can release free mitochondria and mitochondria enclosed in extracellular vesicles
(Boudreau et al., 2014). Hence, since PEV can get internalized into monocytes (Chapter
6), we hypothesized that PEV can also transfer mitochondria or mitochondrial
components into monocytes and that in atherosclerosis, PEV-derived
mitochondria/mitochondrial components can somehow cause monocyte mitochondrial

dysfunction, thus contributing to the progression of atherosclerosis.
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We attempted to replicate this result in our experiments. Platelets were co-
stained with the MitoTracker Deep Red dye that marks mitochondria and with the
PKH67 dye that marks cell membrane. >90% of PEV were found positive for
mitochondria. However, all mitochondria detected were membrane-enclosed. No free
mitochondria were detected. This contradicts the observations of Boudreau and
colleagues (2014). This outcome could be due to size detection limitation of the flow
cytometer (Accuri C6 has a 0.5 um cut-off). Boudreau et al. used a high sensitivity flow
cytometry configuration that according to them allowed detection of particles from 100
nm in size to be detected simultaneously. Further investigation with a more sensitive
flow cytometer is hence required in order to say with confidence whether naked

mitochondria exist in our preparations or not.

Live imaging of monocyte mitochondria revealed that monocyte mitochondria
are highly motile and that they constantly move in a relatively organized way forming
mitochondrial networks. Due to the high and fast motility of monocyte mitochondria it
is difficult to image them live if two-coloured laser is required, i.e. when PEV

mitochondria are also stained with a different colour MitoTracker.

The MitoTracker dyes contain a mildly thiol-reactive chloromethyl moiety that
passively diffuse across the plasma membrane and stain active mitochondria. They have
been used extensively in the literature (Bosnjak et al., 2012; Arnaudeau et al., 2002;
Jambrina et al., 2003; Hobbs et al., 2001). However, in our studies these proved to be
unsuitable as incubation of monocytes with the filtrate from PEV suspension resulted in
mitochondrial signal to monocytes. In addition, monocyte incubation with resting
platelets stained with MitoTracker resulted in intercellular staining of monocyte

mitochondria with platelet mitochondria dye and vice versa. As resting platelets do not
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form aggregates with monocytes (Chapter 4) and since resting platelets do not release
mitochondria (observation in our lab, not shown here), it is unlikely that this result

represents true mitochondria transfer. It seems to be the result of dye transfer.

MitoTracker staining of mitochondria depends on mitochondrial membrane
potential. A loss in membrane potential causes the dye to get washed off; so it can travel
as free dye until it finds other mitochondria with the right membrane potential to stain.
Hence even if no excess dye is used, there is still high chance that free dye is mobilised
once mitochondrial integrity is compromised. Incubation with platelet filtrate resulted
in minimal monocyte MitoTracker signal; hence not much free dye is present
extracellularly, but when the filtrate from PEV is incubated with monocytes, this results
in higher signal on the monocytes. We cannot exclude the possibility of inadequate
filtration. A syringe system was used to push PEV through a 250nm pore filter. The
resulting filtrate that in theory contains vesicles smaller than 250nm, could not be
assessed by FACS in order to check whether it contained mitochondria, as our flow
cytometer has a 500nm cut-off. Hence, the high signal with the PEV filtrate could be the
result of insufficient exclusion of mitochondria. However, there is another possible
explanation for the presence of MitoTracker dye in the PEV filtrate. When the platelets
are activated to shed PEV, mitochondria tend to depolarize, which could result in
uncoupling of the dye that later diffuses through the monocyte membrane and stains
monocyte mitochondria. Our results are in accordance with studies from Cselenyak and
colleagues (2010). This group also found that MitoTracker dyes are unsuitable for
determining mitochondrial transfer in co-cultures, because there is passive diffusion of

the dye.
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One way to overcome this would be to double-stain PEV with a MitoTracker and
an antibody that binds PEV, i.e. anti-GPIb as in Chapter 6. In this case, mitochondria
inside monocytes that also express GPIb would be identified as PEV-derived. In this
experiment MitoTracker dye needs to be added first when PEV are active (i.e. alive, at
the platelet stage before stimulation to shed the PEV), whereas anti-GPIb antibody
needs to be added second, after PEV are incubated with monocytes, because we found
that antibody presentation on PEV inhibits PEV aggregation with monocytes (not
shown). However, when this was attempted we could not detect any signal for GPIb.
According to Thermo Fisher Scientific the chloromethyl group of the MitoTracker dyes
may covalently bind to proteins in the cell so it is possible to interfere with antibody

binding.

The use of the MitoTracker dyes has another weakness in our experimental
setting. Most MitoTracker dyes are non-fluorescent in aqueous solutions and become
fluorescent only on sequestration and association with lipids within the mitochondria.
This is a major advantage in general because it means that the signal detected by FACS
or by fluorescence microscopy comes only from mitochondria and not from free dye in
the cells. However, in our experiments it constitutes a disadvantage because we cannot
assess whether there is free dye in our PEV suspension outside of PEV or dye trapped in
PEV without presence of mitochondria. (Staining of PEV with MitoTrackers was
assessed by flow cytometry and >90% were found positive. However the Accuri flow
cytometer only detects <1% of PEV, only the larger PMV. Smaller PMV and exosomes
cannot be detected by Accuri as proved in Chapter 3 and these could contain free dye)
When the PEV suspension is incubated with our monocyte suspension any free dye can
diffuse into the monocyte and stain monocyte mitochondria, which again could be

mistakenly interpreted as PEV-derived mitochondria.
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In order to overcome these issues, two future approaches are proposed. Firstly,
the use of fluorescent proteins such as GFP could be employed. Transgenic mice that
express a fluorescent protein coupled to their mitochondria such as the
Gt(ROSA)26Sortm1(CAG-mCherry/GFP)Ganl mouse strain (McWilliams et al., 2016) could be used
in theory to generate PEV with fluorescent mitochondria. PEV could be then incubated

with wild type mouse monocytes and their uptake could be investigated by microscopy.

Another approach involves the use of mitochondrial antibodies. However, the
use of a mitochondrial antibody pre-requires that the cells/vesicles are permeabilized.
Mitochondria cannot be stained with an antibody while in the platelet, because
permeabilised platelets cannot be stimulated to shed PEV. Hence, PEV mitochondria
have to be stained after incubation with monocytes and subsequent permeabilization.
However, this would stain also monocyte mitochondria. This problem could be
overcome if we take an inter-species approach. For example, human PEV could be
incubated with mouse monocytes. Upon internalization (assuming this will happen),
cells will get permeabilized and stained using human mitochondria-specific antibodies

such as the anti-mitochondria antibody 113-1 from Abcam.
Conclusions

The majority of PMV contain a mitochondrion. No further conclusions can be
made with certainty as to whether PEV transfer their mitochondria into monocytes.
This remains to be investigated in future studies. However, this does not seem
impossible since PEV in general are readily internalized by monocytes (Chapter 6) and

PEV commonly contain mitochondria.
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8 INTRAVITAL IMAGING OF

INTERACTIONS BETWEEN MONOCYTE-

PEV AGGREGATES AND BLOOD

ENDOTHELIUM IN ATHEROSCLEROSIS
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8.1 Introduction

Any damage to the vascular endothelium that exposes the subendothelial
extracellular matrix (ECM) triggers platelet recruitment at the injured site. Circulating
platelets initially decelerate over the compromised site due to transient interactions
with the extracellular matrix. These initial interactions trigger platelet activation, which
results in the activation of specialized integrins that then enable firm adhesion of

platelets to the ECM.

Initial interaction between platelets and the subendothelium is influenced by the
rheological conditions of the blood. In veins and microvessels, where there is low shear
stress, platelets bind directly to exposed collagen, fibronectin and laminin. However
under conditions of high shear stress, such as those in the large arteries, platelet
binding to the subendothelium is achieved indirectly, through binding plasma VWF that

itself rapidly binds exposed collagen (Savage et al., 1998; Jackson et al., 2003).

Platelets initially bind VWF through the platelet receptor GPIba (Sakariassen et
al., 1986), a subunit of GPIb-IX-V. This binding has a fast dissociation rate; hence it is
incapable of mediating stable adhesion. However, this interaction keeps platelets in
close proximity with the vessel surface, with rolling along the VWF in the direction of
blood flow. The resulting deceleration or “rolling” enables another platelet receptor,
called glycoprotein-VI (GPVI), to interact with exposed collagen. GP VI binds collagen
with low affinity; therefore it is incapable of mediating stable adhesion either. However,
it induces intracellular signaling that activates platelets and transforms platelet
integrins to a high-affinity state. Platelet activation, results in the activation of integrin
receptor allbf3 (glycoprotein IIbllla, GPIIbIlla), forming a stable bond with VWF

(Savage et al., 1998; Jackson et al., 2003).
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Many studies investigated whether the ability of platelets to bind compromised
endothelium can be exploited by monocytes in inflammation. In a model of allergic
inflammation circulating platelets were found to form aggregates with leukocytes and
to be essential for their recruitment (Pitchford et al.,, 2003). In addition, our group has
shown in the past that in cocultures of ECs and secretory SMCs (the phenotype seen in
atherosclerotic vessel wall), a matrix of vWF is presented to flowing blood, allowing
platelets to attach to the endothelium (Tull et al., 2006). These adhered platelets can
serve as adhesive bridges between flowing monocytes in blood and the EC surface

(Kuckleburg et al., 2011).

However, not much research has gone into PEV or PEV-mediated recruitment.
Studies by Merten and colleagues (1999) showed that infusion of PEV into the
abdominal aorta of rabbits after induction of endothelial injury resulted in increased
recruitment at the iliac artery. In addition, recent in vitro studies from our group
revealed that perfusion of monocytes that are “decorated” with PEV on their surface
over immobilized vVWF or TGF@-stimulated endothelial cells up-regulates monocyte
adhesion (Chimen et al.; under review). Our group also replicated this result in vivo in
the microcirculation of a mouse model of induced inflammation (Chimen et al.; under
review). These observations led us to speculate that PEV might act as adhesive

intermediates that bridge monocytes with inflamed endothelium in atherosclerosis.

The aim for this chapter was to:

* Investigate whether PEV up-regulate monocyte recruitment in atherosclerosis.
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8.2 Methodology

8.2.1. Aggregation of human monocytes with murine PEV

Murine PEV, generated from purified mouse platelets, were incubated with
human monocytes (due to difficulty in obtaining adequate numbers of murine
monocytes from the circulation) for 30 minutes at 37°C. The cells were stained with
anti-GPIba antibody for FACS analysis or with Cell-Tracker Orange for intra-vital
microscopy. Stained monocytes were purified from free PEV by centrifugation (For

further detail see methods section 2).

8.2.2. Intra-vital Microscopy

ApoE-/- mice with established atherosclerosis (fed a high fat diet for six weeks
from 10 weeks of age) were injected with Cell-Tracker Orange-stained monocytes
(derived from human blood) alone or monocytes aggregated with PEV (derived from
murine platelets) in the circulation through the left common carotid artery through a

cannula.

Interaction of injected cells with the vessel wall was monitored in vivo by
fluorescent video-microscopy in the right common carotid artery at the athero-prone
“fork” site. The number, velocity and duration of adhesion interactions were manually
analysed using the SlideBook 6 Reader Software. Statistical analysis was performed

using Graph Pad Prism 6. (For further detail see methods section 2).
8.3. Results
8.3.1. Aggregation between human monocytes and mouse PEV

Before testing in vivo whether PEV bound to monocytes can mediate recruitment

of monocytes to athero-compromised endothelium, it was essential to confirm that
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murine PEV and human monocytes are also capable of forming heterotypic aggregates,
like the human PEV and monocytes in chapters 4 and 5. However, our yield of purified
monocytes from the mouse circulation was very low so we decided to try an inter-
species approach i.e. to perfuse heterotypic aggregates of human monocytes with
murine PEV into the mouse circulation and check whether these would get recruited to
the endothelium. Before infusing these aggregates, we checked by FACS whether this

inter-species heterotypic aggregation could take place.

Figure 8.1. shows the expression of mouse GPIba on human monocytes that
were incubated with mouse PEV, as opposed to the expression of mouse GPIba on
human monocytes before the introduction of the PEV. It is clear that almost all
monocytes become highly positive for GPIba once incubated with the PEV, suggesting

that human monocytes are capable of forming aggregates with mouse PEV.

Figure 8.1. Expression of mouse GPIba on human monocytes

Representative histogram showing expression of mouse GPIba on human monocytes
before and after incubation with mouse PEV.
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8.3.2. Monocyte Adhesion to the carotid artery in the ApoE KO mouse

Upon injection of human monocyte-mouse PEV aggregates (Cell-Tracker Orange-
stained) in the ApoE KO mouse circulation, a number of stable and unstable (rolling)
interactions were noted at the fork site of the right common carotid artery. A
representative monocyte exhibiting both types of adhesive behavior is shown in Fig.

8.2.

The stable and rolling interactions were quantified from a number of
experiments (Fig. 8.3). The total number of adhered monocytes (sum of stable and
rolling) when monocytes were “decorated” with PEV was higher than when monocytes

were perfused alone.
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Figure 8.2. Stable and Unstable Monocyte adhesion in the carotid artery of the
ApoE KO mouse

Monocytes stained with Cell Tracker Orange were injected in the mouse circulation and
adhesive interactions onto the mouse endothelium in the carotid artery were video-
recorded. A representative monocyte is shown here exhibiting mixed adhesion modes.
The time passed post cell injection is shown on the top left corner. The blue arrow
shows rolling adhesion and the green arrow shows stable adhesion. (A) Before an
interaction was observed, (B) a monocyte is seen rolling, (C) the monocyte firmly
adheres, (D) the monocyte is still firmly adhered after 279ms, (E) the monocyte rolls for
a second time, (F) the monocyte firmly adheres for a second time.
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Figure 8.3. Quantification of Monocyte Stable and Rolling interactions in the
carotid artery of the ApoE KO mouse

Total number of monocytes exhibiting stable or rolling adhesion onto mouse
endothelium when monocytes were injected alone or when monocytes were decorated
with PEV during the first six minutes post-cell injection. Data are shown as Mean +/-
SEM of 2 independent experiments. Data were analysed by t-test. * indicates P< 0.05.

8.3.3. Stable Interactions

The duration of stable interactions was quantified (Fig. 8.4). When monocytes

carried PEV on their surface their stable interactions lasted significantly longer.

The majority of stable interactions took place in the first three minutes passed
post-cell introduction. A higher percentage of stable interactions occurred in the first
three minutes with the monocyte-PEV aggregates (> 75%) than when monocytes were
perfused alone (< 75%), whereas a higher percentage of stable interactions occurred in
the last three minutes of imaging with the no PEV sample (> 25%) than with the PEV

sample (< 25%) (Fig. 8.5).
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Figure 8.4. Duration of Stable interactions

Duration of stable cell interactions when monocytes were injected alone or when
monocytes were decorated with PEV. Data are shown as Mean +/- SEM from 2
independent experiments of at least 17 interactions per group. Data were analysed by t-
test. ** indicates p < 0.01.

Figure 8.5. Time passed post-cell injection when stable interactions take place

Percentage of stable cell interactions taking place in the first 3 minutes passed post-cell
injection versus in the last 3 minutes of video-recording, when monocytes were injected
alone or when monocytes were decorated with PEV. Data are shown as SEM from 2
independent experiments. Data were analysed by two-way ANOVA.

8.3.4. Rolling Interactions

The velocity of rolling interactions was quantified. No difference was noted
between monocytes perfused alone compared to monocytes that carried PEV on their

surface (Fig. 8.6).
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The majority of rolling interactions took place in the first three minutes passed
post-cell introduction for the PEV sample, whereas an equal number of rolling
interactions occurred in the first versus the last three minutes of imaging post-cell

injection (Fig. 8.7).

Figure 8.6. Velocity of Monocytes rolling in the carotid artery of the ApoE KO
mouse

Velocity of rolling cell interactions when monocytes were injected alone or when
monocytes were decorated with PEV. Data are shown as SEM from 2 independent
experiments. Data were analysed by t-test.

Figure 8.7. Changes with time in the number of cells rolling in the carotid artery of
the ApoE KO mouse

Percentage of rolling cell interactions taking place in the first 3 minutes passed post-cell
injection versus in the last 3 minutes of video-recording, when monocytes were injected
alone or when monocytes were decorated with PEV. Data are shown as SEM from 2
independent experiments. Data were analysed by two-way ANOVA.
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8.4. Discussion

In this chapter, monocyte-PEV aggregates were infused in the circulation of mice
with established atherosclerosis and subsequent interactions with the inflamed
endothelium were observed at the athero-prone “fork” site of the right common carotid
artery. Another group investigated previously indirect PEV-mediated recruitment of
monocytes in an ex vivo setting with extracted carotid arteries and found that PEV can
deliver the chemokine RANTES to the athero-compromised endothelium, which
enhanced subsequent monocyte arrest on the inflamed endothelium (Mause et al,,
2005). However, our study is the first to date to investigate direct PEV-monocyte

interactions resulting in monocyte recruitment in atherosclerosis in vivo.

Due to higher availability, human monocytes were used instead of mouse
monocytes (upon confirming that mouse PEV could also aggregate with human
monocytes). Human and mouse monocytes exhibit extensive gene and protein
homology (Ingersoll et al, 2010), which could translate into compatible human
monocyte - mouse PEV adhesion receptors. Also human and mouse platelet receptors
share high homology. Jesse et al. (2011) found that 58% of the mRNAs expressed by

human platelets are also found in the mouse platelets.

The observed “compatibility” between human monocytes and murine PEV might
be specifically owed to platelet P-selectin. P-selectin has been found to mediate PEV-
monocyte aggregation (Chimen et al., under review; McEver and Cummings, 1997). Liu
et al. (2010) made transgenic mice that constitutively expressed human P-selectin in
platelets and observed that leukocytes rolled similarly on human or murine P-selectin

on activated murine platelets and in venules of the cremaster muscle upon trauma,
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suggesting that P-selectin is functionally and phenotypically conserved in human and

mouse.

Apart from P-selectin, platelet phosphatidylserine has also been found to have a
role in mediating monocyte-PEV binding (Chimen et al., under review). Murine PEV also
express phosphatidylserine on their outer surface, hence this fact could also explain the
observed high affinity of human monocytes for murine PEV. In these experiments we
confirmed that human monocytes can form heterotypic aggregates with murine PEV.
However, we did not investigate whether human monocytes could also internalize these
vesicles. This aspect was beyond the scope of these experiments, as in these
experiments we just wanted to test any direct adhesion benefit to the monocytes i.e.

from utilizing the PEV adhesion receptors on the surface of the monocytes.

Upon infusing the monocytes in the mouse circulation we observed two modes of
adhesion on the endothelium; a) stable adhesion which was defined as cells staying
“still” at the same position for over 100ms and b) unstable adhesion which was defined
as cells in decelerating motion that take the form of a “stream” that indicates cell rolling,

typically lasting < 100m:s.

Monocytes exhibited higher adhesion when pre-incubated with PEV. This
observation is in accordance with observations made by Mause and colleagues (2005),
who found increased monocyte adhesion to atherosclerotic endothelium with pre-
perfusion of PEV. Monocytes exhibited higher rolling adhesion when pre-incubated with
PEV, whereas firm adhesion was not affected by PEV, in our experiments. Accordingly,
Mause et al. (2005) found that perfused PEV do not undergo firm adhesion largely, but

instead they engage in rolling interactions with carotid endothelium.
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Increased PEV-mediated rolling adhesion in our experiments might result from
monocyte adoption of PEV-derived GPIb, as Mause and colleagues (2005) observed
inhibition of monocyte adhesion with GPIb blocking. GPIb is the known platelet
adhesion partner of vVWF in compromised endothelium and this interaction is known to
be unstable (Sakariassen et al., 1986). In addition, similar studies from our group found
that monocyte-bound PEV up-regulated adhesive interactions of monocytes with the
endothelium in the mouse cremaster muscle microcirculation in a GPIb-dependent way
as well in a model of induced inflammation (Chimen et al.; under review). The velocity
of blood in the mouse carotid, which is typically 500-600 um in diameter, ranges
between 2.5-18 cm/s (Parzy et al., 2009). Based on these measurements, the rolling

monocytes in our experiments exhibited 30-200-fold deceleration.

Stable adhesion lasted longer for the monocytes that carried PEV on their
surface. This fact could be the result of monocyte utilisation of another PEV receptor;
GPIIb. GPIIb is the platelet receptor that mediates stable adhesion between platelets
and exposed ECM upon platelet activation (Savage et al.,, 1998; Jackson et al., 2003).
Mause and colleagues showed that GPIIb blocking also decreases monocyte rolling on

atherosclerotic endothelium.

Apart from monocyte adoption of PEV adhesion molecules that remains to be
explored in future experiments, another PEV-mediated mechanism of monocyte
recruitment to the vessel wall involves PEV-mediated activation of monocytes, resulting
in up-regulation of endogenous monocyte adhesion molecules on the surface of
monocytes. Montoro-Garcia and colleagues (2014) have found that PEV can induce up-

regulation of ICAM-1 on the monocyte surface. In addition, PEV have been shown to
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promote monocyte adhesion indirectly via the deposition of RANTES to the

endothelium (Mause et al., 2005).

Atheromatous plaques are rich in various endothelial cell adhesion molecules
(CAMs) such as P-selectin, ICAM-1 and VCAM-1 (Patel et al., 1998; Poston et al., 1992;
Johnson-Tidey et al., 1994; O’'Brien 1993) that facilitate monocyte recruitment. In an
oscillatory flow study, Hsiai and colleagues (2003) simulated the moving and unsteady
separation point at the arterial bifurcation with high spatial and temporal resolution
and found that monocytes also underwent rolling, binding, dissociation and firm
adhesion on EC. Monocytes also exhibited increased rolling in the carotid artery from
ApoE KO mice ex vivo compared to wild type mice (Ramos et al., 1999). In these
experiments, cell rolling was mediated by P-selectin and VCAM-1. Hence, an
advancement to our experiment would be to extract the carotid artery post-video
recording and stain with a lipid dye (such as Oil Red 0) in order to investigate whether
firmly adhered monocytes are directly adhered onto plaques. Plaque staining with dyes
or PEV protein staining with antibodies during perfusion in vivo is prohibited due to the

toxic effects on the mouse.
Conclusions

The presence of PEV on the monocyte surface enhances monocyte recruitment in
atherosclerosis in acute experiments. The effect of circulating monocyte-PEV aggregates

in the long-term with regards to atherosclerosis remains to be investigated.
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9. CHARACTERISATION OF APOE KO-

HIL4RA/GPIBA-TG MOUSE
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9.1. Introduction

In chapter 8 it was shown that in vivo infusion of monocytes that are decorated
with PEV in the circulation of a mouse with established atherosclerosis up-regulates
monocyte adhesion to the carotid artery wall. Hence, we speculate that PEV might
contribute to atherosclerosis progression by recruiting circulating monocytes to the

inflamed vessel wall.

In order to investigate the potential of PEV to directly affect atherogenesis there
is need for an atherosclerosis animal model that is free of platelets. This is required
because PEV are capable of activating platelets and recruiting them to compromised
endothelium (Owens et al.,, 1992; Merten et al.,, 1999). Hence, it could be argued that any
effect on atherogenesis upon PEV injection might have been caused by endogenous

platelets rather than PEV.

An atherosclerosis animal model that is free of platelets did not exist to our
knowledge, so we aimed to generate one by breeding the ApoE KO mouse, which is a
widely used mouse for atherosclerosis studies, with the transgenic mouse hilL-

4Ra/GPIba-Tg (Kanaji et al., 2002).

The ApoE KO mouse lacks the apolipoprotein-E (ApoE) gene. ApoE mediates
receptor recognition of intermediate-density lipoprotein and chylomicron remnant in
the liver. It is essential for maintaining plasma cholesterol and triglyceride levels by
clearance of remnant lipoproteins (Eichner et al., 2002). As a consequence, the ApoE KO
mouse develops severe hypercholesterolemia and atherosclerosis when fed a high-fat

diet (McNeil et al., 2010).

The hiL-4Ra/GPIba-Tg mouse expresses a chimeric protein that is composed of

the extracellular domain of the human IL4-R and the transmembrane and cytoplasmic
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sequences of human GPIba on the platelets instead of the murine GPIba (Kanaji et al.,
2002). Upon injection with anti-human IL-4 receptor a antibodies, the endogenous
circulating platelets are effectively cleared from the circulation (Boulaftali et al., 2013).
The antibodies only target endogenous platelets; hence it allows the adoptive transfer

of exogenous wildtype platelets or PEV.

In theory, this new mouse ApoE KO-hiL4Ra/GPIba-Tg would be athero-prone
and free of platelets and would allow the investigation of injected PEV in the

progression of atherosclerosis.

The aims for this chapter were to:

1. Generate and characterise ApoE KO hiL-4Ra/GPIba-Tg mouse.
2. Investigate atherogenesis in ApoE hiL-4Ra/GPIba-Tg mouse.
3. Investigate platelet clearance by antiplatelet antibody.

9.2. Methodology

9.2.1. Generation of ApoE KO-hiL4Ra/GPIba-Tg Mouse

ApoE/- hiL4R/GPIba-Tg mice were generated by crossing ApoE/- with
hiL4R/GPIba-Tg mice to first generate double heterozygous ApoE*/- hiL4R/GPIba-Tg*/-
mice. Heterozygous mice were crossed among themselves to generate different
genotype combinations of which only the ApoE”/- hiL4R/GPIba-Tg*/* and ApoE-/-
hiL4R/GPIba-Tg*/- mice were used in experiments. Presence of the ApoE gene was
assessed by PCR. Presence of the hiL4Ra gene was assessed by FACS. Further details

can be found in Chapter 2.
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9.2.2. Characterisation of the ApoE KO-hiL4Ra/GPIba-Tg Mouse Platelets

and PEV

EDTA-anti-coagulated peripheral blood from 10-week old ApoE KO hilL-
4Ra/GPlba-Tg mice was analysed on a mouse blood haemocytometer to count numbers
and measure size. The blood was also stained with anti-hiL4R and anti-GPIIb antibodies
and platelet/PEV expression was analysed by FACS. Blood from ApoE and

hiL4Ra/GPIba-Tg mice was also analysed.

9.2.3. Investigation of Atherogenesis

ApoE KO hiL-4Ra/GPIba-Tg female mice were placed on a high fat diet for 14
weeks from 10 weeks of age. Mice were weighed weekly. Their aorta was extracted and
stained with Oil Red O to visualize atheromatous plaque. Their liver was extracted and
stained with H & E to measure steatosis. Blood samples were collected before and after
feeding on the diet for 14 weeks to measure serum lipids. Statistical analysis was

performed using Graphpad Prism 6. More details can be found in Chapter 2.
9.2.4. Platelet Depletion

Endogenous platelets in the ApoE KO-hiL4R/GPIba-Tg mouse were depleted by
intra-venous injection of 2.5 ug or 5ug / g body weight of anti-hiL4Ra (R & D Systems).
Blood cells were analysed using a Pentra hematocytometer over the course of the next 9
days following the antibody injection. Statistical analysis was performed using

Graphpad Prism 6. More details can be found in Chapter 2.
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9.3. Results

9.3.1. Characterisation of Platelets and PEV

Platelet counts and size of ApoE, hiL4Ra/GPIba-Tg and ApoE KO-hiL4Ra/GPIba-
Tg are shown in Fig. 9.1., as measured by haemacytometry. The number of platelets in
the blood of hiL4Ra mice was significantly lower than the number of circulating
platelets in ApoE mice (Fig. 9.1A). ApoE hiL4Ra platelets were significantly larger than

ApoE platelets and significantly smaller than hiL4Ra mice (Fig. 9.1B).
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Figure 9.1. Platelet Counts and Size

Platelets in anti-coagulated peripheral blood were analysed on a Pentra
haemocytometer for (A) numbers and (B) size. Data are shown as Mean +/- SEM. Data
were analysed by one-way ANOVA test. ** indicates p < 0.01.

Upon observing differences between hiL4Ra/GPIba-Tg and ApoE KO-
hiL4Ra/GPIba-Tg platelets, the two strains were compared for their platelet hiL4Ra
protein expression levels (Fig. 9.2). Upon selecting for GPIIb+ve events, we observed
two distinct entities of characteristic forward and side scatter location of platelets and
EV (Fig. 9.2A). Platelets and PEV were independently analyzed for hiL4Ra protein

expression (Fig. 9.2B). Most platelets and PEV from hiL4Ra/GPIba-Tg and ApoE KO-
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hiL4Ra/GPIba-Tg mice express hiL4Ra protein (Fig. 9.3A). Platelets and PEV from
hiL4Ra/GPIba-Tg mice exhibit statistically the same levels of hiL4Ra protein with those

from ApoE KO-hiL4Ra/GPIba-Tg mice (Fig. 9.3B).

Figure 9.2. Expression of hiL4Ra on platelets and PEV

Anticoagulated peripheral blood was co-stained with anti-GPIIb and anti-hiL4Ra
antibodies and analyzed by FACS. (A) Representative forward vs side scatter plot, as
gated on GPIIb+ve events, showing platelets and PEV. (B) Overlay histogram of hiL4Ra
expression expressed by platelets or PEV of hiL4Ra/GPIba-Tg or ApoE KO-
hiL4Ra/GPIba-Tg mice.
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Figure 9.3. Expression of hiL4Ra on Platelets and PEV

(A) Percentage of platelets or PEV from hiL4Ra/GPIba-Tg or ApoE KO-hiL4Ra/GPIba-
Tg mice expressing hiL4Ra and (B) respective mean fluorescence intensity. Data are
shown as Mean +/- SEM of 5-6 mice. Data were analyzed by two-way ANOVA test.

9.3.2. Atherogenesis in the ApoE KO-hiL4Ra/GPIba-Tg Mouse

In order to test athero-propensity, ApoE KO-hiL4Ra/GPIba-Tg mice were placed
on a high fat diet for 14 weeks from 10 weeks old. ApoE mice were used as the control
group. All mice were weighed regularly over the course of the treatment. Their weight
gain is shown in Fig. 9.4 as a percentage of the starting weight. Both strains gained
weight significantly with time, however the ApoE hiL4Ra mice gained weight at a

significantly higher rate than the ApoE mice.



220

Figure 9.4. Weight gain while on a high fat diet

The weight of ApoE KO and ApoE KO-hiL4Ra/GPIba-Tg mice as a percentage of starting
weight over the course of 14 weeks on the high fat diet. Data are shown as Mean +/-
SEM OF 8-10 mice. Data were analyzed by two-way ANOVA test. ** indicates p < 0.01.

9.3.2.1. Atheromatous Plaque Formation

To test whether differences in weight reflected differences in level of disease,
mouse aortas were extracted to measure level of plaque formation. Representative
aortas are shown in Fig. 9.5. Upon quantification, no differences in plaque formation
were noted between the two strains in the different aortic sites (Fig. 9.6). The size and
number of individual lesions was also analyzed and was found to be statistically the
same (Fig. 9.7). These mice also exhibited similar numbers of circulating monocytes
(Fig. 9.8). The difference in platelet counts and size between the two mouse strains

remained evident throughout the HFD regimen (Supplementary Material Fig. 12.13).
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Figure 9.5. Aortic Plaque formation in response to a high fat diet for 14 weeks

ApoE KO and ApoE KO-hiL4Ra/GPIba-Tg mice were placed on a high fat diet from 10
weeks old. Their aortas were extracted and stained with Oil Red O before imaging. Red
colour depicts plaque presence.
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Figure 9.6. Aortic Plaque burden in response to a high fat diet for 14 weeks

Plaque burden at different aorta sites of ApoE KO and ApoE KO-hiL4Ra/GPIba-Tg mice
was quantified using FIJI software. Data are shown as Mean +/- SEM from 7-8 mice.
Data were analyzed by t-tests.

Figure 9.7. Aortic Lesion characteristics in response, to a high fat diet for 14
weeks

(A) Mean diameter and (B) number of lesions formed in aortas of ApoE KO or ApoE KO-
hiL4Ra/GPIba-Tg mice upon 14-week fed a high fat diet from 10 weeks old. Data are
shown as Mean +/- SEM from 7-8 mice. Data were analyzed by t-test.



223

Figure 9.8. Circulating monocyte levels on a high fat diet

Circulating monocytes in as a percentage of white blood cells in the ApoE and ApoE KO-
hiL4Ra/GPIba-Tg over the course of 14 weeks on the high fat diet. Data are shown as
Mean +/- SEM of 8-10 mice. Data were analyzed by two-way ANOVA test.

9.3.2.2. Liver Steatosis

Another feature of atherosclerosis, which is the steatotic liver, was also analyzed
for the two strains. Fig. 9.9 shows representative sections of livers, as stained with H &
E. Liver steatosis was quantified but no significant differences were noted between the
two strains (Fig. 9.10). The weight of the livers of the two strains can be found in the

Supplementary Material (Fig. 12.14).
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Figure 9.9. Liver steatosis in response to a high fat diet for 14 weeks

Representative images of liver sections of ApoE KO and ApoE KO-hiL4Ra/GPIba-Tg
mice stained with H & E as imaged using an AxioScan microscope. White colour depicts
fat accumulation.

Figure 9.10. Liver steatosis in response to a high fat diet for 14 weeks

The percentage of liver steatosis in ApoE KO and ApoE KO-hiL4Ra/GPIba-Tg mice was
quantified using FIJI. Data are shown as Mean +/- SEM. Data were analyzed by t-test.

9.3.2.3. Blood Lipids

The levels of the different lipids in the blood were measured before and after
feeding the mice a high fat diet for 14 weeks. Total cholesterol levels increased
significantly for both strains upon feeding a high fat diet for 14 weeks compared to
starting levels, as expected. However, total cholesterol levels of ApoE KO-

hiL4Ra/GPIba-Tg mice were significantly lower than ApoE total cholesterol levels at the
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end of 14 weeks (Fig. 9.11A). Triglyceride levels increased significantly for both strains
upon feeding a high fat diet for 14 weeks compared to starting levels. However,
triglyceride levels of ApoE KO-hiL4Ra/GPIba-Tg mice were significantly higher than
ApoE triglyceride levels at the end of 14 weeks (Fig. 9.11B). HDL increased significantly
in the ApoE mouse upon feeding the high fat diet, however the HDL of the ApoE KO-
hiL4Ra/GPIba-Tg mouse was significantly lower than that of the ApoE mouse after
feeding on the high fat diet (Fig. 9.11C). LDL increased significantly in the ApoE mouse
upon feeding the high fat diet, however the LDL of the ApoE KO-hiL4Ra/GPIba-Tg
mouse was significantly higher than that of the ApoE mouse before starting the high fat

diet (Fig. 9.11D).
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Figure 9.11. Changes in Blood Lipids in response to a high fat diet for 14 weeks

(A) Total cholesterol, (B) Triglyceride, (C) HDL and (D) LDL levels before and after 14
weeks of high fat diet in the ApoE KO versus ApoE KO-hiL4Ra/GPIba-Tg mouse. Data
are shown as Mean +/- SEM. Data were analysed by two-way ANOVA test with multiple
comparisons. * indicates p < 0.05, ** indicates p < 0.01.

9.3.3. Induction of Platelet Clearance

In order to determine whether ApoE KO-hiL4Ra/GPIba-Tg mice are also capable
of clearing their platelets upon injection with anti-hiL4Ra antibodies like it was shown
in the literature for the hiL4Ra/GPIba-Tg mice, ApoE KO-hiL4Ra/GPIba-Tg mice were
injected intravenously with 2.5 pg/g of anti-hiL4Ra antibody. This caused circulating

platelets and PEV to drop dramatically (Fig. 9.12). Platelet counts remained minimal
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(about 85% decreased) for at least 4 days post-injection. Platelet counts recovered by
the 7t day post-injection (Fig. 9.13A). The size of platelets was also measured during
the 9-day follow up period post-injection. Circulating platelets were significantly larger
after the antibody injection and remained abnormally large for at least 4 days passed
post-injection. Platelets returned to their normal size by the 7t day post-injection (Fig.
9.13B). The WBC counts of the mice injected did not change significantly over the 9-day

period post-injection (Fig. 9.14).

Figure 9.12. Platelet and PEV clearance in response to injection with 2.5 pg/g anti-
hiL4Ra antibody

Representative FACS plots indicating the presence of hiL4Ra-positive events (platelets
and PEV) in the ApoE KO-hiL4Ra/GPIba-Tg mouse (left plot) and the absence of
hiL4Ra-positive events (platelets and PEV) 45-minutes after i/v injection with 2.5 pg/g
anti-hiL4Ra antibody (right plot).
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Figure 9.13. Time-course of platelet clearance in response to injection with 2.5
ng/g anti-hiL4Ra antibody

(A) Blood platelet counts and (B) platelet size upon injection of 2.5 pg/g anti-hiL4Ra
antibody over the course of 9 days in the ApoE KO-hiL4Ra/GPIba-Tg mouse. Data are
shown as Mean +/- SEM of 3 independent samples. Data were analysed by one-way
ANOVA test with multiple comparisons. ** indicates p < 0.01.
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Figure 9.14. Circulating WBC counts in response to hiL4Ra antibody injection

Circulating WBC counts in the ApoE KO-hiL4Ra/GPIba-Tg mouse in response to i/v
injection with 2.5 ug/g hiL4Ra antibody over time. Data are shown as Mean +/- SEM of
3 mice. Data were analyzed by one-way ANOVA test.

9.4. Discussion

In this chapter the ApoE KO mouse was crossed with the hiL-4Ra/GPIba-Tg
mouse to generate a new mouse strain that is athero-prone and inducible of platelet
clearance. We named the resulting mouse ApoE KO-hiL4Ra/GPIba-Tg mouse. This new
mouse would allow the investigation of injected PEV in the progression of
atherosclerosis, independently of platelets. The aim of this chapter was to characterize

this new mouse model.

9.4.1. Characterisation of Platelets and PEV

We counted the number and size of circulating platelets in the new mouse.
Previous studies had indicated that the platelets from the hiL4Ra KI mouse are larger
and fewer in numbers than WT platelets (Kanaji et al., 2002). However, these deviations
were not as dramatic as those seen in pathological thrombocytopenia disorders.

Increased mean platelet volume is typical of newly formed platelets and suggests
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increased thrombopoiesis by the bone marrow (Corash et al., 1987; Levin et al., 1982),
which is usually the response to thrombocytopenia. Similarly, platelets derived from the
hiL4Ra KI mouse in our experiments, exhibited larger and fewer platelets than those
derived from ApoE KO mice of 10 weeks of age on a normal diet. It has been shown that
GPIb deficiency results in mild thrombocytopenia and circulation of ‘giant platelets’
(Ware et al., 2000). However, the new mouse generated exhibited platelets of an
intermediate phenotype. These platelets were smaller than those derived from the
hiL4Ra KI mouse, but bigger than the ApoE KO platelets. These platelets were also
higher in numbers than hiL4Ra KI platelets but not as high as ApoE KO platelets.
Apolipoprotein E has been found to inhibit agonist-induced platelet aggregation and
activation in vitro (Nofer et al., 2002; Desai et al., 1989; Higashihara et al., 1991; Riddell
et al,, 1997). Hence, the observed differences in platelet counts and size in the ApoE KO-
hiL4Ra/GPIba-Tg mouse compared to the hiL4Ra/GPIba-Tg mouse might be directly

attributed to the absence of ApoE protein.

In addition, ApoE KO mice are characterized by hyperlipidemia.
Hypercholesterolemia is suggested to promote platelet biogenesis, hence increases

circulating platelet counts (Wang and Tall, 2016; Fessler et al., 2013).

Another explanation for the platelet count and size differences could be that the
mice tested were heterozygous for the hiL4Ra gene. Unfortunately, because the mice
were genotyped by FACS, we could only determine whether the platelets contained the
hiL4Ra protein or not but we could not distinguish with absolute certainty whether the
mice were heterozygote or homozygote KI for the hiL4Ra gene. Genotyping by PCR
needs to be employed for future experiments with these mice in our group. We cannot

know with certainty whether heterozygocity/homozygocity for the hiL4Ra gene would



231

result in variations in platelet characteristics. The literature does not mention anything
about the phenotype of hiL4Ra KI heterozygous mice (Kanaji et al., 2002). However,
GPIba heterozygous expression results in intermediate platelet counts compared to
platelets from WT or GPIba null mice (Ware et al., 2000), hence this could hold also true
for ApoE/- -hiL4Ra*/- mice. This is consistent with our observation that platelets and
PEV from ApoE hiL4Ra mice exhibit a little lower amount of hiL4Ra protein on their

surface than hiL4Ra.

As expected, the hiL-4Ra/GPIba-Tg mouse has adhesion problems due to
inability to bind vWF. In this mouse model, platelets were incapable of binding to
injured endothelium and forming thrombi (Boulaftali et al., 2013). In addition, these
mice exhibited prolonged tail bleeding times compared to WT controls (Kanaji et al,,
2002). However, our experiments suggest that activation is normal in these platelets, as
circulating blood contains numerous PEV. Further characterization of our new mouse
should include platelet aggregation assays and flow adhesion assays over immobilised

vWEF.

9.4.2. Atherogenesis

The main hypothesis of this PhD project is that PEV drive the progress of
atherogenesis through interacting with monocytes. One way PEV could promote the
inflammatory activities of monocytes in atherosclerosis is through facilitating monocyte
recruitment to the endothelium. Indeed, our group has shown that PEV increase
adhesion of monocytes to immobilized stimulated vWF or to stimulated endothelial
cells in in vitro flow assays. Our group also replicated this result in vivo in the
microcirculation of a mouse model of induced inflammation (Chimen et al.; under

review). In addition, in chapter 8 it was shown that injection of monocytes-PEV



232

aggregates in the circulation of mice with established atherosclerosis results in
increased adhesive interactions with the carotid endothelium. Injection of activated WT
platelets into ApoE KO mice has been shown to increase atherosclerosis (Huo et al,,
2003). However, we have not yet investigated the long term effect of injected PEV in

atherosclerosis.

The new mouse was generated to allow studying the role of PEV in atherogenesis
independently of platelets. This requires clearance of endogenous platelets, followed by
infusion of exogenous PEV. Prior to investigating the effect of infused PEV into
thrombocytopenic mice in atherosclerosis, appropriate controls need to be established
to allow future comparisons. A first control is the study of basal atherogenesis in ApoE
KO-hiL4Ra/GPIba-Tg mice without induction of platelet depletion and injection of PEV,
just by feeding a high fat diet; this was our treatment group for this study. ApoE mice
were used as a control. Since hiL-4Ra/GPIba-Tg mice reportedly had adhesion
complications (Kanaji et al., 2002; Boulaftali et al., 2013) we speculated that the ApoE
KO-hiL4Ra/GPIba-Tg mice might exhibit decreased levels of atherosclerosis, arising
from decreased levels of PEV-mediated monocyte recruitment. Our speculation was
strengthened by the studies of Massberg and colleagues (2002), who found that
inhibition of platelet (and PEV) adhesion by GPIba-blocking antibodies significantly

reduced atheromatous plaque formation.

Our ApoE KO-hiL4Ra/GPIba-Tg mouse did not however exhibit decreased
plaque formation in the aorta compared to the ApoE mouse. In addition, the individual
plaques exhibited the same characteristics in the two mouse models. This result agrees
with the results by Koltsova and colleagues (2014), who performed similar

atherosclerosis studies with the hiL-4Ra/GPlba-Tg mouse using a different
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atherosclerosis mouse model. Ldlr/-mice lethally irradiated and fed on a high fat diet
reconstituted with GPIba/- bone marrow reported lower atherosclerosis than wt
controls. However, Idlr/- mice reconstituted with hiL-4Ra/GPIba-Tg bone marrow that
lacks only the extracellular domain of GPIba, exhibited atherosclerotic lesions similar to
wt mice. Hence, the authors concluded that the decreased atherosclerosis seen in mice
deficient of GPIba is most likely not the result of defective GPIba binding, but rather
results from associated low blood platelet counts and platelet dysfunction. This might

hold true in our case as well.

Despite the presence of similar atheromata in our two strains of mice tested, the
two mice exhibited some differences in lipid metabolism. Both blood triglyceride and
total cholesterol levels rose as expected upon feeding on a high fat diet in both strains.
However, the ApoE KO-hiL4Ra/GPIba-Tg mice had lower total cholesterol and HDL but
higher triglyceride and LDL levels than the ApoE mouse. A combination of higher
triglyceride levels (and sometimes lower cholesterol levels) with thrombocytopenia or
enlarged platelets is also seen in acute hantavirus infections, nephropathia epidemica
and subclinical hypothyroidism, even though the exact mechanism is unknown
(Clement et al., 2016; Martynova et al., 2016; Yilmaz et al., 2011). Hence, we believe that
the differences observed in lipid metabolism parameters in the ApoE KO-
hiL4Ra/GPIba-Tg mouse compared to the ApoE mouse in our studies, are due to

differences in platelet counts, size and functionality.

9.4.3. Induction of Platelet Clearance

The use of antiplatelet antibodies is an efficient way to cause platelet clearance in
vivo. These antibodies mimic the mechanism of platelet auto-destruction seen in the

bleeding disease autoimmune thrombocytopenic purpura (ITP), where autoantibodies
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target the individual’s own platelets, resulting in Fc-mediated platelet destruction by
macrophages in the reticuloendothelial system (RES) (Semple et al., 1998). Monoclonal
antibodies (mAbs) targeting mouse GPIIbllla, GPIIla, GPIba, GPIb-IX, GPV and CD31

have been evaluated (Nieswandt et al., 2000).

Intravenous injection of anti-hiL4Ra antibody into our ApoE KO-hiL4Ra/GPIba-
Tg mice caused circulating platelet counts to drop dramatically as also shown by
Boulaftali and colleagues (2013). The platelets stayed as low as 15% of their original
counts for at least four days post-injection. Platelet counts were restored seven days
after the injection. Platelet size was inversely correlated to counts. Upon platelet
depletion, the newly formed platelets are abnormally larger in size as expected and go

back to their normal size between four and seven days after the injection.

These mice appeared to have no complications (normal WBC/neutrophil levels,
no lethal internal bleedings) during the course of the 9-days in general (mice were kept
in separated cages each during this time to prevent injuring each other during play or
fight time which could lead to lethal hemorrhage due to absence of platelets). However,
when successive injections of the antibody (same concentration) were attempted at a
weekly frequency in order to prolong the platelet-free period, the mice exhibited
anaphylaxis-like symptoms (mice extremely hypo-energetic on second injection,

spasms on third injection).

Nieswandt and colleagues (2000) also reported an anaphylaxis-like reaction
with associated hypothermia and a decrease in hematocrit due to internal bleeding with
administration of anti-GPIIbIlla antibodies (10pg). These side effects were PAF-
mediated and Fc-dependent. However, when Nieswandt et al., (2000) gave repeated

injections of low doses of anti-GPIIbllla antibodies (7 x 7.5pg i/p within 8 hours) no
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acute systemic responses were noted, suggesting that there is a dose threshold and this
threshold was not reached by repeated concentrations possibly because PAF has a very

short half-life.

In our case, we gave an injection of 2.5 pg/g antibody (IgG2a) (to replicate data
from Boulaftali et al.,, 2013); for an average mouse of 20g this is 50 pg, followed by the
same dose 7 days after. However, administrating only one injection of a double dose (5
ug/g) (result not shown) caused no adverse effects. Only when a second injection was
administered 7 days after the first one, the mice exhibited severe side effects. Hence, we
conclude that our mice developed immune hypersensitivity that caused anaphylactic
shock. The sensitizing agent in the antibody most likely is the IgGza . IgG2a, as well as
other IgG subclasses (IgG: and IgGzg), have been reported to induce systemic
anaphylaxis in the mouse (Khodoun et al., 2013; Miyajima et al., 1997; Jonsson et al.,
2011). Hence, future approaches to prolong platelet-free period in ApoE KO-
hiL4Ra/GPIba-Tg mice by repeated anti- hiL4Ra antibodies should try alternative anti-
hiL4Ra antibodies, where the anti- hiL4Ra region is fused to non-immunogenic

immunoglobulins.

In addition, the efficiency of anti-hiL4Ra F(ab); fragments could be evaluated in
causing thrombocytopenia in future investigations. Administration of anti-GPIba
antibodies caused virtually complete thrombocytopenia (without any associated side
effects) in Fc-independent mechanisms in mice (Nieswandt et al., 2000), suggesting that
the RES was not involved here. Hence, antibody-mediated platelet destruction depends
on the antigenic specificity of the injected antibody. If anti-hiL4Ra-mediated platelet

destruction does not involve the Fc portion of the antibody, then injecting anti-hiL4Ra



236

F(ab)2 fragments should achieve the same levels of thrombocytopenia without the

observed immunotoxic effects.

As it stands, we are currently unable to investigate the role of PEV in
atherosclerosis independently of platelets in chronic experiments as we are currently
unable to maintain ApoE KO-hiL4Ra/GPIba-Tg mice free of endogenous platelets for
prolonged periods of time (i.e. for 6 weeks which is the usual minimum time for
observing differences in plaque formation in ApoE KO mice on a high fat diet) and
constantly injecting PEV. However, our model allows the study of PEV in acute
experiments. We have already performed a preliminary investigation of the fate of
injected stained PEV (from WT platelets) into endogenous platelet-depleted ApoE KO-
hiL4Ra/GPIba-Tg mouse. We could not find any PEV localized at the aortic root, spleen
or lung of the mouse two hours post-PEV-injection (results not shown). However, this
was a premature study and this result needs to be validated in further experiments.
Intravenously injected HEK293T-derived EV in rodents have been found to localise
predominantly in the liver, spleen, lungs and kidneys within a few hours (Lai et al,,

2014).

Conclusions

The ApoE KO-hiL4Ra/GPIba-Tg mouse is a relatively healthy mouse (no severe
phenotype) that has fewer but larger circulating platelets than the ApoE mouse (these
differences are not dramatic). This mouse when fed a high fat diet develops
atheromatous plaques, similar to those exhibited by ApoE KO mice. However, this new
mouse exhibits some differences in lipid metabolism, with higher circulating
triglycerides (associated with a little higher steatosis and higher weight gain rate) and

lower circulating total cholesterol, most likely resulting from the quantitative and
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qualitative differences in their platelets. This new mouse is also inducible of
endogenous platelet clearance using anti- hiL4Ra antibodies. Hence it can serve as a
model for studying the effect of injected PEV in acute and also possibly in chronic

atherosclerosis experiments.
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10.GENERAL DISCUSSION
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Background and Project hypothesis

Increased levels of PEV have been reported to circulate in atherosclerosis
patients (Michelsen et al., 2009) and they correlate with atheromatous plaque
formation (Lukasik et al., 2013). Furthermore, elevated levels of monocyte-platelet
aggregates have been reported to circulate in atherosclerosis (Shantsila and Lip, 2009).
In addition, studies on certain atherosclerosis medications, such as statins, have
attributed, at least part of their cardioprotective effect, on the associated reduction in
(P)EV concentration (Suades et al., 2013). Hence, we hypothesized that PEV may
contribute to disease development via formation of heterotypic aggregates with

monocytes and associated impact on monocyte function.
The role of PEV in monocyte recruitment in Atherosclerosis

One of the hallmarks of atherosclerosis is monocyte recruitment to the artery
wall that involves direct interaction between monocytes and endothelial cells, trans-
endothelial migration into the intima layer of the vessel wall, maturation into

macrophages and uptake of fats, becoming foam cells (Libby et al., 2011).

In atherosclerosis, the endothelial cells express L-, P- and E-selectins and
intercellular adhesion molecules (ICAMs), such as ICAM-1 (Borregaard, 2010; Galkina
and Ley, 2007; Johnson-Tidey et al., 1994). These adhesion molecules are recognised by
the P-selectin glycoprotein ligand-1 (PSGL-1) and L-selectin on the surface of leukocytes
that mediate capture from flow. Sequential formation and dissolution of these bonds
under the shear forces generated by blood flow results in rolling adhesion along the
luminal endothelial cells (Kansas 1996; McEver and Cummings, 1997). This initial
interaction results in the activation of the 2 integrins lymphocyte function-associated

antigen 1 (LFA-1) and Macrophage-1 antigen (Mac-1) on the leukocytes which then
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bind to the ICAM-1 immunoglobulin receptors of the endothelium; leading to arrest of
rolling and “firm adhesion” (Woollard and Geissmann, 2010; Yago et al., 2010; Mueller

etal., 2010; Ley et al,, 2007; Campbell et al., 1998).

PEV interactions with monocytes can result in monocyte activation, an essential
step for monocyte recruitment to take place. Indeed, PEV have been found to promote
adhesion of monocytes to activated endothelial cells in vitro in a PEV-derived
arachidonic acid- dependent manner. When PMV get exposed to phospholipase A2, they
release arachidonic acid (Barry et al, 1997). PMV-released arachidonic acid
transactivates monocytes and endothelial cells leading to increased monocyte adhesion
to endothelial cells through intracellular cell adhesion molecule-1 (ICAM-1) expression
and binding and elevated chemotaxis of monocytoid cells (Barry et al., 1998; Forlow et
al, 2000; Lukasik et al., 2013). The arachidonic acid also induces synthesis of
cyclooxygenase-2 (COX-2)-derived prostacyclin (PGI2) (Barry et al.,, 1999; Barry et al,,
1997). PEV were found to deliver proinflammatory mediators, such as the chemokine
CXCR4 (Rozmyslowicz et al., 2003), IL-1 (Boilard et al., 2010) and other receptors such
as PAR-1 to cancer cells and hematopoietic stem-progenitor cells. As a result, adhesion
to endothelium or fibrinogen was enhanced (Janowska-Wieczorek et al., 2004;
Janowska-Wieczorek et al., 2001). PEV can also activate cells through exposure of

platelet activating factor (Iwamoto et al., 1996).

In this thesis, it was found that released EV from activated platelets exhibit
preferential affinity for binding monocytes in the blood. Leukocytes acquired the PEV
receptors GPIb / GPIIb mostly in quanta that are significantly smaller than whole
platelets at resting conditions. This suggested that leukocytes bound PEV, instead of

whole platelets. Only minimal binding of whole platelets was noted to the leukocytes, a
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result that contradicts the observations of other groups (Nagasawa et al., 2013; Xiao
and Theroux, 2004; Jensen et al., 2001) that found high levels of whole platelets instead
of PEV bound to leukocytes. I argue that their contradictory observation is most likely
an artefact arising from the fact that their experiments were performed under static

conditions.

Upon this heterotypic aggregate formation, I observed that PEV got endocytosed
by the monocytes, even though the endocytosis mechanism(s) was/were not fully
elucidated. The internalization of PEV by monocytes opens up the possibility of various
molecules and components from the PEV such as inflammatory mediators or miRNAs to
be transferred to the monocytes and affect monocyte action towards an inflammatory

phenotype in atherosclerosis.

One such constituent that could in theory be transferred to monocytes from PEV
is mitochondria. From this project I found that released PEV from activated platelets
may contain mitochondria inside them. Contradictory to Laffont et al. (2016), I did not
observe any “naked” mitochondria, i.e. without surrounding membrane being shed,
which could be the result of different detection technique. Internalized PEV
mitochondria by neutrophils can serve as a substrate for phospholipase A2 (PLA2 I1A)
that leads to the formation of inflammatory mediators e.g. lysophospholipids and fatty
acids from the mitochondrial membrane (Boudreau et al., 2014). Such mediators are

known to activate leukocytes and promote the progression of atherosclerosis.

PEV were also found to transfer various miRNAs affecting recipient cell function
(Janowska-Wieczorek et al.,, 2004; Laffont et al., 2013). PEV have been reported to
increase monocyte phagocytic activity (Forlow et al., 2000; Jy et al., 1995) via miR-126-

3p transfer (Laffont et al., 2016). Increased phagocytosis of lipoproteins and apoptotic
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cells contributes to foam cell formation (Schrijvers et al, 2007). In addition, PEV-
derived miR-24 was found to target the mitochondrial gene mt-Nd2, causing
mitochondrial dysfunction and cell apoptosis (Michael et al., 2016). Mitochondrial

dysfunction can directly promote atherosclerosis (Yu and Bennet, 2014).

This interaction between monocytes and PEV increased monocyte recruitment
to mouse atherosclerotic carotid endothelium in vivo in my experiments. Mause and
colleagues (2005), studied indirect effect of PEV on monocyte recruitment to carotid
endothelium by ex vivo infusion of free PEV in the mouse circulation, followed by
infusion of free monocytes. By using sttroboscopic epifluorescence illumination
microscopy, they observed increased monocyte interactions with the atheromatous
endothelium with pre-perfusion of PEV. The underlying mechanism in this case was
PEV-mediated deposition of the chemokine RANTES (CCL5) to the inflamed

endothelium during transient PEV-endothelium interactions.

My study however was the first to date in our knowledge to investigate direct
and in vivo PEV-mediated monocyte recruitment in atherosclerosis using intra-vital
microscopy. In my study monocytes-PEV aggregates were perfused instead. Though the
underlying mechanism was not investigated, we speculate that the increased monocyte
recruitment observed was due to monocyte adoption of PEV adhesion receptors. PEV
contain various adhesion receptors on their surface as stated previously, such as
glycoproteins Ia/Ib/Ila/Ilb/Illa/VI (Aatonen et al., 2014; Garcia et al., 2005), which are
known to bind to the subendothelium (directly or indirectly through vWF) (Sakariassen
et al., 1986; Savage et al. 1998; Jackson et al., 2003). Indeed, PEV have been found to
promote adhesion of monocytes to activated endothelial cells in vitro and in vivo, in a

PEV-mediated GPIb-dependent manner (Chimen et al., unpublished).
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Despite the different strategies employed (perfusion of free PEV, followed by
perfusion of free monocytes versus perfusion of monocyte-PEV aggregates), both Mause
et al. (2005) and us observed higher rolling adhesion with PEV, whereas firm adhesion
was not affected significantly. This result further suggests involvement of GPIb, which is
part of the GPIb-IX complex receptor for von Willebrand factor (VWF) that mediates
initial and transient platelet binding to the sub-endothelium (Savage et al.; 1996; Savage

et al.,, 1998; Morrison et al,, 2014).

Upon monocyte incubation with PEV in our experiments, we detected numerous
GPIba particles inside monocytes scattered around the cells’ nucleus, independent of
monocyte lysosomes. The fact that PEV-derived GPIba did not seem to get targeted for
destruction in lysosomes, further suggests that it may be recycled by monocytes and
exploited to enable monocyte adherence to the endothelium. Interestingly, PEV-derived
lipids appeared closer to the cell’s edges, away form the cell’s core. This differential
localisation pattern suggests deconstruction of PEV and separation of the different
components. Other EV studies have also reported separation of EV proteins from the EV
membrane following endocytosis by recipient cells, with EV lipids fusing with the
recipient cell’s membrane and EV proteins getting transported to lysosomes or the ER

(Tian et al., 2010; Heusermann et al., 2016).

Compared to platelets, PEV appear as more powerful agents in affecting
atherosclerosis. According to the concept of size-dependent radial distribution of
particles in flow (Nobis et al., 1985; Tangelder et al., 1982), PEV are expected to flow
farther in the periphery of the blood stream than platelets because of their smaller size,
however their function appears to be comparable to that of activated platelets (Gilbert

et al,, 1991). Hence, they are expected to bind to athero-compromised endothelium first,
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and potentially acting as a substrate for monocyte recruitment. However, we argue that
platelets and PEV do not function competitively, but instead synergistically. PEV are
released from activated platelets and then PEV can bind to subendothelial matrix and
act as a substrate for platelet recruitment (Merten et al., 1999). In addition, PEV can

lead to further platelet activation (Montoro-Garcia et al., 2014).

In conclusion, the results from our experiments strengthen the general idea that
PEV provide an additional vehicle for monocyte recruitment in atherosclerosis, though
the underlying mechanism(s) remain to be fully identified. Figure 10.1. shows our
proposed mechanism of PEV-mediated monocyte recruitment to atherosclerotic
endothelium that remains to be fully investigated. If increased PEV-mediated
recruitment translates into acceleration or exacerbation of atherosclerosis, then by
blocking the interaction between monocytes and PEV, we could potentially decrease
monocyte recruitment in atherosclerosis, ultimately leading to deceleration of disease
progression. The effect of chronically preventing monocytes and PEV from forming
aggregates, with subsequent prohibition of PEV internalization by monocytes and
associated blocking of PEV transfer of various molecules (e.g. adhesion receptors and
pro-inflammatory mediators) should be evaluated. PEV were found to bind leukocytes
through p-selectin - PSGL-1 interaction (Forlow et al., 2000; Jy et al., 1995), however
the effect of chronically blocking this interaction for example, has not been evaluated in

atherosclerosis.
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Figure 10.1. Model for PEV-mediated monocyte recruitment in atherosclerosis.

PEV preferentially bind monocytes in the blood (1). Upon this heterotypic aggregate
formation, PEV get endocytosed by the monocytes (2). PEV membrane lipids separate
from PEV proteins e.g. GPIba. PEV-derived GPIba is utilized by the monocytes to
facilitate monocyte attachment to blood endothelium in atherosclerosis (3).

Strategy to study the long-term effects of PEV in Atherosclerosis

In order to study the long-term effects of PEV in atherosclerosis progression, one
strategy is to systematically inject exogenous PEV in the circulation of a mouse model
of atherosclerosis and then check the effect on atherosclerosis progression. However,
injecting PEV in a mouse that already contains endogenous PEV might not result in a
detectable additional effect if this system is “saturated” in terms of PEV numbers, hence
there is need for a PEV-free system. Platelets and PEV can be targeted for endogenous
destruction by injecting antibodies against platelet/PEV surface proteins i.e.
monoclonal antibodies (mAbs) targeting mouse GPIIbllla, GPIIla, GPIba, GPIb-I1X, GPV
and CD31 (Nieswandt et al., 2000). However, these antibodies also target exogenous

PEV for destruction. Hence there is need for differentiation between endogenous and
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exogenous PEV. During this project, this was achieved by using the hiL-4Ra/GPlba-Tg
mouse, that expresses a chimeric protein that is composed of the extracellular domain
of the human IL4-R and the transmembrane and cytoplasmic sequences of human
GPIba on the platelets instead of the murine GPIba (Kanaji et al., 2002). Upon injection
with anti-human IL-4 receptor o antibodies, the endogenous circulating platelets are
temporarily effectively cleared from the circulation (Boulaftali et al., 2013). The
antibodies only target endogenous platelets and PEV; hence it allows the adoptive
transfer of exogenous wildtype platelets and/ or PEV. In this project, the hilL-
4Ra/GPIba-Tg mouse was crossed with the ApoE KO, so a new mouse was created that
lacked Apolipoprotein E and also contained the human version of IL-4 on the surface of
its platelets and PEV. After first injection with an anti-hIL4Ra antibody the platelets in
the mice were effectively cleared from the circulation and recovered fully within a
week. However when repetitive injections with the antibody were given to the mice in
order to prolong the PEV-free period, the mice developed anaphylaxis, hence the
experiments had to be terminated. To our knowledge, this was the first study to assess
effect of repetitive dose of anti-hIL4Ra antibody. Hence, we conclude that caution must
be taken when injecting anti-PEV /platelet antibodies in the mouse circulation. Other
strategies, such as using antibodies where the anti- hiL4Ra region is fused to non-
immunogenic immunoglobulins or injection of anti-hiL4Ra F(ab). fragments
(Nieswandt et al., 2000) should be evaluated in the future in terms of both efficiency

and safety.

The successful chronic clearance of only endogenous platelets and PEV from the
mouse circulation is expected to revolutionise the platelet field in general as this would
enable infusion of platelets and/or PEV with various modifications and defects to be

studied in vivo in different chronic diseases and conditions.
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In conclusion, PEV are a rich source of biomolecules that may potentially
contribute to atherosclerosis through their preferential interactions with monocytes.
PEV up-regulate monocyte recruitment in atherosclerosis, though the underlying
mechanism remains to be identified. The new mouse that we hope to generate in future
studies may become a useful tool for assessing further PEV-mediated effects in
atherosclerosis, such as increase in phagocytosis activity. By dissecting the interactions
between PEV and monocytes in atherosclerosis, we hope to find promising targets for

future pharmacological intervention.
Open Questions Further Areas of Study

A hallmark of advanced atherosclerosis is the excess accumulation of lipids in the
lysosomes of foam cells (Jerome, 2006), due to defects in the process of lysosomal
hydrolysis. What causes this lysosomal dysfunction is unknown. Cell-internalized EV
usually end up in lysosomes for degradation (Tian et al., 2013; Tian et al., 2010). Hence,
PEV or certain PEV components are expected to ultimately traffic into monocyte
lysosomes upon internalization. Our experiments have found minimal localization of
PEV-derived GPIba in monocyte lysosomes; however transfer of the rest PEV
components into lysosomes has not been assessed. Since PEV have been found to
contain various lysosomal molecules such as lysosomal-associated membrane protein-3
(LAMP3) (Perez-Pujol et al,, 2007), we speculate that internalized PEV might cause or
contribute to lysosomal dysfunction, ultimately contributing to atherosclerosis

progression by transformation into foam cells.

The differential distribution of PEV-derived GPIb and PEV membrane inside the
monocytes led us speculate that PEV get deconstructed and that the various PEV

components lead a different post-internalization fate. It remains to determine which
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components if any are transferred to monocyte lysosomes, endosomal vesicles, ER,
monocyte membrane or elsewhere and whether they are recycled by the monocytes
intact or whether broken down in lysosomes. Live molecule tracking needs to be

employed to achieve this.

Attempts to test whether PEV can transfer their mitochondria into monocytes
were unsuccessful because the MitoTracker dyes used, proved to be unsuitable for
determining mitochondrial transfer in co-cultures due to passive diffusion of the dye. In
order to overcome these issues, two future approaches are proposed. Firstly, the use of
fluorescent proteins such as GFP could be employed. Transgenic mice that express a
fluorescent protein coupled to their mitochondria such as the Gt(ROSA)26Sortm1(CAG-
mCherry/GFP)Ganl mouse (McWilliams et al., 2016) could be used in theory to generate PEV
with fluorescent mitochondria. PEV could be then incubated with wild type mouse

monocytes and their uptake could be investigated by microscopy.

Another approach involves the use of mitochondrial antibodies. However, the
use of a mitochondrial antibody pre-requires that the cells/vesicles are permeabilized.
Mitochondria cannot be stained with an antibody while in the platelet, because
permeabilized platelets may not be able to get stimulated and shed PEV. Hence, PEV
mitochondria have to be stained after incubation with monocytes and subsequent
permeabilization. However, this would stain also monocyte mitochondria. This problem
could be overcome if we take an inter-species approach. For example, human PEV could
be incubated with mouse monocytes. Upon internalization (assuming this will happen),
cells will get permeabilized and stained using human mitochondria-specific antibodies

such as the anti-mitochondria antibody 113-1 from Abcam.
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In this project we attempted to develop a new mouse strain to enable the study
of long-term effects of injected PEV in atherosclerosis. The biodistribution of PEV upon
administration into the mouse circulation will have to be investigated. Intravenously
injected HEK293T-derived EV in rodents localised predominantly in the liver, spleen,
lungs and kidneys within a few hours (Lai et al.,, 2014). In vivo biodistribution of EV
depends on the cell source, the route of administration and targeting (Wiklander et al,,

2015).
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Figure 12.1. Formation of aggregates between CD16-ve Monocytes in blood and
exogenously provided PEV over a PEV concentration gradient

Representative FACS dotplots demonstrating percentage of CD16-ve monocytes
positive for GPIba over PEV concentration gradient. Gate of positive events was set by
isotype sample (not shown).
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Figure 12.2. Formation of aggregates between CD16+ve Monocytes in blood and
exogenously provided PEV over a PEV concentration gradient

Representative FACS dotplots demonstrating percentage of CD16+ve monocytes
positive for GPIba over PEV concentration gradient. Gate of positive events was set by
isotype sample (not shown).
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Figure 12.3. Formation of aggregates between Neutrophils in blood and
exogenously provided PEV over a PEV concentration gradient

Representative FACS dotplots demonstrating percentage of Neutrophils positive for
GPIba over PEV concentration gradient. Gate of positive events was set by isotype
sample (not shown).
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Figure 12.4. Formation of aggregates between Lymphoocytes in blood and
exogenously provided PEV over a PEV concentration gradient

Representative FACS dotplots demonstrating percentage of Lymphocytes positive for
GPIba over PEV concentration gradient. Gate of positive events was set by isotype
sample (not shown).
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Figure 12.5. GPlba expression on leukocyte subsets in whole blood over a PEV
concentration gradient

Representative FACS overlay histograms demonstrating GPIba expression on leukocyte
subsets over a PEV concentration gradient. The GPIba expression trace of resting
platelets is also shown.



285

Figure 12.6. Formation of aggregates between CD16-ve monocytes in blood and

added PEV over time

Representative FACS dotplots demonstrating percentage of PKH67+ve CD16-ve
monocytes over time.
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Figure 12.7. Formation of aggregates between CD16+ve monocytes in blood and

added PEV over time

Representative FACS dotplots demonstrating percentage of PKH67+ve CD16+ve
monocytes over time.
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Figure 12.8. Formation of aggregates between Neutrophils in blood and added

PEV over time

Representative FACS dotplots demonstrating percentage of PKH67+ve Neutrophils over
time.
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Figure 12.9. Formation of aggregates between Lymphocytes in blood and added

PEV over time

Representative FACS dotplots demonstrating percentage of PKH67+ve Lymphocytes
over time.
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Figure 12.10. PKH67 expression on leukocyte subsets in whole blood in response
to incubation with PEV over time

Representative FACS overlay histograms demonstrating GPIba expression on leukocyte
subsets over a PEV concentration gradient. The GPIba expression trace of resting
platelets is also shown.
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Figure 12.11. Formation of aggregates between washed CD16-ve monocytes and
washed PEV over time

Representative FACS dotplots demonstrating percentage of GPlba+ve CD16-ve
monocytes over time.
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Figure 12.12. Formation of aggregates between washed CD16+ve monocytes and
washed PEV over time

Representative FACS dotplots demonstrating percentage of GPIba+ve CD16+ve
monocytes over time.
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Figure 12.13. Circulating platelets on a high fat diet

(A) Platelet counts and (B) mean platelet volume in the ApoE and ApoE KO-
hiL4Ra/GPIba-Tg over the course of 14 weeks on the high fat diet. Data are shown as
Mean +/- SEM of 8-10 mice. Data were analyzed by two-way ANOVA test.
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Figure 12.14. Weight of livers in response to a high fat diet

The weight of the livers of the ApoE and ApoE KO-hiL4Ra/GPIba-Tg mouse upon 14
weeks on the high fat diet. Data are shown as Mean +/- SEM. Data were analyzed by t-
test.



