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Abstract

Extracellular vesicles (EVs) are cell-derived membrane structures that include
exosomes and microvesicles (MVs). They are found circulating in the blood of healthy
individuals, but increased levels have been observed in pathological conditions such
as cardiovascular disease. MVs are shed from a variety of cells including monocytes
and macrophages that are involved in atherosclerotic plaque development and
instability. Macrophage-derived MVs were shown previously to contain pro-
inflammatory cytokines including IL-1[3, with the potential to induce inflammation in
atherosclerosis in their delivery of biological cargo. The original study selectively
isolated phosphatidylserine (PS)-exposed MVs found to contain IL-18, following LPS
and P2X7-dependent ATP stimulation. Since the time of this study, differential
centrifugation methods have been standardised for the isolation of extracellular
vesicles, quantified using bead-calibrated flow cytometry where vesicles are often
found to be composed of a mixed PS-positive and PS-negative population. MerTK has
been identified as a key PS-receptor; preliminary work in our group using a zebrafish
line lacking MerTK showed attenuated targeting of IL-1f3 to the head region following

tail-fin injury, which was speculated to be mediated by MV delivery.

It was hypothesised that macrophages shed PS-exposed MVs containing IL-1(, which
is targeted to endothelial cells via the MerTK PS receptor contributing to
atherosclerosis. Macrophage-derived MVs were isolates using differential
centrifugation to characterise their number, size and PS-exposure by annexin V-
labelling using flow cytometry in order to determine whether production and PS-
exposure was stimulus dependent. The proportion of IL-13 secretion in MVs was
assessed, compared to vesicle-independent release. The dependency of targeting of
IL-1B-containing MVs on MerTK expression, and whether expression of this receptor
alters with stimulus and cell-type, was also assessed.

The number of macrophage-derived MVs produced in differentiated THP-1 human
monocytic cells, in immortalised mouse bone-marrow derived macrophages and in
human primary monocyte-derived macrophages was not found to be stimulus
dependent in response to LPS and BzATP treatment. The proportion of PS-positive

MVs did not alter with these stimuli compared to untreated control cells. Microvesicle
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numbers and PS-positivity were unaffected by P2X7 receptor and caspase-1 inhibition.
Secretion of IL-1 was increased in human primary monocyte-derived macrophages
following LPS and BzATP treatment. Separation of MVs using differential
centrifugation showed that the highest proportion of IL-13 was in the MVs-free fraction
compared to the MV pellet.

Differential expression of MerTK was shown in a variety of cell types associated with
atherosclerotic plaque progression, with an absence in vascular smooth muscle cells
and higher expression in endothelial cells and macrophages. MerTK expression was
not induced by a variety of stimuli and conditions including inflammation, infection and
altered shear stress, the latter relating to disturbed blood flow at atheroprone regions
of the endothelium. Expression of MerTK was detected in epithelial cells including the
HelLa cell line. The role of MerTK in regulating IL-1B targeting from MVs was tested
using HelLa-cell IL-6 induction as a bioassay for IL-18 targeting. Knock-down of MerTK
in HelLa cells did not inhibit MV IL-1B-targeting in this IL-6 bioassay; we wish to test

this in endothelial cells going forward.

Overall, these findings indicate that macrophage MVs production is not stimulus
dependent, that most IL-1p is secreted via vesicle-independent mechanisms, and that
MVs do not appear to target their IL-1B-content in a Mer-TK-dependent manner.
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Chapter 1 . Introduction

Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality
worldwide. The global deaths in 2013 and 2015 were estimated at around 17 million
attributed to cardiovascular diseases, this being the main cause of non-communicable

disease mortality (Wang et al., 2016).

Atherosclerosis is the underlying cause of cardiovascular diseases including coronary
artery disease (CAD), peripheral arterial disease, and carotid artery disease. It is a
disease of the arterial wall leading to hardening and stiffness, fuelled by the continuous
build-up of lipids inside the arterial wall and an inflammatory response. It is a chronic,
immunoinflammatory, progressive disease that affects the large and medium-sized
conduit arteries (Woollard and Geissmann, 2010), resulting from the interaction
between vascular cells, immunoinflammatory cells including monocytes,
macrophages, and T cells together with modified lipoproteins. It is widely recognized
to have a slowly progressing pattern and is characterized by the development of
atherosclerotic plaques (atheroma) in the intimal layer of the artery protruding towards
the lumen. The atherosclerotic plaque consists of fatty streaks, recruited inflammatory
cells, calcium deposits, and fibrous elements. The plaque grows and expands due to
the rapid accumulation of lipid under a continuous inflammatory process leading to
either narrowing of the vessel lumen thus decreasing the blood flow, occlusion, or
plaque rupture that induces the formation of thrombus which can ultimately culminate
in the development of serious acute conditions such as myocardial infarction, stroke,
and peripheral arterial disease (Lusis, 2000).

1.1 Atherosclerosis pathophysiology

1.1.1 Atherosclerosis initiation

Atherosclerosis development is a result of several cardiovascular environmental and
genetic risk factors that provoke and may accelerate the progression of plaque
formation, such as smoking, hypertension, diabetes, obesity, and elevated serum
levels of cholesterol (Glass and Witztum, 2001). As these risk factors participate in

triggering inflammatory pathways culminating in arterial wall cells altered functions.



The principal factor that can trigger atherosclerosis development s
hypercholesterolemia, the presence of elevated levels of low density lipoproteins
(LDL) , which can induce disease even in the absence of other risk factors (Glass and
Witztum, 2001).

The fatty streaks, which are the result of lipid droplets phagocytosed by macrophages,
accumulate in the arterial wall which serves as a key initiating event in atherosclerosis
development (Melaku and Dabi, 2021). When LDL particles are present in high levels
in plasma, they are modified to become oxidative either enzymatically or non-
enzymatically to become pro-inflammatory, highly atherogenic molecules that induce
an immune response (oxLDL) (Insull, 2009, Poznyak et al., 2021). Endothelial cell
dysfunction also plays a role in the initiation of the plaque, where endothelial cell injury
and subsequent activation caused by the presence of oxidized LDL particles, shear
stress disturbances, free radical generation from smoking, diabetes mellitus, genetic
modifications, or other risk factors which may damage the endothelium (Ross, 1999).
This in turn affects endothelial permeability by an enhanced expression of
chemoattractant molecules, such as vascular cell adhesion molecule-1 (VCAM-1) that
allow leukocyte adherence to the activated endothelium (Libby, 2002). Another potent
chemoattractant chemokine that contributes to leukocyte recruitment and adhesion to
the endothelium is monocyte chemotactic protein-1 (MCP-1) which is upregulated by
activated endothelial cells, macrophages, and smooth muscle cells (Libby, 2002).
Subsequently, monocytes infiltrate into the intimal layer via diapedesis through
endothelial cells junctions and then differentiate into macrophages (Fig. 1.1).
Macrophages increase their expression of scavenger receptors that recognize and
engulf modified lipoproteins which accumulate in the cytoplasm, forming foam cells.
This lipid accumulation is initially observed as fatty streaks, which is a pathological
hallmark of early stage atherosclerosis (Libby, 2002). These arterial wall changes
occur at susceptible sites such as at the arterial bifurcation points where blood flow is
disturbed, and walls are exposed to low shear stress, hence enhancing lipid
accumulation (Insull, 2009).

1.1.2 Atherosclerotic plaque progression

The atherosclerotic plaque expands over time, mainly due to the accumulation of foam

cells and other inflammatory cells such as T lymphocytes alongside smooth muscle



cell migration and proliferation in the intima. Macrophages replicate inside the intima
and secrete inflammatory cytokines and growth factors enhancing inflammation and
lesion progression. In addition, oxLDL accumulates in the cytoplasm of smooth muscle
cells where these cells proliferate in response to growth factors released by
macrophages, contributing to continued plaque expansion (Insull, 2009). When the
foam cells die oxLDL particles accumulate extracellularly and pool inside the atheroma
(Insull, 2009, Libby, 2002). The extracellular matrix of the plaque contains
macromolecules such as interstitial collagen and elastin that promote entrapping and
pooling of lipids (Libby et al., 2019). The pooling of lipids provokes further release of
cytokines, hydrolytic enzymes, and growth factors thus amplifying inflammation that
eventually leads to macrophage, lymphocyte, and smooth muscle cell death forming
the lipid-rich necrotic core (Fig. 1.1) (Insull, 2009) which further provokes inflammation
and lesion expansion. Neovascularization is also a crucial factor in plaque expansion
(Camare et al., 2017). Thin, fragile microvasculature form inside the atheroma due to
the release of vascular endothelial growth factor (VEGF) and other angiogenic
mediators by plaque macrophages (Libby, 2002). These microvasculature predispose
the artery to intraplaque haemorrhage and may serve as a marker for lesion
progression (Camare et al., 2017). Collectively, these events promote lesion

progression and expansion resulting in stenosis or occlusion of the arterial lumen.
1.1.3 Plaque rupture and thrombus formation

The thrombogenic lipid-rich core is surrounded by a fibrous cap composed of smooth
muscle cells and collagen-rich matrix generated by these cells to separate it from the
blood flow. While the plaque continues to expand, the fibrous cap is weakened and
may fracture exposing intimal thrombogenic stimuli, tissue factor (TF) and lipids to the
bloodstream, initiating the coagulation cascade and thrombosis (Libby, 2002).
Deposition of calcium nodules on the arterial wall also enhances thrombosis; these
deposits occur through all stages of plaque development starting with small nodules
and progressing to large deposits that harden the plaque (Insull, 2009).

Plaque rupture is primarily caused by the excessive amounts of proteolytic enzymes
such as collagenases and elastases, and matrix metalloproteinases (MMP) released
by macrophages that degrade the extracellular matrix (Ramel et al., 2019). Alongside
continuous plaque expansion, thinning and fracture of the fibrous cap leads to plaque



instability and eventually rupture forming a thrombus which may result in arterial
occlusion causing myocardial infarction, stroke or other acute cardiovascular events
(Ross,1999).
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Figure 1.1 Pathophysiological events in atherosclerosis.

Schematic representation of the main events in atherosclerosis development showing
high amounts of LDL particles that are oxidized to initiate inflammatory events where
circulating monocytes adhere to the endothelium followed by their diapedesis inside
the intima under the effects of chemoattractant molecules such as VCAM1 and MCP-
1. There monocytes differentiate into lesional macrophages expressing scavenger
receptors to facilitate oxLDL engulfment to become foam cells that accumulate
together with pooling of oxLDL particles to form the lipid-rich core. Meanwhile, vascular
smooth muscle cells proliferate to contribute to plagque progression. The foam cell

death contributes to the formation of necrotic core.



1.2 Monocytes and Macrophages

1.2.1 Monocytes in Host Defence

Monocytes are circulating leukocytes and a component of the mononuclear phagocyte
system (MPS), derived from bone marrow hematopoietic stem cells, they are
precursor of some tissue macrophages and inflammatory dendritic cells (Leon et al.,
2005). They play a vital role in host defence through pathogen phagocytosis and
inflammatory cytokines production, also playing a role in wound healing and
neovascularization (Nahrendorf et al., 2007). Monocytes during inflammation play a
role in innate and adaptive immune responses as they are recruited via tissue
chemotactic factors to enter the tissues and differentiate irreversibly into macrophages
and dendritic cells (Tacke and Randolph, 2006).

Monocytes are divided into two subsets according to the amount of surface markers
expressed, CD14 and CD16, which are LPS co-receptor and Fcylll receptors,
respectively. The CD14" and CD16'°" are the major monocyte subset, comprising
approximately 80-90% of circulating monocytes (Passlick et al., 1989), and known as
classical monocytes. CD14'°" and CD16" are the minor monocyte subset and are
known as non-classical monocytes. A third subset is observed in humans, with CD14
and CD16 expression between these two main subsets, referred to as intermediate
monocytes (Boyette et al., 2017). Recent studies suggest that classical monocytes
confer a pro-inflammatory function in cardiovascular disease involved in cytokine
production alongside with the intermediate subset, whilst the non-classical subset

participates in resolving inflammation and tissue repair (Wildgruber et al., 2016).
1.2.2 Monocytes in Mouse

The mouse monocytes are classified into two subsets according to the surface
expression of the monocyte inflammatory marker Ly6C (Gr1). The first subset is Ly6C*
(Gr1*) also referred to as Ly6C"9" and the second is Ly6C- (Gr1-) also referred to as
Ly6C'o¥ (Geissmann et al., 2003). The two subsets differ in the expression of the
chemokine receptors CX3CR1 and CCR2. The Ly6CM9" monocyte subset express
CCR2Mgh CX3CR1'°% whilst the Ly6C'°" express CCR2°¥ CX3CR1Ms" (Geissmann et
al., 2003). However, both subsets were found to express the following surface markers
CD11b* and CD115*. The human subsets; CD14" and CD16"" or the classical



monocytes are correspondent to the mouse Ly6C* inflammatory subset, while CD14'°%
and CD16" or the non-classical are correspondent to Ly6C- patrolling subset (Boyette
et al.,, 2017).

The Ly6CM9" monocyte subset have a large diameter of around 10-14 um and more
granules intracellularly. This subset plays a vital role in inflammation as they showed
migratory effect when introduced into inflamed tissue owing to the presence of the
chemokine receptor CCR2 abundantly. While the Ly6C'°" subset were termed as
“resident” monocytes as they present circulating in the blood for extended periods and
tend to accumulate in the non-inflamed tissues. Also, they are smaller with a diameter

of 8-12 ym and less granular than the Ly6C"9" monocytes (Geissmann et al., 2003).
1.2.3 Monocytes in Atherosclerosis

Monocytes and their descendant macrophages are crucial elements in the
development of atherosclerosis as they play a significant role in the atheromatous
plaque expansion. In general, the number of circulating classical monocytes; CD14"
and CD16'"°" reflect cardiovascular disease progression, as their number increase, the
disease progresses and worsens (Swirski et al., 2007), as they predict adverse
cardiovascular events. Studies showed that the classical monocytes tend to adhere to
the endothelium and migrate into the intima more than other monocyte subsets
(Hilgendorf et al., 2015). Elevated levels of circulating classical and intermediate
monocytes are associated with acute myocardial infarction (Tsujioka et al., 2009) as
they tend to accumulate at the infarction borders in patients with acute myocardial
infarctions (van der Laan et al., 2014). A recent study have found a fourth subset of
circulating monocytes i.e. CD14" and no CD16 surface expression in patients
diagnosed with acute coronary syndrome, whilst the non-classical subset was more
abundant in patients with chronic coronary syndrome (Vinci et al., 2021). Several
studies using in-vivo atherosclerotic models showed that hypercholesterolemia
provokes monopoiesis; a process of producing excessive amounts of monocytes, in
particular the CD14" subset from the bone marrow (Hilgendorf et al., 2015) and from
extra-medullary organs such as the spleen (Robbins et al., 2012). Furthermore,
monocytes are mobilized from bone marrow to the inflammation site which is seen

atherosclerosis, this mobilization is achieved through chemokine/chemokine receptor



(CCR) responses. The study by (Boring et al., 1998), showed that blocking CCR2 in
an atherosclerotic mouse model resulted in decreased lesion formation since it
affected the monocyte mobilization from the bone marrow. In spite of that, the exact
role of monocyte subsets in each stage of atherosclerosis has not yet been fully

elucidated.

1.2.4 Macrophages in Atherosclerosis

Macrophages play a key role through all stages of atherosclerosis development.
Among the inflammatory cells involved and contributing to the plaque development
and initiation, macrophages are key in disease progression. It is thought that lesional
macrophages are only derived from the circulating monocytes that are recruited to
adhere to the endothelium and subsequently migrate across the intima where they
transform into macrophages. However, recent studies showed that the intima contains
resident macrophages derived from pericytes or perivascular cells; cells that surround

endothelial cells characterized by pluripotent properties (Orekhov et al., 2014).

The macrophages present in atherosclerotic plaques have a diminished ability to
migrate outside of the plaque due to the presence of engulfed lipid droplets that
upregulate the expression of migration inhibitory molecules (van Gils et al., 2012).
They replicate locally and die inside the plaque and their ability to clear apoptotic cells
is impaired (Gautier et al., 2009). Plague macrophages participate in the formation of
the necrotic core and promote chronic inflammation within the intima. Notably,
macrophages are the main source of plaque pro-inflammatory mediators such as
cytokines, chemokines, reactive oxygen species, growth factors and matrix
degradation enzymes. In turn these factors augment monocyte recruitment and

transmigration, smooth muscle cell proliferation, and lipid uptake.



1.3 Inflammation driving atherosclerosis

1.3.1 Atherosclerosis is a chronic inflammatory disease

Chronic inflammation refers to a condition where inflammation persists over a
prolonged period due to an inability to eliminate the cause. In atherosclerosis, disease
is characterized by a slow progression and is considered a chronic condition. It is
associated with recurrent destruction and repair of tissues due to the persistent
presence of inflammatory mediators released by several cell types. Atherosclerosis
can progress silently where no clinical symptoms appear. Multiple plaque ruptures with
subsequent healing have been reported (Burke et al., 2001) which are more to
contribute to plaque progression associated with sudden cardiac death due to
intraplague haemorrhage (Chistiakov et al., 2015).

Circulating inflammatory molecules that can predict cardiovascular risk include; C-
reactive protein (CRP), an acute phase reactant, is a valuable biomarker which can
reliably indicate atherosclerosis (Libby and Ridker, 2004). Its release is driven most
apically by IL-1 that is also responsible for driving other secondary inflammatory
cytokines such as IL-6 and IL-8. It was observed that IL-1 has an autocrine effect on
the cells releasing this cytokine, as well as the targeted cells, which may contribute to

the persistence of the disease.

1.3.2 Role of Interleukin-1 in atherosclerosis

Interleukin-1

Interleukin-1 (IL-1) comprise a family of regulatory and inflammatory cytokines that
have a central role in the innate and adaptive immune response, involved in mediating
both acute and chronic inflammation and in inducing local and systemic responses.
The family comprises of 11 members: IL-1q, IL-1f3, IL-1Ra, IL-18, IL-33, IL-364q, IL-36[3
and IL-36y, IL-36Ra, IL-37, IL-38 (Dinarello, 2011). Some of the members have pro-
inflammatory properties such as IL-1a, IL-13, IL-18, IL-33, IL-36q, IL-363 and IL-36y
which activate inflammation in an autocrine and paracrine mode, whilst four have
antagonistic properties including IL-1Ra, IL-36a, IL-37 and IL-38 (Dinarello, 2018). The
IL-1Ra competes with IL-1a/B for IL-1Receptor 1 binding, IL-36Ra competes with IL-
360/B/y and IL-38 for IL-36 binding, and IL-38 structure is related to IL-1Ra (Yuan et



al., 2015, Dinarello, 2018, Bensen et al., 2001). The cytokine IL-37 has anti-
inflammatory properties as it supresses the inflammatory response through acting on
inhibiting pro-inflammatory cytokines production and function (Tete et al., 2012). IL-1
is highly expressed by immune cells including monocytes, macrophages, dendritic
cells, B lymphocytes, and natural-killer cells, and affects multiple cell types.

IL-1 has the ability to regulate its own gene expression by a positive feedback loop
which results in producing further biologically active IL-1, in addition to its ability to
drive secondary inflammatory cytokine gene expression such as IL-6, IL-8 and C-
reactive protein (CRP) hence being apical to inflammatory cytokine responses (Ridker,
2016).

Interleukin-1 in atherosclerosis

IL-1 is strongly implicated in atherogenesis and has multiple effects on cells involved
in atherosclerosis including endothelial cells, smooth muscle cells, and
monocyte/macrophages. IL-1 can alter functions of vascular endothelial cells to
enhance leukocyte recruitment and adhesion, by activating cell surface expression of
intercellular adhesion molecule-1 (ICAM-1) and (VCAM)-1 (Marui et al., 1993), and by
enhancing the production of the chemokine, MCP-1 (Kirii et al., 2003). Moreover, it
promotes the proliferation of vascular smooth muscle cells by triggering them to
produce platelet-derived growth factor (PDGF) (Libby et al., 1988).

1.3.3 Interleukin-1B (IL-1B)

IL-1B8 has gained attention due to its major contribution in atherosclerotic lesion
development since it is the main cytokine found in atherosclerosis and has a potent
pro-inflammatory effect acting locally and systemically. Several lines of studies
showed strong indications of the involvement of IL-1B in atherogenesis. Researchers
(Shimokawa et al., 1996) created an inflammatory lesion in the coronary artery of a
porcine model that showed stenotic lesions and intimal thickening of the coronary
arterial wall when exposed chronically to IL-1 denoting to its effect on platelet-derived
growth factor production by vascular wall cells. Another in vivo study on
hypercholesteraemic mice showed that IL-1[3 increases the atherosclerotic lesion size
denoting to its effect on the expression of VCAM-1 and MCP-1 which is increased
compared to the mice lacking IL-1B (Kirii et al., 2003).



IL-1B a therapeutic target

IL-1a and IL-1B are the most studied isoforms, they are related although both differ
markedly structurally and functionally, they bind to the receptor IL-1RI, a member of
IL-1 receptor family that present on almost all cells, to initiate signal transduction to a
certain cell and trigger a cascade to mediate the release of secondary cytokines and
chemokines. The endogenous IL-1 receptor antagonist (IL-1Ra) can also bind to IL-
1RI effectively inhibiting IL-1a and IL-1B inflammatory actions (Dinarello, 2011). IL-1RI
which was successfully blocked by IL-1 receptor antagonist (IL-1Ra) proved to
decrease inflammation. A study was performed by generating hyperlipidaemic mice
that were IL-1Ra deficient showing that IL-1Ra absence caused increased intimal
thickening suggesting its role in supressing the lesion development (Isoda et al.,
2004). Another study on atherosclerotic mouse model was conducted showing
homozygous deficiency of IL-1Ra results in lethal arterial inflammation and increased
number of macrophages in the plaque (Nicklin et al., 2000). Thus, IL-1Ra is required
to limit atherosclerosis development.

The receptor antagonist (IL-1Ra) is known as anakinra and is used in a variety of
diseases entail inflammation such as rheumatoid arthritis limiting the disease burden.
Another anti-inflammatory agent, canakinumab a human monoclonal antibody that
targets IL-1P3 is beneficial in the cases of atherosclerosis since IL-13 has been proved
to be the apical inflammatory cytokine driving inflammation in atherosclerosis.
Researchers studied the effects of canakinumab on atherosclerosis showing reduced
inflammation and reduced levels of IL-6 and CRP, the secondary cytokines driven by
IL-18 (Ridker et al., 2012). More recently canakinumab was shown to reduce recurrent
cardiovascular events when used in clinical trials of patients with previous myocardial
infarction and circulating CRP (Ridker et al., 2017).

IL-1B synthesis and secretion mechanisms

IL-18 is produced by immune cells in response to pathogen-associated molecular
patterns (PAMPs), which are conserved microbial molecules, and damage-associated
molecular patterns (DAMPs) such as lipid, some metabolites and cell damage
products including ATP. These molecules are considered pathogenic and activate the
immune response when recognized by pattern recognition receptors (PRR) of immune
cells (Takeuchi and Akira, 2010) (Fig. 1.2). IL-1B is primarily produced in an inactive
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form (pro-IL-1B), a precursor that needs processing to perform biological functions. A
proteolytic enzyme called caspase-1 activates the precursor through cleavage from
33-kDa into 17-kDa a mature form (Thornberry et al., 1992). Caspase-1 is activated
by a multiprotein complex called Nucleotide-binding domain Leucine-Rich repeat
containing family, Pyrin domain containing 3 (NLRP3) inflammasome involved in
cleaving pro-caspase (the inactive form) into caspase-1 (the active form) (Martinon
et al,, 2002). The NLRP3 inflammasome is assembled and activated by several
conditions associated with atherosclerosis for instance, disturbed blood flow activates
the formation of the inflammasome in endothelial cells (Xiao et al., 2013), hypoxia
(Folco et al., 2014) and acidic environments (Rajamaki et al., 2013) act as endogenous
danger signals triggering inflammasome assembly and activation.

Most proteins secreted by cells are exported extracellularly through endoplasmic
reticulum (ER) to Golgi apparatus route of secretion, which is known as the
conventional or classical pathway. The protein’s nascent peptide is translated in the
ribosome requiring the presence of a signal sequence in order to be translocated to
the lumen of the ER. However, the IL-1B precursor lacks this leader sequence and so
does not enter the ER-Golgi classical pathway, meaning it must follow a non-
conventional route of secretion (Rubartelli et al., 1990). Researchers demonstrated
the translation of IL-18 on intracellular cytoskeleton-associated free ribosomes
(Stevenson et al., 1992).

The mechanism of IL-13 release is not clear yet although, several mechanisms are
proposed in the literature. The first mechanism proposed is that IL-1p is secreted
through exocytosis of endolysosomes, where cytosolic IL-13 is contained in vesicles
to protect it from cellular enzymatic degradation (Andrei et al., 1999). These protected
proteins are prone to degradation in basal conditions whilst in the presence of a
stimulus such as extracellular ATP, their release is enhanced, and these IL-1[3-
contained vesicles are rescued from degradation. This process is also known as
“autophagy”. The second mechanism proposed is referred to as a “protected
mechanism” is through shedding of IL-1B-containing MVs. The MVs result from a two-
stage process, firstly through priming monocytes/macrophages with bacterial
endotoxin lipopolysaccharide (LPS) that initiate production of pro-IL-1( then a second
stimulus such as ATP acting on purinergic receptors (P2X7) leading to activation of
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caspase-1 to process the pro-IL-1B and extracellular release of IL-1B within MVs (Fig.
1.2) (MacKenzie et al., 2001). Another proposed protected mechanism is through
exosomes, where cytosolic IL-1B are packed inside multivesicular bodies that
subsequently fuse forming the exosome which then fuses with the plasma membrane
to release its content (IL-1B in this case) to the extracellular space (Qu et al., 2007).
The fourth mechanism proposed is via pyroptosis, this phenomenon is achieved when
macrophage induce apoptosis following cellular infection with pathogens to prevent
pathogen growth eventually resulting in cell lysis and cytokine release including IL-13
(Monack et al., 2001).

It has been widely shown that the protein Gasdermin D is responsible for the
pyroptosis as a result of its lytic activity at the cell membrane leading to pore formation
that eventually to cell death (Ding et al., 2016, Liu et al., 2016). Gasdermin D is a
cytosolic protein that belongs to Gasdermin family, and consists of two domains; the
carboxy C-terminal; which is autoinhibitory and the amino N-terminal; which is the
cytotoxic and responsible for the cell membrane pore formation (Shi et al., 2015).
Recently, the Gasdermin D pore formation in an intact cell membrane of living
macrophage (not pyroptotic) has been proposed as a mechanism of IL-1[3 release
(Evavold et al., 2018). Caspase-1 and caspase-11 and its human homologue;
Caspase-4/ 5, cleave Gasdermin D at the interdomain linker region between the C-
terminal and N-terminal leading to the release of the N-terminal fragment from the
inhibitory C-terminal fragment (Ding et al., 2016; Shi et al., 2015). The N-terminal
fragment exhibits lipid-binding characteristics that target the cell membrane leading to
structural changes (Ding et al., 2016). When the Gasdermin D N-terminal is inserted
or binds the membrane lipids, it assembles into oligomerized complexes forming a
ring-shape like structure which then forms the transmembrane pores (Mulvihill et al.,
2018) and the IL-1B is released through these formed pores. Thus, caspase

dependent pore formation serves as a gate for IL-1f3 to exit the cell.
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Figure 1.2 :Schematic representation showing the IL-1B two-stage synthesis.

The first stage involves immune cell recognition of microbial pathogens such as LPS
through TLR4 (a PRR) activating NFkB and MAPKK signalling pathways to upregulate
the gene transcription of pro-IL-1B3. The second stage where cellular stimulus (ATP)
acts on the purinergic receptor (P2X7) inducing intracellular hypokalaemia that
activates the assembly of the inflammasome (NLRP3) that activates the pro-caspase-

1 into an active form (caspase-1) to cleave pro-IL-1 to IL-1.
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1.4 Microvesicles (MVs)

1.4.1 Definition of microvesicles

Extracellular vesicles (EV) refer to a family of small vesicles enclosed by membrane
that are present in the extracellular space. The EV components are mainly cellular-
derived proteins, lipids, and nuclear materials. The family of EVs is classified into three
types: microvesicles (MVs), exosomes, and apoptotic bodies (Teng and Fussenegger,
2021). The three members vary in their size, mode of formation (biogenesis), and their
components, as these are dependent on the cells they were originated from
(Table1.1). However, they are related to some extent in their function since they all
appear to provide a mechanism for intercellular communication and

compartmentalised transfer of biological information.

Apoptotic bodies are shed during the process of cellular apoptosis and usually contain
genomic material and cytosolic proteins stemmed from the parent cell. Exosomes are
formed intracellularly then released through fusion of multivesicular bodies (secretory
granules) with the cellular membrane, thus enabling the release of their contents to
the extracellular (Loyer et al., 2014). MVs are differentiated based on the mechanism
of their formation (explained below) in addition to their size range. Apoptotic bodies
are the largest vesicles as their diameter is larger than 1um, while the exosomes
diameter is between 40-100 nm which are the smallest (Boulanger et al., 2017).

MVs are small-sized, spherical, vesicles with a diameter ranging from 0.1-1um, shed
from the plasma membrane of healthy or damaged cells via membrane blebbing and
released to the extracellular space. They are produced by a variety of cells upon their
activation or through proapoptotic stimulation such as: leukocytes, erythrocytes,
platelets, endothelial cells, smooth muscle cells, and others (Boulanger et al., 2017).
Importantly they also express on their surfaces essential receptors and bioactive
ligands that serve in cellular crosstalk, and contain a variety of proteins, cytokines,
lipids, growth factors, enzymes, mRNAs, and microRNAs for transcellular delivery, all
derived from the parent cells they were originated from (Mause and Weber, 2010,
Ratajczak and Ratajczak, 2020). It is worth noting that MVs are observed to represent
heterogeneous populations owing to the fact that they reflect the contents and surface
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molecules that are retained from the parent cells. In addition to the type of stimuli that
provoke their formation and release i.e. the constituents of the parental cell, the
microenvironment can also affect and alter their content and the surface molecules

expressed (Ratajczak et al., 2006).

The presence of a pro-apoptotic stimulus is not an essential requirement for MV
shedding (Boulanger et al., 2017). MVs are seen circulating in healthy individuals’
blood as their formation and release is considered a physiological phenomenon
involved in cellular activation (Berckmans et al., 2001). Pathological states such as
inflammation (Mesri and Altieri, 1999), hypercoagulation diseases, cardiovascular
disease (VanWijk et al., 2003), malignancy (Ratajczak et al., 2006), and stress
conditions in general are accompanied by significantly increased levels of circulating
MVs.
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Table 1.1: Classification and characteristics of extracellular vesicles.

Microvesicles Exosomes Apoptotic References
(MVs) bodies (AB)

Size 0.1—1pum 0.04 -0.1 ym Upto 5 pum

Mode of | Cellular membrane | Formation of | Large membrane | (Boulanger et

formation | deformation intraluminal blebbing followed | al., 2017)&
followed by | vesicles inside the | by cellular
cytoskeleton multivesicular fragmentation (Loyer et al,
reorganization bodies that | resulting in AB 2014).
resulting in | eventually formation.
membrane exocytose and fuse
blebbing. with cellular

membrane.

Contents | Proteins, lipids, | Proteins and RNA | Cellular (Loyer et al.,
cellular organelles, organelles, RNA, | 2014)&
microRNA, and and DNA (Zhang et al.,
RNA 2015)&

(D'Souza et
al., 2021).
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1.4.2 Microvesicle function

Microvesicles play a key role in cell-to-cell communication and modulate intercellular
information exchange and biological signalling, they serve as vectors transcellularly.
Since MVs circulate in the blood and are present in other body fluids such as saliva,
urine, and inflammatory tissues (Loyer et al., 2014), the recipient cells targeted are not
limited to those present in the local microenvironment that provoked their release;
distant recipient cells might be targeted (Mause and Weber, 2010). MVs exert
biological effects on recipient cells achieved through: (i) surface molecules expressed
that bind target cells via ligand-receptor interaction; (ii) transfer of a receptor to the
recipient cell’s plasma membrane in order to induce target cell signalling; (iii) delivering
their cargo (such as protein, mMRNA, miRNA, or lipid) through internalisation resulting
in recipient cells stimulation and activation that eventually alter cellular properties and
regulate their functions and responses (Ridger et al., 2017). In addition, they may
transfer organelles between cells (Ratajczak et al., 2006, D'Souza et al., 2021).

1.4.3 Microvesicle Biogenesis

The plasma membrane is composed of lipid bilayer anchored with several membrane
proteins, which is maintained asymmetrically in eukaryotic cells in order to maintain
the cellular structure during normal cell function (Contreras et al., 2010). During the
cellular resting state, phospholipids are organized asymmetrically where amino
phospholipids including phosphatidylethanolamine and phosphatidylserine are
present on the inner leaflet facing the cytoplasm, whilst phosphatidylcholine (PC) and
sphingomyelin (SM) are present on the outer leaflet facing extracellularly (Contreras
et al., 2010). The lipid bilayer asymmetry is established through an active process
involving three main membrane proteins, two are ATP-dependent phospholipid
translocators: flippase for the inward translocation and floppase for the outward
translocation, the third is scramblase an ATP-independent protein which is responsible
for non-specific bidirectional transbilayer transport. The flippase is only activated
during the cellular resting state with normal calcium levels to maintain the PS molecule
in the inner leaflet, whereas during cellular activation intracellular calcium

concentrations increase inhibiting flippase activity and activating the floppase to
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translocate the PS molecule to the outer leaflet (Fig. 1.3). Additionally, scramblase is
involved in movement of phospholipids across the membrane in response to increased
cytosolic calcium influx, thereby favouring membrane symmetry (Morel et al., 2011).
Moreover, the cytoskeleton reorganization which involves proteolytic activity of
caspase and calpain enzymes acting on multiple cytoskeletal proteins such as filamin,
gelsolin, myosin, and talin that are cleaved by these activated enzymes as a result of
intracellular calcium influx (Fig. 1.3) (Ridger et al., 2017). In turn, membrane
asymmetry collapses resulting in local membrane instability together with cytoskeleton
modification leading to the formation of membrane blebbing and MV shedding.

Phosphatidylserine exposure on the surface of the MVs provides a means of detection
by labelling with a fluorescently tagged Annexin V protein, which is a ligand that binds
strongly to PS molecules (Vermes et al., 1995). Interestingly, some MV populations
are reported to lack detectable surface PS exposure (Connor et al., 2010). The
mechanism of their formation is still unknown, it is possible that PS-negative MVs may
occur due to the heterogeneous nature of MV biogenesis where different mechanisms
lead to their formation. The analysis techniques used to detect and label these MVs,
relying on protein tools that bind to PS (such as lactadherin and annexin V) or their
fusion with other vesicles, may act as obstacles limiting the detection of true MV
populations (Yuana et al., 2013).

18



Phosphatidylserine (PS) %

. L . . Cellular proteins G:’
Cellular stimulus; ATP ()} Shedding of IL-1B containing microvesicle

Phosphatidylserine (PS) ?

K+ Cellular receptor; P2X7 u

Scramblase (),
Floppase
[l ‘\\
\ ~
! 5, \
\
'
1

Nucleic acids <

2

Cellular lipids @)

-8 @

.‘.
Cell membrane

blebbing

.
;/ N Dro : :‘: ;
Ps flipping O Monocyte . Monocyte
by floppase o

Figure 1.3: IL-1B-containing microvesicle shedding.

Schematic representation of MVs biogenesis, on the left shows the effect of a
secondary cellular stimulus e.g. (ATP) binding to purinoreceptors (P2X7) that allow K*
efflux & Ca*? influx activating the translocase proteins that destabilize the membrane:
floppase inverts the PS molecule to the outer leaflet of the plasma membrane and
scramblase disrupts membrane phospholipids contributing to membrane symmetry.
Proteases (calpains & caspase) activated by Ca*? influx cleave cytoskeletal proteins
filamin, gelsolin, myosin and talin activating cytoskeletal reorganization and eventually
formation of blebs. Inflammasome/caspase-1 activation results in IL-13 processing.
The right panel shows more advanced activation with membrane blebbing and MV
packaging of cellular proteins, lipids, active IL-13 and nucleic acid and externalized
the PS molecules.
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1.4.4 Microvesicles in CVD and Atherosclerosis

Microvesicles are present abundantly throughout all the stages of atherosclerosis
development starting from disease initiation progressing to advanced lesion formation.
Microvesicles exhibit pleiotropic properties that influence inflammation, angiogenesis,
endothelial cell function, and thrombosis, all critical elements involved in
atherosclerosis development, progression and rupture. Moreover, MVs are present in
high quantities from the early cardiovascular disease initiation i.e. their numbers
correlate with cardiovascular risk factors such as smoking (Mobarrez et al., 2014),
hypercholesterolemia (Ferreira et al., 2004), hypertension (Preston et al., 2003),
obesity (Goichot et al., 2006), and diabetes mellitus (Nomura et al., 1995).

Several in vitro studies demonstrated effects of MVs originating from cells present in
the atherosclerotic plaque including endothelial cells and leukocytes involved in
initiation of plaque formation. These effects comprise endothelial cell dysfunction,
increased monocyte adhesion to the endothelium and migration into the sub-
endothelial space and significantly, enhancement of pro-inflammatory cytokine
production (Boulanger et al., 2017). MVs possess the ability to disrupt the endothelium
due to their contents affecting cadherin-containing intercellular junctions modulating
the endothelium integrity (Lapping-Carr et al., 2021). MVs were shown to stimulate the
pro-inflammatory cytokine interleukin-6 (IL-6) production by endothelial cells (Mesri
and Altieri, 1999), IL-1B and IL-1Ra production by monocytes (Scanu et al., 2008)
promoting monocyte-endothelial adhesion. Moreover, MVs derived from platelets
increase the expression of intracellular cell adhesion molecule-1; ICAM-1, by
endothelial cells simultaneously upregulating monocytic CD11a receptors that also
promote monocytic adherence (Barry et al., 1998). Endothelial dysfunction was
promoted by endothelial-derived MVs leading to decreased nitric oxide production and
altered vasorelaxation of aortic rings (Brodsky et al., 2004). Another study showed that
endothelial-derived MVs contain several inflammatory cytokines and chemokines
enhancing vascular inflammation and promoting trans-endothelial monocyte migration
(Hosseinkhani et al., 2020). The neutrophil-derived MVs were also found to enhance
vascular inflammation and atherogenesis by preferentially adhering to endothelial cells
and activating them to release IL-6 and CXCL8 and other chemokines through
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activating the NF-kB pathway leading to the trans-endothelial monocyte migration
(Gomez et al., 2020).

During lesion progression, MVs were found to stimulate macrophages through acting
on Toll-like receptors (TLR) leading to foam cell formation (Keyel et al., 2012).
Furthermore, MVs induce macrophage apoptosis; the subsequent release of MVs
during foam cell apoptosis promotes accumulation of extracellular lipids and lesion
progression (Distler et al., 2005). Smooth muscle cell proliferation and migration play
a key role in plaque progression; platelet-derived MVs were found to increase vascular
smooth muscle cell proliferation (Pakala, 2004).

Plaque stability, angiogenesis, and thrombosis are influenced by MV production. For
instance, plague MVs showed high expression of the CD40 ligand that binds to the
endothelial cell CD40 receptor promoting their proliferation thus, contributing to
neoangiogenesis inside the atherosclerotic plaque and eventually plaque vulnerability
(Leroyer et al., 2008). The presence of tissue factor (TF) and exposure of PS on the
surface of MVs enhances blood coagulation where monocyte-derived MVs in
particular express significant TF (Mallat et al., 1999). It is worth mentioning that these
MVs serve as promising prognostic markers which can be used to predict advanced
cardiac manifestations, since patients with plaque rupture showed elevated levels of
leukocyte-derived MVs when compared to patients with stable plaques (Sarlon-Bartoli
et al., 2013) providing an indicator of plaque instability.

1.5 P2X7 receptor channel

1.5.1 Structure and function

P2X7 receptor is a member of the purinergic family of receptors, which are activated
by purine nucleotides, such as adenosine and adenosine triphosphate (ATP), or
pyrimidine nucleotides, such as uridine 5-triphosphate (UTP) and uridine 5’-
diphosphate (UDP) (Burnstock, 2007). These purinergic receptors are divided into two
families P1 and P2 receptors, where P1 receptors bind purine, adenosine and P2
receptors bind either the purine ATP, adenosine-5'-diphosphate (ADP) or the
pyrimidine UTP and uridine-5’-diphosphate (UDP). The P2 family is further divided into
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two subfamilies according to their structure and function, the ligand-gated ionotropic
P2X, and the G-protein coupled metabotropic P2Y (Burnstock, 2007). P2X subfamily
is comprised of seven members (P2X1.7) and they are ATP-gated channelsi.e. ATP is

the physiologic preferred ligand.

P2X7 receptor is a trimeric ligand-gated cation channel that is formed by three identical
monomers assembled. The human P2X7 subunit is comprised of 595 amino acids that
are composed of a large extracellular loop, two transmembrane helices a short
intracellular NHs- and longer COOH-termini domains. The extracellular loop contains
the binding pocket of ATP which is located between the three adjacent monomers with
two monomers have specific residues contributing to the binding site (Karasawa and
Kawate, 2016), whilst the two transmembrane helices form the ion channel. The
intracellular COOH-terminal tail of the receptor is unique and longer than the other
P2X receptors as it is responsible for cell membrane pore formation when agonist
binds due to the cysteine-rich region (Allsopp and Evans, 2015). The P2X7 receptor is
an ATP-gated cation channel, leading to formation of membrane pores allowing
passage of cations such as K* efflux, Ca?* and Na* influx through plasma membrane
(Fig. 1.3). This contributes to plasma membrane reorganization and changing cell ionic
homeostasis and resulting in initiating intracellular downstream signalling pathways
such as cell proliferation, p38 MAP kinase pathway activation and gene expression of
cytokines and their release as well as, calmodulin regulation, and ectodomains
shedding. The sustained exposure to high levels of ATP can lead to a larger,
reversible, and non-selective “macropore” formation that allow passage of normally
impermeant organic cations of MW up to 900 Da such as YO-PRO-1 and ethidium
(Surprenant et al., 1996, (Virginio et al., 1999).

The ATP compound is the most ancient damage associated molecular pattern (DAMP)
released by healthy and diseased cells into the extracellular space. This nucleotide
plays a vital role in cellular communication acting as neurotransmitter in the nervous
system, and serving as a danger signal recognized by immune and non-immune cells
initiating an immune response that may lead to inflammation. The presence of ATP in
the extracellular space surrounding healthy cells under physiological conditions is
maintained at low nanomolar concentrations (Wilhelm et al., 2010). P2X7 receptor is
distinguished from other P2X receptors by its low affinity to ATP and only activated if
high levels of ATP are released into the extracellular space by stressed or dying cells
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such as in inflamed or damaged tissue where ATP levels can reach up to hundreds of
micromolar. Studies have shown that P2X7; receptor is a cytotoxic receptor if
stimulated maximally and continuously (> 30 mins) with ATP leading to massive Ca*?
influx disrupting the mitochondrial network and eventually causing cell death. Thus, if
activated maximally, its function may shift to cytolytic effects. P2X7 is ordinarily
maintained to some extent inactive in healthy states nevertheless, according to
(Adinolfi et al., 2005) stimulation with low concentration for few seconds contributes to
cellular growth via increasing the energy storage intracellularly. Also, P2X7 plays a role
in supporting cell proliferation as downregulation of the receptor expression leads to a
decrease in microglial cell cycle progression (Bianco et al., 2006).

The P2X7 receptor has been widely demonstrated to play a role in inflammation.
Nonetheless, P2X7 receptor is expressed by several hematopoietic lineage cells,
including monocytes and macrophages, such as mast cell, microglia, eosinophil,
erythrocytes, and lymphocytes. It is also expressed in cell types other than those of
hematopoietic lineage including epithelial cells, endothelial cells, osteoblasts and
fibroblasts (Surprenant and North, 2009). P2X7 involvement in innate and adaptive
immune-mediated responses has been investigated where P2X7 stimulation with ATP
leads to the release of pro-inflammatory cytokines including IL-18 and IL-18 through
assembly and activation of the NLRP3 inflammasome which in turn activates caspase-
1 when K* efflux occurs (Ferrari et al., 1997). The P2X7 receptor is a key driver of
inflammasome activation and IL-1( release thus, a key initiator of acute inflammatory
responses. It also triggers the release of pro-inflammatory cytokines IL-6 and CCL2
from mouse microglia (Shieh et al., 2014). P2X7 activation augments the inflammatory
response through releasing intracellular ATP via pannexin-1 hemichannel pore
formation promoting autocrine signalling (Pelegrin and Surprenant, 2006). The P2X7
receptor also plays a role in adaptive immunity as P2X7 was found to promote T cell
activation and differentiation e.g. it promotes differentiation of T helper 1 into follicular
T helper in malarial disease (de Salles et al., 2017). Influx of calcium caused by P2X7
and the consequent downstream signalling promotes T cell activation (Yip et al.,
2009).
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1.5.2 Comparison of human and mouse P2X7 receptors

P2X7 receptor is encoded in human by PR2X7 gene that is located on chromosome
12924 (Buell et al., 1998) while the mouse P2rX7is located on chromosome 5. Several
lines of studies have investigated the species differences in pharmacological criteria
of P2X7 receptor agonists and antagonists as the latter complicated the study of the
physiological role of the receptor. The P2X; of mouse and human are 80%
homologous at the encoded protein where the extended C-terminal tail and the
extracellular loop were highly conserved or related at the amino acids level (Chessell
et al., 1998). The lower conservation at the extracellular ATP binding site suggests
differences in pharmacological criteria among the species affecting the kinetics of the

receptor function.

To date, the most well-recognized P2X7 receptor ligand is the endogenous nucleotide,
ATP. Interestingly, P2X7 receptor response to ATP stimulation varies according to the
agonist concentration and length of stimulus (Surprenant et al., 1996). In general, brief
stimulation with low ATP concentrations activates the receptor leading to a cation-
selective channel formation while prolonged stimulation allow channel dilation and
non-selective pore formation that allow the passage of large molecules. The presence
of ecto-enzymes called ectonucleotidases metabolize ATP to its metabolites
ADP,AMP, and adenosine, as this contributes to regulating the extracellular ATP
concentration and availability thus, contributes in cellular homeostasis integration
(Savio et al., 2018). 2’(3’)-O-4-benzoylbenzoyl- ATP, an ATP analogue, is around 30-
fold more potent than ATP at human P2X7 (Surprenant et al., 1996, Bianchi et al.,
1999) and is in fact, the most potent agonist in human followed by ATP, 2-methylthio-
ATP (2MeSATP), adenosine-5-O-(3-thiotriphosphate) (ATPyS), and finally ADP
(Donnelly-Roberts et al., 2009). Whilst in mouse, BzATP is a less potent P2X7 agonist
when compared to its effect on human P2X7 mediated calcium influx and YO-PRO-1
uptake (indicative of pore formation). The agonists 2MeSATP and ATPyS were shown
to have no significant stimulation in mouse P2X7 (Donnelly-Roberts et al., 2009).
Nicotinamide adenine dinucleotide (NAD*) makes the P2X7 receptor in mouse T
lymphocytes more sensitive to ATP (Seman et al., 2003) by ADP-ribosylation. The
NAD-induced P2X7 activation lead to pore formation, calcium influx, cell shrinkage,
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DNA fragmentation and eventually lead to T cell death. This NAD-ribosylation site only

occurs in rodents and not human P2X5.

A number of studies have reported that the ionic composition of the extracellular affect
the agonist potency and regulate the receptor function. The presence of divalent or
monovalent cations extracellularly recognized as allosteric modulators as they can
alter the affinity of the agonist binding. For instance, the removal of calcium and
magnesium has increased the receptor response to the agonists BzZATP and ATP in
human P2X7 (Rassendren et al., 1997) by measuring the currents evoked. Indeed,
(Michel et al., 1999) have shown in P2X7-overexpressing HEK293 cells that YO-PRO-
1 dye uptake was decreased with the presence of extracellular calcium and
magnesium while removal of monovalent sodium chloride increased the BzATP
agonist potency. Similarly in mouse P2X7, the removal of sodium and chloride has

increased the agonist potency (Chessell et al., 1998).

The species differences have also been observed in the compounds that antagonize
or inhibit the receptor function as several studies investigated the role of P2X7 in
multiple diseases (Table 1.2). The antagonist pyridoxalphosphate-6-azopheny-2',4'-
disulfonate (PPADS) blocks P2X receptors non-selectivity, with low P2X7 affinity and
non-competitive antagonism and is more potent in blocking human P2X7 than mouse
P2X7 (Donnelly-Roberts et al.,2009). Whilst KN-62 is a non-competitive, P2X7
selective antagonist blocking the human P2X7 but not the mouse P2X7. The commonly
used antagonist Brilliant Blue G (BBG) has no effect on human P2X7 activity whilst it
does block mouse P2X7 activity. The P2X7; selective antagonists A438079 and
A740003 have potently blocked both the human and mouse P2X7 activation (Donnelly-
Roberts et al.,2009).

Collectively, the marked species related variations in drug potency and inhibitory
effects can be attributed to amino acid variation in the binding site of the agonist or

antagonist while receptor splice variants are also likely to affect these responses.
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Table 1.2: P2X7 receptor agonists and antagonists.

Human P2X; Agonists Antagonists
Adenosine triphosphate Periodate oxidized ATP
(ATP) (oxATP)
Benzoyl ester of ATP Tetrazole derivatives:
(BzATP) A438079
2-methylthio-ATP Cyanoguanidine derivative:
(2MeSATP) A740003
Adenosine 5-0O-(3- KN-62
thiotriphosphate) (ATPyS)
Brilliant Blue G (BBG)
Pyridoxalphosphate-6-
azopheny-2',4’-disulfonate
(PPAD)
Mouse P2X; Adenosine triphosphate Periodate oxidized ATP
(ATP) (oxATP)

Benzoyl ester of ATP
(BzATP)

(Donnelly-Roberts et al., 2009)
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1.5.3 P2X7in Atherosclerosis

Atherosclerosis is regarded as chronic inflammatory disease of the arterial wall that is
caused by accumulation of lipid and cellular proliferation forming a plaque or
atheroma. The circulating oxidized lipids play a key role in initiating the inflammation
via interacting with the endothelium. It is linked to P2X7 receptor signalling, a study
showed that the presence of certain lipids increases the potency of ATP and
modulates the receptor function (Michel and Fonfria, 2007). Moreover, a high fat diet
in C57BL/6J mice induced significantly increased P2X7 receptor expression in brain
tissues as well as in activated glial cells (Asatryan et al., 2015). In contrast, over-
activation of the P2X7 receptor led to alkalinized lysosomes accompanied by increased
lipid oxidation (Guha et al., 2013). Collectively, these studies indicate an interaction
between circulating lipids and P2X7 receptor activation suggesting this may influence
atherosclerosis, although further research is required to provide insights on whether

circulating lipids and P2X7 receptor modulate atherosclerosis.

Vascular dysfunction and expression of adhesion molecules leading to leukocyte
recruitment and infiltration eventually to the intima are crucial events in initiating
atherosclerosis. Several lines of studies reported the involvement of the purinergic
signalling in endothelial dysfunction and the expression of chemokines and adhesion
molecules such as VCAM-1 and subsequently leukocyte adherence (Dawicki et al.,
1995, Smedlund and Vazquez, 2008). Under inflammatory conditions, P2X7 receptor
contributes to endothelial dysfunction by enhancing cell permeability and upregulating
the adhesion molecules ICAM-1 and VCAM-1 (Sathanoori et al., 2015).

P2X7 receptor expression and activation have been linked to atherosclerosis where
expression was significantly increased in endothelial cells and macrophages in human
carotid and artery plaques (Piscopiello et al., 2013). In mice lacking the low-density
lipoprotein receptor (LDLR) fed on high fat diet, P2X7 expression was high in
atherosclerotic lesion particularly by lesional macrophages (Green et al., 2018,
Stachon et al., 2017). Moreover, this study showed that mice lacking both LDLR and
P2X7R had reduced atherosclerotic lesions size compared to only LDLR deficient mice
and fewer lesional macrophages. This has contributed to decreased leukocyte
adhesion and recruitment. Another study investigated the coronary artery plaque in

apoE~/~ deficient mice showing increased expression of P2X7; compared to wild type

27



(Peng et al., 2015). As well as increased P2X7 expression in coronary artery plaques,
elevated expression of the inflammasome NLRP3 was observed. Since activation of
the NLRP3 inflammasome is involved in IL-13 maturation, this indicates the role of
P2X7 in promoting inflammation through the release of IL-13. ApoE /= deficient mice
lacking IL-18 showed smaller atherosclerotic lesions compared to wild type (Kirii et al.,
2003), indicating the contribution of IL-18 in atherosclerosis progression. In addition
selective P2X7; receptor antagonists showed decreased IL-13 release and
inflammation, as well as decreased matrix metalloproteinase-9 (MMP-9) in
atherosclerotic plaques, where high levels of MMP-9 correlate with atherosclerosis
pathogenesis and plaque vulnerability (Lombardi et al., 2017). The levels of mRNA
expression of the P2X7 receptor in circulating mononuclear cells were recently linked
to the clinical prognosis in acute myocardial infarction patients i.e. higher levels
indicates more severe coronary artery stenosis (Shi et al., 2021).

1.5.4 P2X; in Macrophage Function

The presence of extracellular ATP, the physiological agonist of P2X7 receptor, is
recognised to mediate the most investigated response i.e. initiation of pro-
inflammatory response. Upon ATP binding, P2X7 channel opens allowing bidirectional
flux of cation and activation of downstream signalling pathways leading to release of
cytokines. As mentioned previously, the persistent stimulation of the receptor with ATP
leads to formation of non-specific pore allowing passage of molecules up to 900 Da in
size. P2X7 mediated pore formation requires the presence of high levels of ATP in the
extracellular milieu (>100 uM) (Surprenant et al., 1996). Since extracellular ATP under
physiological conditions is maintained at nanomolar levels, the receptor remains
“silent” or in an “inactivated” state. This suggests that the P2X7 may have an alternate
physiological role therefore, it was noteworthy to investigate the inactive state of the
receptor. Gu et al. (2010) showed the innate phagocytic role of P2X7; when cells
overexpress the receptor, the receptor confer the ability to phagocytose non-
opsonized particles/apoptotic cells in the absence of its physiological ligand, ATP as
well as the serum. The phagocytic role was investigated in human
monocyte/macrophage cells showing a brisk uptake of non-opsonised beads,
bacteria, apoptotic lymphocytes, and neuronal cells (Gu et al., 2011). The
phagocytosis was inhibited by the addition of both ATP and oxidized ATP, which is an
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irreversible P2X7 antagonist. Furthermore, siRNA against P2X7; and monoclonal
antibody targeting P2X7 receptor of an epithelial cell line with P2X7 constructs have
also inhibited phagocytosis (Gu et al., 2010)2011). HEK-293 cells are non-phagocytic
cells, and the transfection of this cell line is a robust technique to determine the ability
of P2X7 receptor on the recipient cells to act as a scavenger receptor. Gu et al. (2011)
used confocal microscopy to verify the presence of P2X7 receptor in the phagosomes
membrane that surround phagocytosed particles supporting its role in phagocytosis.
As well as, it was abundantly expressed intracellularly in normal white cells including;

monocytes, lymphocytes, platelets, etc, (Gu et al., 2000).

P2X7 receptor stimulation is characterized by actin reorganization and membrane
blebbing indicating a close relation between the receptor and the actin-myosin
cytoskeleton (Pfeiffer et al., 2004). P2X7 is a transmembrane trimeric ion channel
present in a large multiprotein complex, and is associated with several cytoskeletal
proteins. The multiprotein complex includes B2-integrin, -actin, heat shock protein 70
and 90, etc., but the most important anchored protein to P2X7 is the non-muscle
myosin heavy chain (NMMHC) (Kim et al., 2001). The composition of the multiprotein
complex associated with P2X7 differ between cell types or even intracellularly implying
variety of functions could be carried out by the activation of P2X7 receptor. The non-
muscle myosin are actin-binding proteins and in general are ATP-dependent and
involved in motility processes in the cell through actin filaments. NMMHC has been
found to anchor to the C-terminal region of P2X7 tightly in monocytic THP-1 cells and
transfected HEK-293 cells (Gu et al., 2009). It rearranges the cytoskeleton through
providing energy by ATP hydrolysis and contribute to phagocytose the apoptotic cells.
Importantly, when ATP binds P2X7, the NMMHC complex dissociates and this leads
to pore formation. Moreover, it is a rate limiting step for the pore formation (Gu et al.,
2009). Thus, P2X7-NMMHC complex is responsible for the receptor transition from
channel to form a pore abolishing the receptor mediated phagocytosis. Studies shown
the ectodomain of the extracellular domain of P2X7 extending from the membrane
contributes in the recognition of several targets including apoptotic cells, beads, and
bacteria (Gu et al., 2011).
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The P2X7 receptor ability to engulf particles/apoptotic cells has been largely linked to
early central nervous system (CNS) development and neurogenesis as CNS
development involves overproduction of neuronal cells and apoptosis (Lovelace et al.,
2015, Collo et al., 1997). Lovelace and colleagues (2015), also observed that neuronal
precursor cells and neuroblasts derived from human embryos were expressing high
levels of P2X7 receptor. Those cells confer the ability to phagocytose several targets
including apoptotic neuroblasts and ReN cells (a human neural progenitor cell line) as
well as latex beads. Pre-treatment of these cells with either ATP, oxidized ATP, or
siRNA against P2X7 reduce their ability to clear these targets. It indicates that P2X7
conveys an important scavenging function during foetal CNS development. The
phagocytosis is only achieved under serum-free conditions as well as the absence of
ATP, which resemble the CNS conditions during development. The phagocytic role of
P2X7 receptor has been also studied in the neuronal cells of the human adult CNS
such as microglia. Microglia are the immune cells present in CNS, and they express
P2X7 in high levels. A study used cultured human microglia to investigate the
involvement of P2X7 in their engulfing activity by showing addition of BZATP or P2X7
antagonist reduced the phagocytic ability of microglia (Janks et al., 2018). Astrocytes
derived from mice were also investigated by (Yamamoto et al., 2013) and found that
P2X7 inhibition and knock down reduce their phagocytic ability. These studies indicate
that P2X7 is a scavenger receptor plays a critical role regulating the CNS innate

immunity.

1.6 Mer receptor tyrosine kinase as a phosphatidylserine receptor

1.6.1 Structure and function

In order to understand how PS-positive cells and possibly MVs are targeted to other
cells, we will discuss the role of the PS receptor complex. The MerTK receptor belongs
to the tyrosine kinase receptors family knowns as TAM, short for the three main
receptors in this family: Tyro3, Axl, and Mer. They share similar structure and domain
organisation but are distinct from other tyrosine kinases receptors. Their extracellular
domain is composed of two tandem immunoglobulin-like domains (IgG), while the
transmembrane repeat is of two fibronectin type Ill domains (FNIIl) and lastly, the
intracellular C-terminal domain which is the cytoplasmic tyrosine kinase domain (Cai
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and Kasikara, 2020, Graham et al., 1994) (Fig. 1.4). The extracellular domain of the
receptor specifically, the Immunoglobulin-like domain, mediates ligand binding. TAM
receptors and their ligands are required for the regulation of tissue homeostasis as
they mediate efferocytosis i.e. the mechanism of recognition and phagocytosis of
apoptotic cell. The two ligands for TAM receptors share homologous topology; Growth
Arrest-Specific gene 6 (Gas6) and Protein S (ProS) that bind in a vitamin-K dependent
manner to the receptor and interact with the externalised PS molecule on cells in a
Ca*2-dependent manner (Stitt et al., 1995, Manfioletti et al., 1993). The ligand binding
affinity to TAM receptors is variable: Gas6 activates all the TAM receptors but has
higher affinity to Axl more than to Mer and Tyro3 (Nagata et al., 1996). ProS binds
preferably to Tyro3 more than Mer while it does not activate Axl (Lew et al., 2014,
Zagorska et al., 2014). Gas6 and ProS have N-termini regions rich in y-carboxylated
glutamic acid known as Gla domains, which bind to the PS molecule (Huang et al.,
2003). Whilst the C-terminal containing laminin G domain of both Gas6 and ProS binds
to the N-terminal; Ig-like domain of the TAM receptor (Lemke and Rothlin, 2008) (Fig.
1.4). Thus, Gas6 and ProS serve as a link between PS molecules on the surface of
the apoptotic cells and the TAM receptor. Binding both PS and TAM receptor must
occur at the same time in order to activate the intracellular tyrosine kinase of the TAM
receptor and doing so leads to transduction of downstream signalling required for

phagocytosis.

The MerTK receptor is expressed mainly in innate immune cells such as
macrophages, dendritic cells and natural killer cells (Behrens et al., 2003). Studies
have shown the importance of MerTK receptor in mediating phagocytosis and
clearance of apoptotic cells. For instance, mice lacking MerTK receptor have shown
decreased macrophage ability to phagocytose apoptotic cells whilst phagocytosis of
other particles was not affected (Scott et al., 2001). It has been suggested that
defective apoptotic cell clearance due to MerTK receptor knockdown in vivo is
associated with accelerated atherosclerotic plaque progression by contributing to
necrotic core expansion (Thorp et al., 2008). In addition, the MerTK receptor may
negatively regulate inflammation. In mice lacking MerTK, pro-inflammatory tumor
necrosis factor (TNF) serum levels were high and the mice had lupus-like autoimmune
symptoms and were more susceptible to LPS-mediated death compared to wild-type
control mice (Camenisch et al., 1999). MerTK was shown to inhibit the activation of
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the transcriptional factor NF-kB pathway that induces inflammatory cytokine gene
expression (Sen et al., 2007). MerTK is involved in maintaining the endothelial barrier
as its depletion in microvascular endothelial cells led to increased vascular
permeability by disrupting adherens junction and junction proteins, increasing trans-
endothelial migration of leukocytes (Li et al., 2019). Nonetheless, the exact role of
MerTK in atherosclerosis has not been elucidated yet.
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Tyrosine Klnase
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Figure 1.4: The structure of MerTK receptor and its ligands Gas6 and ProteinS.

The schematic shows the PS signal transduction by MerTK-lignad pair. MerTK
receptor is comprised of three domains; Extracellular domain is ligand-binding region
and composed of two Immunoglobulin-like domains (IG-like) and two fibronectin type
lll repeat (FNIII), followed by a single-pass transmembrane, Intracellular is of C-
terminal tyrosine kinase domain. Gas6 and ProS are composed of amino terminal; y-
carboxylic acid (Gla) domain, then epidermal growth factor-like (EGF-like) repeats,
ending with the sex hormone-binding globulin domain comprising; the caboxy

terminus and the two laminin G domain (LG).

33



1.7 Targeting microvesicles

Microvesicles as described previously mediate cellular communication through either
their contents or the surface molecules expressed that vary according to the cells

originated from and the microenvironment promoting their release.

How the recipient cells interact and uptake MVs remains incompletely understood,
although there are mechanisms of MV uptake and internalization by target cells
described in the literature. For instance, researchers showed MVs adhere to primary
human coronary artery endothelial cells (HCAEC) surface then are subsequently
detected inside the endothelial cell cytoplasm, thus the interaction is carried out
through ICAM-1-mediated surface binding initially followed by an endocytosis
mechanism (Gomez et al, 2020). That study suggested an active
endocytosis/micropinocytosis mechanism of MVs uptake. Another endocytosis
mediated interaction was shown where, human brain endothelial cells internalized
platelet-derived MVs by active endocytosis involving a phagocytosis mechanism
(Faille et al., 2012). This mechanism was a ligand-receptor independent interaction. A
third mechanism proposed is the fusion of membranes of both MVs and the recipient
cell resulting in freeing the MVs contents inside the cell (del Conde et al., 2005). This
interaction was observed following a ligand-receptor interaction and was effectively
blocked by Annexin V, suggesting PS exposure potentially plays a role in MV targeting.

Phosphatidylserine externalisation was observed to enhance MV uptake and
internalization by recipient cells where PS seems to interact with several proteins and
cellular receptors. For instance, lactadherin facilitates MV binding and uptake via
externalized PS (Otzen et al., 2012), and developmental endothelial locus-1 (Del-1)
also plays a role in binding PS-expressing MVs and their uptake by endothelial cells
(Dasgupta et al., 2012). Furthermore, there are receptors reported to interact with PS
molecules such the receptor family Tyro3/Axl/Mer (TAM) of tyrosine kinases and their
ligands: Gas6 and protein S. Researchers showed that endothelial cells of human
umbilical vein and aortic artery ingest MVs through Gas6-PS interaction which was
inhibited in the presence of antibodies against Axl receptors (Happonen et al., 2016).
Other receptors involved in targeting the PS molecule of MVs have been identified.
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For example, T-cell immunoglobulin mucin-domain-containing molecule; Tim4
expressed on macrophages acts as a PS receptor enhancing the engulfment of
apoptotic cells (Miyanishi et al., 2007). Collectively, these studies suggest that the
presence of PS on the MV surface may act as a signalling molecule for their
engulfment and uptake by various target cells.

Preliminary work in our group using a zebrafish line lacking MerTK showed attenuated
targeting of IL-1P to the head region following tail-fin injury. This targeting to the head
region was independent of circulating blood cells moving to the head region, where
photoconversion at the tail region showed no converted cells moved to the head within
the time frame of IL-1p activation at this site. Light sheet microscopy of fluorescent
macrophages in injured zebrafish also showed labelled MVs within the circulation,
which were PS-positive when combined with a tagged annexin-V line. Taken together
we speculated that IL-1[3, produced at the site of tail injury, was delivered to the head
region via PS-positive MVs and targeted via the MerTK receptor in the TAM signalling

complex.

In summary, MVs are shed from a variety of cells including monocytes and
macrophages that are involved in atherosclerotic plaque development and instability.
Macrophage-derived MVs were shown previously to contain pro-inflammatory
cytokines including IL-13, with the potential to induce inflammation in atherosclerosis
in their delivery of biological cargo. The original study selectively isolated
phosphatidylserine (PS)-exposed MVs found to contain IL-13, following LPS and
P2X7-dependent ATP stimulation. Since the time of this study, differential
centrifugation methods have been standardised for the isolation of extracellular
vesicles, quantified using bead-calibrated flow cytometry where vesicles are often
found to be composed of a mixed PS-positive and PS-negative population. MerTK has
been identified as a key PS-receptor; preliminary work in our group using a zebrafish
line lacking MerTK showed attenuated targeting of IL-1f3 to the head region following

tail-fin injury, which we speculated was via MV delivery.

35



1.8 Hypothesis & Aims

Macrophages shed PS-exposed MVs containing IL-18 which are targeted to
endothelial cells via the MerTK PS receptor, contributing to atherosclerosis (Fig. 1.5).

The aims of this project were to:

1. Isolate macrophage-derived MVs using differential centrifugation to:
a. characterise their number, size and PS-exposure by annexin V-labelling
using flow cytometry
b. determine whether production and PS-exposure is stimulus dependent.
c. determine the proportion of IL-13 secretion in MVs, compared to vesicle-
independent release.
2. Determine whether expression of MerTK alters with stimulus and cell-type.
3. Assess if targeting of IL-13-containing MVs is dependent on MerTK expression.

Monocyte-derived microvesicles
(IL 1B — containing microvesicles)

PS binds to MER receptor 5
ch S o4 7

-1g @
v

MER receptor \(

i

Cellular proteins GD
Phosphatidylserine (PS) ?
Cellular lipids @

Endothelial cell

Nucleic acids <

Figure 1.5: Proposed mechanism of MV targeting to the endothelium.

Our unpublished studies suggest an involvement of MerTK receptor in IL-1[3 targeting.
In this study we will test the hypothesis that the PS exposed on the surface of IL-13-
containing MVs is required for targeting to endothelial cells via MerTK receptor to
deliver IL-1B through a ligand-receptor interaction.
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Chapter 2 . Material and Methods

2.1 Materials

2.1.1 Buffers and solutions preparation

For primary monocyte isolation:

e Red blood cell lysis buffer (1x): 16.6 g NH4Cl, 2 g KHCOs3, 400 uL 0.5 M EDTA in
200 mL distilled, sterile H20.

e PBSE: 500ml 1xPBS + 2ml of 0.5M EDTA

e MACS Buffer: 2ml of 0.5M EDTA + 500ml of 1xPBS + 0.5% (w/v) BSA protein

e 1xPBS Oxoid phosphate buffered saline tablets: 137 mM NaCl, 2.7 mM KCI, 8 mM
NazHPOs, 1.8 mM KH2POy4 in distilled H20.

For MVs quantification:

e Annexin V Binding Buffer (1x): 100ul of Annexin V binding buffer (5x) by
Invitrogen and composed of : 50 mM HEPES, 700 mM NaCl, 12.5 mM CaCl2,
pH 7.4, diluted in 900yl of distilled H20.

For Western Blot:

e Transfer Buffer: 5% (v/v) NUPAGE transfer buffer (20x) [ThermoFisher] + 0.1%
(v/v) NuPAGE antioxidant [ThermoFisher] + 20% (v/v) CH3OH in distilled H20.

e 1XTBST: Tris buffered saline with Tween®20 sachets [Sigma Aldrich]
composed of : NaCl - 0.138 M; KCI - 0.0027 M); Tween®20 - 0.05%, pH 8.0,
in distilled H20.

e Blocking Buffer: 5% (w/v) semi-skimmed dry milk in 1XTBST buffer.
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2.2 Methods
2.2.1 Cell culture

Table 2.1: Reagents and materials for cell culture.

Material / Reagent

Supplier [Catalogue No.]

RPMI medium 1640 (1x) 500mL, (+) L-

Glutamine

Gibco by Life Technologies [21875034]

Dulbecco’s saline

(DPBS) (1x) 500ml

phosphate-buffered

Gibco™,

[14040133]

Thermo Fisher Scientific

LPS from E. coli, serotype R515 (Re) (TLR
grade™), 2ml, 1mg/mL

Enzo ® life science [ALX-581-007-L001]

2'(3')-O-(4-Benzoylbenzoyl) adenosine 5'-

triphosphate triethylammonium salt

>93% (BzATP)

Sigma-Aldrich [B6396-25MG]

Phorbol 12-myristate 13-acetate (PMA)

Sigma-Aldrich [8139]

Ficoll-Paque Plus

GE Healthcare [171440-02]

EDTA

Focus Bioscience

Low endotoxin-heat inactivated, Foetal

Bovine Serum; FBS

PAN BIOTECH [P40-37500]

Dulbecco’s Modified Eagle’s Medium - high
glucose (DMEM)

Gibco by Life Technologies [11965-092]

Human recombinant macrophage-colony

stimulating factor (M-CSF)

Prepotech [300-25]

Sodium Pyruvate

Focus Bioscience [25-000-CIR]

RIPA Buffer

Sigma-Aldrich [R0278-50mL]

Protease inhibitor cocktails

Sigma-Aldrich [P8340-1mL]

Pierce™ BCA Protein Assay Kit

Thermo Fisher Scientific [Prod#23227]
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Penicillin/Streptomycin Gibco [15070-063]

L-glutamine Gibco [17-605E]
0.25 % Trypsin-EDTA (1x) Gibco [25200-072]
A 438079 hydrochloride Tocris [2972]
Caspase-1 Inhibitor — Ac-YVAD-cmk Invivogen [inh-yvad]

Interleukin-1 receptor antagonist; IL-1RA PeproTech [200-01RA-250uG]

CD14+ microbeads Miltenyi Biotech [130-050-201]
4% wlv Paraformaldehyde-PBS ThermoFisher [15670799]
Primary cell culture

Primary human blood monocytes

Human peripheral blood monocytes were isolated from the blood of healthy donors.
The blood samples were collected after obtaining informed written consent from
healthy volunteers as approved by The University of Sheffield Ethics Committee (Old
Reference: SMBRER310, New Reference: 031330).

Monocytes were isolated by Ficoll density gradient centrifugation to purify peripheral
blood mononuclear cells (PBMCs) followed by monocyte isolation using the MACS
system (Miltenyi) for CD14* monocytes positive selection procedure. 80mL of blood
was drawn in two 50mL-conical tubes, 40mL of the blood was dispensed then each
tube was mixed with 5mL of 3.8% (w/v) tri-sodium citrate dihydrate (NazCeHsO7-2H20)
as an anti-coagulant. The blood was layered carefully over a 50mL conical tube filled
with 15mL of Ficoll-Paque Plus then centrifuged at 900xg for 20 minutes (acceleration
and brake at 1). The top layer (plasma) was removed and the cloudy layer (middle
layer) containing the mononuclear cells was aspirated by Pasteur pipettes and placed
in a 50mL-conical tube filled with 5mL of PBS-EDTA then centrifuged at 1500 rpm for
5 minutes. We centrifuged the aspirated PBMCs to eliminate the Ficoll-Paque and
some of the plasma that might be aspirated with the PBMCs layer. The soft pellet was
resuspended in 10 mL of Red Blood cell lysis buffer to eliminate erythrocytes and
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platelets, incubated for 5 minutes at room temperature then centrifuged again, the
pellet obtained was re-suspended and counted. Finally, CD14" monocytes were
isolated by CD14" positive magnetic selection using (Miltenyi Biotec Inc.) anti-human
CD14* antibodies coated with micro-beads. The isolated monocytes were counted
again and plated at either 1x10° or 5x10° cell/well in a 6-well cell culture plate with
adding RPMI-1640 containing 1% (v/v) L-glutamine and supplemented with 10% (v/v)
foetal bovine serum (low endotoxin & heat inactivated), and 1% (v/v)

penicillin/streptomycin.

The monocyte isolation method used in this project was optimised previously by our
group members, Dr. Yang Li (PhD thesis, 2019), assessed the specificity of PBMCs
isolation protocol by staining monocytes for purity and activation yielding more than
90% of monocytes. Also, Dr.Chiara Niespolo (PhD thesis, 2020) from our group has
assessed the CD14* monocyte purity yielding 90% monocytes among few cell debris
and lymphocytes.

Human monocyte derived macrophages (hMDMs)

Monocytes were differentiated into macrophages by adding (100ng/mL) of human
recombinant macrophage-colony stimulating factor (M-CSF) and incubation at 37°C,
5% COzfor 7 days. On day 7, MDMs were ready to prime and stimulate to produce
MVs.

Established cell line:
THP-1

The human monocytic leukaemia cell line (THP-1) was purchased from ATCC (TIB-
202), maintained in suspension culture in RPMI-1640 medium containing 1% (v/v) L-
glutamine and supplemented with 10% (v/v) foetal bovine serum (low endotoxin & heat
inactivated), and 1% (v/v) penicillin / streptomycin, and 200uM 2-mercaptoethanol, as
recommended by the supplier. The culture was maintained in 20-40mL of fresh
medium at 37°C & 5% COg, sub-cultured every two to three days, maintaining cell
numbers between 8x10°- 1x10° cells/ml.
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For microvesicle and IL-1B production:

10.8x108 of cells were cultured in 6-well plate (1.8x10° cells per well) with adding 2mL
of medium (above described) in each well, then differentiated into macrophage-like
cells by adding 300ng/mL of Phorbol 12-myristate 13-acetate (PMA) for 3 hours.
Subsequently, the media was changed, and cells incubated for 72 hours at 37°C, 5%
COs.. After three days of rest, cells were primed with LPS and stimulated with or without
BzATP.

Immortalized bone marrow derived macrophages (iBMDMs)

The murine immortalized bone marrow derived macrophage cell line (iBMDMs) was a
gift from David Brough (University of Manchester, originally generated by Hornung et
al 2008), maintained in DMEM media containing 4500 mg/L glucose, L-glutamine,
sodium pyruvate, and sodium bicarbonate. The media was supplemented with 10%
(v/v) of foetal bovine serum (low endotoxin & heat inactivated), and 1% (v/v) penicillin
/ streptomycin (100 U/ml Penicillin, 100 pg/ml streptomycin), and 1% (v/v) of sodium
pyruvate. The culture was maintained in 10mL of fresh medium at 37°C & 5% COa,
sub-cultured every two to three days. When the cultured cells reached around 90%
confluency, cells were ready for splitting. The media was discarded and substituted
with 1xPBS buffer for washing and then discarded. Subsequently, cells were scraped
in fresh media using a cell scraper and the cell suspension transferred into a new 75
cm? culture flask and topped up with fresh media to a dilution of (1:10).

For MVs and IL-1B production:

2x10° cells were cultured in 6-well plates with 2mL of medium (described above) per
well. Cells were incubated overnight at 37°C, 5% CO2 to allow the cells to achieve a
confluence of at least 70%. The next day, cells were primed with LPS and stimulated
with or without BzATP.

HelLa Cell Line

The human immortalised cervical epithelial HeLa cell line was obtained (ATCC, CCL-
2) were maintained in DMEM media containing 4500 mg/L glucose, and L-glutamine.
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The media was supplemented with 10% (v/v) of foetal bovine serum (low endotoxin &
heat inactivated), and 1% (v/v) penicillin / streptomycin (100 U/ml Penicillin, 100 pg/ml
streptomycin). The culture was maintained in around 10mL of fresh medium at 37°C
& 5% COg, sub-cultured every two to three days. When the cultured cells reached
around 90% confluency, cells were ready for splitting. The media was discarded and
rinsed briefly with PBS buffer and then discarded. Subsequently, cells were detached
using 2-ml of 0.25 % Trypsin-EDTA (1x) for 5-10 minutes, then neutralised with
complete media. Next, cells were diluted to a suitable ratio of the cell suspension,
usually 1:5 to 1:10 dilution, into a 75 cm? culture flask as appropriate.

HelLa cells as a bioassay for IL-1 delivery:

2x10° cells were cultured in 12-well plate with 1mL of medium (described above) per
well. Cells were incubated overnight at 37°C, 5% CO2 to allow the cells to achieve a
confluence of at least 70%. The next day, cells were stimulated with cell samples, IL-
1B in the absence or presence of IL-1 receptor antagonist; IL-1Ra.

HelLa cell Transfection:

1x10° cells were cultured in 12-well plate with 1mL of medium (described above) per
well. Cells were incubated overnight at 37°C, 5% CO: to allow the cells to achieve a
confluence of at least 70%. The next day, cells were transfected as described below
and incubated for 48 hours then hMDMs supernatants or MVs pellets were applied
onto the transfected Hela cells.

2.2.2 Microvesicle generation, isolation, and IL-1f3 production

Cells from both cell lines and primary hMDMs after differentiation into macrophages,
were primed with 1ug/mL lipopolysaccharides (LPS) for 3 hours in order to upregulate
the expression of the pro-inflammatory cytokine pro-IL-18 and the inflammasome
proteins, or without LPS as controls and incubated at 37°C & 5% CO>. The media was
then removed and substituted with 400ul of 1xPBS containing magnesium and
calcium. BzATP [2, 3-O-(4-benzoylbenzoyl)-ATP] is a P2X7 receptors synthetic
agonist, more potent and stable than ATP. BzATP was used at a final concentration
of 300uM for 20 minutes. Supernatants were collected from each well in 1.5ml
Eppendorfs; these were then either used to measure IL-1[3 release by ELISA or MVs
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were isolated. The isolation of MVs was achieved by differential centrifugation, the
supernatant was centrifuged twice at 1500xg, 4°C for 5 minutes to remove cells and
cellular debris as well as apoptotic bodies. Next, the supernatant was collected and
centrifuged once more at a high speed of 20,000xg at 4°C for 30 minutes to pellet MVs
only. For the MV-depleted supernatant experiments; the supernatant obtained after
isolation MVs pellet was kept for IL-18 measurements by ELISA as well as for applying
it onto HelLa cells £ IL-1Ra and transfected HelLa cells. For sample storage, the MV
pellets were stored at -20°C until analysis to preserve the vesicle structure from
degradation while the supernatants and cell lysates were stored at -80°C.

2.2.3 P2X7R selective inhibition (A 438079 hydrochloride)

(e

Control + No LPS + No BzATP + No LPS+BzATP Control + No LPS + No
inhibitor inhibitor inhibitor +No inhibitor inhibitor inhibitor
Control + P2X7  LPS + P2X7 BZATP + BB Control + P2 LPS + P2X7
inhibitor inhibitor P2X7 inhibitor +P2X7 inhibitol inhibitor inhibitor

BzATP + No LPS+BzATP E

inhibitor +No inhibitor Pty
BZATP + LPS+BZATP Empty
P2X7 inhibitor) +P2X7 inhibitor

b %)

Figure 2.1: The experimental layout of the cell lines: iBMDMs/THP-1 treated
with the selective P2X7R inhibitor (A438079 hydrochloride).

The cell lines, THP-1 and iBMDMs, the cells were seeded in three 6-well plates and
the layout for each biological replicate was as follows: Control, LPS, BzATP,

LPS+BzATP and this layout was set twice, one for Flow cytometry to quantify MVs
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and one for IL-13 measurements in the supernatant by ELISA (Fig. 2.1). Hence, the
experiments were run in parallel. The P2X7R selective inhibitor (A 438079
hydrochloride) was used at 2.5 yM and incubated with cells for 30 minutes at 37°C
prior to and during LPS priming and BzATP stimulation. Then the supernatants were
collected for either directly measuring IL-13 levels in the supernatant or for MV
isolation by multiple centrifugation and quantification by Flow cytometry. The lysate of
the supernatant was also collected and investigated for IL-13 production by ELISA.

PS+BzATP S+BzATP

Control + No LPS + No L Control + No LPS + No LP!
inhibitor inhibitor +No inhibitor inhibitor inhibitor +No inhibitor
Control + P2X7Y  LPS + P2X7 Wizt - Control + P2X71  LPS + P2X7 LPS+BZATP
inhibitor inhibitor +P2X7 inhibito inhibitor inhibitor +P2X7 inhibitor
Control + No LPS + No LPS+BzATP
inhibitor inhibitor +No inhibitor
Control + P2X LPS + P2X7 WSz
inhibitor inhibitor +P2X7 inhibitof

(e

>/

Figure 2.2: The experimental layout of the human primary macrophages
(hMDMs) treated with the selective P2X7R inhibitor (A438079 hydrochloride).

The primary hMDMs were seeded in three 6-well plates (5x10™ cell/well) and the
layout for each biological replicate (donor) was as follows: Control, LPS, LPS+BzATP
and this layout was set for three purposes: one for Flow cytometry to quantify MVs
and one for IL-18 measurements in the supernatant by ELISA, the last was for IL-1(3
measurements in the MV pellet by ELISA (Fig. 2.2). Hence, the experiments were run
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in parallel. The P2X7R selective inhibitor (A438079 hydrochloride) was used at 2.5 yM
and incubated with cells for 30 minutes at 37°C prior to and during LPS priming and
BzATP stimulation. Then the supernatants were collected for either directly measuring
IL-18 levels in the supernatant or for MVs isolation by multiple centrifugation
subsequently, some for quantification by Flow cytometry and some for measuring IL-
1B levels. The lysate was harvested from cells corresponding to the supernatant and

investigated for IL-1p production by ELISA.

2.2.4 Caspase-1 inhibition using Ac-YVAD-cmk

) (7
Control + , LPS + , LPS+BZATP , Control + , LPS + , LPS+BzAT5
DMSO DMSO +DMSO DMSO DMSO +DMSO
Control + LPS + LPS+BzAT! Control + LPS + LPS+BzATP
Caspase Caspase +Caspase Caspase Caspase +Caspase
inhibitor inhibitor inhibitor inhibitor inhibitor Control + LPS + No LPS+BZATP
inhibitor inhibitor +No inhibitol

inhibitor

Empty Empty Empty
Control + LPS + No LPS+BZATP Control + LPS + LPS+BZATP. , ’ ’
inhibitor inhibitor +No inhibitoj DMSO DMSO +DMSO
Control + No LPS + No LPS+BzATP Control + LPS + LPS+BzATH
inhibitor ’ inhibitor » +No inhibito’ Caspase ’ Caspase +Caspase ’
inhibitor inhibitor inhibitor

)

Figure 2.3: The experimental layout of the cell line iBMDMs treated with the
Caspase-1 inhibitor (Ac-YVAD-cmk).

The cell line iIBMDMs, the cells were seeded in five 6-well plates (2x10 cell/well) and
the layout for each biological replicate was as follows: Control, LPS, LPS+BzATP and
this layout was set for three purposes: one for Flow cytometry to quantify MVs and
one for IL-1B measurements in the supernatant by ELISA, the last was for IL-1(3
measurements in the MV pellet by ELISA (Fig. 2.3). Hence, the experiments were run
in parallel. The Caspase-1 inhibitor (Ac-YVAD-cmk) was used at 27 ug/ml and
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incubated with cells for 30 minutes at 37°C prior to LPS priming and BzATP

stimulation. The cells were also incubated with the equivalent vehicle concentration of

0.2% DMSO as the caspase-1 inhibitor. The lysate was harvested from cells

corresponding to the supernatant and investigated for IL-13 production by ELISA.

(e
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Caspase
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e

LPS + LPS+BzATP
Caspase +Caspase
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+Caspase
inhibitor

Figure 2.4: The experimental layout of the human primary macrophages

(hMDMs) treated with the Caspase-1 inhibitor (Ac-YVAD-cmk).

For primary hMDMs, cells were seeded in three 6-well plates (5x10™ cell/well) and the

layout for each biological replicate (donor) was as follows: Control, LPS, LPS+BzATP

and this layout was set for three purposes: one for Flow cytometry to quantify MVs

and one for IL-13 measurements in the supernatant by ELISA, the last was for IL-1(3

measurements in the MV pellet by ELISA (Fig. 2.4). Hence, the experiments were run

in parallel. The Caspase-1 inhibitor (Ac-YVAD-cmk) was used at 27 ug/ml and

incubated with cells for 30 minutes at 37°C prior to LPS priming and BzATP

stimulation. The cells were also incubated with the vehicle; DMSO at the same
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concentration as the caspase-1 inhibitor. The lysate was harvested from cells
corresponding to the supernatant (not the MVs pellet) and investigated for IL-13
production by ELISA.

2.2.5 Detection and counting of microvesicles

After isolating the MVs, their numbers were quantified by Flow cytometry. The size
range of the MVs generated was determined using Nano-particle Tracking Analysis
(Zetaview). In addition, the proportion of positive MVs for PS surface molecule was
measured by labelling with a fluorescent Annexin V. Annexin V, is a ligand protein that
has a high affinity to bind the PS surface molecule thus, a fluorescent conjugate to

Annexin V was added to MVs and quantified using the Flow Cytometry.
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2.2.6 Flow cytometry

Table 2.2: Reagents and materials for Flowcytometry.

Material / Reagent Supplier [Catalogue No.]
Megamix beads Biocytex [7801]
Annexin V binding buffer (5x), 30mL Invitrogen [V13246]

Annexin V, Alexa Fluor ™, 488 conjugates | Invitrogen [A13201]

SPHERO™ AccuCount Particles Spherotech Inc. [ACBP-20-10], 2.0um

Microvesicles preparation and labelling for Flow Cytometry analysis

Microvesicle pellets were resuspended in 400ul of 1 x Annexin V Binding Buffer (by
Invitrogen). In a new 1.5ml Eppendorf, 70 pl 1 x Annexin V Binding Buffer was added,
then 30 pl of the MV pellets suspension was added, and was labelled with the Annexin
V, Alexa Fluor™ 488 conjugate (1:20), incubated on ice for 15 minutes. Then, 10yl of
the SPHERO™ AccuCount Particles (counting beads) were added and topped up
again with 185ul of 1xAnnexin V Binding Buffer ending with a mixture volume of 300ul.
Then, samples were analysed by Flow Cytometry to quantify the MVs numbers and

determine the proportion of PS positive MVs.

The MVs were counted using BD LSR |l flow cytometer analyser and calibrated using
megamix beads with the following sizes 0.5um, 0.9um, and 3um to serve as size
reference (Fig. 2.1). The flow cytometer gates were set up according to the protocol

provided by BioCytex company associated with the megamix beads.

The total MVs number and the percentage of PS positive MVs were calculated
according to the SpheroTech company technical notes of calculating absolute cell

count formula (https://www.spherotech.com/tech _SpheroTech Note 15.html) which

is:
(A/B) x (C/D) = Number of MVs per uL
Where:

A = number of events for the Test sample
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B = number of events for the AccuCount Particles
C = number of AccuCount Particles per 50uL
D = volume of test Sample initially used in yL

To obtain the total MVs number that showed on our results figures, the result obtained
from the formula above is multiplied by 400 which is the initial MVs resuspension

volume.

For determining the percentage of PS-positive MVs, we followed the same steps as
for the total MVs number to obtain total AnnexinV-positive MVs then, divided the total

AnnexinV-positive MVs by the total MVs number and multiplied by 100.
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Figure 2.5: Flow cytometer gate settings to detect and count microvesicles.

(A) The flow cytometer calibration using megamix beads of varied sizes (500 nm, 900
nm, and 3um) to detect and count the MVs. (B) The region of interest determined
according to megamix bead sizes and plotted as Side scatter (SSC) versus forward
scatter (FSC), MVs detecting region indicates the region of interest. (C) The MVs
labelled with Annexin V, Alexa Fluor™ 488 conjugate staining detected via the filter
530/30.
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2.2.7 Nano-particle Tracking Analysis (NTA)

Microvesicles preparation for Nano-particle Tracking Analysis (NTA)

Microvesicle pellets were resuspended in 100ul of PBS. The mixture for analysis was
made by dilution to (1:40) in molecular water then injecting the mixture into the NTA

(ZetaView) for analysis.

The MV size distribution was evaluated using Nano-particle Tracking Analysis (NTA)
(ZetaView, ParticleMetrix), which works by tracking particles in the size range 100 to
1000nm where suspended in a fluid. Each particle is tracked individually through
detecting the light scatter from the particle that is detected via a sensitive camera, with
the size being determined by analysing the Brownian motion of each particle (Fig. 2.2).
The term Brownian motion refers to the random movement of particles suspended in
fluid, by diffusion. The physical principal underlying NTA to measure the particles size
is based on the determination of the diffusion coefficient (D) of a particle in a given
time interval (t) through quantifying the mean square displacement. The mean square
displacement (x?) is the observed movement of a certain particle between two spots
per time interval registered in two dimensions. Thus, the diffusion coefficient can be

calculated as follows;
D = <x,y>?/4t

The particle diameter (d) was determined using Stokes-Einstein’s equation as follows:
D = 4kgT/ 3mnd

Where kgis Boltzmann’s constant, T is the temperature, and 77 is the viscosity of the
fluid.
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Figure 2.6: Nano-particle Tracking Analysis (ZetaView) to detect and count

microvesicles.

(A) Typical histogram from a sample demonstrating the size distribution of the
detected particles. (B) Typical image of a sample showing the detected particles
captured by the camera.

52



2.2.8 Bicinchoninic acid (BCA) protein determination

The BCA protein assay is a colorimetric protein assay method relying on a chemistry
involving two reactions; first, protein and copper chelation then, reducing the copper
and production of a colour that is detectable. The biuret reaction occurs where
cysteine, tyrosine, and tryptophan amino acids residues chelate with the cupric ions
(Cu?*) forming a complex in alkaline medium in the presence of sodium potassium
tartrate. The reduction of copper ion by the biuret complex from cupric to cuprous is
detectable from the formation of a light blue colour. The number of peptide bonds
involved in the biuret reaction are proportional to the intensity of the colour produced
thus, the more peptides involved the more intense the colour obtained. The second
reaction involved is the chelation of two molecules of bicinchoninic acid (BCA) with
one ion of the cuprous ions to produce a purple-coloured complex. This complex is
measured with spectrophotometer to determine the absorbance at wavelength of 562

nm.

The protein concentration was measured to achieve equal loading in western blotting.
A dilution-series of standards with known protein concentrations was run in parallel to
samples helps to calculate protein concentrations in samples. This was done for each
assay, as the BCA reaction is time and temperature dependent. The absorbance
values obtained from the standards were plotted to generate a standard curve and the
samples’ concentration interpolated for the absorbance values.

The attached cells on the multi-well cell culture plates were treated with a mixture of
RIPA lysis buffer and Protease inhibitor cocktail in a dilution of (1:10). RIPA buffer
contains the following; 150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0 in order to lyse cells and maintain
proteins solubility. This mixture was added onto each well with adjusted volumes
according to purposes of use, i.e. western blotting for cell lysate or for MVs pellet.
Next, the cells were scraped carefully until the liquid becomes viscous then transferred
to microcentrifuge tubes. Bovine Serum Albumin (BSA) protein was used to generate
a standard curve for ten points from 0 to 2 ug/ml. the standards and samples were
prepared and assayed according to the manufacturer’s protocol (Thermo Scientific™,
Pierce™ BCA Protein Assay Kit).
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2.2.9 Cell fixation for Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a method used to visualise the topography of the
surface of a biological specimen. It creates an image by focusing a beam of high

energy electrons over the specimen.

For iBMDMs: 2x10" (cell/well) were seeded in 24-well plate on coverslips and allowed
to adhere overnight. The next day cells were either primed with 1ug/ml LPS for 3 hours
or non-primed as negative control. The LPS-primed cells were then stimulated with
300uM BzATP for several time points before cellular fixation; 2 minutes, 5 minutes, 10
minutes in buffer. After each time point assigned, the buffer containing BzZATP was
discarded and cells were fixed with 1ml of 2.5% (v/v) Glutaraldehyde-1xPBS and
incubated overnight at 4°C. The next day, glutaraldehyde was discarded and replaced

with 1ml of 1xPBS and incubated at 4°C before imaging.

For THP-1: 2x10™ (cell/well) were seeded in 12-well plate on coverslips then
differentiated into macrophage-like cells by adding 300ng/ml of Phorbol 12-myristate
13-acetate (PMA) for 3 hours. Subsequently, the media was changed, and cells
incubated for 72 hours at 37°C, 5% CO.. After 3 days of rest, cells were either non
stimulated, as negative control, or stimulated with 300uM BzATP for several time
points before cellular fixation; 2 minutes, 5 minutes, 20 minutes in 1XxPBS containing
calcium and magnesium. After each time point assigned, the PBS containing BzZATP
was discarded and cells were fixed with 1ml of 4% (w/v) Paraformaldehyde-1xPBS for
10 minutes at room temperature. After that, it was removed and cells were rinsed once
with 1xPBS for 10 minutes then removed. Next, another fixative reagent was added;
1ml of 2.5% (v/v) Glutaraldehyde-1xPBS onto the cells and incubated overnight at
4°C. The next day, glutaraldehyde was discarded and replaced with 1ml of 1xPBS and
incubated at 4°C before imaging.

For hMDMs: 2x10™ (cell/well) of monocytes were seeded in 12-well plate on
coverslips then differentiated into macrophage by 100ng/ml of M-CSF for 7 days. On
the 7" day, the cells were treated and fixed by the same protocol of THP-1 above.

For the secondary fixation, which was carried out by our colleague Dr. Jaime
Canedo,as well as the imagine. Started with 2% (v/v) aqueous osmium tetroxide.
Samples were then dehydrated sequentially using 75%, 95% and 100% (v/v) ethanol
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before drying using a Leica EM CPD300. When dried, samples were mounted on
aluminium stubs, attached to carbon sticky tabs and coated with 25 nm of gold in an
Edwards S150B sputter coater. Images to assess cell morphology were taken using
TESCAN Vega 3 LMU Scanning Electron Microscope at an acceleration voltage of 10
kV.

2.2.10 Enzyme-linked Immunosorbent Assay (ELISA)

Table 2.3: Reagents and materials for ELISA.

Material / Reagent Supplier [Catalogue No.]

Bovine Serum Albumin Sigma-Aldrich A7906

Human IL-1 beta/IL-1F2 DuoSet ELISA R&D [DY-201]

Mouse IL-1 beta/IL-1F2 DuoSet ELISA R&D [DY-401]

1xPBS tablets Thermo Scientific Oxoid [10209252]
Substrate solution ELISA R&D [DY999]

Human IL-6 mini ELISA kit PeproTech [900-TM16]

ELISA is a immunoassay technique used to detect and quantify target analytes such
as antibodies, proteins, peptides. In this project, we used the sandwich ELISA
technique to detect and quantify the cytokines IL-13, IL-6 or IL-8. The basic principle
of sandwich ELISA is to layer the target analyte between two different antibodies that
are specific for that analyte’s epitopes. The capture antibody adsorbs to a 96-well plate
that is raised against the desired target analyte, then it captures the target analyte by
recognising a specific epitope. Next, the second antibody detects a different epitope
on the target analyte hence, the target analyte is sandwiched between two antibodies.
The second “detection” antibody is biotin-labelled that binds to streptavidin. The
streptavidin is enzyme-conjugated to horseradish peroxidase (HRP) enzyme which,
when the tetramethylbenzidine (TMB) substrate is added, generates a colorimetric
reaction. A dilution-series of standards with known concentrations of the protein being
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detected (IL-1B, IL-6 or IL-8) were run in parallel to samples in order to quantify
cytokine levels in the samples.

ELISA kits for detecting IL-1B, from both human cells and murine cells, were obtained
from R&D systems company and the manufacturer’s protocol was followed. ELISA kits
for detecting IL-6, was obtained from PeproTech company and the manufacturer’s
protocol was followed. ELISA kits for detecting IL-8, was obtained from R & D company

and the manufacturer’s protocol was followed.

Plate preparation: a high-binding 96-well microplate was coated with 100 pl/well of
capture antibody diluted in 1xPBS at room temperature overnight. The next day, the
plate was washed three times with the washing buffer as described in the
manufacturer’s protocol then blocked with 1% (w/v) bovine serum albumin (BSA)-
1xPBS adding 300 pl/well for 1 hour. Next, the plate was washed three times before

sample addition.

Assay procedure: the standards were prepared according to the manufacturer’s
protocol and loaded 100 pl/well onto the plate along with the samples (100 pl/well) and
incubated for 2 hours at room temperature. The three washes were repeated, and the
detection antibody was prepared according to the manufacturer’s protocol and 100
ul/well were added to the plate wells, incubated for 2 hours at room temperature,
followed by three washes, and 100 pl/well of streptavidin conjugate to HRP was added
and incubated for 20-30 minutes then the three washes repeated. The substrate
solution TMB was prepared (1:1) and 100 pl/well were added for 20 minutes. Finally,
50 pl/well of the stop solution (2N of H2SO4) was used to stop the reaction. The plate
was read using a Varioskan (Thermo Scientific) plate reader at 450nm to determine

the optical density at 450nm of standards and samples.

The samples and standards were run in duplicates and averaged after subtracting the
blanks (buffer only in place of standard or sample). The standard curve was analysed
using GraphPad Prism 9.0 software by generating a four parameter logistic curve-fit,
and the sample concentrations were determined by interpolation from the standard

curve with confidence interval = 95%.
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2.2.11 Western blot

Table 2.4: Reagents and materials for Western Blot.

Material / Reagent Supplier [Catalogue No.]
Tris Buffered Saline pH 8.0, powder Sigma-Aldrich [T6664-10PAK]
MES SDS Running Buffer (20X) Invitrogen [NP0002]

NuPAGE 4-12% Bis-Tris Protein Gels 10 | Invitrogen [NP0323PK2], [NP0335PK2]
wells, 15 wells

NuPAGE Antioxidant Invitrogen [NP00O05]
Protein Ladder Invitrogen [LC5925]
Human Recombinant IL-1 beta Protein R&D [201-LB]

Rabbit Anti-Human IL-1 beta antibody | Abcam [ab33774]
(EP408Y)

Goat Anti-Mouse IL-1 beta /IL-1F2 Antigen | R&D [AF-401-NA]
Affinity-purified Polyclonal Antibody

ECL™ Select Western Blotting Detection | Merck [RPN2235]
Reagent

Western blot was used to evaluate the size of the cytokine; IL-1 using the “XCell
SureLock Mini-Cell and XCell Il Blot Module” from Invitrogen™. The samples were
prepared from stimulated cells and the supernatant, and their corresponding cell lysate
and MV pellet. Supernatants were subjected to ultrafiltration in order to concentrate
the IL-1B protein using Amicon Ultra-0.5 Centrifugal Filter Units of nominal molecular
weight cut-off of either 3 kDa or 10 kDa (MerckMillipore). Cell lysates were processed
as described above (see 2.2.6 BCA section) and 50 ug of the hMDMs samples’ protein
was loaded whilst the iBMDMs cell lysate was 25 pg. MV pellets were treated the same
as the cell lysate and the protein concentration was determined by BCA technique and
12 g of the samples’ protein was used. Next, the samples were mixed with 5x loading
buffer (10% SDS (w/v), 25% (v/v) beta-mercaptoethanol, 50% (v/v) glycerol, 0.01%
(w/v) bromophenol blue, 0.125M Tris-HCI, pH 6.8) and heated to 100°C for 5 minutes.
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The samples were loaded onto the SDS-PAGE gel (NUPAGE 4-12% Bis-Tris SDS-
PAGE gel Novex (Invitrogen)) alongside the positive control (recombinant human IL-
18 by Abcam), and the protein standard which was SeeBlue™ Plus2 Pre-stained
Protein Standard (Invitrogen). The gel was added in the XCell SureLock Mini-Cell
Electrophoresis System and ran at 120V for 70 minutes in MES SDS buffer
(Invitrogen). After that, the protein transfer was carried out onto nitrocellulose
membrane in the XCell Il Blot Module (Invitrogen) and the addition of the transfer buffer
(described in the materials above) and ran at 35V for 1 hour. The membrane was
stained with Ponceau S red solution (Sigma Aldrich) was carried out for 5-10 minutes
to assess efficient transfer then the membrane was washed with 1xTBS three times
and blocked for 1 hour using the blocking buffer (described in the materials above) at
room temperature. Next, the primary antibody was diluted in the blocking buffer and
incubated with the membrane at 4°C overnight. The next day, the membrane was
washed three times with 1XTBST for 5 minutes each wash. The secondary antibody
was HRP conjugated (either Anti-Goat or Anti-Rabbit) and was diluted in the blocking
buffer at 1:2500, incubated with the membrane for 1 hour at room temperature, while
rotating for mixing. Following three washes of 5 minutes, for chemiluminescent
detection the membrane was covered with = 2 ml of ECL™ Select Western Blotting
Detection Reagent (reagents A&B mixed equally, Merck Millipore), and incubated for

1 minute before their detection using the ChemiDoc XRS+ Imaging System (BioRad).

For hMDMs (5x10" Cell/Condition) where western blotting was used to evaluate the
IL-1B molecular weight, Rabbit Anti-Human IL-1 primary antibody (by Abcam) was
used at 1:5000 in the blocking buffer and incubated for two days at 4°C hence, the
recombinant human IL-1f protein was used at 1.6 ng.

For iBMDMs (5x10" Cell/Condition) were used to evaluate the IL-1B molecular weight
and the Goat Anti-Mouse IL-13 primary antibody (by R&D) was used at 0.4 pyg/ml in
the blocking buffer and incubated overnight at 4°C. The recombinant human IL-13
protein was used at 1.6 ng as a control which cross-reacts with the anti-mouse IL-1(3
antibody.
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2.2.12 Transient transfection

Table 2.5: Reagents and materials for Transfection.

Material / Reagent Supplier [Catalogue No.]

ON-TARGETplus Non-targeting Control | Horizon Discovery [D-001810-10-20]
Pool

siGLO Green Transfection Indicator Horizon Discovery [D-001630]

ON-TARGETplus Human MERTK siRNA Horizon Discovery [L-003155-00-0005]

DharmaFect Transfection Reagent Horizon Discovery [T-2001-01]

Transient transfection of sSiRNAs was performed in the HeLa cell line to induce MerTK
knockdown. The human ON-TARGETplus MerTK siRNA (Horizon Discovery for
Dharmacon) and the ON-TARGETplus Non-targeting Control Pool (Horizon Discovery
for Dharmacon) were both delivered to HelLa cells seeded in 12-well plates at 25 nM
final concentration using DharmaFECT transfection reagents according to the

manufacturer’s protocol.
2.2.13 Gene expression analysis by RT-qPCR

RNA isolation from cells was performed using the RNeasy UCP kit (Qiagen) according
to manufacturer’s instructions. The complementary DNA was transcribed from the total
RNA using the Precision nanoScriptTM 2 RT kit (Primer design), and the
manufacturer’s instructions were followed. The reagents used were Precision PLUS
SYBR-Green master mix (Primer design) and specific primers (listed below) designed
with NCBI BLAST. The results were analysed with CFX384 C1000 Touch Thermal
Cycler (Biorad). All assays were performed in triplicate and normalised to the house
keeping gene GAPDH expression levels. The primers were designed and checked for
specify using the BLAST Primer Design Tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and purchased from Merck Millipore

company. The qPCR of MerTK expression in HUVECs exposed to different shear

stress was done by Dr. Klaudia Kocsy, and the samples were provided by Dr. Daniela

59



Pirri. Whilst, the gPCR of MerTK in all HeLa cells, SMCs, and hMDMs was done by
Charlotte Moss.

Gene (GenBank | Forward Primer Reverse Primer

Accession Number)

Human GAPDH ATTGCCCTCAACGACCACTTT CCCTGTTGCTGTAGCCAAATTC

(NM_002046.7)

Human MerTK CGCTCTGGCGTAGAGCTAT AGGCTGGGTTGGTGAAAACA

(NM_006343.3)

2.2.14 Existing data analysis

The data in chapter (4) were obtained from published microarray gene expression data
using the datasets stored at the Gene Expression Omnibus (GEO) repository

(https://www.ncbi.nlm.nih.gov/geo/). This data was mined to identify the MerTK

receptor gene expression values which was plotted and analysed using appropriate
statistical analysis (see below).

2.2.16 Statistical analysis

Data are represented as meantSEM,or as meant+SD or as individual values, as
indicated. The parametric tests, One-Way ANOVA, Two-Way ANOVA, or student t-
tests were performed as indicated. For all the experiments comparisons were carried
with GraphPad Prism 9 software. P values <0.05, were considered statistically
significant. The N-value represents separate experiments carried out for cell lines or
represents different donors/individuals for primary cells; these values are stated for
each dataset presented.
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Chapter 3 . Macrophage microvesicle production,
interleukin-1B release and phosphatidylserine exposure in

response to inflammation activation

3.1 Background and Aims

Macrophages are widely known to significantly contribute to atherosclerosis disease
progression and are the most abundant type of cell present in the plaque. They play a
central role in the initiation of the plaque (atherogenesis), lipid accumulation in foam
cells, plaque stability and in chronic inflammation (Moore et al., 2013).

Macrophages drive atherosclerotic plaque advancement by taking up lipids and driving
immune cell activation and are present in each stage of atherosclerosis. They are a
key source of the proinflammatory cytokine and chemokine production in plaque
inflammation including IL-1( (Barrett, 2020). Macrophage-derived MV have previously
been described to contain specific cytokines (MacKenzie et al., 2001). MVs are
membrane-bound vesicles, known to participate in intercellular communication
influencing targeted cell function acting as signalling vectors for many physiological as
well as pathological conditions. Since MVs function in intercellular communication they
are likely to play a role in the pathogenesis of atherosclerosis. Cytokines participate in
atherosclerotic plaque cell signalling throughout all the disease stages contributing to
inflammation, cellular proliferation, migration, and death as well as vascular
remodelling. To date, the role of macrophage-derived MVs in atherosclerosis is still

unclear.

Previous studies have shown that human macrophages including differentiated THP-
1 cells (MacKenzie et al., 2001) and peripheral blood monocyte-derived macrophages
(Ward et al., 2010) release MVs in response to P2X7 receptor activation with BzATP.
MVs were shown to contain IL-1B (MacKenzie et al., 2001), while MVs release was
dependent on BzATP stimulation with or without production of IL-138 which required
LPS priming (TLR4 receptor (PRR) activating NF-kB, and upregulation of the
inflammasome; (Liu et al., 2017)). MacKenzie et al. (2001) labelled and isolated MV's

using annexin V, demonstrating that PS was exposed on the cell surface and
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externally on MVs rapidly (within 2 minutes) following BzATP treatment. Since this
time extracellular vesicle populations from various cell types have been shown to be
a mix of PS negative and positive populations (Connor et al., 2010, Shet et al., 2003,
Jimenez et al., 2003). This has been enabled from the use of differential centrifugation
methods to isolate the total population of EVs produced by cells. We therefore set out
here to use differential centrifugation methods to determine whether BzATP-
stimulation of macrophages results in increased MV production and an increased PS-
positive MV population (this chapter), and whether PS serves to target MVs to target
cell populations via the MerTK PS-receptor (chapters 4 and 5).

Since MacKenzie et al (2001) demonstrated that macrophage IL-13 was contained in
MVs, others have shown that IL-1B is secreted in a MV-independent pathway, via
Gasdermin D activation (Evavold et al., 2018). It is unclear whether the two-step
process of inducing inflammasome activity (LPS priming) and IL-1B release by
damage-associated molecular patterns (DAMPS) including ATP, is driven
predominantly by one or both of these processes. To date, no publication has been
published to resolve this question.

In this chapter we set out to test the following hypotheses:

1. Macrophages treated with both LPS and BzATP will generate a higher number of
MVs compared to no treatment (control), priming (LPS) only or BzZATP treatment
alone.

2. Macrophages treated with BzZATP produce an increased proportion of PS-positive
MVs compared to untreated or LPS only treated cells.

3. Macrophages release IL-1 contained within MVs, which is stimulus dependent.

The aims were to use differential centrifugation methods to isolate the complete
macrophage-derived MV population. In the first instance we aimed to use a suitable
macrophage-like cell line in order to provide a consistent (not donor dependent) IL-13
release response. The higher cell numbers from a cell line would enable production of
high numbers of MVs to be tested for MerTK-dependent MV-targeting (chapter 5).
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3.2 Microvesicle production in PMA-differentiated THP-1 cells

THP-1 cells are acute leukemic monocytic cell line derived from human, the cell line
has been used previously by (MacKenzie et al., 2001) to produce IL-1B containing PS-
positive MVs isolated using annexin V-pull down. In that study MVs were not isolated
using differential centrifugation, and numbers and relative PS exposure were not
quantified using more up to date methods of flow cytometry. We therefore set out to
use THP-1 cell line to generate MVs under multiple conditions. The conditions were
established to investigate the effect of the bacterial stimuli LPS alone, and the effect
of activating the P2X7 receptor using BzZATP on the production of MVs. To assess the
role of P2X7 receptor in MV production, a selective P2X7 inhibitor (A438079) was used.
It is a competitive P2X7 antagonist called 3-[[5-(2,3-Dichlorophenyl)-1H-tetrazol-1-yl]
methyl] pyridine hydrochloride that prevents P2X7 receptor activation, preventing ion
channel opening, and Na*/Ca?* influx and blocks loss of membrane asymmetry (cell
surface PS exposure) (Ward et al., 2010).

THP-1s were differentiated to macrophages using PMA (see methods) and
subsequently treated for 3h with or without LPS then washed and treated with or
without BzATP for 20 mins in the absence or presence of A438079 (P2X7 antagonist).
MVs were isolated from the cell supernatants by differential centrifugation and
quantified by flow cytometry. The data shown here are experiments of three replicates

and follow optimisation of several trials.

PMA-differentiated THP-1 produced MVs from all the conditions, however the results
obtained were highly variable between replicates (Fig. 3.1 A). Untreated cells
produced significant numbers of MVs (Figure 3.1 A) while LPS and BzATP treatments
did not act to significantly alter MV numbers above the control cells. FHP-1 MV
production was not significantly altered in the presence of the P2X7 receptor
antagonist, which was also highly variable across the replicates (Fig. 3.1 A). The
differences between each condition with or without the use of the P2X7 inhibitor were
compared using repeated measures, Two-way ANOVA test followed by Tukey’s
correction for multiple comparisons showing there were no statistically significant
differences between conditions. These preliminary data show that PMA-differentiated
THP-1 cells produced MVs regardless of the stimuli used and that MV release is not
upregulated following P2X7 receptor activation.
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We assessed the PS externalization on MV surface by using the fluorescently-labelled
Annexin-V conjugate that binds to PS, quantified by flow cytometry from the same
samples used to assess MV numbers. We aimed to test whether PS externalization
on the MV surface is stimulus dependent, particularly P2X7 receptor activation
dependent as assessed by using a P2X7 antagonist. The proportion of PS-positive
MVs were calculated from the total MVs number obtained (Fig. 3.1 B), showing that
the PS-positive MV population was a low proportion of the total population, on
average, 8% + 4.78 across all conditions. The change in proportion of PS-positive MVs
was highly variable between replicates and conditions, and was not altered with P2X7
receptor inhibition. This suggests that PS exposure on the MV surface in THP-1
differentiated cells is stimulus independent, where no significant differences were
found between the conditions tested.
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Figure 3.1: P2X7R selective inhibition effect on microvesicle production from
THP-1 cells.

Cells were differentiated with 300ng/ml PMA for 3 h followed by three days of resting
prior exposure to the P2X7R selective inhibitor 2.5uM (A438079) for 30 min then +
priming with 1ug/ml LPS for 3h followed by + stimulation with 300uM BzATP for 20
min (N=3). A) Flow cytometry quantification of the total number of isolated MVs. B)
The proportion of PS positive MVs quantified by flow cytometry and represented as
percentages for the four conditions. Each symbol represents an individual replicate
and is consistent in all graphs. Values are presented as mean + SEM, analysed by
Two-way ANOVA with Tukey’s correction method for multiple comparisons. No

significant differences were detected.

In order to refine the identification of MV production and characterised EVs produced
by THP-1 cells, we visualised the cells under scanning electron microscopy before
and after BzATP stimulation at several time points (Fig. 3.2). No cellular blebs were
visible (as published previously in MacKenzie et al. 2001), which may have been due
to the process of cellular fixation or due to the fact that blebs are retractable once the

stimuli is removed (Verhoef et al., 2003).

65



Figure 3.2: Scanning electron microscopy of control and BzATP treated THP-1

cells.

Cells were differentiated for 3 h with PMA followed by 3 days resting, then stimulated
with 300um BzATP at various time points (N=1): A) control, no BzATP; B) after 2
minutes of exposure to BzATP; C) after 5 minutes of exposure to BzATP; and D) after

20 minutes of exposure to BZATP.

In summary, THP-1 cells produce MVs under resting (control) and multiple treatment
conditions. These treatment conditions do not alter the proportion of PS positive MVs
such that the MV production and PS externalization occurs irrespective to the type of

stimulus.
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3.3 IL-1B release by PMA-differentiated THP-1 cells

Despite THP-1 cells producing MVs independently from their stimulus, we set out to
investigate whether there is an increased production and release of IL-13 by PMA-
differentiated THP-1 cells following LPS priming and BzATP treatment. The same
conditions described above for MV quantification and the same samples were tested
for IL-1B content. The supernatants and the corresponding cell lysates were collected
for IL-18 quantification by ELISA (Fig. 3.3 A&B). THP-1 supernatants contained
varying levels of IL-1B in the absence and presence of LPS & BzATP. They showed
high variability between experimental replicates as well as between cell treatment
conditions. It is notable that this variability was reduced on treatment with the P2X7
inhibitor, A438079, where lower levels of IL-1B were released from the cells overall.
However, this was not statistically significant, but perhaps suggestive that some IL-1f3
secretion may be P2X7 dependent.

We also encountered issues with maintaining and growing the cells and several
attempts were made including altering the media supplements and trying different
batches of stocks and newly purchased cells from ATCC supplier. Despite multiple
biological experiments performed, THP-1 cell production and release of IL-13 was
highly variable, with high levels shown in untreated controls, with the pattern of release
being inconsistent regardless of the stimuli added. For this reason we proceeded to
test other cell models for more consistent responses with respect to MV production
and IL-1B secretion.
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Figure 3.3: Effect of P2X7R selective inhibition on IL-1B release from THP-1

cells.

Cells were differentiated with 300ng/ml PMA for 3 h followed by three days of resting
prior exposure to the P2X7R selective inhibitor 2.5uM (A438079) for 30 min then +
priming with 1ug/ml LPS for 3h followed by tstimulation with 300uM BzATP for 20 min
(N=3). IL-1B was measured by ELISA in the supernatant (A) or cell lysate (B). Each
symbol represents an individual replicate and is consistent in all graphs. Values are
presented as mean + SEM, analysed by Two-way ANOVA with Tukey’s correction
method for multiple comparisons. No significant differences were detected.
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3.4 Immortalised mouse Bone Marrow Derived Macrophage cell line

(iBMDMs) microvesicle production is stimulus independent

Since we aimed to isolate MV-containing IL-1pB, to test the role of MerTK in targeting
(Chapter 5), we continued to identify a reliable cell model that can produce MVs
containing IL-1B. Since PMA-differentiated THP-1 cellular MV production and IL-1(3
release was highly variable and inconsistent, we sought to identify and test the
immortalized mouse macrophages cell line that was generated from wild type
(C57BL/6) mice. The iBMDM cell line has been employed in inflammation-based
studies; in particular it has been applied as an in-vitro model for IL-13 synthesis and
secretion studies (Hornung et al., 2008, England et al., 2014). However, MV release
by this cell line hasn’t yet been studied. Investigating the mouse MDMs is important to
study the behaviour of these cells, in terms of detecting and counting the MVs
produced in response to LPS and BzATP stimulation and compare the results with
those from human derived cells. Studying mouse cell lines will be useful for future
experiments, since we aim to establish an in vitro system involving MerTK receptor
knockdown. Thus, we investigated whether iBMDMs were able to release MVs in
response to the two stimuli previously applied to THP-1. Similar to THP-1 experiments,
the MV production in the presence or absence of BZATP was investigated as well as
the P2X7 receptor inhibition. In addition, the PS molecule externalization in their
surface.

The data shown here are the results of experiments from three different biological
replicates and represent the optimisation of multiple trials. The iBMDMs produced MVs
in control, LPS and LPS + BzATP treatments. Compared to the THP-1 cells, variability
between treatment conditions and replicates was reduced and showed greater
consistency (Fig 3.4 A). However, the MV numbers were not significantly altered by
the different stimulation conditions and the P2X7 antagonist, added 30 minutes prior
to other treatments, did not significantly alter the MV numbers. A Two-way ANOVA
test was performed followed by correction for multiple comparisons (Tukey’s) to test
for difference between treatments; increasing the number of biological replicates by a
further 2-3 tests would be optimal before making firm conclusions.
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We investigated if the proportion of PS-externalised varies according to cellular
treatment. Thus, MVs were incubated with the fluorescently labelled AnnexinV
conjugate to detect and quantify the PS positive MVs produced as described
previously. The results show considerable variability between biological replicates
(Fig. 3.4 B), both for different treatments as well as in the presence of P2X7 receptor
inhibitor, A438079. Statistical testing showed there were no significant differences
between stimuli nor between P2X7 inhibition and non-inhibited conditions.
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Figure 3.4: The effect of P2X7R inhibition on MV production from immortalised
bone marrow-derived mouse macrophages (iBMDMs).

Macrophages were pre-treated with 2.5uM of the P2X7R selective inhibitor (A438079)
for 30 min followed by treatment £ 1ug/ml LPS for 3h followed by treatment + 300uM
BzATP for 20 min (N=3). A) Flow cytometry quantification of the total number of
isolated MVs. B) The proportion of phosphatidylserine positive MVs quantified by flow
cytometry and represented as percentages for the four conditions. Each symbol
represents an individual replicate and is consistent in all graphs. Values are presented
as mean + SEM, analysed by Two-way ANOVA with Tukey’s correction for multiple

comparisons test. No significant differences were detected.
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Similar to the THP-1 experiments, we aimed to study the iBMDMs cell surface for the
purpose of visualising cellular blebs and MV formation, characteristic of P2X7
activation, using scanning electron microscopy. Similarly to THP-1 cells, we were not
able to identify noticeable differences in cellular morphology between control and
following BzATP treatment, which may be a result of the fixation process (Fig. 3.5).

Figure 3.5: Scanning electron microscopy of control and BzATP treated
iBMDMs.

Cells were stimulated with 300uM BzATP at various time points (N=1) : A) control, no
BzATP; B) after 2 minutes of exposure to BzATP; C) after 5 minutes of exposure to
BzATP; and D) after 10 minutes of exposure to BzATP.
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3.5 IL-1B release by immortalised bone marrow derived macrophage

cell line

Previously THP-1 PS-positive MVs were shown to contain IL-1B (Mackenzie et al.,
2001). Since this macrophage population is a mix of PS positive and negative MVs,
we wished to determine whether MVs isolated by differential centrifugation contain IL-
1B and that this presents a mechanism for its release.

Initially we quantified by ELISA the IL-1 within the total supernatant and in the cell
lysates to assess whether secreted and cellular levels were altered with different cell
treatments (Fig. 3.6 A&B). Low but measurable concentrations of IL-13 were detected
in the supernatant. These levels did not alter significantly with the different cell
treatment conditions compared to control unstimulated cells. The cell lysates also
contained similar concentrations of IL-13 which did not significantly increase above
control for LPS treatment, although there was a small but significant decrease in the
presence of BzZATP (Fig. 3.6 B). This suggests that iBMDMs may have a high level of
constitutive IL-1p production, where the inflammasome is not as inducible as has been
reported in primary macrophages. The amounts measured of IL-13 produced and
released in the cell lysate and the supernatant, respectively were highly variable
between biological replicates, and the cellular response was inconsistent across the
conditions tested. The presence of the P2X7 antagonist did not significantly alter IL-13
production or secretion for any of the control or treatment conditions tested, suggesting
production and release are not P2X7-dependent.
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Figure 3.6: The effect of P2X7R inhibition on IL-18 release from immortalised

bone marrow-derived mouse macrophages (iBMDMs).

Macrophages were pre-treated with 2.5 uM of the P2X7R selective inhibitor (A438079)
for 30 min then followed by treatment + 1 ug/ml LPS for 3 h followed by treatment +
300 uM BzATP for 20 min (N=3). IL-18 was measured by ELISA in the supernatant
(A) and cell lysate (B). Each symbol represents an individual replicate and is consistent
in all graphs. Values are presented as mean + SEM, analysed by Two-way ANOVA
with Tukey’s correction for multiple comparisons test. No significant differences were

detected, *p=0.05.
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The observations of low levels of IL-1B release were confirmed via western blot (Fig.
3.7). It showed no release of mature IL-13 (17 kDa) detected in the supernatant
however, the immature form (pro-IL-1B; 31 kDa) fragment was detected in the
corresponding cell lysates when cells were primed with LPS. It was also seen in the

supernatant which may indicate that IL-13 was not cleaved.

Cell Lysate Supernatant

LPS - + - + - + - +

BzATP - - + + - - + +
38 kDa
Pro- IL-1B >
31kDa 28 kDa

Mature IL-1B

17kba 14 kDa
6 kDa

| Recombinant IL-1B |

sng 2ng 1ng 0.5ng
38 kDa
28 kDa
17 kDa -
14 kDa
6 kDa

Figure 3.7: Representative western blot membrane for IL-1f.

Bone marrow-derived mouse macrophages (iBMDMs) + priming with 1 pg/ml LPS for
3h followed by + stimulation with 300 yM BzATP for 20 min, showing only pro-IL-1(3
(31 kDa) fragments expressed in the supernatant and cell lysate when primed with
LPS but active IL-18 (31 kDa) was not expressed in the supernatant. Recombinant IL-

1B protein was used as a positive control.
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3.6 Caspase-1/Gasdermin D dependence of iBMDM IL-18 secretion
and MV production

Recently, the Gasdermin-D protein has been shown to provide a conduit for IL-1f3
release from macrophages through pore formation in intact plasma membranes
(Evavold et al., 2018). This protein requires activation, which is achieved by the
caspase-1 enzyme. Since MV production by iBMDM was not significantly altered
according to the stimulus, but they do release some IL-13, we assessed whether
inhibiting the caspase-1 enzyme would affect MV number or IL-13 release. As shown
in Figure (3.8 A), in the presence of the caspase-1 inhibitor (Ac-YVAD-cmk) for 30
minutes prior to stimulation, the cells produced MVs but their numbers quantified were
variable across the replicates and there was no statistically significant differences. We
also tested whether Caspase-1 inhibition altered the proportion of MVs externalising
PS molecule (Fig. 3.8B) where similar variability was observed between replicates.

In summary, this preliminarily data showed that iBMDMs cells were able to produce
MVs in all the conditions tested and PS positive MVs were detected, but the numbers
and proportions, appear to be irrespective of stimuli.
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Figure 3.8: Effect of caspase-1 inhibition on MV production from iBMDMs.

Cells were pre-treated with 27ug/ml of the irreversible Caspase-1 inhibitor (Ac-YVAD-
cmk) for 30 min followed by priming with 1ug/ml LPS for 3h followed by + stimulation
with 300 uM BzATP for 20 min (N=3). A) Flow cytometry quantification of the total
number of isolated MVs. B) The proportion of phosphatidylserine-positive MVs
quantified by flow cytometry and represented as percentages for the three conditions.
Each symbol represents an individual replicate and is consistent in all graphs. Values
are presented as mean + SEM, analysed by Two-way ANOVA with Tukey’s correction

for multiple comparisons test. No significant differences were detected.
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Investigation of whether the secretion of IL-13 detected in the MV pellets was through
Gasdermin-D pore forming pathway was carried out by inhibiting the caspase enzyme.
The iBMDMs were pre-treated with the caspase-1 inhibitor (Ac-YVAD-cmk) for 30
minutes or left un-treated followed by priming with either LPS alone or both LPS
followed by BzATP alongside the negative control. Subsequently, the culture
supernatants (Fig. 3.9 A) and their corresponding cell lysates (Fig. 3.9 C) and MV
pellets (Fig. 3.9 B), were collected from parallel experiments and IL-1B levels were
measured by ELISA. Very low levels of IL-18 were detected in the MV pellets
irrespective of the stimuli or the presence of the caspase-1 inhibitor. However, this
was only detectable in one replicate out of three and was close to the limit of detection
for the ELISA assay (3.9 pg/ml). There was no IL-13 detected in the supernatant. The
lysates showed detectable IL-1 from within each cell extract, although these levels
are low compared to other macrophages tested (see section on human MDMs).
Statistical analysis showed no significant differences between conditions (stimuli) nor
between the caspase-1 inhibited and non-inhibited conditions in IL-1( levels released

in the supernatant, the MV pellets or in cell lysates.

Based on several repeats, the iBMDMs were not responsive to stimuli that are known
to induce IL-1P3 release. This could be due to the fact that cell lines do not completely
mimic the primary cells and their behaviour may change with continuous culturing and
when induced to become immortalised. We therefore proceeded to investigate our

aims using primary cells.
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Figure 3.9: Effect of caspase-1 inhibition on IL-18 release from iBMDMs.

Cells were pre-treated with 27ug/ml of the irreversible Caspase-1 inhibitor (Ac-YVAD-

cmk) for 30 min followed by priming with 1ug/ml LPS for 3h followed by + stimulation
with 300 uM BzATP for 20 min (N=3). IL-18 measured by ELISA in the supernatant
(A) orin the MV pellet (B). (C) in the cell lysate. Each symbol represents an individual

replicate and is consistent in all graphs. Values are presented as mean + SEM,

analysed by Two-way ANOVA with Tukey’s correction for multiple comparisons test.

No significant differences were detected.
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3.7 Microvesicle production in primary human monocyte-derived

macrophages (hMDMs)

After exploring cell lines for consistent inducible MV production and IL-f3 secretion in
response to specific stimuli we sought to test primary macrophages. It is possible that
the process of immortalisation in producing a cell line, renders these cells constitutively
activated with respect to MV production and inflammatory cytokine secretion. Since
we wish to understand the human biological response Human primary monocytes
were isolated from healthy donors and incubated for 7 days with M-CSF in order to
differentiate them into macrophages. On the seventh day, cells were unstimulated (as
negative control), treated for 3 h with LPS followed by buffer or BZATP stimulation.
The P2X7 receptor selective antagonist, A438079 was added 30 minutes prior to any
stimulation. The MVs were isolated by multiple centrifugation and counted by flow
cytometry.

The results show that MVs were produced from all the stimulation conditions tested,
although considerable variations were found between each donor (Fig. 3.10). Also, the
P2X7 antagonist did not affect the number of MVs produced under each condition.
Statistical analysis showed no significant difference between the conditions tested.
Interestingly, while observing the cells by transmission light under the microscope,
cellular blebbing was more pronounced in the presence of BzZATP treatment compared
to control or LPS treated cells. This suggests that membrane blebbing requires the
BzATP treatment, and fits with previously published observations where activation of
the P2X7 receptor triggers cytoskeletal rearrangement that leads to the formation of
membrane blebs (Mackenzie et al., 2005).
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Figure 3.10: P2X7R selective inhibition effect on microvesicle production from

human primary monocyte-derived macrophages (hMDMs).

Cells were exposed to the P2X7R selective inhibitor 2.5 yM (A438079) for 30 min then
priming with 1 yg/ml LPS for 3 h followed by + stimulation with 300 uM BzATP for 20
min (N=5). The figure shows flow cytometry quantification of the total number of
isolated MVs. Each symbol represents a donor which correspond in upcoming graphs
where P2X7R selective inhibitor was used. Values are presented as mean + SEM,
analysed by Two-way ANOVA with Tukey’s correction for multiple comparisons test.

No significant differences were detected.
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Since we observed BzATP-dependent cell blebbing under transmission microscopy,
we aimed to visualise the primary human macrophages for morphological changes
and MV formation, at various time points following BzZATP treatment. Cells were fixed
after BzZATP stimulation and imaged as shown in (Fig. 3.11). As for previous
experiments using THP-1 and iBMDM cell lines, cellular blebs were not visible
following this fixation and scanning microscopy processing. Since morphological
changes were observed using conventional microscopy, we consider it likely that the
process of cellular fixation or due to the fact that blebs are retractable once the stimuli
is removed may account for these different observations which are method dependent
(Verhoef et al., 2003).

Figure 3.11: Scanning electron microscopy of human primary monocyte-
derived macrophages (hMDMs).

Cells were stimulated with 300um BzATP and fixed after 0 min (A), 2 min (B), 10 min
(C), 15 min (D) and 20 min (E) exposure to BzZATP, N=1.
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3.8 Assessing stimulus dependence of PS-positive MV production
by human MDMs

We then tested whether the PS molecule exposure on the surface of the isolated MVs
from human MDMs is stimulus dependent. As previously described, MVs were labelled
using Annexin V, Alexa Fluor™ 488 conjugate and the proportion of the total MV
population positive for GFP fluorescence was quantified by flow cytometry. The results
show that the proportion of PS positive MVs did not vary according to the different
cellular treatment conditions tested including in the absence and presence of the P2X7
antagonist (Fig. 3.12). There was considerable variability in the proportion of PS-
positive MVs between donors. The Two-way ANOVA test has showed no significant
differences between the conditions nor between the P2X7 inhibited and non-inhibited
conditions. A total of five donors was tested in this experiment, which given the
variation among donors, may mean this test remains under-powered and further
replicates would be required to confirm the preliminary conclusion that PS-exposure

is independent of stimulus.
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Figure 3.12: P2X7R selective inhibition effect on production of PS-positive MVs
from human primary monocyte-derived macrophages (hMDMs).

Cells were exposed to the P2X7R selective inhibitor 2.5uM (A438079) for 30 min then
primed with 1ug/ml LPS for 3 h followed by * stimulation with 300py M BzATP for 20
min (N=5). The figure shows the proportion of phosphatidylserine-positive MVs
quantified by Flow cytometry and represented as percentages for the three conditions.
Each symbol represents a donor which correspond in upcoming graphs where P2X7R
selective inhibitor was used. Values are presented as mean + SEM, analysed by Two-
way ANOVA with Tukey’s correction for multiple comparisons test. No significant
differences were detected..
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3.9 Assessing Extracellular Vesicle production from human MDMs

using Nanoparticle tracking

Since macrophage IL-1( secretion in MVs was described by MacKenzie et al (2001),
new technologies have been developed to analyse a given population of extracellular
vesicles (EVs) produced. One such technology is nanoparticle tracking analysis
(ZetaView) to identify the size range of the EVs produced. We assessed the size of
the MVs produced from the same conditions used previously including: untreated
control, LPS-primed with or without subsequent BzATP stimulation for 20 minutes. The
size distribution of MVs obtained was between 100 — 700 nm, with a shift towards
overall small size of MVs i.e. below 400nm (Fig. 3.13 A,B,C), and the average median
size between 120-240 nm which are classified as small sized MVs (Fig. 3.13 D). Our
data of macrophage-derived MV size range is between 100-1000nm which is
consistent with earlier publications in the literature (Cai et al., 2018).

These preliminary results suggest that MVs are produced by hMDMs and can be
effectively isolated by differential centrifugation for detection and analysis by
nanoparticle tracking. The MV population produced by hMDMs both in terms of size
and PS exposure is stimulus independent and probably the focus should be on the

content of these MVs rather than their numbers.
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Figure 3.13: Nanoparticle tracking analysis to assess the size of extracellular
vesicles isolated from human primary monocyte-derived macrophages
(hMDMs).

Data shown are representative for a macrophages derived from a single donor. After
priming with 1ug/ml LPS for 3h followed by stimulation with 300uM BzATP for 20min,
MVs were isolated by multiple centrifugation, MVs size distribution obtained from A)
control untreated cells; B) LPS-primed cells. C) LPS-primed followed by BzATP
stimulation sample. D) Median MV size according to cell treatment where bars show
the average from the 3 hMDMs donors, whilst each dot represents the average
median MVs size per donor detected by the NTA instrument from at least two cycles

per sample/condition. Values in (D) are presented as meantSD.
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3.10 hMDMs release MVs that contain IL-18 in response to LPS

priming and P2X7 receptor activation

After verifying that hMDMs primary cells were able to produce MVs, we proceeded to
investigate the IL-13 synthesis and release in these macrophages. We measured IL-
1B release in both the complete supernatant and in the MV pellet to assess the
proportion of IL-13 secretion that is MV associated compared to the total released. We
measured the corresponding IL-13 levels in the cell lysates to compare cellular
production to release. We hypothesised that stimulating LPS-primed macrophages
with BzATP will produce IL-1 containing MVs.

We compared control, LPS primed with and without subsequent BzATP treatment in
hMDMs with and without 30 minutes pre-treatment with the P2X7 receotor antagonist,
A438079. MDMs from different human donors were run in parallel. Stimulation of LPS-
primed hMDMs with BzZATP showed increased IL-1f into the supernatant compared
to control and LPS only treatments (Fig.3.14 A). There was considerable donor
variability in the IL-1B8 levels. What is notable is that the levels of IL-1 were
consistently increased in LPS and LPS+BzATP treated supernatants, MV pellets and
lysate samples (Fig. 3.14 A,B,C). Whilst MV numbers were high in untreated and
treated cells, the IL-1B production and release is inducible. The THP-1 and iBMDMs
showed high baseline constitutive IL-13 production and were less inducible compared
to these human MDM primary cells. Intracellular production of IL-13 was inducible and
significantly increased with LPS treatment when measured in the hMDM cell lysates.
The amount of IL-18 released through MVs from the LPS-primed cells without further
BzATP treatment is considerable compared to the control. This might be explained by
the endogenous release of ATP by the cells when exposed to DAMP signal (Sakaki et
al., 2013).
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Figure 3.14: P2X;R selective inhibition effect on IL-18 release from human

primary monocyte-derived macrophages (hMDMs).

Cells were pre-treated with the P2X7R selective inhibitor 2.5uM (A438079) for 30
minutes then priming with 1ug/ml LPS for 3h followed by tstimulation with 300uM
BzATP for 20min (N=5). IL-18 was measured by ELISA. A) The released IL-1f in the
supernatant. B) The IL-1B concentrations in the cell lysate. C) MVs pellet isolated by
multiple centrifugation to quantify the released IL-13. Each symbol represents a donor
which correspond in previous graphs where P2X7R selective inhibitor was used.
Values are presented as mean + SEM, analysed by Two-way ANOVA with Tukey’s
correction for multiple comparisons test. No significant differences were detected, ns
or *p<0.05 or **p<0.005.
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In the presence of the P2X7 antagonist, A438079, there was variable hMDM IL-183
production and release. The bars shown in Fig. 3.14 show that the average levels
were generally lower for LPS/LPS+BzATP treated cells, supernatant and MV pellet in
the presence of A438079 (except LPS only on supernatant levels, which were higher
in its presence) (Fig. 3.14 A,C). However, these changes were not statistically
significantly different from in the absence of the P2X7 receptor antagonist. This may
be due to the donor variability meaning that a higher replicate number is required to
identify a true P2X7 receptor dependence, or that some, or all, of the production and
secretion is independent of P2X7 receptor activation.

Comparing levels of IL-13 between hMDM supernatants, MV pellets and lysate
samples there were approximately 4-fold higher concentrations of IL-1f3 in the total
supernatants (average of 750 pg/ml) compared the MV pellet (average of 170 pg/ml).
MV pellets were resuspended in the same volume as the supernatant samples, so the
concentrations were proportionally comparable. These preliminarily data suggest that
MV release is a pathway for IL-1 secretion, but much of the IL-13 released into the
supernatant is not associated with MVs that were isolated using differential
centrifugation methods, and may represent free, non-MV associated IL-1(3.

IL-1B8 is produced in an inactive 31kDa precursor; it requires processing by the
caspase-1 enzyme in order to cleave it to its active form. Commercial ELISA kits do
not distinguish between pro-IL-13 and active IL-1[3. In order to investigate whether the
released IL-1B detected by ELISA was the cleaved and active form, western blot was
carried out to analyse MV pellets, culture supernatants and the corresponding cell
lysates (Fig. 3.15). Recombinant active IL-13 was used as a positive control, visible in
the 2 left lanes loaded with samples. No detectable IL-13 band was visible in the MV
pellet samples with or without stimulation. This may be due to lower concentrations of
IL-1B secreted in the MV pellets (as measured by ELISA, see above). The total h(MDM
supernatant from LPS-primed and BzATP treated cells, showed 17 kDa active IL-183,
which was not detected in the absence of LPS/BzATP, showing inducible production
of active IL-1[3. In the corresponding cell lysates, IL-13 was detected at 31 kDa i.e.
pro-IL-1B in the cell fraction. The band was visibly much larger and denser for
LPS/BzATP treated hMDMs compared to untreated control cell lysates, again showing
induction of IL-13 production.
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Figure 3.15: Western blotting to IL-1B8 from control and LPS/BzATP treated
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human primary monocyte-derived macrophages (hMDMs).

Supernatant, cell lysates and MVs were collected from human MDMs without (-) and
with (+) 1ug/ml LPS 3h and 300uM BzATP for 20min treatment. Pro-IL-18 is 31 kDa
and mature IL-13 is 17 kDa indicated to the left. Recombinant IL-13 protein was used

as a positive control (left lane) loaded at 1.6 ng.
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3.11 Effect of Caspase-1/Gasdemin-D inhibition on MV production

and IL-1B release in human MDMs

Gasdermin-D has been shown to provide a conduit for IL-1B release from
macrophages through pore formation in intact plasma membranes, via activation of
the caspase-1 enzyme (Evavold et al.,, 2018). hMDM MV numbers were not
significantly altered according to the stimulus. These cells do release IL-13, some of
which is MV-associated and a larger proportion is not MV-associated. The release of
non-MV associated IL-18 may be dependent on the Gasdermin-D pore formation
pathway. We therefore assessed whether inhibiting the caspase-1 enzyme, which
inhibits the Gasdermin-D pore formation, would affect the number of MVs released or
IL-18 released from hMDMs.

The hMDMs were pre-treated with the caspase-1 inhibitor (Ac-YVAD-cmk) for 30
minutes or left untreated followed by priming with either LPS alone or both LPS
followed by BzATP alongside the negative control. The caspase-1 inhibition did not
significantly alter the number of MVs produced (Fig. 3.16 A) or the proportion of PS-
positive MVs under any of the treatment conditions (Fig. 3.16 B). These data suggest
that caspase-1 /Gasdermin-D inhibition did not interfere with the MV production.

91



>

Total Number of MVs

Number of MVs B
Proportion of PS-positive MVs

1.5x107
¥ 50
" . . Jowmso % 40
. ] . 2 ° CJomso
1.0x10 = n [ Ac-YVAD-cmk =
O ¢ 8 204 ] Ac-YVAD-cmk
A/ Q.
y z
5.0%105 - d "% 20
(V]
d E o
< 104 ° °
s e b
: <ol Bl S ||

Control LPS LPS+BzATP
Control LPS LPS+BzATP

Figure 3.16: Caspase-1 inhibition effect on microvesicle production from

human primary monocyte-derived macrophages (hMDMs).

Cells were pre-treated with the Caspase-1 irreversible inhibitor 27ug/ml (Ac-YVAD-
cmk) for 30 minutes then priming with 1ug/ml LPS for 3h followed by tstimulation with
300uM BzATP for 20min (N=5). A) Flow cytometry quantification of the total number
of isolated MVs by multiple centrifugation. B) The proportion of phosphatidylserine-
positive MVs quantified by flow cytometry and represented as percentages for the
three conditions. Each symbol represents a donor which correspond in upcoming
graphs where caspase-1 (Ac-YVAD-cml) inhibitor was used. Values are presented as
mean + SEM, analysed by Two-way ANOVA with Tukey’s correction for multiple

comparisons test. No significant differences were detected.
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Human MDM supernatants, MV pellets, and cell lysates were collected from cells
treated in the absence and presence of the caspase-1 inhibitor £+ LPS/BzATP and IL-
1B levels were measured by ELISA. The IL-1B measurements obtained from the
culture supernatant and MV pellets were markedly variable between each donor, likely
due to donor heterogeneity. The caspase-1 enzyme inhibition had no effect on IL-1(3
secretion in the supernatant nor in the MV pellets obtained and Two-Way ANOVA
analysis showed no significant difference (Fig. 3.17 A&C). The cell lysates
corresponding to the supernatants and MV pellets was tested for IL-13 levels to further
assess if caspase-1 inhibition affects cellular IL-13 production. Caspase-1 inhibition
resulted in a reduction in the mean levels of IL-18 in hMDM cell lysates suggesting
an inhibition of IL-1B synthesis. However, statistical analysis did not show any
significant differences, potentially due to low number of donors tested (N=5). These
preliminarily findings suggest that IL-1B release is not predominantly mediated by
gasdermin-D and other routes for IL-1f3 are involved including MV release.

These data suggest the MVs released from hMDMs contain IL-13, and that MV release
is indeed a conduit for IL-13 secretion as suggested in the literature previously
(Mackenzie et al., 2001). In addition, the hMDMs provide a suitable in-vitro cell model
to produce and isolate IL-1B-containing MVs to proceed with the investigation of how
MVs target cells and deliver IL-13 (chapter 5). The human primary macrophages also

serve as a suitable model to study IL-13 production and release.
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Figure 3.17: Caspase-1 inhibition effect on IL-1f release from human primary

monocyte-derived macrophages (hMDMs).

Cells were pre-treated with the Caspase-1 irreversible inhibitor 27ug/ml (Ac-YVAD-
cmk) for 30 minutes then priming with 1ug/ml LPS for 3h followed by tstimulation with
300uM BzATP for 20min (N=5). IL-18 was measured by ELISA. A) The released IL-
18 in the supernatant. B) The IL-1B concentrations in the corresponding cell lysate. C)
MVs pellet isolated by multiple centrifugation to quantify the released IL-13. Each
symbol represents a donor which correspond in previous graphs where caspase-1
(Ac-YVAD-cmKk) inhibitor was used. Values are presented as mean + SEM, analysed
by Two-way ANOVA with Tukey’s correction for multiple comparisons test. No

significant differences were detected.
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3.12 Discussion

It is well appreciated that MVs are released from various cell types and under both
physiological and pathological states and their production may be a regulated
mechanism functioning in inter-cellular communication. Microvesicles have been
implicated in several diseases, and in particular in cardiovascular diseases such as

atherosclerosis (Shantsila et al., 2010).

In the present study, we have demonstrated that MVs were produced from various cell
sources including human primary macrophages and the two cell lines; THP-1 and
immortalised mouse BMDMs, under multiple in vitro treatment conditions. Variability
in the number of MVs produced in both primary and cell line macrophages was
pronounced between each replicate (experiment). In addition, the numbers of MVs
that were released seems to be stimulus-independent i.e. MVs were produced even
under the basal control condition. This can be due to several possible explanations
such as the fact that MVs are produced in both physiological and pathological states.
Firstly, the number of MVs released may not be an indication of the cell state but rather
the content of these MVs released as they function to transfer information to
neighbouring cells. The second possible explanation might be that endogenously
released ATP that has acted through P2X7 receptors induces MVs production.
Macrophages when under stress tend to release ATP as ‘danger signal’ in
inflammatory states to initiate the innate immune response. Studies have shown there
is a link between Toll-like receptors (TLR) associated signalling and ATP release in
macrophages, particularly LPS-primed macrophages i.e. TLR-4 associated signalling
(Ren et al., 2014, Dosch et al., 2019). The ATP released extracellularly may activate
purinergic receptors in an autocrine or paracrine manner leading to MVs production.
A third possible explanation is the involvement of other purinergic receptors -that
haven’t been studied yet- in the shedding of MVs. Release of IL-13 containing MVs
via P2X7 receptor activation by ATP in macrophages has been extensively studied
(Pizzirani et al., 2007, Bianco et al., 2005, MacKenzie et al., 2001). Therefore, we
attempted to inhibit P2X7 receptor activation but this had no effect on MV production
or release leading us to a fourth possible explanation - the involvement of other
pathways. A study has shown that cytokine stimulation leads to MV shedding in a

microglial cell line (Colombo et al., 2018). MVs are present in body fluids and circulate
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in the blood of healthy individuals, denoting that cells are capable of producing MVs
even in the absence of any pathogen or inflammatory stimulus (Ratajczak et al., 2006).
Ultimately, the release of MVs by un-stimulated cells is a general feature of
macrophages also, suggesting that MV shedding is an intrinsic and constitutively

active mechanism used in intercellular communication.

Cell blebbing is a feature of cellular activation in response to chemical or mechanical
stimuli. They are spherical protrusions formed when the cytoskeleton cleaved and
plasma membrane is protruded by pressure outward (Charras and Paluch, 2008,
Norman et al., 2010). Extensive cellular blebbing has been seen within 30-90 seconds
after cells stimulated with ATP, preceding MV shedding (Mackenzie et al., 2001). The
fact that cell blebs are retractable (Norman et al., 2010) may explain the absence of
blebs when we sought to capture them under scanning electron microscopy. Also, the
fixation procedure or reagents used may led to their retraction or inability to be
detected. If time had allowed, we would have imaged cells under live light microscopy
to record and capture the induction of cellular blebbing produced by BzATP stimulation
that was observed during these experiments. The reason we chose scanning electron
microscopy was to attempt to capture cells undergoing MV production as well as
blebbing. This was shown in MacKenzie et al. (2001), but these were P2X7

overexpressing HEK293T cells, and not macrophages used in our investigations.

The MVs produced in this study were heterogenous in terms of exposing PS molecules
on their surface; some MVs produced were lacked the PS molecule as they were not
labelled by Annexin V-Alexa Fluor-488. This suggests that macrophages indeed
produce heterogeneous populations of MVs, the majority of which were PS-negative.
The MacKenzie et al. (2001) study showing IL-1B is contained in MVs used annexin
V-bead pull-down methods to isolate MVs, hence the population of MVs was selective
and not representative of the overall population of MVs produced by macrophages,
compared to our investigation where the total MV population was isolated by
differential centrifugation. The presence of PS-negative MVs from some macrophages
and platelets was identified in other studies (Bernimoulin et al., 2009, Connor et al.,
2010). The detection of MVs lacking PS could result from different experimental
procedures such as MV collection or storage, presence of proteins that interact with
PS, fusion with other vesicles, MV labelling techniques, or due to sub-threshold flow
cytometry detection. Traditionally PS-exposure has been shown to be a characteristic
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hallmark of apoptosis. One study found that following apoptosis in endothelial cells
there was an increased proportion of annexin-V positive MVs compared to control
non-apoptotic cellular MVs (Jimenez et al., 2003). In this study we used relatively short
LPS and BzATP treatments (3h and 20 min, respectively), which have previously been
shown not to induce cell death in other cell-types, such as HEK293Ts (MacKenzie et
al., 2001) and human monocytes (Ward et al., 2010). The PS-negative macrophage-
derived MVs lacking surface PS in our results, is the first report to show this in human
macrophages. The results we obtained showed externalisation of PS was not affected
by the stimulation conditions and non-stimulated cells have also produced PS positive
MVs. However, a study demonstrated that the longer the incubation of cells with LPS,
the more PS positive MVs generated (Lee et al., 2017), which may be associated with

apoptosis induction over longer incubation times.

Cell lines such as THP-1 have been widely used as an in vitro model mimicking human
monocytes to generate MVs and has succeeded to resemble primary monocytes and
macrophages when treated to differentiate. From our data, we noticed the cell line MV
response was not consistent and highly variable throughout the study. The pattern of
cellular vesiculation as well as the IL-1B release were variable and inconsistent. This
appeared to be altered between each passage of both cell lines; THP-1 and the murine
iBMDMs, although further studies would be required to validate this idea based on
observations. It can be due to local environmental changes such as CO: levels,
temperature changes. These changes in the cell lines sensitivity and their response to
stimuli are anticipated as those cells were cultured in an artificial nature mimicking the
human body’s environment. Although, the use of the THP-1 cell line has several
advantages over the use of primary cells, the most significant of these is that THP-1
cells have the same genetic background compared to primary cells taken from blood
of human volunteers. Primary human monocytes may have been exposed to varying
inflammatory stimuli or pathogens prior to isolation and are more difficult to access or
to obtain in large numbers (Schildberger et al., 2013). The primary macrophages have
also showed inter-individual variability likely due to genetic variation, age, gender and
inflammatory or pathogen background. In the case of human MDMs, it is possible that
increasing the number of experimental replicates and/or donors would lower the
variation and may have revealed some statistically significant differences. In this study,
however, the cell line MV numbers and IL-1B secretion responses do not mimic
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primary cells and were in fact more variable and inconsistent. For this reason we

decided to use primary macrophages.

Established cell lines derived from mice have not been used frequently in the literature
as a model for MV generation, unlike human cell lines such as THP-1. Researchers
have successfully generated and studied MVs from mouse derived macrophages; for
instance, RAW 264.7 murine macrophage cell line used to test the MV production by
this cell line under different stimuli such as LPS and Poly (I:C), a TLR3 ligand, and
CpG oligonucleotide, TLR9 ligand (Gauley and Pisetsky, 2010). We also have
effectively induced murine macrophages to produce MVs suggesting that MVs play
important roles in inflammation and that macrophages are primary mediators in innate
immunity. Although, researchers used the immortalized mouse BMDMs stimulated
with LPS to measure secreted IL-1B3, these studies did not measure MV production
(England et al., 2014).

Several lines of study have shown that MVs are considered as an important
mechanism to package and deliver IL-13 to target cells. The mechanism of IL-1(3
production after stimulation of monocytes/macrophages with LPS and BzATP was
sufficiently evident in the literature. Although, how IL-1f3 production is linked to the
number of MVs produced and whether changing the type of stimulus will affect the IL-
1B production has not been reported. More recent investigations on IL-13 secretion
from macrophages have focused on the Gasdermin-D pore formation pathway, while
the role of MVs as a route of secretion and delivery of IL-1 has not been documented
in primary macrophages. Several reports suggest that MVs act to deliver packaged IL-
1B through, speculating that this is via vesicle fusion with the target cell membrane, or
through ligand-receptor interaction. However, the mechanism of IL-1( delivery from
MVs has not been specifically demonstrated and still requires further investigation.
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Chapter 4 . Cell type and stimulus dependent differential
expression of the MerTK phosphatidylserine receptor

target in relation to the atherosclerotic plaque

4.1 Background and Rationale

Atherosclerosis is a chronic inflammatory disease involving multiple cell types,
cytokines, and chemokines that participate in the pathophysiology of the disease
initiation and progression. Each of the cell types presented in the atherosclerotic
plaque can express and secrete diverse groups of cytokines and chemokines, as well
as responding to them. Key cell types that are involved in atherosclerosis
pathogenicity will be focused on in this chapter, specifically: monocytes, macrophages,
endothelial cells, and smooth muscle cells.

Monocytes/macrophages contribute throughout the different stages of
atherosclerotic disease. Their role starts when blood-borne monocytes are recruited
via activated endothelial cells promoting their entry into the subendothelial space
where they subsequently differentiate into macrophages. Following that macrophages
form foam via phagocytosis of oxLDL. The accumulation of internalised macrophage
lipid is key to plaque progression. When lipid processing is overwhelmed,
macrophages undergo necrosis resulting in the “necrotic core” of the plaque.
Macrophages release cytokines and growth factors, in turn exerting multiple effects on
other cells in the plaque. Since macrophages have been shown previously to release
the early pro-inflammatory cytokine IL-1p within PS-positive MVs, we propose that
targeting of IL-1p may occur via the MerTK phosphatidylserine receptor. To
understand which cells within the atherosclerotic plaque may be a target for PS-
positive MVs, we aimed to determine the relative gene expression of the MerTK
receptor on a variety of atherosclerotic plaque cells.

Endothelial cells are one of the main cells participating in the early stages of
atherosclerosis. The primary step initiating atherogenesis and propagating plaque
progression beyond, is endothelial dysfunction/activation (Lusis, 2000). Endothelial

dysfunction/activation occurs as a result of disturbed blood flow, injury, inflammation
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from infection, nicotine, increased circulating glucose and lipid. Endothelial activation
leads to: 1) increased vascular permeability thus, lipid retention and accumulation in
the intima, 2) enhanced endothelial cell expression of adhesion molecules increasing
immune cell (including monocyte) recruitment, 3) endothelial cell secretion of
chemokines and cytokines activating circulating monocytes and T-cells, as well as
sub-endothelial plaque vascular smooth muscle cells, macrophages/foam cells and T-
cells (Lusis, 2000). Macrophages contribute to maintaining endothelial cell
inflammatory activation by secreting a number of cytokines including interleukins, and
tumour necrosis factor (TNF).

Vascular smooth muscle cells (VSMCs) are also one of the main cells present in
the plaque at all stages. They promote plaque growth and contribute to plaque
remodelling and stabilization as well as fibrous cap formation (Basatemur et al., 2019).
Macrophages exert multiple effects on VSMCs leading to their proliferation and
migration. For instance, macrophage release a potent chemotactic and growth
regulatory molecule called platelet-derived growth factor (PDGF) contributing to SMCs
migration and proliferation (Ross et al., 1990). In addition, macrophage affect their
production of collagen via releasing extracellular matrix metalloproteinases (MMPs),
and it also promotes SMCs apoptosis in late atherosclerotic stages via several
mechanisms (Bennett et al., 2016, Boyle et al., 2002).

Considerable evidence has emerged indicating that bacterial or viral infections
contribute to triggering myocardial infarction and stroke. Observations from many
studies have linked respiratory tract infections with increased risk of myocardial
infarction. It is thought that the inflammatory response caused by the infection may act
to destabilise the atherosclerotic plaque, leading to increased chance of rupture (Ward
et al., 2009). Interestingly, studies have shown that respiratory infections enhanced
atherosclerosis progression and was dependent upon the activation of TLR4 receptors
via the ligand LPS (Vink et al.,, 2002). The cells involved in maintaining lung
homeostasis and serve as physical barrier against inhaled pathogens and toxins, are
lung epithelial cells and alveolar macrophages. Both of these cell types are capable of
producing and secreting a plethora of inflammatory and immune cells mediators into
the circulation that may contribute to worsening atherosclerotic plaque and weakening
the plaque cap structure making it more vulnerable to rupture. We therefore included
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these cells to assess MerTK gene expression as they may serve as a target for
circulatory MVs loaded with cytokines.

Hypothesis: The phosphatidylserine receptor, MerTK, is expressed on cells that are
targets for cytokine-containing PS-positive microvesicles. Expression of MerTK is
altered under pro-inflammatory and atherosclerosis-promoting conditions.

Aim 1: assess the relative gene expression of MerTK receptor in the cells that
participate in atherosclerosis including endothelial cells, macrophages, and vascular
smooth muscle cells (illustrated in Figure 4.1). To compare relative expression of
MerTK in cell lines to be used to investigate whether the MerTK receptor is targeted

by MVs containing IL-1p (chapter 5).

Aim 2: determine whether MerTK receptor gene expression is regulated in these cells
under different stimuli that are present in the atherosclerotic plaque.

We have compared MerTK expression in a variety of cell extracts using g°PCR and
have used published datasets to analyse and investigate the MerTK receptor gene
expression in different cell-types under a variety of conditions in order to test the above

hypothesis.
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Figure 4.1: Potential macrophage-derived microvesicle MerTK receptor targets

in the atherosclerotic plaque.

This schematic illustrates our hypothesis of how PS-positive macrophage-derived
MVs are targeted to MerTK receptors on cells present in the atherosclerotic plaque
including monocytes, endothelial cells, macrophages, and vascular smooth muscle

cells.
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4.2 Endogenous MerTK receptor expression in human cells

MerTK receptor gene has been reported to be expressed in a variety of tissues and
organs but mainly in myeloid immune cells, such as monocyte and macrophage. We
sought to explore the MerTK mRNA expression using the Human Protein Atlas dataset
(https://www.proteinatlas.org/ENSG00000153208-MERTK/celltype). For single cell
RNA from all cell types, we chose to report the consensus normalised expression; NX,

which is the normalised mRNA expression levels obtained from three different
datasets. The first dataset is the Human Protein Atlas (HPA), the second is the
Genotype-Tissue Expression (GTEx), an online portal for tissue-specific gene
expression and regulation, lastly we accessed the Functional Annotation of
Mammalian Genome (FANTOMb5) Atlas.

Specific data has been extracted to compare mRNA expression of MerTK receptor in
different cells and tissues related to atherosclerosis. We focused on cells that
participate largely in atherosclerosis development i.e. monocyte, macrophage,
endothelial cell, smooth muscle cell, as well as alveolar macrophages, responsive to
inhaled pathogens. The MerTK expression is reported here as the mean from cell
types across various tissues (see Fig. 4.2). The data revealed all of these cells do
express MerTK receptor with the highest expression in alveolar macrophages type |l
(20 NX) and macrophages (16.83 NX) whilst monocytes do not seem express the
receptor (0 NX) (Fig. 4.2).

We also sought to explore the MerTK mRNA expression in different cell types from
specific tissues such as heart muscle and the lung (Fig. A & B respectively). The data
from HPA dataset of the heart muscle revealed the highest MerTK mRNA expression
was in the mixed immune cells; 18.8 pTPM (1 million transcripts per kilobase million),
followed by SMCs; 16.1 pTPM and ECs; 8.25 pTPM ( averaged from two clusters of
cells) whilst cardiomyocytes expressed the least; 1.28 pTPM (averaged from five
clusters of cells) (Fig. 4.3 A). In lungs, it revealed that macrophage and alveolar
macrophage (both types: | & Il) as well as endothelial cells express MerTK receptor
with the highest expression in alveolar macrophage type Il (averaged from two
clusters); 27.15 pTPM followed by macrophage (averaged from two clusters); 22.7
pTPM, Ecs; 15.4 pTPM and lastly alveolar macrophage type I; 5.4 pTPM (Fig. 4.3 B).
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Figure 4.2: Normalised MerTK gene expression levels in Cell Types presented
as means across various tissues.

The average of MerTK gene expression in macrophage was from 6 tissues: testis,
prostate, pancreas, Kidney, Skin, Lung. While in endothelial cells this was from 9
tissues: heart muscle, testis, prostate, pancreas, Kidney, Skin, Liver, Eye, Placenta.
And in the smooth muscle cell was from 4 tissues: Heart muscle, Pancreas, Prostate,
skin. T-cell levels were averaged was from 6 tissues: Liver, Lung, Kidney, Colon, Skin,
Prostate. The consensus normalised expression; NX;, is obtained from combining data
from three datasets; HPA, GTEx, and FANTOMS.
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Figure 4.3: MerTK mRNA expression different cell types relating to immunity

and atherosclerosis.

The MerTK mRNA expression was extracted from the Human Protein Atlas data set
presented in cell types as pTPM (transcripts per million protein coding genes for each
of the single cell clusters) from Heart muscle (A) and in the Lungs (B). Cell clusters
were manually annotated based on clusters expressing known markers of immune
cells (where “Mixed immune cells” are shown for Heart). Alveolar macrophages were

defined as distinct clusters according to expressed markers.

105



4.3 Determining the MerTK receptor gene expression pattern in

human primary cells and HeLa cell line

Monocyte-derived macrophages (hMDMs)

Macrophages key roles played in atherosclerosis are coupled to their plasticity that
influence them to acquire tailored properties in response to local stimuli in plaques
such as cytokines, lipid derivatives and cellular debris. In general, macrophage
phenotype spectrum was initially identified at two extremes of activation with distinct
properties and activators i.e. either pro-inflammatory or anti-inflammatory phenotypes.
The classical macrophage phenotype, M1 which is pro-inflammatory contributing to
promoting inflammation, while the alternative macrophage phenotype, M2 is anti-
inflammatory contributing to resolving inflammation (Sica and Mantovani, 2012).
However, recent studies have discovered diverse intermediate phenotypes of
macrophages involved in atherosclerotic plaque in response to its microenvironment
cues encountered. It demonstrates that macrophage phenotypes are on a broad
activation continuum spectrum that is dependent on the stimuli in the plaque (Cochain
et al.,, 2018). We sought to focus on the two classical in-vitro phenotypes of
macrophages M1 and M2 to determine MerTK receptor gene expression due to limited
time. From healthy donors, monocytes were isolated and then differentiated into
hMDMs via incubation with 100 ng/ml M-CSF for 7 days. Subsequently, they were
polarised towards both M1 and M2 as well as the unpolarised or resting MO as control.
Hence, hMDMs were stimulated for 24 hours with either 100ng/ml LPS and 20 ng/ml
IFN-y (for M1 phenotype) or with 20ng/ml of IL-4 (for M2 phenotype). MO denotes the
M-CSF-treated hMDMs with no subsequent polarisation as control. Next, total RNA
was isolated, reverse transcribed and RT-gPCR was carried out. The data obtained
are presented as delta Ct values i.e. the Ct values normalised to the housekeeping
gene GAPDH, and are inversely correlated to the gene expression levels (Fig. 4.4).
The data indicates detectable MerTK expression in hMDMs which appears to reduce
with both M1 and M2 macrophage polarisation compared to the unpolarised state, MO
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(Fig. 4.4). This is suggestive that MerTK receptor function may be dampened during
inflammation and resolution although, more replicates and further investigations are

needed to test this fully.
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Figure 4.4: Relative MerTK expression in polarised human monocyte-derived
macrophages by RT-qPCR.

Human primary monocyte-derived macrophages (hMDMs) either un-polarised
(untreated, MO) or polarised towards an inflammatory M1 phenotype by treatment
both LPS and IFN-y or anti-inflammatory M2 phenotype using IL-4, respectively for 24
hours. Values are presented as delta Ct values relative to the housekeeping gene
GAPDH. (N=1).
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Endothelial Cells

The blood flow, whether it is laminar or oscillatory, exerts force that is parallel to the
surface of the endothelium and is called shear stress. The shear stress can also be
defined as the force exerted on the vessel wall and the surface of the lining
endothelium due to the friction of blood flowing. The hemodynamic shear stress has
been implicated in the development of atherosclerosis by mediating vascular
remodelling at sites of disturbed blood flow. The flow pattern in the blood vessel near
branches or arterial bifurcation is disturbed and irregular generating low and oscillatory
shear stress; these areas are susceptible to developing atherosclerosis (Zarins et al.,
1983). On the other hand, vessels with unidirectional and regular blood flow generate
high and laminar shear stress and less prone to disease (Bharadvaj et al., 1982).
Therefore, we have analysed the gene expression of MerTK receptor in primary
human umbilical vein endothelial cells (HUVECs) exposed to either; 1) laminar or
regular shear stress, or to 2) oscillatory or irregular shear stress for 72 hours in orbital
shaker, relative to static condition as control. Total RNA was isolated from HUVECs
and the gene expression was analysed by RT-qPCR. Similarly, the data obtained are
presented as delta Ct values i.e. the Ct values normalised to the housekeeping gene
GAPDH, inversely correlated to the gene expression levels (Fig. 4.5). These data
showed that MerTK was downregulated significantly when cells were exposed to shear
stress (One-Way ANOVA, p=0.03). The post hoc test, Tukey’s showed a significant
downregulation of MerTK gene expression between high, laminar shear stress
compared to cells under static conditions. Statistical differences between low,
oscillatory shear stress and static was not significant nor between the low and high
shear stress. This is potentially due to the small sample size (N=3). This suggests that
MerTK receptor may play a protective role against inflammation that has been
proposed in the literature (Cai et al., 2017, Waterborg et al., 2018), as the high, laminar
shear stress is athero-protective.
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Figure 4.5: Relative MerTK expression in endothelial cells subjected to shear
stress, by RT-qPCR.

Primary human umbilical vein endothelial cells (HUVECs) exposed for 72 hours to
either high and laminar shear stress or low and oscillatory shear stress compared to
static conditions. Each replicate is matched by shape. Values are presented as delta
Ct values relative to the housekeeping gene GAPDH (N=3), and analysed by one-Way
ANOVA, Tukey’s multiple comparison test, ns or *p<0.05.
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Human Epithelial Cell Line; HelLa

Prior to proceeding with investigating whether MVs target MerTK receptor, we sought
to determine the receptor expression in the HelLa cell line by RT-gPCR. HelLa cells are
highly responsive to IL-1p and therefore a suitable cell line to measure the effect of IL-
1B containing MVs on IL-6/IL-8 production in the absence and presence of MerTK
knockdown. It is important to determine whether HelLa cells do in fact express MerTK,
to determine whether we are able to test the role of this receptor in MV targeting. The
results showed that HeLa cells express detectable MerTK receptor (Fig. 4.6).
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Figure 4.6: Assessment of MerTK RNA expression in HeLa cell line by RT-
qPCR.

HelLa cells from different passages showing MerTK receptor gene expression (N=3).

Values are presented as mean + SEM.
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Comparison of MerTK relative expression across different cells using RT-
qPCR

We wished to compare relative expression of MerTK in the different cells and
conditions tested by our own qPCR (Fig. 4.7) prior to comparing this in published

datasets.
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Figure 4.7: Comparison of relative MerTK expression in different cells by RT-
qPCR.

The figure presents the cycle threshold values of: primary human smooth muscle cells
(SMCs), human epithelial cell line; HeLa, primary human umbilical vein endothelial
cells (HUVECSs) static conditions, and unpolarised (M0) hMDMs. Values are presented

as the Ct values relative to the housekeeping gene GAPDH.
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4.4 Analysis of published datasets to assess MerTK receptor

expression in Endothelial Cells

In this section we have used published datasets from microarrays to extract and
analyse data to explore our own specific hypotheses. These data have not been
extracted and used previously to explore these questions and therefore provide new
and previously unpublished results.

4.4.1 Determining whether MerTK expression is upregulated in TNF-

inflammatory activated endothelial cells

Tumour necrosis factor (TNF) is a pro-inflammatory cytokine that exerts multiple
effects on cells present in the atherosclerotic plaque, endothelial cells in particular.
TNF is pivotal in mediating inflammatory response and innate immunity through
inducing vascular endothelial cell dysfunction/activation and monocyte recruitment
and subsequently cellular invasion. It has been shown that TNF stimulates endothelial
cells to express leukocyte adhesion molecules such as E-selectin, vascular cell
adhesion molecule (VCAM-1) and intercellular adhesion molecule (ICAM-1), and
intercellular adhesion molecule (Zhang et al., 2020). TNF stimulates endothelial
oxidative stress, production of intracellular reactive oxygen species (ROS) which
upregulates expression of monocyte chemoattractant protein-1; MCP-1 (Zeiher et al.,
1995). One of the best-characterised endothelial TNF signalling cascades is activation
of mitogen-activated protein kinase MAPK signalling and the nuclear factor kB (NF-
kB) transcription factor (Hiscott et al., 1993, Ho et al., 2008). NF-«xB activation induces
production and release of cytokines including interleukins and chemokines. In the
atherosclerotic plaque these cytokines activate monocyte adhesion, migration and
entry to the vascular intima, apoptosis (Laster et al., 1988) and endothelial and
vascular smooth muscle cell proliferation (Ligresti et al., 2011, Selzman et al., 1999).
TNF therefore plays a key role in atherosclerosis activating endothelial cells, initiating
angiogenesis and promoting inflammation in the arterial plaque which can result in

plaque rupture in later stage atherosclerosis.
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Since plaque macrophages may produce IL-1f3 containing PS-positive MVs, they may

preferentially target inflammation-primed endothelial cells.

Hypothesis: The pro-inflammatory cytokine TNF increases expression of MerTK on

endothelial cells. In turn, upregulated MerTK may provide a target for PS-positive MVs.

Datasets analysed: The response to inflammatory TNF was investigated in two

endothelial cell subtypes (Viemann et al., 2006): Human microvascular endothelial
cells (HMEC) and macrovascular human umbilical vein endothelial cells (HUVEC).
Endothelial cells were stimulated with 2 ng/ml of human recombinant TNF-a for 5
hours. The gene expression profile was determined using oligonucleotide microarray
technique.

Results: obtained showed differences in response to stimulation between the two
endothelial cell subtypes. MerTK receptor gene expression was downregulated in
HUVECs stimulated with TNF-o. compared to the control (p<0.005), whereas the
microvascular endothelial cells (HMEC-1) results did not show significant difference in
MerTK expression (Fig. 4.8).
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Figure 4.8: Comparison of MerTK RNA expression in response to TNF,

extracted from microarray data (Viemann et al., 2006).

A) macrovascular Human umbilical vein endothelial cells (HUVECs) (N=4), B) human
microvascular endothelial cells (HMEC-1) (N=3), non-treated versus treated with
2ng/ml of human recombinant TNF-a for 5 hours. Values are presented as mean +

SEM, analysed by two-tailed paired t-test, ns or ** p<0.005,.

Summary: TNF inhibits the expression of MerTK in HUVEC Instead, downregulated
endothelial MerTK under TNF-induced inflammation may reflect a feedback
mechanism to prevent the anti-thrombotic effects of MerTK receptor in atherosclerosis
or to dampen inflammation from PS-positive MVs. To test this hypothesis more fully,
it would be interesting to test MerTK expression and protein levels in human arterial
endothelial cells, and to stain for MerTK in non-diseased and atherosclerotic arteries.
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4.4.2 Determining whether MerTK expression is upregulated in

Interleukin-1 inflammatory activated endothelial cells

Interleukin-1a/p are pro-inflammatory cytokines widely known to play key roles in
atherosclerosis (chapter 1, section 1.3.2). Endothelial cell dysfunction is the first step
initiating atherosclerosis since the endothelium act as a barrier protecting the vessels.
IL-1 is released by multiple cells present in the plague such as macrophage, T
lymphocyte, smooth muscle cell and the endothelial cell itself. IL-1 activates
endothelial cells to express adhesion molecules on their surface such as VCAM-1
(Singh et al., 2005) and the chemokine MCP-1 (Rollins et al., 1990) as well as other
prothrombotic mediators including tissue factor (TF) (Bevilacqua et al., 1984). In
addition, ECs stimulated with IL-1 induce chemokines such as CX3C, thereby
furthering leukocyte recruitment and attraction to the site of inflammation (Bazan et
al., 1997). These effects are a result of IL-1 activating the transcription factor NF-xB
that induce the gene expression of several mediators of the inflammatory response
(Gimbrone and Garcia-Cardena, 2016, Rollins et al., 1990).

The IL-1 may be released by plaque macrophages contained in PS-positive MVs
which target the endothelium via MerTK receptor.

Hypothesis: IL-1 treatment upregulates MerTK expression in endothelial cells.

Dataset Analysed: HUVECs were cultured and treated with 100U/mL human IL-1.
Total RNA was isolated from the cells at different time points after IL-1 stimulation:

0.5, 1, 2.5, and 6 hours. The gene expression profile was determined using

oligonucleotide microarray technique (Mayer et al., 2004).

Results: Data obtained showed MerTK expression appears to be downregulated at
2.5 and 6 h following IL-1 stimulation compared to control, 30 minute and 1 h IL-1
exposure (Fig. 4.9). Further replicates are required to determine whether these
changes are reproducible and statistically significantly different.
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Figure 4.9: Assessment of MerTK RNA expression in response to IL-1 from

microarray data (Mayer et al., 2004).

Human umbilical vein endothelial cell (HUVECSs) stimulated with human IL-1 cytokine
at 100U/mL at different time points versus non-treated cells as control. single dataset

provided, so no statistics were performed.

Summary: The apparent inhibitory effect of IL-1 on the expression of MerTK in
HUVECs suggests rejecting the proposed hypothesis. It would be interesting to assess
the effect of IL-1 on arterial endothelial cells which are more relevant to atherosclerosis
compared to cells from veins. This may suggest that free IL-1 (i.e. not contained in
MVs) may downregulate MerTK expression in endothelial cells. The effect of PS-
positive MV-delivered IL-1p on arterial endothelial MerTK expression has yet to be

explored and would be interesting to test.
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4.4.3 Determining the effect of shear stress and intraluminal pressure on

MerTK expression in endothelial cells

The vessel wall is exposed to biomechanical forces; blood flow and blood pressure
forces, this is due the pulsatile flow of blood pumped by the heart to supply different
organs/tissues. The physiological haemodynamic shear stress in a healthy artery is
estimated between 10 to 20 dynes/cm?. In contrast, the pulsatile blood pressure exerts
a perpendicular force to the vascular wall, which is the intraluminal pressure and
known as circumferential stress and is estimated between 1 to 2x10® dynes/cm? (Kwak
et al., 2014). Disturbed or static blood flow induce endothelial apoptosis, a resultant
loss of barrier function, which predisposes the arterial site to atherogenesis (Davies et
al., 1986), whilst high laminar shear stress inhibits endothelial apoptosis (Dimmeler et
al., 1996). Disturbed blood flow activates endothelial MAPK signalling and the
transcription factors activator protein-1 (AP-1) and NF-kB that regulate expression of
adhesion molecules and inflammatory cytokines/chemokines (Lan et al., 1994).
Similarly, high intraluminal blood pressure activates the endothelium resulting in
inflammatory pathway activation, including activation of NF-«B thereby increasing
surface expression of adhesion molecules ICAM-1 and P-selectin, as increased
cytokines and chemokines like MCP-1 (Wang et al., 2004).

Since disturbed blood flow has been shown to activate and sustain development of
atherosclerosis, it is important to understand its effect on endothelial MerTK
expression, which may serve as a target for PS-positive IL-1b containing MVs.

Hypothesis: disturbed, low and oscillatory shear stress associated with arterial
branches and bifurcations increases the expression of endothelial MerTK.

Datasets Analysed:

Dataset 1: HUVECs were tested from pooled-donors from four different batches
cultured and exposed to different blood flow; normal shear stress 15 dynes/cm?
(LSS15), or high shear stress 75 dynes/cm? (LSS75) using parallel-plate fluid flow
chamber for 24 hours. Total RNA was isolated from the cells. The gene expression

profile was determined using oligonucleotide microarray technique (White et al., 2011).
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Dataset 2: Sixteen paired intact conduit human umbilical veins were perfused for six
hours under four defined forces settings. The first setting included sixteen paired veins
exposed to low shear stress (<2 dynes/cm?) or high shear stress (25 dynes/cm?) with
constant normal intraluminal pressure of 20 mm Hg. The second setting included
sixteen paired veins exposed to high intraluminal pressure (40 mm Hg) or normal
intraluminal pressure (20 mm Hg) with constant normal shear stress of 10 dynes/cm?.
HUVECs were isolated and RNA was extracted and pooled as duplicate for analysis

with microarray (Andersson et al., 2005).

Results: Analysis of extracted expression levels from dataset 1 shows there was no
significant difference in MerTK gene expression between HUVECs exposed to normal
shear stress and high shear stress (Fig. 4.10 A). The MerTK expression detected in
cells exposed to normal shear stress were more varied compared to expression in
high shear stress-exposed cells. Analysis of data obtained from dataset 2 showed no
apparent difference in MerTK expression between the four different biomechanical
forces settings (Fig. 4.10 B). More replicates are required to determine whether the
differential forces alter MerTK expression and in order to be able to test this

statistically.
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Figure 4.10: Assessment of MerTK RNA expression under biomechanical

forces; wall shear stress and intraluminal pressure from microarray data.

A) Exposed to either normal shear stress or high shear stress for 24 hours (N=4)
(White et al., 2011), B) Exposed to either high or low shear stress, high or normal
intraluminal pressure for 6 hours (N=2) (Andersson et al., 2005). Values are presented
as mean + SEM for A, and as mean + SD for B, analysed by two-tailed paired t-test
for A, and analysed by One-Way ANOVA with Tukey’s correction method for multiple

comparison test for B, where all comparisons were not significant, p>0.05.

Summary: The data obtained suggest no effect of shear stress and/or intraluminal
pressure on MerTK receptor gene expression. The MerTK receptor may require
prolonged exposure to low/disturbed flow in order to alter its gene expression
significantly in Ecs (i.e. longer than 24 hours). Full testing of this hypothesis requires
further investigation; currently little is known about the involvement of MerTK receptor

in atherosclerosis development.
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4.4.4 Determining the effect of interferons on MerTK expression in

endothelial cells

Interferons [IFNs] are a family of cytokines known to regulate immune responses in
many diseases including atherosclerosis. They are highlighted as key mediators
participating in many processes involved in the early stages of atherosclerosis and
can be found in abundance in the plaque. Their roles in atherosclerosis have been a
matter of debate since they possess both pro-inflammatory and anti-inflammatory
properties. IFNs are involved in promoting endothelial dysfunction: IFN-y participates
in enhancing exposure of adhesion molecules ICAM-1, VCAM-1, P-selectin and E-
selectin on endothelial cells (Zhang et al., 2011), in turn inducing leukocyte recruitment
and adhesion to the endothelium and subsequently migration to the vascular intima.
IFN-a,, IFN-B and IFN-y are anti-angiogenic cytokines inducing EC apoptosis via

upregulating specific genes (Indraccolo et al., 2007).

This leads us to explore whether IFNs regulate MerTK receptor gene expression in

endothelial cells, which may serve to target PS-positive IL-1p3 containing MVs.

Hypothesis: IFNs stimulate endothelial upregulation of MerTK gene expression.

Dataset Analysed: The response to inflammatory IFNs was investigated in HUVECs
taken from three groups of pooled donors. ECs were either non-treated [control] or
treated with IFN-a and IFN-y both at a dose of 1000 IU/ml for five hours. Each
biological replicate consisted of four different donors, and pooled together before
hybridization thus, donor number in total is 12. RNA was isolated from the cells and
the gene expression profile was determined using oligonucleotide microarray

technique (Indraccolo et al., 2007).
Results: Datasets extracted and analysed showed no significant differences in MerTK

gene expression between non-treated control and either IFN-a and IFN-y treated Ecs
(Fig. 4.11).
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Figure 4.11: Endothelial MerTK expression in response to IFN treatment, from

microarray data (Indraccolo et al., 2007).

Human umbilical vein endothelial cells (HUVECs) non-treated versus treated with
1000U/I of human recombinant IFN-a and IFN-y for 5 hours. Values are presented as
mean + SEM (N=3-5,technical replicates of a pool of 12 donors), analysed by One-
way ANOVA with Dunnett’s correction method for multiple comparisons, where all

comparisons were not significant, p>0.05.

Summary: The results suggest that IFN-o and IFN-y may not regulate endothelial
MerTK gene expression and IFNs and therefore may not affect MV targeting to ECs.
IFNs convey a dual anti-inflammatory and pro-inflammatory role, so may not regulate
mechanisms of IL-1 targeting.
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4.4.5 Determining the effect of oxidised low-density lipoprotein (oxLDL)

on MerTK expression in endothelial cells

Oxidative modification of LDL is an important process attributing to its pro-
atherosclerotic behaviour. When high levels of circulatory oxLDL come in contact with
the endothelium, it binds to their scavenger receptor; lectin-like low-density lipoprotein
receptor, LOX-1. The binding and uptake of oxLDL leads to endothelial cell activation
contributes to atherosclerosis initiation and progression, by upregulating cell adhesion
molecules exposure (Khan et al., 1995), cytokine/chemokine release such as MCP-1
(Navab et al., 1991) and apoptosis (Lu et al., 2009). This is achieved primarily through
oxLDL binding to LOX-1 and signalling to activate transcription factors including NF-
kB and AP-1; these in turn upregulate cytokines, chemokines and adhesion molecule

exposure (Yurdagul et al., 2016).

Oxidised LDL activates endothelial cells during the inflammatory response (Khan et
al., 1995). Hence it may play a role in upregulating MerTK as a target for PS-positive

IL-1B3 containing MVs.

Hypothesis: MerTK gene expression is upregulated in endothelial cells exposed to
oxLDL.

Dataset Analysed: The expression of MerTK was investigated in immortalised human

arterial endothelial cell line (HAECT) over-expressing GFP. The experiment design
was as follows: three replicates of cells treated with 50ug/ml OxLDL over the time
points 2h, 6h, 12h and 24h. These were compared to three replicates of non-treated
cells over the time points: 2h, 6h, 12h and 24h. Cells were not treated with oxLDL at
Oh in both treated and control conditions (Mattaliano et al., 2009).

Results: The extracted and analysed data showed that MerTK gene expression was
not affected when cells were treated with 50ug/ml oxLDL, compared to untreated
control cells. There was no statistical significant difference between the overall mean
MerTK expression over the time course for the oxLDL treated cells compared to the
overall mean of untreated cells, nor for oxLDL treated ECs over time, compared to the
control when analysed by Two-way ANOVA. The Sidak’s multiple comparison test
showed no significant differences between control and treated samples for individual
time points (Fig. 4.12).
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Figure 4.12: Assessment of endothelial MerTK RNA expression in the absence

and presence of oxLDL from microarray data (Mattaliano et al., 2009).

Human aortic endothelial cell line (HAECT) (N=3), non-treated versus treated with
50ug/ml of oxLDL for different time points. Values are presented as mean + SEM.
Two-Way ANOVA followed by Sidak’s multiple comparison test. There were no

significant differences between control and treated samples for individual time points.

Summary: The data suggest that MerTK gene expression does not change when ECs
are exposed to oxLDL over time, suggesting that the endothelium may upregulate the

MerTK receptor target for PS-positive IL-1p-containing MVs.
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4.5 Analysis of deposited datasets to assess MerTK receptor

expression in Macrophages

Macrophages and IL-1 play a key role in atherosclerosis disease progression. While
this project has tested the role of macrophages in secreting IL-1B-containing PS-
positive MVs, it is conceivable that these MVs play a role in targeting surrounding
macrophages in the plaque in order to augment the inflammatory environment. A
variety of cytokines and mediators are released from macrophages that may influence
the expression of the MerTK receptor, which in turn may affect the targeting of IL-1p-

containing MVs.

4.5.1 Determining the effect of Interleukins on MerTK expression in

monocytes and macrophages

IL-1 cytokines can induce a series of intracellular signalling events that lead to
activation of transcription factors such as NF-kB which is turn lead to increase the
gene expression of a diverse of cytokines and chemokines including IL-1a, IL-1B, IL-
6, IL8, MCP-1 and others (Liu et al., 2017).

Similarly, IL-6 has been reported to participate in atherosclerosis progression and
participate in plaque initiation and disruption (Yudkin et al., 2000). A study have
indicated the role of IL-6 in the development of macrophages and vascular smooth
muscle cells stimulating their growth (lkeda et al., 1991) (Jenkins et al., 2004). Another
study has suggested the use of anti-IL-6 therapy in reducing atherosclerotic plaque
size in LDL receptor knockout mice, supporting the involvement of IL-6 in cell
proliferation (Akita et al., 2017).

In contrast, IL-10 is a potent anti-inflammatory cytokine that dampens inflammatory
response and interferes with the progression of atherosclerosis. IL-10 is detected in
both the early and the late stages of plaque formation inhibiting diverse processes that
contribute to atherosclerotic. It has shown that IL-10 inhibits the cytokines production

from macrophages such as IL-1p, IL-6, TNF, and others via inhibiting the activation of
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NF-kB (Lentsch et al., 1997, Malefyt et al., 1991). It also decreases macrophage foam
cell apoptosis hence participating in decreased the atherosclerotic lesion size
(Pinderski et al., 2002). Moreover, IL-10 interferes with the macrophage ability to
modulate the extracellular matrix by preventing their production of matrix

metalloproteinases (Lacraz et al., 1995).

Therefore, it is of importance to understand how interleukins may participate in PS-

positive MV targeting through modulating MerTK gene expression.
Hypothesis: interleukins increase the gene expression of MerTK in macrophages.

Datasets Analysed:

1. Human monocyte-derived macrophages (hMDMs) were prepared from peripheral
blood mononuclear cells (PBMCs) obtained from five healthy donors and stimulated
for 4 hours with either 15ng/ml of IL-1 or 25ng/ml of IL-6 or non-stimulated as
control. RNA was isolated and gene expression profiling was carried out via
microarray (Jura et al., 2008).

2. Human monocytes isolated from PBMCs obtained from four healthy donors were
either treated with 10ng/ml of IL-10 for 24h or without treatment as control, gene

expression profiles were determined by microarray (Teles et al., 2013).

Results: Analysed data showed no significant differences in MerTK gene expression
between hMDMs treated with IL-1 and non-treated cells, nor between IL-6 treated and
non-treated cells (Fig. 4.13 A). In contrast, IL-10 has significantly upregulated the gene

expression of MerTK receptor in human primary monocytes (Fig. 4.13 B).
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Figure 4.13: Assessment of MerTK RNA expression in response to interleukins

from microarray data.

A) hMDMs obtained from healthy donors, treated with either 50ng/ml of IL-1 or 25ng/ml
of IL-6 or non-treated as control (N=5) (Jura et al., 2008), Values are presented as
mean + SEM, analysed by One-Way ANOVA with Dunnett’s correction method for
multiple comparisons test, where all comparisons were not significant, p>0.05. B)
Human monocytes obtained from healthy donors, treated with 10ng/ml of IL-10 or only
media as control for 24 hours (N=4) (Telese et al., 2013), Values are presented as

mean = SEM, analysed by two-tailed paired t-test, **p<0.005.

Summary: The data obtained from IL-1 and IL-6 stimulation suggest that these pro-
inflammatory cytokines do not regulate MerTK gene expression in macrophages. On
the other hand, anti-inflammatory IL-10 has significantly increased MerTK gene
expression in monocytes. This may suggest that IL-10 upregulation of MerTK in
monocytes would offer an increased level of targets to PS-positive MVs aiding in
delivering their content to the target cell. As this data was from monocytes only, it
would be interesting to extend this to testing the effect of IL-10 in macrophages both
in culture and obtained from atherosclerotic plaques on MerTK gene expression. The
effect may be IL-10 specific across monocytic/macrophage cells or may be unique to
the undifferentiated monocyte.
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4.5.2 Effect of IFNs on MerTK expression in monocyte-derived

macrophages (hMDMs)

IFNs possess a variety of pro-atherogenic properties that regulate immune responses
in atherosclerosis. A main effect on macrophages in atherosclerosis is enhancing their
expression of scavenger receptors such as SR-A leading to oxLDL uptake and
formation of foam cells (Boshuizen et al., 2016, Li et al., 2011). IFNs also enhance the
expression of chemokines receptors on macrophages such as CCR2 and CCRS that
basically bind MCP-1 chemokines and promote their recruitment to atherosclerotic
sites and adhesion to endothelial cells (Goossens et al., 2010). IFN-y specifically, is
responsible for macrophage expression of chemokines including CCL3,4,5, and
CXCL9,10,11 inducing immune cell chemotaxis (Read et al., 2019). Moreover, the
deletion of the downstream target of IFN-y signalling i.e. STAT1, resulted in reduced
foam cell formation as well as macrophage apoptosis (Agrawal et al., 2007).
Therefore, IFNs participate in increasing the atherosclerotic lesion size by regulating
macrophage recruitment and increasing lipid uptake.

Hence, it is important to investigate the role of IFNs in MerTK gene expression
regulation to test whether they may contribute in PS-positive MV targeting.

Hypothesis: IFN-y upregulates MerTK expression in hMDMs .

Dataset Analysed: Three independent pools of RNA obtained from hMDMs that were

isolated from total of 12 healthy human donors, were either unstimulated or stimulated
with 100U/ml of IFN-y for either 3 hours or 24 hours. Total RNA was then isolated and

gene expression profile was assessed by microarray (Hu et al., 2005).

Results: The data obtained showed no statistical significant difference in MerTK gene

expression between un-stimulated and IFN-y stimulated hMDMs (Fig. 4.14).
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Figure 4.14: Assessment of MerTK RNA expression in hMDMs in response to
IFN from microarray data (Hu et al., 2005).

Three RNA pooled samples of hMDMs obtained from 12 healthy donors, treated with
either 100U/ml of IFN-y for either 3h or 24h, and non-treated as control, Values are
presented as mean = SEM, analysed by One-Way ANOVA with Dunnett’s correction

method for multiple comparisons test, where all comparisons were not significant,
p>0.05.

Summary: There was no statistically significant difference in MerTK expression
between control and IFN-y treated hMDMs. However, the expression values of MerTK
receptor showed high inter-individual variability, particularly in control untreated cells;
this variability was notably reduced when hMDMs were stimulated with IFN-y for 24
hours (Fig. 4.14). It is possible that the high variability in the untreated cells has meant
that a real reduction in MerTK following IFN-y treatment is not detectable when
analysed statistically. An increase in the biological replicates as well as, assessing
macrophages from atherosclerotic plaques may give more insight into IFN-y regulation

of MerTK expression.
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4.5.3 Assessing MerTK expression in Vascular Smooth Muscle Cells

VSMCs are a target of IL-1 in the atherosclerotic plaque, where inflammatory
stimulation results in VSMC proliferation, migration to the plaque surface, and
development of the atherosclerotic plaque structure.

Several human VSCM datasets were tested for MerTK expression (GSE109859,
GSE59740, GSE185784). In each dataset and under all conditions, MerTK was found
to be undetectable in this cell type.
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4.6 Analysis of datasets to assess MerTK receptor expression in

Lung Epithelial Cells and Alveolar Macrophages

IL-1B containing PS-positive MVs are likely to be produced in other tissues where
pathogens are exposed to macrophages. Since infections such as pneumonia are
linked to an increased risk of plaque rupture it is possible that MVs produced in the
lung may enter the circulation and interact with arterial atherosclerotic plaques. They
may also act locally within the lung tissue so we aimed to determine whether MerTK

expression alters in lung epithelial cells and alveolar macrophages.

4.6.1 Determining the effect of the bacterial endotoxin (LPS) on MerTK

expression in alveolar macrophages

LPS is a gram-negative bacterial endotoxin that present in the outer membrane of their
cell wall. It acts as an antigen inducing inflammatory response via activating the toll-
like receptor; TLR4 that is expressed on myeloid cells such as the macrophages. TLR4
activation leads to diverse intracellular signalling pathways involving activation the
transcription factor; NF-kB that trigger the biosynthesis of inflammatory mediators (Lu
et al.,, 2008). LPS has been implicated in several diseases including respiratory
diseases. The lower respiratory tract primary immune response is the resident alveolar
macrophages which offers the first line of cellular defence to clear the respiratory tract
from invading pathogens and/or pollutants (Sibille and Reynolds, 1990).

Several studies reported an association between respiratory tract infection and
atherosclerotic plaque rupture leading to myocardial infarction (Keller et al., 2008,
Naghavi et al., 2003). We sought to determine whether LPS from respiratory infections
regulates the MerTK receptor expression on alveolar macrophages, which may serve
as a target for PS-positive MVs.

130



Hypothesis: LPS increases MerTK gene expression in alveolar macrophages.

Dataset Analysed: Reynier et al 2012, conducted a human in vivo study in seven

healthy human subjects to investigate the effects of LPS treatment on alveolar
macrophages. Each subject was challenged with instilled LPS 10ml (concentration
was not specified) in one segment of the lung via bronchoscopy and instilled sterile
saline (10ml) in the contralateral lung segment was used for intra-individual
comparison i.e. to serve as a control. Bronchoalveolar lavage was carried out after six
hours of treatment and alveolar macrophages were isolated for RNA extraction and
gene expression profiling was carried out via microarray (Reynier et al., 2012).

Results: Analysed data showed no significant difference in MerTK gene expression
between control and LPS treated alveolar macrophages (Fig. 4.15).
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Figure 4.15: Assessment of MerTK RNA expression in response to LPS in
human alveolar macrophages, from microarray data (Reynier et al., 2012).

Alveolar macrophages obtained by bronchioalveolar lavage from healthy human
subjects, challenged with intra-bronchial either 10ml of LPS or 10ml of sterile saline in
the contralateral segment (N=7). Values are presented as mean + SEM, analysed by

two-tailed paired t-test, where comparisons were not significant, p>0.05.

Summary: LPS does not alter MerTK gene expression in macrophages. Although,
would be interesting if more subjects were tested to confirm the effect of LPS on MerTK
gene expression as it showed inter-individual variability in the response to LPS,
relative to control, and statistical tests gave a p value of 0.05.
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4.6.2 Effect of LPS and TNF on MerTK expression in bronchial epithelial

cells

Bronchial epithelial cells play essential roles in pulmonary immune homeostasis and
act as defensive barrier against external pollutants and pathogens. Bacterial and viral
infections of the pulmonary tract lead to activation of the immune response mediated
by epithelial cells. The bacterial endotoxin, LPS is capable of activating the
transcription factor, NF-«xB in bronchial epithelial cells, which in turn leads to
production of a variety of cytokines and chemokines responsible for the immune
response (Inui et al., 2018). TNF can also activate bronchial epithelial cells to produce
and secret pro-inflammatory cytokines such as interleukins IL-6 and IL-8 (Inui et al.,
2018). This is mainly through activating the mitogen-activated protein kinases (MAPK)
pathway as well as, the transcription factor NF-xB that transduce intracelular signals
leading to diverse responses including cytokines production (Lee et al., 2013,
Krunkosky et al., 2000). Therefore, the effects of LPS and TNF on bronchial epithelial
cells may augment inflammatory response systematically affecting the atherosclerotic
plaque. Investigating whether LPS and TNF may affect the MerTK receptor gene
expression would give insight on whether MerTK is involved in inflammation and also

whether it serves as a target for PS-positive MVs.

Hypothesis: MerTK is upregulated in bronchial epithelial cells exposed to LPS or
TNF.

Dataset Analysed: Human bronchial epithelial cell line (Beas-2B) were either un-
stimulated or stimulated with 1ug/ml LPS or with 20ng/ml TNF for 4 hours. Total RNA
was isolated and gene expression profile was determined by microarray (Hu et al.,
2012).

Results: The data obtained showed no significant change in MerTK gene expression

when bronchial epithelial cells were stimulated with TNF or with LPS (Fig. 4.16).

Summary: The effect of TNF and LPS on MerTK gene expression was not elucidated

properly due to low number of biological replicates.
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Figure 4.16: Assessment of relative MerTK expression in response to LPS and

TNF in human lung epithelial cells, using microarray data (Hu et al., 2012).

Human bronchial epithelial cell line (Beas-2B) (N=2), treated with either 1ug/ml of LPS
or 20ng/ml of TNF for 4h, and non-treated as control. Values are presented as mean
+ SD.
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4.6.3 Effect of rhinovirus and influenza virus on MerTK expression in

human bronchial epithelial cells

Respiratory tract infections have been linked to increased risk of myocardial infarction
and stroke (Ward et al., 2009). Seasonal influenza infection is found to be associated
with high risk of developing acute myocardial infarction and ischemic heart disease
mortality (Madjid et al., 2007). It was also shown that systemic respiratory infection are
associated with a substantially high risk of myocardial infarction during the first three
days of infection, the risk then decreases gradually (Smeeth et al., 2004). This
association may be linked to provoking the systemic inflammatory responses that are
driven by inflammatory cells and pro-inflammatory mediators in the circulation during

respiratory tract infections.

Therefore, we sought to investigate whether these pathogens regulate MerTK receptor
expression in human bronchial epithelial cells to predict whether MerTK may
participate in the inflammatory state.

Hypothesis: MerTK receptor gene expression is upregulated in bronchial epithelial
post-infection.

Dataset Analysed: Human bronchial epithelial cells (Beas-2B) were infected with 300

ul of diluted rhinovirus strain RV16 or influenza virus strain H1N1 in culture media (the
multiplicity of infection used was 2 for each virus) and incubated for several times
points; 2h, 4h, 8h, 12h, 24h, 36h, 48h, 60h, 72h along with non-infected cells as
control. Each time point was of five biological replicates. After each assigned time
point, total RNA was isolated and gene expression profile was determined by

microarray (Kim et al., 2015).

Results: Both data obtained from Beas-2B infected with Rhinovirus and/or Influenza
Virus showed no significant change in MerTK gene expression compared to non-
infected control. The expression of MerTK has increased over time post-infection in
both the Rhinovirus infected cells and non-infected control (Fig. 4.17 A). Similarly,
Beas-2B infected with Influenza Virus showed no significant alteration in MerTK
expression and increased over time post-infection in both infected and non-infected
control (Fig. 4.17 B).
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Figure 4.17: MerTK expression in response to viral infection in human
bronchial epithelial cells, from microarray data (Kim et al., 2015).

Human bronchial epithelial cell line (Beas-2B) for non-infected control or infected with
300ul of diluted viruses (the multiplicity of infection used was 2 for each virus); A)
Rhinovirus or B) influenza virus for multiple time points. Values are presented as mean
+ SEM (N=5), analysed by Two-Way ANOVA with Sidak's correction method for

multiple comparisons test, where all comparisons were not significant, p>0.05.

Summary: These data suggest that MerTK expression is not altered in Beas-2B post-
infection with either Rhinovirus or the Influenza Virus nor post-infection over time. This
supports the role of MerTK as anti-inflammatory receptor and it may also participate
in MV targeting. Further investigations are needed to prove whether MerTK is involved

in PS-positive MV binding.
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4.7 Summary and Discussion

The overall aim of this project has been to test whether PS-positive MVs containing
IL-1B are targeted to the PS-receptor, MerTK. In order to understand which cells
express MerTK and which conditions lead to changes in its expression, we assessed
whether expression of MerTK is altered in a variety of cells involved in initiating and
progressing atherosclerosis. We used deposited datasets to investigate this, since a
large source of data is available from a variety of studies, that have not sought to
specifically quantify and compare changes in MerTK. A summary of these findings is
outlined in Table 4.1.
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Table 4.1: Summary of human cell types assessed for MerTK expression.

Endothelial Cell

Monocyte

Macrophage

Vascular
Muscle Cells

Smooth

HUVECs

HUVECs

HUVECs

HUVECs

HUVECs

HUVECs

HMEC-1

HAECT

Primary

Monocyte

Primary hMDMs

Primary hMDMs

Primary hMDMs

Human primary
VSCMs

TNF-a

IL-1

High
stress

Shear

Low Shear

Stress

High intraluminal

pressure

IFN-y & IFN-o.

TNF-a

oxLDL

IL-10

IL-1

IL-6

IFN-y

WNT5a,

PDGF-BB,
TGFB1, TNFa

IL-1,
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Downregulated

Downregulated

No change

No change

No change

No change

No change

No change

Upregulated

No change

No change

No change

Not detectable in = Section

control

treated

(Viemann et al.,
2006)

(Mayer et al.,
2004)

(White et al.,
2011)

(Andersson et
al., 2005)

(Andersson et
al., 2005)

(Indraccolo et
al., 2007)

(Viemann et al.,
2006)

(Mattaliano et
al., 2009)

(Teles et al,
2013)

(Jura et al,
2008)

(Jura et al,
2008)

(Hu et al., 2005)
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Alveolar Alveolar LPS No change (Reynier et al.,,

Macrophage Macrophage 2012)
Bronchial Beas-2B LPS No change (Hu et al., 2012)
Epithelial Cell

Bronchial Beas-2B TNF No change (Hu et al., 2012)
Epithelial Cell

Bronchial Beas-2B Rhinovirus No change (Kimetal., 2015)
Epithelial Cell infection

Bronchial Beas-2B Influenza Virus No change (Kimetal., 2015)
Epithelial Cell infection

The MerTK receptor has been reported to be involved in removing apoptotic cells and
is crucial for homeostasis of immune responses (Cai et al., 2017, Waterborg et al.,
2018). MerTK receptor is activated via “eat me” signals which involves the cell
externalising PS molecule on its surface. However, it is unknown whether MerTK is
involved in binding MVs exposing PS on their surface. We aimed to identify the MerTK
receptor expression in cells involved in atherosclerosis disease alongside with cells
critical for pulmonary immune homeostasis. The results comparing MerTK gene
expression are relative values and depend on the technologies used to detect mRNA
(in this case all studies were using microarrays). In general our results suggest that
MerTK receptor plays a role in attenuating inflammation, which is in line to what has
been published with respect to its role in clearance and resolution of inflammation
(Camenisch et al., 1999, Zhang et al., 2019).

The results from ECs exposed to cytokines released in the atherosclerotic plaque
some have shown some downregulation of MerTK expression while some
experiments showed no difference between cell treatment conditions. Likewise, the
data we analysed from the literature regarding ECs exposed to shear stress and/or
intraluminal pressure have suggested no significant difference in MerTK expression.
This is consistent with our own data where we used qPCR to compare MerTK in
HUVECs exposed to high, laminar versus low, oscillatory shear stress, where no
changes in mRNA levels were found. Our gPCR did find a decrease in MerTK
expression was in ECs exposed to high shear stress compared to static. Taken
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together, these data show that the endothelium expresses MerTK, which is
upregulated under certain conditions, suggesting that these cells may provide a target
for MVs exposing PS on their surface.

Macrophages were also found to express MerTK. Similarly to ECs, macrophage
MerTK expression was not markedly altered under a variety of treatment conditions.
In a recent study, polarisation of macrophages toward M2 (M-CSF + IL-4) was shown
to be associated with increased MerTK expression (Giroud et al., 2020). Our own
gPCR data did not show significant changes in MerTK expression when polarised.
Due to lack of time, we had low sample size, and more replicates from more donors
would mean we could address this question fully and make robust comparisons.
Interestingly, human primary monocyte from published microarray data, showed
significantly upregulated MerTK when treated with IL-10, which is anti-inflammatory

cytokine.

We did not observe MerTK expression from human primary smooth muscle cells, nor
in microarray data published from smooth muscle cell. We looked for MerTK in some
datasets, all of which showed it was undetected. In contrast, the Human Protein Atlas
(HPA) reported MerTK receptor expression in smooth muscle cells. The HPA did not
distinguish between different smooth muscle cell types, while we focused on vascular
smooth muscle cells which are relevant to our question relating to a role in
atherosclerosis. Overall this strongly suggests that vascular smooth muscle cells are

not a target for PS-exposed MVs if MerTK plays a role in this targeting process.

The MerTK expression in both human alveolar macrophages and human bronchial
epithelial cells (Beas-2B cell line), was not altered by either LPS or TNF treatment nor
post infection with both Rhinovirus and Influenza Virus. This may fit more closely with
a role for MerTK in the resolution phase rather than the inflammatory phase of innate

immunity.

Collectively, MerTK receptor gene expression is cell type dependent. Our own
comparison of CT values from qPCR in different cells shows a higher expression in
macrophage and endothelial cells compared to HelLa cells, and an absence of
expression in VSMCs, fitting with other datasets we tested. Modulation of MerTK
expression by a variety of stimuli did not alter MerTK to a large extent. Whether these

cells expressing MerTK receptor occurs in all stages of atherosclerosis and how the
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receptor would participate in the disease progression or regression is still unknown.
Analysis of single cell RNA-seq from macrophages, and other cells taken in situ
directly from diseased and non-diseased arteries, would help address this question
more fully. This is something our research group is actively investigating and we hope
that such data will be available in the future.

The exact function of MerTK receptor in atherosclerosis is still not fully investigated
and more data are needed in this context. For instance, the phagocytic role of MerTK
receptor has been linked to atherosclerosis only to participate in progressing the
atherosclerotic plaque necrotic core (Thorp et al., 2008). However, deficiency of the
other member of TAM family; Axl receptor, did not affect the progression of the plaque
(Subramanian et al., 2016). Whereas the role of the third member of TAM family;
Tyro3, has not been reported in atherosclerosis in the literature. This might be due to
the fact that it is mainly expressed in the brain (Mark et al., 1994). The method used
for MerTK receptor detection in this chapter is based on the mRNA level only. A study
showed that LPS enhance the proteolysis of MerTK to produce a soluble form of Mer
protein that act as a decoy receptor (Sather et al., 2007). Therefore, other detecting
methods for the MerTK protein level such as western blot or immunohistochemistry
will evaluate the presence of a functional protein hence, give more comprehensive
insight into the role of MerTK receptor. It is of interest to understand whether MerTK
receptor provides a target for MVs exposing PS molecule not only in the context of
atherosclerosis but rather in general as this would give more insight into how MVs
contribute in inter-cellular communication and even if MerTK might offer a suitable

therapeutic target in diseased states.
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Chapter 5 . Microvesicle delivery of IL-1B to responsive

cells and MerTK dependence of vesicle targeting

5.1 Introduction/Hypothesis

Interleukin-13 serves as a key messenger in the pathogenesis of atherosclerosis as it
induces inflammatory functions on cells that participate in the plaque initiation and
progression. IL-13 exerts multiple actions on endothelial cells in atherosclerosis
including upregulation of chemoattractant MCP-1 and induction of adhesion molecules
ICAM and VCAM. This in turn leads to leukocyte recruitment, adhesion, and eventually
migration into the intima progressing plaque formation. Multiple mechanisms for IL-13
release were proposed in the literature. The ‘protected release’ is our focus in this
thesis which is the of MVs directly from the macrophage plasma membrane loaded
with IL-1B (MacKenzie et al., 2001). This process is proceeded by parental cell
membrane phospholipid rearrangement of the inner and outer leaflets which allows
the exposure of the PS molecule on the surface thus expressed on the shed MVs
surface (Ridger et al., 2017). Phosphatidylserine exposure on MVs may serve
functionally to allow uptake and internalization of MVs by targeted cells. It is important
to understand the underlying molecular machinery of MV cargo delivery, as it reveals
the role of MVs in the pathophysiology of atherosclerosis and may prove of therapeutic
value. Various mechanisms of MV targeting have been suggested in the literature
including membrane fusion (Parolini et al., 2009) endocytosis (Svensson et al., 2013),
and phagocytosis (Feng et al., 2010) (see also section 1.7). It remains unknown how
macrophage derived MVs containing IL-1B interact with the endothelium or other
target cells to deliver their cargo.

The MerTK receptor belonging to the TAM receptor tyrosine kinase subfamily has
been widely shown to bind to PS exposed on apoptotic cell membranes (Scott et al.,
2001). The PS molecule exposed on the surface of apoptotic cells serves as a ligand
for the MerTK receptor. Therefore, our own group used a MerTK deficient zebrafish
line and found that MerTK deficiency showed reduced IL-13 targeting of an

inflammatory response in the head region of the fish following tailfin injury. We were
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also able to image macrophage-derived MVs in the circulation. This led us to consider

that MerTK may be a target for IL-1p containing MVs.

We hypothesised that the MerTK receptor is involved in PS-positive MV
targeting. We therefore wished to test this in a mammalian in vitro cell based system
to investigate the specificity of this mechanism.

We aimed to test whether MVs containing IL-1[3 are delivered to target cells through a
receptor-ligand interaction. We used Hela cells, an epithelial cell line, as a reporter
bioassay sensitive to IL-1p delivery, which was also amenable to siRNA transfection
to achieve knockdown of MerTK. We used IL-6 secretion as the response measured
to IL-1B exposure. This was implemented by applying macrophage-derived MVs into
HelLa cells in the presence or absence of IL-1 receptor antagonist (IL-1Ra) to assess
HelLa cell response to IL-13 by measuring IL-6 levels. In addition, this was performed
with or without MerTK receptor knockdown to the dependence of IL-13 delivery on
MerTK receptor expression.
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5.2 Results

5.2.1 Optimisation of HeLa cell line as a bioassay responsive to IL-1b

Testing the sensitivity of IL-6 and IL-8 production in response to IL-1b in HelLa
cells

IL-18 acts on the Type 1 IL-1 cell surface receptor to induce the production of
downstream inflammatory cytokines such as IL-6 and IL-8 due to signalling and
activation of the transcription factor NF-kB (Yu et al., 2020). Thus, we set out to
measure the time and concentration dependence of IL-1B-stimulation of HeLa cells for
IL-6 and IL-8 release measured using ELISA.

In order to identify the responsiveness of HelLa cells to IL-1[3 for release of both IL-6
and IL-8, we used recombinant IL-1[3 treatment in order to test known concentrations
of IL-13 in a concentration dependence assay. We wished to determine whether HelLa
cells are more sensitive to IL-8 or IL-6 production and which cytokine production shows
a typical dose-response relationship, before applying macrophage-derived MVs.

To assess the time-course of IL-8 and IL-6 production, HelLa cells were treated with
human recombinant IL-1 at 10 ng/ml over different time points over the typical range
described in the literature (Yang et al., 2008, Legrand-Poels et al., 2000). We observed
that after 6 hours of IL-13 stimulation, HelLa cells produced significant levels of IL-6,

compared to earlier time points (Fig. 5.1 A) as measured by ELISA.

Next, we aimed to evaluate the dose-response effect of IL-18 on HeLa cell production
of IL-6 and IL-8. We aimed to test within the range of IL-1p levels found to be produced
by hMDMs, since we need the bioassay to be sensitive to these levels. Therefore
concentrations were selected ranging from 1pg/ml to 10 ng/ml. This dose-response
effect was performed in the absence and presence of the IL-1 receptor antagonist (IL-
1Ra) on IL-6 (Fig. 5.1 B&C) and IL-8 (Fig. 5.2 A&B) release by HelLa cells for 6 hours
as measured by ELISA. Note that in Figures (5.1 C) and (5.2 B) the IL-13 doses of
100 pg/ml and 300 pg/ml were not tested with IL-1Ra as there was not enough IL-1Ra
available for this test.
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The amount of IL-8 secreted by HelLa cells in response to lower doses of IL-1B did not
alter above control, until a concentration of 100pg/ml IL-18 where the response was
maximal, following a steep dose-response curve of an “all-or-nothing” response (Fig.
5.2). For IL-6 release in response to IL-1B, this showed a higher sensitivity to lower
concentrations of IL-13, over a range of concentrations between 3 to 100 pg/ml (Fig.
5.1 B). Due to lack of time to repeat these experiments, we decided to proceed with
IL-6 as a reporter assay for IL-1B stimulation along with using IL-1Ra at a
concentration of 200ng/ml which was sufficient to block IL-1B-induced IL-6 release
across all concentrations of IL-1p tested in HeLa cells (red line, Figure 5.1).

145



2000
__ 1500
E
B
£ 1000
t?
=
500
0 L] l L] l L) l L] |
0 6 12 18 24
B Time (hours) C
4000= 4000 -
-IL-1Ra
~ 3000 o 00 +IL-1Ra
E E
E’ 2000+ 8 2000+
3 b ~— e _— 3
= 1000+ e e = 1000~
e e,
0 T T T T T T 0 ! ! ! ! ! !
0 1 3 10 30 100 0 100 300 1000 3000 10000
IL-18 (pg/ml) IL-18 (pg/ml)

Figure 5.1: IL-6 release from HelLa cells in response to IL-13 measured by
ELISA.

Hela cells were treated with 10ng/ml IL-1f at different time points from 0 to 24 hrs (A),
with IL-6 measured in the supernatant samples by ELISA. Cells were treated with
increasing concentrations of IL-13 with released IL-6 measured by ELISA from the
supernatant: B) stimulated with increasing concentrations (0-100pg/ml) of IL-18 + IL-
1Ra of 200 ng/ml for 6 hours; C) stimulated with increasing concentrations (0-
10,000pg/ml) of IL-1B % IL-1Ra at 20 ug/ml for 6 hours. (N=1).
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Figure 5.2: IL-8 release from HelLa cells in response to IL-13 measured by
ELISA.

HelLa cells were treated with increasing concentrations of IL-13 with released IL-8
measured by ELISA from the supernatant: A) stimulated with increasing
concentrations (0-30pg/ml) of IL-1B £ IL-1Ra of 200 ng/ml for 6 hours; B) stimulated
with increasing concentrations (0-10,000pg/ml) of IL-18 + IL-1Ra at 20 ug/ml for 6
hours. (N=1).
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Optimisation of siRNA knockdown of MerTK in HeLa cells

Before we proceeded to silence the MerTK receptor gene expression, we sought to
test the efficiency of the transfection. HelLa cell were transfected with siGlo a green
fluorescent transfection indicator of siRNA delivery, using Dharmafect-1 transfection
reagent. After 24h following transfection cells were imaged and compare to un-
transfected control cells (Fig. 5.3 B&A, respectively). This showed that the transfection

process was successful as the siGlo indicator is localised intracellularly to the majority

of cells in the field of view.

Figure 5.3: siGlo transfection of HeLa cell line.

HelLa cells were transfected with siGlo Green Transfection Indicator (for siRNAs) at
25 nM and non-transfected cells. Images were taken at 24 hours after transfection. A)
non-transfected (negative control). B) Transfected with RNA siGlo. The images are

representative of n=2 with two technical replicates for each.
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We then tested the efficiency and optimal time of siRNA-mediated MerTK gene
silencing in HelLa cells. We used SMARTpool siRNAs (Dharmacon), a pool of 4
optimised siRNAs targeted to human MerTK. The MerTK knockdown efficiency was
measured at the RNA level using qPCR, at 24 hrs and 48 hrs post-transfection (Fig.
5.4). We did not assess this at later time points, due to the rapid growth time of HelLa
cells where over-confluence might confound their use in the IL-6 reporter assay when
subsequently treating with hMDM MV samples. MerTK gene expression reduction was
efficient 48 hours post-transfection with knockdown percentage of 92.7% while the
reduction was 81.4% in 24 hours post-transfection. We therefore proceeded to use 48
hours post-transfection in subsequent experiments, since this showed a higher MerTK

knockdown efficiency.
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Figure 5.4: Assessment of siRNA-mediated MerTK gene silencing efficiency in

HelLa cell line.

HelLa cells were transfected with 25 nM of non-targeting control siRNAs and SMART-
pool siRNAs targeting MerTK. The expression of MerTK was measured by qPCR at
24 hours and 48 hours post transfection. The efficiency of knockdown was calculated
by comparing MerTK expression in non-targeting control cells to MerTK siRNA-treated

cells. Data shown is n=1.
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5.2.2 Delivery of IL-1B-containing MVs to IL-1B responsive HelLa target
cells

hMDMs shed IL-1B-containing microvesicles

hMDMs release IL-1B through MVs, but the larger proportion of IL-1f is not MV-
associated (see Chapter 3). We have observed donor variability in the amount of IL-
18 measured in the MVs. Therefore, we sought to assess the amount of IL-13
contained in MVs produced from hMDMs isolated from each human donor prior to
applying those onto HelLa cells. hMDMs were isolated and differentiated from three
different human donors. Cells were untreated (control), LPS-primed with or without
subsequent BzATP stimulation. MVs were isolated by multiple centrifugation then, IL-
18 levels were assessed by ELISA in total supernatant, in MV pellets, and in
supernatant depleted of MVs (Fig. 5.5). This showed that the majority of IL-1p that was
produced from LPS-primed and BzATP stimulated cells, was not released through
MVs but rather was found in the MV-depleted supernatant when compared to the total
supernatant or depleted supernatant.

This information on relative IL-1[3 levels in each fraction links directly to the samples
applied to the HelLa cell bioassay (+ IL-1Ra or £ MerTK knockdown), responsive to IL-
1B using IL-6 production as a response. The same donor samples were used in the
IL-6 bioassay, where these IL-1B levels were measured by ELISA; i.e. the same
symbols are used corresponding to the same donor across the graphs presented for
IL-1B levels and for their targeting to HelLa cells measured by IL-6 responses. The
experimental plan for measuring targeting of hMDM supernatant and MV samples to
Hela cells is shown in Figure (5.6).
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Figure 5.5: IL-1B release in MV and MV-depleted fractions from human primary
monocyte-derived macrophages (hMDMs) measured by ELISA.

hMDMs were untreated (control) or primed with 1ug/ml LPS for 3h followed by +
stimulation with 300puM BzATP for 20min (N=4). Supernatants were collected and
tested, or in parallel were separated by differential centrifugation to obtain a pellet
containing MVs or the supernatant depleted of MVs. The IL-1f3 levels in each fraction
were measured by ELISA: A) in the total supernatant. B) in the MV-depleted
supernatant. C) in the MV pellet obtained by differential centrifugation. Each symbol
represents a donor and is the same symbol by donor corresponding across each
graph. Values are presented as mean+SEM, analysed by One-way ANOVA with

Tukey’s correction for multiple comparisons test, *p<0.05 or, ns where p>0.05.
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After confirming that IL-1( is contained in MVs, even if in lower proportions to the total
production, we proceeded to use the in vitro IL-13 responsive reporter assay i.e. the
HelLa cell IL-6 production, when incubated with hMDMs IL-1B-containing
MVs/supernatants. This was implemented via applying the hMDMs IL-1B-containing
MVs/supernatants onto HelLa cells for 6 hours and the released IL-6 was measured
by ELISA (Fig. 5.7). MVs were isolated by multiple centrifugation from primary hMDMs
with the following conditions established; non primed/treated, LPS-primed only, LPS-
primed and BzATP treated as described in Chapter 3. We intended to apply the IL-1(3-
containing MVs and the total supernatant as well as the MV-depleted supernatant, in
order to compare the Hela cell response i.e. IL-6 levels from each, as outlined in the
overall plan (Fig. 5.6), where each donor hMDM were used in the bioassay * IL-1Ra
(to evaluate IL-1B specific responsiveness) and £ MerTK knockdown.

These hMDM samples were applied onto HelLa cells in the presence of absence of the
IL-1Ra, in order to assess the proportion of IL-6 response that is specific to IL-13 for
6 hour incubation with hMDM samples (Fig. 5.7 A,B,C). The data showed that HelLa
cells do secrete IL-6 in response to IL-13 from hMDMs supernatants. This includes IL-
1B-containing MVs although, the IL-6 levels were lower and variable between
replicates and not statistically significantly different. However, the release of IL-6 in the
absence of IL-1Ra from HelLa incubated with the total supernatant (which was not
subjected to differential centrifugation) of LPS-primed and BzATP treated hMDMs
showed a significant increase when compared to the control (Fig. 5.7 A). HeLa cells
incubated with the IL-1B-containing MVs, released IL-6 (Fig. 5.7 C) which was entirely
abolished in the presence of IL-1Ra; this effect was not significant statistically,
although this is likely due to the noise and variability in the IL-6 response in the
absence of IL-1Ra, since all IL-1Ra treatments blocked all IL-6 production.

The hMDM samples transferred to HelLa cells may contain IL-6 produced by the
hMDMs cells themselves. Therefore the levels of IL-6 in the hMDM supernatants were
tested as shown in Figure (5.7 F). The hMDM supernatants treated with LPS both in
the absence and presence of BzATP, contained IL-6 (although the levels were variable
between donors), suggesting that hMDMs secreted IL-6 in response to LPS; this is
unsurprising as TLR4 signalling upregulates IL-6 transcription. In order to more
accurately assess the Hela cell response to IL-13 contained in the hMDM
MVs/supernatants the hMDM IL-6 baseline was subtracted from the IL-6 released by
Hela cells in response to the hMDM sample incubations (Fig. 5.7 D,E). The IL-6 levels
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after baseline subtraction were highly variable between donors and were not
significant statistically. This partially reflects the variability in the IL-6 baseline
production by hMDMs. The subtraction was not performed on the HelLa IL-6 response
to MV pellets data since IL-6 is secreted by a conventional ER-Golgi secretion
pathway, and therefore unlikely to be present within the pelleted MVs. This assumption
is likely to hold true, as IL-1Ra completely blocked the HelLa IL-6 response to MVs
without baseline subtraction, while this was not the case for total and depleted
supernatants before baseline subtraction.

Taken together, the data suggest that HelLa cells released IL-6 in response to the
hMDMs IL-1B containing MVs/supernatant. IL-1Ra appeared to inhibit the IL-6
response, although this was not statistically significantly different, likely due to donor
variability in IL-1 production as seen in the IL-18 ELISA measurements (Fig. 5.5), as
well as in baseline IL-6 production by hMDMs. More replicates are needed to identify
whether these differences are statistically significant in order to draw firm conclusions.
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Figure 5.7: IL-6 release from HelLa cells after incubation with hMDMs

supernatant and MV fractions.

HelLa cells were incubated for 6h + IL-1Ra with hMDM samples, of :A) total

supernatant; B) MV-depleted supernatant; C) MV pellets. followed by IL-6 measured

in HeLa supernatants by ELISA. D & E show IL-6 measurements from A & B after

subtraction of the IL-6 measured in the hMDM supernatants without addition to HelLa

cells (i.e. baseline IL-6 levels). F) hMDM release of IL-6 following control, LPS or

LPS+BzATP treatment. Each symbol represents a single donor matches the symbols

corresponding across all figures in this section. Data is mean+SEM for (N=3 donors),

analysed by Two-way ANOVA with Tukey’s correction for multiple comparisons test,
*p<0.05, ns p>0.05.
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We sought to assess the effect of siRNA-mediated knockdown of MerTK in HeLa cells
on IL-6 release following incubation with hMDM IL-1B-containing MVs/supernatant
(see plan in Fig. 5.6). Thus, HeLa cells were transiently transfected with the MerTK
siRNA and non-targeting siRNA as a negative control for 48 hours prior to the
incubation with hMDMs IL-1 containing MVs/supernatant for 6 hours. The MerTK
knockdown efficiency was evaluated in each experiment by gPCR presented in Table
5.1 below, averaging 91% knockdown efficiency across all experiments.

Table 5.1: The efficiency of MerTK gene siRNA-mediated knockdown

Experiment Symbol 2"-AACT % Knockdown
1 o 0.153 84.6 %
2 - 0.0632 93.6%
3 A 0.0526 94.7 %

Knockdown of MerTK produced no change in HelLa cell IL-6 production from total
supernatants (Fig. 5.8 A), but a significant increase in IL-6 production by HelLa cells
was seen following incubation with MV pellets from hMDM for control, LPS,
LPS+BzATP treatments, respectively (Figure 5.8 C). The control hMDM vesicle-
depleted supernatants also showed an increase in IL-6 production for MerTK
knockdown compared to the siNT control (Fig. 5.8 B). This indicates that MerTK
depletion may contribute to augmenting the inflammatory response.

Collectively, these data suggest that IL-13 containing MVs are not targeted to HelLa
cells via the MerTK receptor when using IL-6 as a biological assay for IL-1f3
responsiveness. Further validation of these results in primary cells is required to draw

firm conclusions.
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Figure 5.8: Assessment of the effects of MerTK receptor depletion on IL-6

release from HelLa cells after incubation with hMDMs supernatants by ELISA.

siRNA-mediated MerTK knockdown in Hela cells for 48 hours, subsequently
incubated with hMDMs: A) total supernatant. B) MV-depleted supernatant. C) MVs
pellets. Each for 6 hours (N=3), and the released IL-6 was measured by ELISA. The

figures D & E show IL-6 measurements from A & B after the hMDMs baseline

subtraction. F) represents the hMDMs baseline release of IL-6 from the three

conditions. Each symbol represents a donor and is corresponding in all figures. Values

are presented as mean+SEM, analysed by Two-way ANOVA with Tukey’s correction

for multiple comparisons test, *p<0.05, **p<0.005, ns p>0.05.
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5.1 Discussion

The MerTK receptor is activated by its ligands Protein S and Gas6 (Nagata et al.,
1996), that bind to the PS molecule externalized on the cell surface (Nakano et al.,
1997) leading to downstream signalling to mediate apoptotic cell clearance (Scott et
al., 2001). Here we explored the involvement of the MerTK receptor in targeting PS-
positive IL-1B-containing MVs and its contribution to IL-13 delivery to the target cell.
This was carried out on an optimised in vitro IL-1B responsive cell model of HelLa cell
IL-6 production. In parallel we tested MV-associated IL-13 release from primary
hMDMs prior to incubation with HelLa, and found that the majority of IL-13 was not
contained in MVs. This indicates that MV shedding is not a major secretory pathway
for IL-1B as reported by Mackenzie et al. (2001), compared to other MV-independent
release mechanisms. Such mechanisms involved in MV-independent IL-13 secretion
in macrophages have been proposed in the literature. One of those is the P2X7
receptor-mediated membrane permeabilization through the pore forming protein
gasdermin D allowing the exportation of IL-18 (Evavoled et al., 2018). The other is
also P2X7 receptor-mediated process to form multivesicular bodies that exocytose
exosomes entrapping IL-1B8 (Qu et al., 2007). The amount of IL-1p measured in the
MV-depleted supernatant was lower than the amount in total supernatant, which may
have been due to degradation of the cytokine during the process of MV isolation. We
cannot exclude the possibility that IL-1B in the MVs is also subject to degradation

during this process.

Knockdown of MerTK in Hela cells prior to incubating with hMDMs MVs/supernatants
resulted in an increased inflammatory IL-6 secretion response compared to the non-
targeting siRNA control, suggesting that MerTK receptor may confer anti-inflammatory
properties (see chapter 4). Importantly this suggests that IL-1B targeting to HeLa cells
is not dependent on MerTK, as IL-6 production would have been decreased if targeting
had been dependent on this receptor. The expression of MerTK may dampen the
inflammatory response and silencing its expression resulted in more IL-6 release. This
effect is similar to studies reported where deletion of MerTK led to exacerbation of
immune responses (Waterborg et al., 2018, Cai et al.,, 2017). However, these
observations require further investigation and validation in primary cells such as
endothelial cells alongside the use of MerTK small molecule inhibitors such as
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monoclonal antibodies. It is important to note that the PS-positive MVs produced by
hMDMs were low in number (see chapter 3) where they accounted for a low proportion
of the MVs isolated from hMDMs. This may suggest that MVs target cells through other
molecular machinery rather than through the MerTK receptor, including membrane
fusion (Parolini et al., 2009) endocytosis (Svensson et al., 2013), and phagocytosis
(Feng et al., 2010).

It is of importance to understand whether the PS molecule is participating in MV's cargo
delivery. The involvement of the PS molecule itself, in MVs targeting was not
investigated due to lack of time. The use of tools such as annexin V or enriching the
PS-positive MV fraction using annexin V biotin-strepatividin bead pull-down as
performed previously by MacKenzie et al. (2001), would be appropriate to extend this
work. We also aimed to assess the internalisation of MVs using surface labelling
techniques to track this process.

Collectively, this data suggests that the majority of macrophage released IL-1f3 is not
MV-associated and that MVs containing IL-13 do not appear to depend on MerTK

expression to target IL-13 to HelLa cells.
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Chapter 6 . General Discussion

MVs are shed from plasma membrane protrusions as a result of cytoskeletal
remodelling followed by their release into the extracellular space. They were described
to function as mediators of inter-cellular crosstalk in both healthy and pathological
states through exchange of biologically active materials inside as well as expressed
on their surfaces (Ratajczak et al., 2006, Beaudoin and Grondin, 1991). Of note, their
release has been widely linked to all stages of atherosclerosis disease (Badimon et
al., 2017). MVs have the potential to induce inflammation in atherosclerosis by
delivering biological cargo including lipids, molecular materials, and inflammatory
cytokines such as IL-13. MVs containing IL-13 were previously shown to express the
PS molecule on their outer surface (MacKenzie et al., 2001). Multiple cell types are
involved in atherosclerotic plaque development and stability; MVs are derived from
cells including monocytes and macrophages, the latter being one of the most abundant
within the developed plaque (Leroyer et al., 2007). The tyrosine kinase receptor,
MerTK, has been identified as a key PS-receptor (Nakano et al., 1997). In addition,
our group obtained preliminary data to show attenuated IL-1[3 targeting following tailfin
injury in zebrafish lacking the MerTK receptor. We therefore set out to test the
hypothesis that PS-positive macrophage-derived IL-1B-containing MVs target
endothelial cells via the MerTK receptor.

In this project, we focused on investigating whether MV production from macrophages
is stimulus dependent alongside determining their relative IL-13 content. A previous
study by Mackenzie et al. (2001) showed that macrophage-derived MVs contain IL-13
and their production was dependent on LPS-priming followed by P2X7 receptor
activation by ATP. However, the MVs isolation and characterisation analysis used in
that study were different from our methodological analysis. For instance, they
selectively isolated only the PS-exposing MVs using annexin V pull downs, and
vesicles were not quantified using standardised methods such as bead-calibrated flow
cytometry and nano-particle tracking analysis. There is also a gap in our knowledge
regarding the shedding of PS-positive MVs from macrophages under those specific
stimuli; LPS and BzATP. Thus, in this project we used more up-to-date MV isolation
and characterisation methods. We isolated macrophage-derived MVs by differential
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centrifugation methods and quantified MVs by bead-calibrated flow cytometry and
found their production was stimuli independent. In contrast, some studies have shown
that MV production is inducible from monocytes and macrophages using stimuli such
as IFN (Cai et al., 2018), LPS and cholesterol (Liu et al., 2007), and IL-4 (Colombo et
al., 2018). MV shedding has been shown to occur under basal conditions where they
play a role in inter-cellular communication in response to their surrounding

microenvironment (Beaudoin and Grondin, 1991).

We also found that the proportion of PS-positive MVs produced was not altered
according to stimulus as determined by fluorescent annexin V labelling measured by
flow cytometry. The MV population is considered heterogeneous in terms of PS
molecule externalisation to the MV surface. PS externalisation has classically been
considered a hallmark “eat-me” signal of cellular apoptosis (Fadok et al., 1992). More
recently PS exposure was shown to occur in the absence of cell death. For example,
P2X7 induced PS exposure was shown to be a reversible phenomenon, dependent on
stimulus strength and duration and not related to cell death (MacKenzie et al., 2005).
The heterogeneity of PS exposure on MVs remains poorly understood. However,
some studies have linked PS externalisation to specific stimuli, such as to cholesterol
enrichment (Liu et al., 2007). It has been reported previously that some cells produced
MVs that lack the PS moleucle on their surface (Bernimoulin et al., 2009, Connor et
al., 2010). Our results show for the first time that primary human macrophages
produce PS-negative MVs.

Determination of IL-18 content in MVs is important to understand the relative
contribution of MVs in IL-1B release and delivery and their role in atherosclerotic
plaque inflammation. IL-1B is produced when macrophages are primed with LPS
leading to activation of NF-kB to induce the upregulation of inactive IL-1 (Pro-IL-1B).
A second signal such as ATP is required to activate the inflammasome and caspase-
1 to cleave pro-IL-1 into the mature form for activity at the IL-13 Type1 receptor when
secreted. We found that IL-18 secretion within MVs was upregulated following LPS
and BzATP treatment of human monocyte-derived macrophages, in line with previous
findings (MacKenzie et al., 2001). The content of MVs is dependent on their
surrounding microenvironment. For example, Gomez et al. (2020) showed that

neutrophil-derived MVs contained increasing levels of specific miRNAs (miR155)
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when cells were exposed to certain stimuli, including high fat diet and inflammatory

conditions.

While we showed that macrophage-derived MVs contain IL-13 when stimulated with
LPS followed by ATP, the majority of IL-13 released was not MV-associated and the
levels of the IL-13 detected in those MV pellets were low compared to those detected
in the MV-depleted supernatant. Several mechanisms of IL-1(3 release have been
proposed in the literature since the process of MV shedding was shown by Mackenzie
et al. (2001), one of those is the release of exosomes entrapping IL-1B (Qu et al.,
2007). Recent findings show that the pyroptosis regulatory protein; Gasdermin D is
involved in MV-independent IL-13 release. Studies have demonstrated that
macrophage pyroptosis is induced following LPS or bacterial infections due to the
activation of the pore forming protein Gasdermin D, accompanied by IL-183 release
following cell death (Shi et al., 2015,(Kayagaki et al., 2015). More recent publications
demonstrated release of IL-1B through the pore forming protein Gasdermin D from

macrophages while maintaining viability (Evavold et al., 2018).

There are no previous studies exploring whether MerTK might be a target for PS-
positive MVs. We explored this question for the first time; our preliminarily findings
suggest that MerTK knockdown did not inhibit MV-mediated IL-1B-targeting detected
through measuring induction of IL-6 release from HelLa cells.

Study limitations and future directions

It is important to mention that some experiments in our study need further expansion
in order to be adequately powered statistically and to subsequently draw firm
conclusions. This includes the investigation of IL-13 release from LPS primed
macrophages after purinergic receptor activation in the absence and presence of the
P2X7 receptor inhibitor, A438079. It would have been useful to have increased the
donor numbers for these experiments and to have tested the P2X7 dependence of MV
produced IL-18 and MV-independently secreted IL-1B3. Alternatively, other P2X7
receptor inhibitors could be investigated such as oxidized ATP and KN-62 or inhibitory
monoclonal antibodies against P2X7 receptor. If the BzATP induced IL-1 secretion
was not found to be P2X7 independent, it would be important to determine whether
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other purinergic receptors contribute to MV shedding using specific molecular
inhibitors of P2X and P2Y receptors.

The exploration of which model of IL-1B release constitute the major pathway in
hMDMs would give more insight into how this cytokine target cells in the
atherosclerotic plaque. This could be achieved through investigating the pathways
proposed in the literature i.e. the exocytosis of exosomes entrapping IL-18 (Qu et al.,
2007), and the Gasdermin D mediated pore formation and subsequently IL-1(3 release
(Evavolde et al., 2018). Investigating whether IL-1f is released through exosomes can
be achieved via isolating the pellet by ultracentrifugation method (at 100,000xg for 1
hour) and assaying the samples with either Western Blot or ELISA for IL-13 content.
Alternatively, the pellet containing exosomes can be identified via western blot or
immunohistochemistry for the common specific exosomes surface markers such as
the tetraspanins including CD81, CD63, and CD9, together with IL-13 (Jiang et al.,
2020). The exploration of IL-1B release through caspase-1 mediated cleavage of
Gasdermin D have been carried out in this project but would also requires more
replicates in order to be able to draw firm conclusions. We used the caspase-1
inhibitor, Ac-YVAD-cmk, which was limited to inhibiting caspase-1 primarily, and is
involved in the canonical pathway of inflammasome activation and assembly. It has
been proposed that other caspases in macrophage can cleave and activate
Gasdermin D such as caspase-4 and 5, and caspase-11 in mice macrophages
(Platnich et al., 2018). Therefore, further investigation is required to compare the
contribution of Gasdermin D mediated release of IL-1B versus MVs shedding
mechanism. For instance, using the pan-caspase, z-VAD-fmk, to further inhibit the
caspase-4 and 5 or siRNA-mediated Gasdermin D or caspase gene siRNA knockdown
methods. Recently disulfiram was identified as a Gasdermin D inhibitor, which may
prove a useful tool, both experimentally and therapeutically to treat inflammatory
disease (Hu et al., 2020). Moreover, other stimuli involved in IL-1B release can be
tested to compare relative contribution of IL-13 secretion from MVs and from
Gasdermin D pathway, such as the inflammasome inducer, nigericin. The IL-1(3
contained in the shed MVs was not detectable via western blotting, most likely due to
low levels released as measured in ELISA. This is potentially due to the fact that IL-
1B levels were limited by the cell numbers isolated from healthy participants as a result
of the restricted volume of blood we were allowed to collect.
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Determination of MV content with respect to IL-1 is of importance to investigate the
role of MVs in IL-1B delivery. A study has shown that ATP stimulation of microglial
cells had a great impact on the EVs contents (Drago et al., 2017). Therefore, proteomic
and lipid analysis of MVs with and without LPS/ATP stimulation would give more
insight into the extent of their contribution to atherosclerotic plaque inflammation. In
addition, determining the number of MVs produced and measuring the vesicular IL-13
following various stimuli, and the proportion of PS-positive MVs produced would help

in understanding the impact of MVs in atherosclerosis disease.

The visualisation of MVs and assessment of their temporal properties via electron
microscopy was not investigated fully in this project due to lack of time. Further cell
fixation protocol optimisation is needed. The electron microscopy analysis offers the
opportunity to assess MV size and sample purity, i.e. containing sufficient MVs, as
there is a chance of an overlap between MVs and exosomes. Importantly, we would
wish to validate MV biogenesis mechanisms through labelling the plasma membrane,
for example, using PKH labelling. This would enable tracking of MVs pinching off from

the cell membrane using fluorescent video microscopy.

In this project, the investigation of the MerTK receptor role in targeting PS-positive
MVs was performed using the HelLa cell line. While this was repeated 3-4 times, ideally
we would require more replicates to reach high statistical power, considering the donor
variability particularly in the baseline IL-6 production. Investigating the targeting of MVs
to endothelial cells would be more relevant to atherosclerosis; in addition these cells
express more of the endogenous MerTK compared to Hela cells. Although,
endothelial cell transfection would be more challenging to achieve high efficiency
compared to Hela cells, this would be the logical next step in this study.

Our study included the investigation of both populations of MVs, PS negative and
positive MVs to investigate the role of MerTK in MV targeting. It would be more relevant
to our hypothesis to test PS-positive MVs in the MerTK knockdown by isolating these
MVs using the annexin V pull down method. Alternatively, the annexin V protein itself
can be used to inhibit the PS-positive MV targeting as it competes to bind the PS
molecule. Testing cell lines with MerTK permanent knockdown may give more insight
into the role of MerTK in MV targeting. Considering other components of the MerTK

receptor complex, i.e. its ligands: Gas6 and Protein-S in the future experiments may
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have an impact on the results obtained, as our experiments were limited to testing the
MerTK only. This can be tested in the presence and absence of inhibitors such as
inhibitors for the other parts of the PS receptor TAM complex / protein S or Gas6 or

monoclonal antibodies against MerTK.

In conclusion, macrophage-derived MVs are detectable in cell line models of
monocyte/macrophages as well as in primary hMDMs. The data suggest that MV
production is stimulus independent, and are a mixed population with respect to PS
exposure where the proportion of PS positive MVs is not stimulus dependent. The
production of IL-1B containing MVs requires two stimuli: LPS (TLR4 receptor) & ATP
(Purinergic receptors). Interestingly, the human donor-derived primary macrophages
offer the most consistent ATP-dependent IL-13 MVs production, compared to cultured
monocytic cell lines. The expression of MerTK receptor was detected in endothelial
cells and macrophages but absent in vascular smooth muscle cells for cell-types
compared in relation to the atherosclerotic plague. MerTK expression did not appear
to be altered in response to a variety of conditions relevant to the plaque. Finally, IL-
1B containing MVs do not appear to be targeted to cells via the MerTK receptor.
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