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Abstract

It has become increasingly evident that low serum levels of testosterone experienced by aging
males are associated with cardiovascular disease. Clinical trials have shown that testosterone
replacement therapy (TRT) can improve symptoms of cardiovascular disease and reduce the
inflammatory burden, evident in the early stages of atherosclerosis. Thus, a potential role of
testosterone as an anti-inflammatory agent has emerged. The over-recruitment and activation
of leukocytes characteristic of early atherosclerosis is considered the driving force behind
atheroma development and is regulated by the concerted activities of several cytokines,
chemokines and adhesion molecules, expressed by vascular endothelial and smooth muscle
cells. The chemokines CCL2 and CX3CL1, which influence the migration of these leukocytes to
sites of inflammation, have been implicated in disease progression. Whether testosterone has
a modulatory effect on these orchestrating inflammatory molecules remains largely unknown.

The aim of this thesis was to determine whether testosterone influences vascular
inflammation as part of its beneficial effects on atherosclerosis, using a combined in vitro and
in vivo approach. Primary human aortic endothelial and smooth muscle cells in vitro were
investigated for CX3CL1 and CCL2 expression under pro-inflammatory conditions, as a model of
vascular inflammation. Androgen treatment of these vascular cells, with or without AR
blockade, was studied to determine potential anti-inflammatory effects. In addition, the
testicular feminised (Tfm) mouse, which expresses low endogenous testosterone and a non-
functional androgen receptor (AR), was used to assess the in vivo effect of androgen status
upon atheroma formation, serum lipids and inflammatory mediators, to identify actions of
testosterone on these pathways.

Findings from this thesis confirmed that CX3CL1 and CCL2 are involved in vascular inflammation
associated with atherosclerosis evident by the in vitro up-regulation by pro-inflammatory
cytokines, and also that CX;CL1 was present, along with CX3CR1, in early fatty streaks in the
aortic root of Tfm mice. A high-cholesterol diet was associated with increased fatty streak
formation in the aortic root of wildtype mice, an effect that was significantly amplified by the
low endogenous testosterone and a non-functional AR (in the Tfm mouse). Physiological TRT
reduced fatty streak formation in the Tfm mouse but did not have significant effects on
circulating cytokines. No significant modulation of CX;CL1 or CCL2 expression by testosterone
treatment in vitro was observed, although further work is required to definitively confirm this
finding.

This thesis has demonstrated that physiological concentrations of testosterone can inhibit fatty
streak formation, via an AR-independent mechanism in Tfm mice, although not through
systemic or local anti-inflammatory actions. The mechanisms by which TRT may confer
cardiovascular benefits to men with hypotestosteronemia and cardiovascular risk requires
further investigation.
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Chapter 1

General Introduction

1.1 Cardiovascular Disease

Cardiovascular disease (CVD) remains the major cause of mortality in the western world,
accounting for nearly half of all deaths in Europe (48%) and the European Union (42%), and is
the UK's biggest killer (Rayner et al. 2009). CVD comprises all diseases of the heart and
circulatory system, but primarily includes coronary heart disease (myocardial infarction, angina,
heart failure and coronary death), cerebrovascular diseases (stroke, transient ischaemic
attacks) and peripheral vascular diseases (intermittent claudication, gangrene) (Glaudemans et
al. 2010). The major underlying cause of CVD is atherosclerosis. In order to improve prognosis
and provide better therapies for cardiovascular disease, it is critical to develop a greater

understanding of the basic pathophysiological processes of atherosclerosis.

1.2 Atherosclerosis

Atherosclerosis is a complex disease of the large and medium sized arteries that has a lengthy
. asymptomatic phase of development. Beginning in the first decade of life, although early
vascular changes are minor, atherosclerosis can progress over time and typically manifests
clinically in middle and late adulthood or, more often than not, it may regress and disappear

with time (Hansson and Libby 2006, Hong 2010).

This disease is characterised by the over recruitment of leukocytes and lipid accumulation in
the vessel wall, leading to a loss of normal vascular function and stenosis, narrowing of the
arteries. Stenosis interrupts the normal blood flow through the vessel, which can manifest as
specific clinical complications depending upon the location of the affected vessel (Figure 1.1b).
Over time, as the accumulation of lipid and immune cells continues, these lesions, known as
atherosclerotic plaques, mature and take on new characteristics, often becoming vulnerable to
rupture as a result of aggressive immunological activity. Although clinical complications of

stenosis occur, the most severe clinical manifestations of
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atherosclerosis arise from plague rupture, which exposes the thrombotic plaque contents to
the blood and sudden thrombotic occlusion may ensue (figure 1.2). Depending upon the
vascular location of the blockage, severe and often fatal clinical complications transpire, such
as myocardial infarction (M) and stroke (figure 1.1c). The precise mechanisms that underlie
this plaque development remain disputed. However, over the past three decades our
understanding has evolved from early hypotheses based on lipid deposition within the vessel
wall, to a more complex interplay between the conventional risk factors (obesity, smoking,
family history, hypertension), inflammation and dysfunction of the vasculature. These pan-
vascular processes are now focussed on immunological involvement and have established

atherosclerosis as an inflammatory lipid pathology.
1.2.1 Initiation of inflammatory atherosclerotic events

As excessive atherogenic lipids in the vascular wall influence inflammation, which
subsequently affects vascular permeability to lipids creating a circular and perpetuating

situation, the debate over the triggers of atherosclerosis continues.

It is plausible that distal events that alter systemic inflammatory status have the potential to
modify and activate local inflammatory actions in the artery at the site of atheroma formation.
Such events may include; increases in circulating lipoprotein particles acting locally on the
vasculature to affect oxidative status (see following sections), extravascular infection that
elevates systemic cytokine production and immune activation, hyperglycaemic modification of
macromolecules associated with diabetes that subsequently cause endothelial activation,
hypertension-induced alterations of oxidative and inflammatory status, as well as physical
damage from shear stress in extreme cases, and increases in circulating inflammatory
cytokines from adipose tissue due to obesity (see Libby 2006 for review). In addition, local
intravascular infection might also provide a local inflammatory stimulus, as seen with microbial

agents such as Chlamydia pneumoniae (Kol et al. 1999).

Regardless of which of these preceding events may initiate the inflammation in atherosclerosis,
the role of lipids and their transformation to immunogenic species by oxidative reactions

remains central to early athero-inflammatory events.
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1.2.1.1 The role of lipids

Although our knowledge of atherosclerosis has developed beyond early theories that
suggested only a primary hyperlipidemia, the role of lipids, and particularly cholesterol,
cannot be ignored as they are implicated in the initiation, development and progression of
the disease. Abnormalities in lipoprotein profiles are still recognised as the most important

cause of premature atherosclerosis (Knopp 1999).

1.2.1.1.1 Cholesterol

Cholesterol is a biologically important molecule within the body, acting as a structural
component in cell membranes and as a precursor to steroid hormones, vitamin D and bile
acids (Daniels et al. 2009). The majority of the cholesterol needed to maintain a healthy
status is biosynthesised in the liver. Hence a much smaller proportion is required from
dietary intake of foods high in saturated fatty acids. This balance is altered with dietary
intake, with biosynthesis reduced when intake is high and increased when it is low (Jones
1997). This tight regulatory balance is essential for maintaining health. However, the
homeostatic mechanisms can be inadequate when dietary cholesterol intake is excessive or

in pathologies that alter lipid processing.

As cholesterol is water insoluble it is not found free in the blood. Instead it is esterified to
fatty acids and packaged into lipoprotein particles. There are five main classes of
lipoproteins, based on size and protein-to-lipid ratio density (the more protein the higher
the density) (Daniels et al. 2009) (figure 1.3). Dietary cholesterol is packaged into
chylomicrons in the intestine through the esterification of free cholesterol and the
synthesis of triglycerides from free fatty acids, amalgamated together with apolipoprotein B
(apoB) (Daniels et al. 2009). These particles pass into the circulation where they are
targeted by lipase enzymes which break down chylomicron components to allow the
redistribution of fatty acids. Very low density lipoproteins (VLDL) are produced by the liver
from chylomicron remnants and function to distribute triglycerides and cholesterol esters
to the rest of the body. As they circulate, high density lipoprotein (HDL) and lipoprotein
lipase enzymes in the capillaries remove triglycerides and alter the VLDL particles to an
intermediate density lipoprotein (IDL), which is either removed from the plasma by the liver
or further transformed to a low density lipoprotein (LDL) by continued reduction of fatty

acids and apolipoproteins (Gunston et al. 2007). LDLs are the main source of cholesterol
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transport in the circulation and are considered atherogenic due to their propensity to bind
to connective tissue in the intima of arteries (Mourao and Bracamonte 1984). Conversely,
HDL presents anti-atherogenic properties due to its ability to negate cholesterol
accumulation in tissues. HDL is continuously manufactured in the liver and circulates in the
blood, acting as a scavenger for free cholesterol and cholesteryl esters from chylomicrons
and VLDL. HDL can also acquire cholesterol from LDL particles in the circulation or tissues,
before returning to the liver, where reverse cholesterol transport removes cholesterol and

it is used to synthesise bile acids or it is excreted (Daniels et al. 2009).

LDLs and other lipoproteins can freely enter the artery wall from the plasma, and can be
taken up by vascular cells via receptor-mediated endocytosis or lipase activity, or can
remain free in the intima (Goldstein and Brown 1977, Dabagh et al. 2009). Equally, they can
return to the circulation from the tissues, dependent upon circulating concentrations.
When plasma levels are high (hyperlipidaemia) entry can be greater than exit, and
lipoproteins accumulate in the vascular wall (Barter 2005). Therefore, the lipid profile of an
individual may greatly influence susceptibility to atherosclerosis, with particular emphasis
on the balance between circulating cholesterol-rich LDLs and cholesterol-clearing HDLs. This
is demonstrated by many cross-sectional and epidemiological studies implicating
atherogenic dyslipidemia (low HDL-cholesterol, increased triglycerides and non-HDL
cholesterol, and elevated small dense LDL particle concentrations) with CVD (See Musunuru

2010).
1.2.1.2 The role of shear stress and oxidative status

Remarkably, atherosclerotic lesions tend to develop in predisposed areas of the vasculature
that are associated with specific haemodynamic conditions. Physiological laminar shear
stress is created by the dragging force generated by blood flow over the luminal surface of
the vascular endothelium (Patel et al. 2000). It is of particular importance for protecting the
endothelium from abnormal activation and the promotion of atherogenesis. The protective
effect of laminar shear stress is thought to be due to the release and activity of nitric oxide
(NO) (Tao et al. 2006, Pan 2009). NO is a potent endogenous vasodilator contributing to the
maintenance of tone, reactivity and homeostasis of the vasculature, and influences local

and regional blood flow (Naploi and Ignarro 2001, Férstermann 2010). Importantly, NO also



decreases endothelial permeability and reduces the flux of lipoproteins into the vessel wall

(Cardona-Sanclemente and Born 1995).

Synthesis of NO occurs via endothelial nitric oxide synthase (eNOS) or inducible nitric oxide
synthase (iNOS) which can be regulated by elevations in calcium ion concentration, as a
result of vascular mechano-chemical sensitive responses to haemodynamics (Jagnandan et
al. 2005, Napoli et al. 2006). Physiological laminar shear stress increases the abundance of
eNOS in the vasculature, thus maintaining NO and vascular function (De Nigris et al. 2003).
However, at locations subjected to oscillating or prolonged low or high shear forces, such as
near arterial branches, bifurcations and curvatures, NO activity is reduced (Napoli et al.
2006). A reduction in NO synthesis is a major contributing factor to endothelial dysfunction
(Wever et al. 1998) and reduced eNOS expression has been demonstrated in human

atherosclerotic lesions (Oemar et al. 1998).

Focal and regional haemodynamic parameters influence endothelial gene expression with
an increase in pro-inflammatory gene expression in areas of disturbed flow, compared to
anti-inflammatory gene expression in areas of healthy high shear stress (Davies et al. 2009,
Boon and Horrevoets 2009). This may be mediated via NO activity, through the regulation
of transcription factors associated with inflammatory genes and suppression of the
expression of atherogenic molecules (De Caterina et al. 1995, Shin et al. 1996). Loss of NO
and subsequent upregulation of these prb-inﬂammatory genes may result in activation of
the endothelium. Cultured endothelial cells exposed to oscillatory shear stress mimicking
arterial blood flow display increased expression of several leukocyte adhesion molecules
(Dai et al. 2004). Hastings et al. (2007) observed that cultured endothelial cells exposed to
disturbed flow patterns show increased expression and secretion of the inflammatory
“cytokine IL-8. Disturbed haemodynamics also increase vascular expression of endothelin-1
(ET-1), a potent vasoactive peptide, which in turn induces the appearance of adhesion
molecules and promotes excessive oxidative stress (Grover-Paez and Zavalza-Gomez 2009).
In addition vascular wall shear stress has the capability to act beyond the endothelium, with
turbulent flow leading to an increased production of proteoglycan molecules by smooth
muscle cells {Grover-Paez et al. 2009). Proteoglycans can bind and retain lipoprotein
particles, facilitating their oxidative modification and subsequent inflammatory events

(Skalen et al. 2002). The mechanisms by which these inflammatory characteristics evolve



are not fully understood, but may be caused indirectly due to NO depletion and subsequent

inflammatory signal pathway activation.

1.2.1.3 Oxidation of LDL

The cause and effect relationship between endothelial dysfunction and vascular
dyslipidemia, and therefore the first step that initiates endothelial activation, has not yet
been identified. The infiltration of LDL, however, is considered a fundamental juncture.
Once LDL has penetrated the endothelium it is susceptible to modifications by reactive
molecules present in the vascular wall as a result of normal and pathologically altered

metabolic function.

Reactive oxygen species (ROS) are naturally occuring oxidants produced through normal
eukaryotic metabolism. These free and non-free radicals possess potent oxidative ability,
capable of damaging cellular components including lipids and membranes (Madamanchi et
al. 2005). Oxygen radicals also possess the capacity to modify unsaturated fatty acid
residues of triglycerides and phospholipids of LDL, resulting in highly reactive oxidised-LDL
(oxLDL). The mechanisms by which LDL is oxidised remains unknown, and the modified
structures of oxLDL are also not yet clear, in part due to the heterogeneous nature of the
composite mixture of modified particles (Itabe 2009). However transformation of residues
on LDL molecules are known to alter its structure to form atherogenic neoepitopes, with
properties that can be recognised by scavenger receptors on macrophages that are capable
of initiating an immune response (Horkké et al. 2000). As oxLDL is a self-protein, altered in a
way that is capable of immune interactions and initiation of inflammation, atherosclerosis
may be considered an autoimmune disease (See Mandal et al. 2005, Blasi 2008). In addition,
LDL and oxLDL have been shown to increase ROS generation through eNOS uncoupling,
whereby synthesis of this enzyme is increased but function is altered as a result of
decreased L-arginine uptake (the eNOS substrate for NO production), and disruption of the
transcription of NOS ultimately decreases the production of NO (Pritchard et al. 1995,
Jessup 1996, Vergnani et al. 2000). Cells have evolved a protective mechanism by which
these oxidants can be enzymatically "mopped-up" by superoxide dismutases (SOD),
catalase and glutathione peroxidase, which break down oxidised lipid and neutralise their
proinflammatory effects (Heistad et al. 2008). This homeostatic balance usually sees a

compensatory increase in levels of SOD in response to heightened metabolic activities and

10



oxidative stress (Heistad et al. 2008). However, in pathophysiological conditions, excess
oxidants can overwhelm the scavenging capacity of these cellular antioxidant systems

resulting in oxidative damage (Madamanchi et al. 2005).

Alterations in oxidative status, as a result of increased ROS accumulation and subsequent
oxidative damage, can activate nuclear transcription factors that increase the expression of
cytokines, chemokines and adhesion molecules involved in atherogenesis within cells of the
vasculature {(Reape and Groot 1999). Vascular cell adhesion molecule-1 (VCAM-1), intra-
cellular adhesion molecule-1 (ICAM-1), E-selectin, and P-selectin are expressed on
endothelial cells at locations considered to be reflective of disturbed haemodynamics and
are also upregulated by oxLDL (Reape and Groot 1999, Galkina and Ley 2007). Immune
recruitment to activated endothelium may primarily be a protective response for oxLDL
clearance, yet could ultimately initiate inflammation typical of atherosclerosis. Again, this
vascular activation affects endothelial permeability to macromolecules, and in
hypercholesterolemia, LDL can diffuse into the intima (Ogunrinade et al. 2002). In addition,
elevated levels of ROS can induce oxidative damage of DNA leading to arrest of cell growth
and apoptosis, which in turn is capable of initiating immune responses (Bennett 2001). The
target of ROS-induced DNA damage in atherosclerotic lesions is unclear. However, ROS is
capable of provoking toxicity in vascular cells (Li et al. 1997) and macrophage apoptosis

(Martinet et al. 2001).

ROS are generated in atherosclerotic plaques, particularly by macrophages (Kojda et al.
1999). Therefore, vascular oxidative stress is exacerbated by elevated atherogenic lipid
profiles and the activity of recruited immune cells, leading to excessive ROS formation and
vascular injury/activation. In the presence of hypercholesterolemia this, in turn increases
LDL influx into the vessel wall, subsequent LDL oxidation and leads to NO inactivation,
which further accelerates superoxide generation and LDL oxidation, perpetuating
endothelial dysfunction (Arimura et al. 2001, Chen et al. 2006). The initial cause of
endothelial injury/activation, lipid accumulation and oxidative damage-modification
remains unclear. However, it is clear that the combination of these events is capable of

promoting immune responses.
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1.3 Immune response in atherosclerosis

The initiating events that trigger the arterial inflammation associated with atherosclerosis
are not completely known. HoWever, as seen above, elevated atherogenic lipids in the
vessel wall, endothelial dysfunction and modified lipids and proteins due to increased
oxidative activity, can all result in immunogenic epitopes that can activate and injure the

endothelium.

1.3.1 Early vascular changes

Activated vascular cells at arterial sites prone to atheroma promote early inflammatory cell
recruitment, a process that is orchestrated by cytokines, chemokines and adhesion

molecules.

1.3.1.1 Cytokines

Cytokines are pleiotropic signalling proteins, important for regulating inflammatory and
immune responses through autocrine, paracrine and juxtocrine activity. They are regulators
of innate and adaptive immune responses and can generally be divided into several classes;
interleukins (IL), tumour necrosis factors (TNF), interferons (IFN), colony stimulating factors
(CSF), transforming growth factors (TGF) and chemokines (Tedgui and Mallat 2006). Many
cytokines have the ability to act synergistically in their immunological function and can be

both pro- and anti-inflammatory.

1.3.1.2 Chemokines

Chemokines are a family of low molecular weight soluble chemoattractant proteins,
released at the site of inflammation that act on immune cells and vascular cells in a
localised manner to regulate several processes involved in inflammation, including
leukocyte trafficking, apoptosis, proliferation and further cytokine and chemokine synthesis
(Taub and Oppenheim, Rollins 1997). There are approximately 42 human chemokines that
cén be subdivided into four families (C, CC, CXC and CX3C) based on the number and spacing
of the first two cysteine residues in a conserved cysteine motif (Bazan et al. 1997, Zlotnik
and Yoshie 2000). With 20 known chemokine receptors and extensive overlap of ligand-

recéptor recognition, the chemokine system has the capacity to be very specific yet very
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complex (Surmi et al. 2009) (Table 1.1). The orchestration of this chemokine system in
atherosclerosis is, as yet, not clearly defined. However, many chemokines have been
identified in human atherosclerotic lesions demonstrating their involvement in the
pathogenesis of the disease (Reape and Groote 1999, Abi-Younes et al. 2000, Greaves and

Gordon 2001, Wong et al. 2002a).

As circulating leukocytes come into contact with inflammatory chemokines, released from
the activated endothelium, receptor-ligand binding occurs and the cells become active. This
occurs through actin rearrangement and a change in cell shape, enabling movement to the
inflammatory site via concentration gradient-induced migration (Charo and Taubman 2004).
The consequence of this receptor activation is not limited to locomotion, as gene
transcription can take place, leading to other functions such as increased adhesive
characteristics through the modulation of integrins, selectins and other adhesion molecules

(Thelen 2001).

In addition, chemokines secreted at sites of inflammation can be immobilised and
concentrated on the surface of immune and vascular cells via binding to proteoglycans
(Kuschert et al. 1999). This creates an endothelial milieu favourable to leukocyte adhesion

and transmigration into the vascular wall, whereby inflammation is perpetuated.

1.3.1.3 Adhesion molecules

Adhesion molecules aid cell-cell communication and are involved in the recruitment of
immune cells, in conjunction with chemoattractant molecules, which are often co-
expressed. Endothelial cells, under normal circumstances, have a low adhesive capacity for
leukocytes and platelets. However, in atherosclerosis-prone sites, increased adhesion
molecule expression occurs with immunological consequence. As an initial response to
inflammatory stimuli, vascular endothelial cells increase expression of leukocyte adhesion
molecules such as VCAM-1, ICAM-1, E-selectin, P-selectin and integrins, which are

considered to be involved in atherogenesis (Sima et al. 2009).

Circulating leukocytes initially tether to the luminal surface of the endothelium via integrin-
and selectin-mediated binding, either directly or through platelet interactions. This binding

is transient and not sufficient to firmly capture leukocytes, but can slow their progression
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allowing for further tethering to additional adhesion molecules. This creates a ‘rolling’
effect of the leukocyte along the endothelium and maximises cell-cell communication
(Figure 1.4). Under normal conditions selectin and integrin interactions are reversible and
are not sufficient to bind rolling leukocytes. Cytokines and chemokines released from
endothelial sites of inflammation activate integrins and selectins and result in the firm
capture of leukocytes (Campbell et al. 1998, Weber 2003). The binding of other up-
regulated adhesion molecules, due to the close contact of leukocyte rolling, may mediate
integrin activation or may independently instigate cell arrest. Firm adhesion of leukocytes
to the endothelium propagates intra-cellular signaling in both leukocytes and endothelial
cells to facilitate diapedesis of immune cells into the sub-endothelial space (vascular intima),

independently or via further chemokine signalling (Weber 2003, Ley et a/ 2007).
1.3.2 Cell types involved in atherosclerosis

The accumulation of inflammatory cells within the artery wall, predominantly monocytes
and T cells in early plaques, leads to increased local production of cytokines, growth factors
and chemokines from vascular cells and immune cells. These factors enhance and amplify
the cascade of inflammatory events that attract and activate further leukocytes to the
intima, such as mast cells, neutrophils, natural killer cells and rarely B-cells (figure 1.5)

(Libby et al. 2002a).

1.3.2.1 Monocytes/macrophages

Monocytes have been identified as the ‘crucial force’ in driving atherogenesis, and are
present at all stages of plaque development (Weber et al. 2008). In early plaques,
macrophages are the predominant inflammatory cells and represent the effector cells of

the innate immune response (Hansson and Libby 2006).

Circulating monocytes are recruited to sites of inflammation predominantly by chemokines.
Monocyte chemoattractant protein-1 (MCP1, or CCL2) (Gu et al. 1998, Boring et al. 1998),
fractalkine (CX3CL1) (Bazan et al. 1997, Guo et al. 2003), and CCL5 (Tacke et al. 2007,
Combadiere et al. 2008) are considered to act as chemoattractants for monocytes, initiating
their migration towards the inflammatory site down a concentration gradient and assisting
in extravasation into the vessel. Monocyte differentiation into macrophages in the vascular

intima results from stimulation with macrophage colony-stimulating factor (M-CSF),
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produced by activated endothelial and smooth muscle cells (Rajavashisth et al. 1990b). In
addition, M-CSF can induce scavenger receptor expression on macrophages (Clinton et al.
1992). Scavenger receptors are a family of pattern-recognition receptors, including CD36,
CD68, CXCR16, lectin-type oxidised low-density lipoprotein receptor-1 (LOX1), scavenger
receptor-A (SR-A) and SR-B1, which bind proteins recognised as foreign, including madified
LDL, and internalise them for proteolytic degradation (See Hansson and Libby 2006). These
receptors may have evolved as a means of recognising oxidised self-antigens to mediate
their degradation and clearance to avoid autoimmunity (Greaves and Gordon 2008). In
atherosclerosis, these protective mechanisms may become overwhelmed, leading to
pathological outcomes. Also implicated in the initial events of immune recognition and
recruitment are toll-like receptors (TLR), which have a similar function to scavenger

receptors, but can directly elicit inflammatory responses (Libby et al. 2009).

Macrophages bind, via their scavenger receptors, engulf and degrade oxLDL particles to
generate free cholesterol for efflux. However, during hypercholesterolemia and heightened
vascular activation associated with atherosclerosis, the clearing of cholesterol is inhibited
and lipid accumulates within the macrophages forming so-called ’foanﬁ cells’ due to their
foamy appearance under the microscope (Galis et al. 1995). Additionally, at sites of
inflammation, macrophages and monocytes are capable of phagocytosis of lipid-laden
platelets, also causing foam cell formation, and the conversion of monocytes to foam cells
is inducible by platelet-derived factors (Reviewed in Seigel-Axel et al. 2008). Foam cells are

the characteristic cells of early ‘fatty streak’ atherosclerosis (Montecucco and Mach 2009).

Monocytes exhibit heterogeneity, falling into two distinct subsets relating to high and low
immunological activity, potentially identified by expression of cell adhesion ligands and
chemokine receptors which determine their subsequent role in inflammation (Tacke et al.
2007, Libby et al. 2008). Inflammatory monocytes are CCR2* and CX;CR1" and are thought
to adhere preferentially to activated endothelium, moving rapidly from the blood to sites of
inflammation and giving rise to classically activated (M1) macrophages (Geissmann et al.
2003, Swirski et al. 2007). In addition, these monocytes express high levels of P-selectin
glycoprotein-1 (PSGL-1) that contributes to homing and rolling on the arterial endothelium
by demonstrating a high capacity for binding the selectin adhesion molecules (An et al.
2008, Shimada 2009). In contrast, the second subset of ‘non-classical’ monocytes express

high CX3CR1 levels but are CCR2 negative. These monocytes, with distinct adhesive
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capabilities, are considered to ‘patrol’ the luminal side of the endothelium (Woolard and
Geissman 2010) and are destined to become less inflammatory resident M2 macrophages
(Geissmann et al. 2003) or dendritic cells (Tacke et al. 2007), potentially involved in
atherosclerosis. Whether this subset patrols the entire vascular tree, however, is yet to be

explored (Woolard and Geissman 2010).

Also, circulating monocyte subsets show plasticity and are capable of converting to the
alternate phenotype depending upon the activating stimuli (Swirski et al. 2007).
Proatherogenic stimuli, such as dyslipidemia, leads to a profound increase in the expression
of proinflammatory subsets of monocytes, which mature into M1 macrophages in the
intima and exhibit heightened proinflammatory activity (Geissmann et al. 2003, Schlitt et al.
2004, Swirski et al. 2007, Tacke et al. 2007). The specific contributions of monocyte and
macrophage subsets remain largely unknown, however, their presence in early lesions is

clear.

Pro-atherogenic M1 macrophages predominate in athero-development and secrete pro-
inflammatory cytokine mediators such as IL-1, TNFa and ROS, thereby promoting continued
immune cell recruitment and accumulation of lipid within the artery wall (Hansson 2005).
Several lines of investigation suggest that the initiation of cytokine production from
macrophages in atherosclerotic sites is most likely elicited by oxLDL (Tedgui 2005). TNFa
and IL-1p are also secreted by activated and lipid-laden macrophages provoking multiple
cellular effects within the vasculature that promote atheroma formation (Packard et al.
2009). In addition, TLR activation leads to the production of cytokines by macrophages. In
particular, TNFa and IFNy are secreted in high levels from TLR-activated dendritic cells
(Krutzik et al. 2005). The less inflammatory M2 macrophages may function to modulate
athero-progression by dampening the inflammatory response through secretion of anti-
inflammatory mediators such as IL-10 and TGFB (Gordon 2003) promoting resolution of

inflammation (Martinez et al. 2009).

Macrophages, foam cells and dendritic cells act as antigen presenting cells (APC) to
leukocytes of the adaptive immune response. OxLDL is ingested and processed by
lysosomal degradation resulting in oxLDL-derived epitope delivery and display on the cell

membrane by major histocompatibility complex (MHC) class | and 1l molecules (van
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Puijvelde et al. 2006). This presentation allows for interaction with cells of the adaptive

immune response (See section 1.3.2.2).

1.3.2.2 T cells

The significant presence of T cells and their production of cytokines and other inflammatory
modulators in atherosclerotic plaques implicate a regulatory role for these adaptive
immune cells in instructing the more abundant effector cells of thé innate immune
response (Hansson et al. 2000), and thus demonstrate a link between pathways of innate
and adaptive imfnunity in early atherosclerosis. Circulating T cells enter the arterial intima
in the early stages of atherosclerosis in response to adhesion molecule expression on the
activated endothelium and local release of chemokines, in a manner similar to monocytes.
Activated vascular cells and macrophages in the developing plaque produce the T cell
chemoattractant CCL5 (also known as RANTES (regulated on activation, normal T-cell
expressed and secreted)) (Mach et al. 1999). In addition, T cells respond to the IFNy-
inducible chemokines IFNy-inducible protein-10 (IP-10, CXCL10), monokine induced by IFNy
(MIG, CXCL9) and CXCL11 (also known as IFNy-inducible T cell a-chemoattractant (I-TAC))
and adhere to VCAM-1 at sites of atheroma (Libby 2009).

Most T cells in atherosclerotic lesions are CD4" T cells, but there are also a small proportion
of CD8" cells (Paulsson et al. 2000). Local CD4" T cell activation occurs due to interaction
with antigen presenting cells. Naive T cells, with specific oxLDL receptors, bind the MHC
class ll-oxLDL antigen complex on APCs resulting in the proliferation and clonal expansion of
oxLDL specific T-cells (Stemme et al. 1995). During this T cell-APC interaction, additional
membrane proteins aid communication between T cells and macrophages, significantly
CD40-CD40 ligand (CD4O0L) interactions, which activate both cell types (Libby 2006). Upon
oxLDL recognition, T cells undergo antigen-dependent activation in which they synthesise
CD40L. CDAOL interacts with CD40 on the macrophage surface activating its effector
mechanisms, including enhanced cytokine production (IL-1, IL-12, TNF-a) (Phipps 2000). In
addition, CD40-CD40L interactions are critical for the development of T cell effector
functions of proliferation, differentiation and cytokine production (Laman et al. 1996). T cell
cytokines include TNF-a, IFN-y, IL-4, IL-6, IL-12, IL-2, (Phipps 2000, Hansson and Libby 2006,
van Puijvelde et al. 2006). These cytokines, in turn, control further macrophage activation

including scavenger receptor expression, MHC expression and cytokine production, in
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addition to their effects on the vascular wall. This perpetuating active “cross talk” through

the Th1 cytokine repertoire accelerates atherosclerosis (Horkko et al. 2000).

Upon activation, T lymphocytes differentiate into particular subsets, dependent on co-
stimulation from cytokines, growth factors and specific cell-cell interactions, and are
therefore controlled by the local inflammatory milieu. Most oxLDL reactive CD4+ T cells
have a T helper 1 (Thl) phenotype (Stemme et al. 1995, Zhou et al. 2001), and
consequently CD4+ Th1l cells are the predominant T cell in lesions, with CD8+ cytotoxic T
cells detected to a lesser extent (Hosono et al. 2003). The differentiation of CD4+ T cells
into Th1, Th2 or regulatory T cell (Treg) subsets is driven by the influence of cytokines. Thl
cell differentiation is driven by the proinflammatory cytokines IL-18 and 1L-12 synergistically
(Packard et al. 2009), whereas IL-4 induces the Th2 subset (Weirda et al. 2010) and IL-10
and TGFp provoke regulatory T cells (Tregs) whilst also down-regulating Th1 cell production
(Ait-Oufella et al. 2009).

Th1 cells are the predominant T cell in atherosclerotic plaques and are the primary source
of IFNy, although NK cells, and to a lesser extent macrophages, can also produce IFNy
(Andersson et al. 2010). IFNy potentiates the production of proinflammatory Thl-
promoting cytokines IL-12 and IL-18 by macrophages and smooth muscle cells, in addition
to MHC-II expression, increased lipid uptake and increased APC activation (Leon and
Zuckerman 2005, Hansson and Libby 2006). IFNy may influence foam cell formation through
the inhibition of scavenger receptor expression, as demonstrated in the THP-1 macrophage
cell line (Li et al. 1995, Grewal et al. 2001, Wuttge et al. 2004, Wagsater et al. 2004) and
subsequent decrease of modified LDL uptake (Reiss et al. 2004).

The role of Th2 cells in atherosclerosis is poorly understood though it is generally
considered that they are anti-atherogenic as they oppose pro-atherogenic Thl
differentiation and cell response, and produce the anti-inflammatory cytokines IL-4, IL-5, IL-
10 and IL-13 (Andersson et al. 2010). Mice predisposed to a Th2 response are found to be
resistant to diet-induced atherosclerosis (Paigen et al. 1985) and elimination of the Th2
response gives rise to atherosclerosis susceptibility (Huber et al. 2001). Th2 cells, however,

are rarely detected in mouse atherosclerotic lesions (Mallat et al. 2009).

Tregs are considered to influence the inflammatory progression of atherosclerosis through

the release of anti-inflammatory cytokines, such as IL-10 and TGFB, and their presence in all
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developmental stages of human plaque formation could explain the smouldering chronic
inflammatory process that occurs throughout the longstanding course of the disease (de

Boer et al. 2007).

1.3.2.3 Platelets

There is accumulating evidence for the involvement of platelets in early and late
atherosclerosis through their contribution to endothelial activation, modulation of
inflammatory responses leading to lesion formation, and subsequent thrombotic

complications.

Platelets are influenced by circulating lipids. LDL, VLDL and particularly oxLDL can bind to
specific receptors on platelets, including scavenger receptors SR-B1, CD36 and LOX-1,
mediating lipoprotein-platelet interactions (Badimon et al. 2009). The specificity and
detailed function of these receptors is a matter of debate (Seigel-Axel et al. 2008). Platelet
interactions with native LDL may function as a mechanism of lipoprotein exchange between
the tissues and the circulation, delivering vital cellular components or facilitating lipid
clearance. In contrast, oxLDL binding to platelets induces activation, morphological changes
and promotes hyperaggregation (Tandon et al. 1989, Surya and Akkerman 1993, Elisaf et al.
1999). Whether lipoproteins are simply bound to the platelet surface or endocytosed is not

fully understood.

Activated platelets are prone to adhere to the endothelium, particularly at sites of
endothelial dysfunction or activation, where adhesion molecule expression is increased or
the extracellular matrix is exposed. These mechanisms may initially serve to protect the
endothelium, by initiating vascular repair through the release of growth factors and the
attraction of progenitor cells (reviewed in Badimon et al. 2009). There is also evidence that
platelets adhere to intact endothelium, possibly due to their sensitisation by pro-
inflammatory stimuli and lipoprotein status (Seigel-Axel et al. 2008). Platelets adhere
following the well-controlled mechanism of tethering and rolling, initiated by P-selectin-
PSGL-1 interactions. Tethering further activates platelets, increasing cell-cell
communication with the endothelium via increased production of cytokines, chemokines
and adhesion molecules, and ultimately promotes platelet arrest (Lindemann et al. 2007).
Firm platelet adhesion causes maximal platelet activation, leading to increased

inflammatory mediator secretion (Lindemann et al. 2007). For example, endothelial CD40
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interactions with CD40L on platelets induces the secretion of the chemokines CCL2 and IL-8
(CXCL8) from endothelial cells, thereby generating chemotactic signals that recruit
leukocytes (Henn et al. 1998). Additionally, activated platelets secrete IL-1B, a potent
inflammatory cytokine (see Lindemann et al. 2007). Consequently, these cytokines are able
to further activate endothelial expression of adhesion molecules ICAM-1, VCAM-1 and P-
selectin (Lindemann et al. 2007). Therefore, platelets can activate, and be activated by,
dysfunctional endothelium either directly or indirectly as a consequence of lipoprotein

interactions (see figure 1.6).

In addition, there is evidence that both resting and activated platelets are capable of
generating ROS. Due to their interactions with lipoproteins, this may augment oxLDL
formation (See Seigel-Axel et al. 2008). Therefore, although most evidence indicates a
fundamental role in endothelial activation and leukocyte adhesion, platelets may have

multiple influences on atheroma development.

1.3.2.4 Additional leukocytes

As the early fatty streak develops, further cell types, such as mast cells, neutrophils, natural
killer cells and rare reports of B cells appear in the plaques as they progress into the mature
atherosclerotic state, although they remain relatively minor constituents and relatively
poorly understood with regard to plague development (Libby and Aikawa 2002). Each of
these immune cells is capable of exacerbating the inflammatory environment through the
balance of pro- and anti-infammatory mediators that regulate the magnitude of the
inflammation in the lesion, though their specific contributions and interactions are not

definitively established (See Packard et al. 2009 for review) (Figure 1.5).

1.3.3 Atherosclerotic plaque progression

The inflammatory eventé orchestrating the development and progression of atherosclerosis
are tightly regulated by the balance between pro- and anti-inflammatory activities. These
mechanisms originally arise to provide vascular protection, clearing the vessel wall of toxic
lipids as well as healing the damaged endothelium, and many of the key immune events in
early lesions function normally, with the objective of resolving the inflammation (Tabas
2009). Many cytokines and cells have both pro- and anti-inflammatory functions,

depending upon the local inflammatory milieu.
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When anti-inflammatory mechanisms are overwhelmed and atheroma formation continues,
the vascular wall can remodel to compensate and reduce the detriment of growing
inflammation. The continuous influx of cells into the arterial intima and the mediators
secreted by activated leukocytes and vascular cells leads to changes in the structure of the
vessel converting the early fatty streak into a more complex and advanced lesion. SMC
proliferate and migrate from the tunica media producing strength-giving collagen which
adds structural quality to the plaque by creating a fibrous cap over the lesion and decreases
vulnerability to rupture (Figure 1.2b). This remodelling of the vascular wall, from leukocyte
entry to SMC functioning, is thought to be directed by the activity of endogenous proteases,
matrix metalloproteinases (MMPs), that are capable of degrading all components of the
blood vessel wall (lkeda and Shimada 2003) and are involved in physiological and
pathological reorganisation of the vasculature (Galis et al. 2002). The human MMP family
contains at least 23 members that are classified into subgroups (e.g. collagenases,
gelatinases, stromelysins and others) based on their substrate specificity, although many
MMPs have overlapping substrate specificities (Johnson 2007). MMPs are produced by
vascular cells and macrophages as a result of stimulation by growth factors (epidermal
growth factor (EGF), platelet-derived growth factor (PDGF) and basic fibroblast growth
factor (bFGF)) (Dollery et al. 1995, George 2000), cytokines (IL-1, IL-6, TNF-a) (Galis et al.
1994b), contact with inflammatory cell ligands (such as CD40L) (Schonbeck et al. 1997) and
oxLDL (Rajagopalan et al. 1996). Normal human arteries do not express active collagenases,
yet macrophages in human plaque areas demonstrate expression of interstitial collagen'ases
MMP-1 and gelatinases MMP-2 and -9 by immunohistochemistry (Galis et al. 1994a, Nikkari
et al. 1995).

The close contact of VSMC with adjacent cells and their surrounding basement membrane
are considered to inhibit proliferation (Johnson 2007). In atherosclerosis as MMPs free
VSMC from these tight physical barriers via extracellular matrix (ECM) decomposition and
proliferation signals are intensified in addition to the cells ability to traverse through the
weakened basement membrane to remodel the vasculature. SMC migrate and proliferate
in response to this ECM liberation and in response to chemokines down concentration
gradients, to give strength to the expanding vascular wall through the formation of a
fibrous cap over the lesion (Johnson 2007). In addition, the proteolytic activity of MMPs can
release the active form of TGFp from inactive complexes, thus promoting anti-inflammatory

actions in addition to smooth muscle cell survival and collagen synthesis (Karsdal et al. 2002,
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Maeda et a/.2002, Yu et al. 2000). Studies on MMP knockout mice reveal that their role in
atherosclerosis is complex as some MMPs support lesion growth and destabilisation while
others suppress growth and promote lesion stability, partly due to their overlapping
substrates and differential control of enzymatic activity by cytokines and growth factors
(Johnson et al. 2005, Johnson et al. 2006). Therefore, the nature of MMP activity is
influenced by the stage of lesion development and its associated inflammatory

environment, as well as the vascular location (Johnson et al. 2006).

The proteolytic activity of MMPs is regulated by tissue inhibitors of metalloproteinases
(TIMPs), which reversibly inhibit enzymatic activity by binding to the catalytic domain of the
enzyme to form inactive complexes (Fassina et al. 2000). Four mammalian TIMPs (TIMP-1, -
2, -3, and -4) have been characterised which can be synthesised by vascular cells and
immune cells, often in conjunction with MMP production, thus maintaining the balance
between matrix synthesis and degradation, under normal physiological conditions (Johnson
2007). Gene transcription of TIMP-1 and -3 can be upregulated by several growth factors
and the cytokines IL-1 and TNFa (see Johnson 2007). Conversely, TIMP-2 is considered to be
unregulated (Fassina et al. 2000), although TGFp and TNFa have been shown to down-
regulate TIMP-2 levels (Stetler-Stevenson et al. 1989). Thus inflammatory mediators
involved in atherosclerosis can influence MMP activity and expression of their tissue

inhibitors to influence the structure of the plaque.

Vascular remodelling can create stenosis, often with clinical complications of restricted
blood flow. Although it is not considered fatal and is not necessarily related to negative CVD
outcomes, luminal stenosis can further alter laminar blood flow, leading to the
complications of oxidative stress and endothelial dysfunction, thus potentiating
atherosclerosis (Kinlay et al. 2002). More recently it has been demonstrated that
atherosclerotic arteries compensate by outward enlargement (diffuse atherosclerosis) to
maintain lumen diameter, rather than as previously suggested by distension on the luminal
side of the artery, which may obstruct the blood flow (focal atherosclerosis) (Galis and
Khatri 2002). This ‘positive remodelling’, whereby lumen size is not affected by plaque
growth due to the expansion of the external elastic membrane, often has no clinical
symptoms. With this recent knowledge it has become apparent that relatively smali
plagues, identified by ultrasound, may only be the tip of the atherosclerotic ‘iceburg’ (Libby
and Theroux 2005).
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In addition to remodelling, prolonged exposure to pro-inflammatory cytokines along with
increased lipids and an elevated oxidative status in plaque regions contribute to apoptosis
of lesion cells including macrophages (Seimon and Tabas 2008), SMC (Stoneman and
Bennett 2004) and endothelial cells (Choy et al. 2001). This increased cell death can result
in the build up of a necrotic core within the plaque (Figure 1.2c). Increased cell death within
the lesion, particularly of SMC, significantly weakens the plaque and consequently

susceptibility to rupture is increased (Chandrasekar et al. 2006, Mallat et al. 2001c). -

1.3.4 Plaque rupture

As the plaque develops and fatty streaks are converted to more advanced lesions, the
inflammatory milieu alters and the immune response progresses leading to a change in the
structure and vulnerability of the plaque due to continued leukocyte influx and retarded

inflammatory cell egress.

Failure of macrophage egress leads to prolonged production of MMPs by foam cells in the
lesion (Tabas et al. 2009). The activity of MMPs can evade normal control without
alteration in regulatory TIMPs expression and can lead to detrimental vascular
modifications resulting in excessive ECM destruction (Galis et al. 2002, Ikeda et al. 2003,
Cho and Reidy 2002). This deprives VSMC from matrix-dependent and cell-cell and cell-
matrix survival signals, leading to apoptosis and the formation of a necrotic core in the
developing lesion (llic et al. 1998, Almeida et al. 2000). In addition, the processing of pro-
TNFa to its active form from the surface of TNFa-expressing cells by numerous MMPs, may
lead to apoptosis of neighbouring cells, as TNFa can act as a death ligand signal dependent
upon coregulatory stimulation from other inflammatory pathways (see Johnson 2007 and

Van Herreweghe et al. 2010).

The switch to a selective recruitment of Thl cells represents an important point towards
disruptive events destabilising the plaque, including increased cytokine-mediated cell death
and decreased proliferation (Glaudemans et al. 2010). IFNy strongly inhibits the production
of interstitial collagens by VSMC (Amento et al. 1991). IFNy can also inhibit the proliferation
of SMC, thereby reducing the stability of the plaque (Hansson et al. 1989a). Through
paracrine and autocrine mechanisms, TNFa can induce apoptosis of SMC (Boyle et al. 2003)
and it is proposed that endothelial cell apoptosis might be a major determinant of plaque

rupture (Durand et al. 2004). Thus, the aggressive inflammatory profile within vulnerable
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plague sites promotes increased breakdown and decreased synthesis of collagen, yielding a
doubly negative consequence for plaque stability. Coupled with increased cell death,
degradation of the protective structural components of the lesion results in plaque rupture
and the exposure of thrombotic factors to reactive clotting agents in the blood. Thrombus
ensues, with the potential to totally occlude the vessel with detrimental consequence

(Figure 1.2d).

The most vulnerable plaques are those with low positive remodelling, increased
concentration of inflammatory cells and relatively large necrotic core thickness (Bui 2009).
The thinning of the fibrous cap renders the plaque susceptible to physical disruption. These
lesions are often less advanced rapidly growing lesions with only a moderate stenosis. In
fact, angiographic studies reveal that the majority of acute myocardial infarcts occur in
vessels with stenosis of less than 70% (Falk et al. 1995), and a relatively small amount of
stenosis in an artery, which may appear normal, may still give rise to acute fatal thrombosis
(Libby 2001a). Thus, vascular remodelling may initially be protective and compensate for
the inflammation at the plaque site, maintaining integrity of the blood vessel wall even
when stenosis occurs. It is when this remodelling does not occur, is no longer effective, or
has developed beyond protective-compensatory processes, that rupture or acute coronary
consequences manifest. It may therefore be concluded that the quality rather than quantity
of the plaque is paramount and stability has a greater importance for acute thrombotic

pathologies.

Although not fully elucidated, it is clear that plaque composition is critical to future clinical
events and that immunological mediators, namely cytokines, chemokines and adhesion
molecules, orchestrate and define this composition through multiple functions. The
presence of immune cells in the atherosclerotic plaque has been demonstrated as a major
contributing factor for lesion progression at all stages of atheroma development through to
plague rupture (See Yilmaz et al. 2007). Therefore, mediators that promote leukocyte
recruitment and accumulation at atherosclerotic lesion sites are central to all stages of

disease progression.
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1.4 Role of the monocyte chemoattractant CCL2

in atherosclerosis

CCL2 has been strongly linked with atherosclerosis as its target specificity makes it a key
candidate for the signal that attracts monocytes to the activated artery wall in lesion

development (Coll et al. 2007).

CCL2 is a low molecular weight C-C or B-chemokine that is secreted by endothelial cells
(Rollins et al. 1990), SMC (Valente et al. 1988), monocyte/macrophages (Yoshimura et al.
1989a), and fibroblasts (Strieter et al. 1999b) in response to inflammatory stimuli. Pro-
inflammatory cytokines IL-1B, TNFa, IFNy and altered haemodynamic forces have been
shown to induce endothelial CCL2 expression and secretion (Rollins et al. 1990, Sica et al.
1990, Shyy et al. 1994, Cybulsky and Gimbrone 1991, Gimbrone et al. 1997), and PDGF and
IL-1B can induce CCL2 expression in VSMC (Taubman et al. 1992, Lim et al. 2009). Walch et
al. (2006) demonstrated that IL-4 was capable of inducing the genes encoding CCL2 in the
vascular endothelium, through in vitro experiments using HUVEC. Chen and colleagues
(20042a) have demonstrated that TNFa enhances ROS-mediated CCL2 expression in human
aortic endothelial cells (HAEC) and human dermal microvascular endothelial cells (HMEC).
Additionally, oxLDL and oxVLDL induced significant increases in CCL2 mRNA and protein in
aortic endothelial cells (Yu et al. 1998) and vascular endothelial and SMC exposed to
minimally modified lipids express elevated levels of CCL2 in culture (Cushing et al. 1990).
Rollins et al. (1990) have demonstrated that human vascular endothelial cells express little
CCL2 under normal culture conditions, although this expression is markedly induced by pro-
inflammatory cytokines. These data therefore suggest that CCL2 is upregulated in pro-

atherogenic conditions.

1.4.1 CCR2

The actions of CCL2 are mediated through cell surface receptors and although it binds to
CCR2, CCR1 and CCR9, signal transduction only appears to occur via CCR2 at physiological
concentrations of the ligand (Charo et al. 1994, Nibbs et al. 1997, Neote et al. 1993). CCR2

is a 7 transmembrane-spanning GTP-binding protein-coupled receptor (Charo et al. 1994)
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and exists in two highly homologous isoforms in humans, CCR2A and CCR2B (Wong et al.

1997).

CCR2 is expressed on circulating leukocytes, primarily monocytes but also basophils, NK
cells, dendritic cells and certain subsets of T cells {Charo et al. 1994, Mackay 1996, Sozzani
et al. 1997, Nieto et al. 1998, Ochensberger et al. 1999, Sica et al. 1997). The recruitment of
monocytes and their migration to sites of inflammation may be regulated by a number of
different Signalling molecules, but CCL2 is considered the most important and appears to be
responsible for their migration into the intima at sites of lesion formation in early
atherosclerosis (Gu et al. 1998, Boring et al. 1998, Coll et al. 2007). Han et al (1998)
demonstrated that THP-1 monocytes displayed chemotactic activity toward CCL2, with
chemotactic activities increasing in correlation with CCR2 expression level. Similarly,
Tangirala et al. (1997) showed decreased chemotactic activity of THP-1 monocytes
following down-regulation of CCL2 gene expression. Weber et al. {1999) also reported that
Mono Mac 6 cells migrated across a HUVEC layer towards CCL2, and that these monocytes

demonstrated a 45% higher surface expression of CCR2 than non-migrating cells.

In addition to chemotaxis, CCL2-CCR2 binding promotes monocyte adhesion to the
inflamed endothelium under conditions of physiological shear stress by increasing the
activation of B2-integrin (Gerszten et al. 1999, Luscinskas et al. 2000, Maus et al. 2002).
Similarly, CCL2 stimulation of CCR2" THP-1 and isolated human monocytes leads to an
increased expression of CX3CR1 protein on the cell surface and subsequently increased their

adhesion to immobilised CX3CL1 (Green et al. 2006).

In addition, experimental evidence from HUVEC indicates that endothelial cells are capable
of CCR2 expression, although at lower levels than monocytes, responding to CCL2 through
chemotaxis, which suggests a potential role in revascularisation and angiogenesis
associated with advanced plaque development (Salcedo et al. 2000, Weber et al. 1999a).
Furthermore, CCR2 has been identified on human VSMC where it may influence
proliferation and migration associated with atherosclerotic vascular remodelling (Hayes et

al. 1998, Viedt et al. 2002).

A finely tuned network of cytokines, chemokines and cell-cell communication regulates
CCR2 expression in distinct cellular systems. Han et al. (1998) discovered that isolated

human monocytes and THP-1 cells treated with oxLDL decreased their expression of CCR2
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whereas native LDL induces rapid expression of CCR2 mRNA and protein. This suggests that
CCL2 may primarily be involved in monocyte extravasation into the intima and only plays a
minor role in subsequent events within the lesion where oxLDL would be at higher
concentrations. However, Weber et al. (1999b) also noted that oxLDL counteracts a TNFa-
induced down-regulation of CCR2 in monocytes and actually increases CCR2 mRNA and
protein expression, contradictory to earlier findings, suggesting that the down-regulatory
actions of cytokines may be modified by a pro-atherogenic milieu. The transformation of
monocytes to a less CCL2-responsive state via down-regulation of CCR2 expression is
regulated by certain pro-inflammatory cytokines such as TNFa (Rollins et al. 1990, Tangirala
et al. 1997, Weber et al. 1999a). Therefore, any subsequent egress from the intima, as
monocyte/macrophages traverse the endothelium from basal to apical direction, is
considered to be regulated by chemokines or soluble factors other than CCL2, as CCR2
expression is reduced by the growing pro-inflammatory conditions in the lesion (Randolph

et al. 1996).
1.4.2 Role of CCL2 in atherosclerosis

Experimental and clinical data provide evidence that CCL2 and CCR2 play a pivotal role in

early stages of atherosclerosis.

1.4.2.1 Evidence from animal studies

There are numerous animal studies that implicate the involvement of CCL2 in
atherosclerosis. Atherosclerosis-prone LDL receptor knockout mice deficient in CCL2 display
83% less lipid deposition throughout their aortas, with lesions of a reduced size and with
less macrophage infiltration when compared to wildtype CCR2 genotype controls (Gu et al.
1998). Comparable results were observed in ApoE-/- mice genetically manipulated to be

CCR2 deficient (Boring et al. 1998, Dawson et al. 1999)

Indeed, CCR2 knock-out mice display a phenotype similar to that of CCL2 deficient mice
whereby significant defects in the recruitment of monocytes to sites of inflammation occur
(Boring et al. 1997, Kurihara et al. 1997, Kuzeil et al. 1997). Furthermore, Gosling et al.
(1999) showed that CCL2 deficiency reduced susceptibility to atherosclerosis in mice
overexpressing apoB, the primary apolipoprotein in LDL. Furthermore, the overexpression

of CCL2 in apoE deficient trangenic mice accelerates atherosclerosis by increasing the
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number of macrophages in artery lesions (Aiello et al. 1999). In addition, blockade of CCL2-
CCR2 interaction, through gene therapy, in atherosclerosis-prone mice was seen to inhibit
the formation of fatty streak lesions and limit the progression of pre-existing plaques,
without affecting serum lipid concentrations (see Coll et al. 2007). Although, Schecter et al.
(2004) demonstrated CCL2 activation of SMC isolated from CCR2-/- animals, suggesting that

a different receptor may be important in mediating some of the CCL2 effects.

1.4.2.2 Evidence from clinical studies

Evidence for the role of CCL2 in CVD is accumulating. CCL2 has been shown to be associated
with acute coronary syndromes (Kervinen et al. 2004), subclinical atherosclerosis as
measured by coronary risk factors (Deo et al. 2004), and obesity (Ohman and Eitzman 2009,
Kim et al. 2006a). Additionally, CAD patients assessed for circulating CCL2 levels showed
significantly higher concentrations than those of controls (Martinovic et al. 2005, Herder et
al. 2006), and in CAD patients with the additional presence of PAD (Hoogeveen et al. 2005).
Plasma CCL2 is elevated in patients after severe acute MI (Parissis et al. 2002, Kobusiak-
Prokopowicz et al. 2007) and was positively associated with frequency of its occurrence (de
Lemos et al. 20073). Higher CCL2 concentrations in the serum and/or plasma of HIV and
renal insufficiency patients were associated with increased carotid IMT measures (Alonzo-
Villaverde et al. 2004, Coll et al. 2006, Iwai et al. 2006, Pawlak et al. 2006). Furthermore,
higher CCL2 values were seen in the serum of stroke patients compared to healthy controls
(Arakelyan et al. 2005). These data on circulating CCL2 levels correlate with findings
showing that CCL2 is upregulated in human atherosclerotic plaques (Nelken et al. 1991, Yia-

Herttualla et al. 1991), a potentially more reliable measure of localised CCL2 activity.

In addition, peripheral blood mononuclear cells (PBMCs) from patients with CAD
spontaneously secrete more CCL2 than PBMCs from healthy controls, and release greater
amounts when stimulated with oxLDL (Breland et al. 2008, Oliveira et al. 2009). Okumoto et
al. (2009) showed a positive correlation between CCR2 expression on circulating monocytes
and serum CCL2 with carotid intima-media thickness and cardio-ankle vascular index, as

measures of atherosclerotic indices, in chronic haemodialysis patients.

In contrast, a recent study failed to demonstrate a relationship between serum CCL2 and
acute coronary syndrome outcomes in patients recovering from Ml (Korybalska et al. 2010).

A similar lack of correlation has also been documented between circulating CCL2 and
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coronary heart disease (CHD) atherosclerotic burden assessed with the Framingham risk
score (Mosedale et al. 2005), and for Ml following a multivariate analysis of a large cohort

from the Framingham study (McDermott et al. 2005).

These contrasting data reveal the difficulty of clinical studies and in the comparison of -
results from different investigations where different spectrums of the same disease are
assessed. However, the majority of the evidence suggests a role for CCL2 in the progression
of atherosclerosis. It is not yet clearly established whether it may be an independent risk

factor for athero-development.

1.5 Role of the novel chemokine fractalkine in

atherosclerosis

The importance of chemokines and adhesion molecules as the orchestrating inflammatory
mediators in atherosclerosis has also led to a significant amount of focus on the novel
chemokine, fractalkine (CX3CL1). This is due to its proposed dual structure and function as

both an adhesion molecule and chemoattractant.

Synthesised as a 50-70kDa precursor, CX3CL1 is processed and glycosylated to a mature
100kDa species (Garton et al. 2001). The extracellular chemokine domain of CX;CL1
comprises a novel arrangement of cysteine residues (CysXaaXaaXaaCys), classifying it as the
only member of its chemokine subfamily (CX3C) (Bazan et al. 1997). Extending from the
CX3C motif is a mucin-like stalk which acts as an efficient presentation molecule for the bio-
effector chemokine domain situated on the distal end of the molecule (Imai et al. 1997). A
transmembrane domain and an intracellular domain follow to anchor CX;CL1 to the cell
membrane (Figure 1.7). CXsCL1 is expressed by vascular endothelial and SMC, with
expression amplified by pro-inflammatory cytokines TNFa (Ahn et al. 2004, Ollivier et al.
2003, Lesnik et al. 2003), IFNy (Bazan et al. 1997, Imaizumi et al. 2000, Ollivier et al. 2003,
Lesnik et al. 2003}, IL-1, IL-6 (Bazan et al. 1997, Garcia et al. 2000) as well as oxLDL (Barlic et
al. 2007), whilst anti-inflammatory cytokines IL-4 and IL-13 inhibit CX3CL1 expression
(Fraticelli et al. 2001). in addition, CX3CL1 expression has been detected in dendritic cells
(Papadopoulos et al. 1999) and macrophages (Greaves and Gordon 2001), although to a

lesser extent.
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The chemokine region of CX3CL1 can be enzymatically cleaved from its membrane anchor
to release the bio-effector domain as a soluble 85-95kDa fragment. This enables processes
beyond the cell surface to occur and establishes a dual existence of CX;CL1 as a cell-
associated molecule and a shed protein. A Disintigrin and Metalloprotease-17 (ADAM-17) is
a member of a family of multidomain, type | transmembrane proteins containing é zinc-
dependent catalytic domain, a disintegrin domain, a transmembrane domain and a
cytoplasmic tail (Tsou et al. 2001). ADAM-17 is synthesised as an inactive pro-form, or
zymogen, that is cleaved intracellularly by the proteolytic enzyme furin, or a furin-type pro-
protein convertase, to yield a mature active enzyme that is translocated to the membrane
surface (Moss et al. 1997, Schlondorff et al. 2000). It is only this mature active form of
ADAM-17 that is expressed on the cell surface (Doedens and Black 2000, Schlondorff et al.
2000) and its enzymatic activities act only on substrates expressed on the same cell (Itai et
al. 2001). Rapid inducible cleavage of CX3CL1 is considered to be via ADAM-17 (Garton et al.
2001, Hundhausen et al. 2003, Tsou et al. 2001). Previous studies have demonstrated that
ADAM-17 mediates this inducible cleavage of CX3CL1 following phorbol 12-myristate 13-
acetate (PMA) stimulation, an effect that was not observed in cells isolated from ADAM-17
knockout mice or when MMP activity was blocked {Chapman et al. 2000b, Garton et al.
2001, Tsou et al. 2001). In cells deficient of ADAM-17, unstimulated CXsCL1 cleavage
remained, suggesting that an alternate protein was responsible for constitutive shedding
(Tsou et al. 2001). Constitutive CX3CL1 cleavage at proximal membrane regions is thought
to be mediated by ADAM-10, which has high sequence homology to ADAM-17.
Hundhausen et al. (2003) have reported an enhanced constitutive cleavage of CX;CL1 in a
primate fibroblast cell line (COS-7) overexpressing ADAM-10. Additionally, murine ADAM-
10-deficient fibroblasts display markedly reduced constitutive cleavage of CX5CL1
(Hundhausen et al. 2003). Inhibiting the activity of ADAM-10 in HUVEC and a human
endothelial cell line, EVC304, led to an increased adhesion of a CX3CR1-expressing murine

pre-B cell line (Schwarz et al. 2010).

The catalytic activity of ADAM enzymes is regulated by endogenous TIMPs. TIMPs are a
family of proteins made up of four structurally similar members, TIMP-1, -2, -3, and -4,
which bind with varying affinity to MMPs and inhibit their activity via noncovalent
interactions (Crocker et al. 2004, Gomis-Ruth et al. 1997). The expression of TIMPs has
been shown to be down-regulated by pro-inflammatory cytokines TNFa and IL-1pB in cardiac

and endothelial cells, suggesting that the activity of ADAMs may be enhanced during
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inflammation (Singh et al. 2005, Li et al. 2004, Bugno et al. 1999). TIMP-3 has been found to
be the endogenous inhibitor of ADAM-17 (Amour et al. 1998). ADAM-10 activity has been
shown, in vitro, to be inhibited by TIMP-1 and TIMP-3 (Amour et al. 2000).

Proteomic and functional investigations have recently revealed that MMP2 and cathepsin S
are also capable of cleaving CX3;CL1 (Dean 2007, Clark et al. 2007). However, as broad
spectrum metalloproteinase inhibitors are capable of blocking constitutive and inducible
CX3CL1 shedding (Chapman et al. 2000b, Garton et al. 2001, Hundhausen et al. 2003), the

role of cathepsin S may be limited.

Remarkably, Schulte et al. (2007) illustrated further cleavage of CX;CL1 after initial
chemokine domain shedding, by ADAM proteases, although the function of the resulting
liberated intracellular fragment was not determined. A potential role as an intracellular
signal molecule was proposed, due to its comparable activity with the type-1 surface
molecules Notch and E-cadherin (Reiss et al. 2006). However rapid enzymatic degradation

may more likely occur in the cytoplasm.

In the basal state, approximately half of the CXsCL1 is located on the membrane of
endothelial cells and human embryonic kidney (HEK) cells, with the majority remaining in a
separate punctuate juxtanuclear compartment (Liu et a/. 2005, Hermand et al. 2008). The
latter was suggested to act as an internal storage site for CX;CL1, allowing recycling of the
protein to the membrane upon pro-inflammatory stimuli or down-regulating surface
expression via stimulation of endocytosis. This permits an additional level of functional
regulation beyond transcription and translation, whereby the CX3CL1 could be rapidly
mobilised to increase surface expression upon stimulation. Huang et al. (2009) suggest that
the endocytosis of CX;CL1 is a protective mechanism against proteolytic cleavage from the
plasma membrane by endogenous sheddases, since inhibition of this intracellular trafficking
resulted in extensive cleavage and release of soluble chemokine. This idea is consistent with
the cell surface expression pattern of active ADAM-17 and ADAM-10 (Doedens and Black
2000, Schlondorff et al. 2000). Taken together, these findings suggest that the equilibrium
of CX3CL1 between the membrane-bound molecule and its cleaved soluble form will greatly

influence its function, either in adhesion or chemoattraction.
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1.5.1 CX3CR1

Unlike other chemokines, CX3CL1 interacts exclusively with a single receptor and therefore
cells expressing the CX3CL1 receptor (CX;CR1) are indisputably targets for CX;CL1 (Imai et al.
1997, Bazan et al. 1997). CX3CL1 exerts both its chemotactic and adhesive effects through
the CXiCL1 receptor (CX3CR1) (Combadiere et al. 1998). As a seven transmembrane
spanning structure, CX;CR1 binds the signal peptide domain of CX3CL1 with high affinity,
activating intracellular pathways of inflammation and directly mediating cell adhesion,
when the chemokine is anchored to the cell membrane, or cell migration, when the

chemokine is shed (Imai et al. 1997).

CX3CR1 expression has been demonstrated on many different cell types associated with
atherosclerosis both in vivo and in vitro, including monocytes, macrophages, T cells, NK cells,
dendritic cells, and vascular smooth muscle cells. CX;CR1 activation leads to distinct
functions within these cells dependent upon cell type, location and ligand position (e.g. cell-

bound or shed) (Imai et al. 1997, Combadiere et al. 1998).

1.5.2 Functions of soluble CX3CL1

- Following its shedding from the cell surface, soluble CX3CL1 is free to recruit cells expressing
CX3CR1, enabling them to migrate along concentration gradients to the site of inflammation,
where they can exert their effects. Previous studies have demonstrated that soluble CX3CL1
exhibits chemotactic activity for monocytes, NK cells, T-cells and dendritic cells expressing

CX3CR1 (Bazan et al. 1997, Guo et al. 2003).

Similar to other chemotactic factors, soluble CX;CL1 can also adhere to glycosaminoglycans
(GAGs) on the luminal surface of endothelial cells creating a stationary and localised
chemoattractant gradient drawing leukocytes to inflammatory sites (Surmi et al. 2009).
HEK293 cells transfected to express high concentrations of CX3;CR1 demonstrate
chemotactic responses to soluble CX;CL1, migrating across concentration gradients
(Combadiere et al. 1998). Similarly, Imai et al. (1997) revealed the chemotactic activity of
subsets of isolated lymphocytes (particularly CD4+) and, although to a lesser extent,
monocytes in response to soluble CX;CL1. Moreover, human monocyte-derived
macrophages and murine bone marrow-derived macrophages displayed effective

chemotaxis towards apoptotic CX3CL1-secreting B cells in culture, with CX3CR1 deficiency
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reducing this migration (Truman et al. 2008). Almost all NK cells express CX;CR1 and
particular subsets demonstrate migratory responses to soluble CX;CL1 and enhanced
cytolytic function against target cells, contributing to the endothelial injury (Fong et al.

2000, Yoneda et al. 2000).

The expression of CX3CR1, however, does not always determine the migratory activity of
leukocytes to CXsCL1, as only a percentage of the cell types identified with the receptor
respond to soluble CXsCL1 (Imai et al. 1997). CX,CL1 acts as a potent chemoattractant for
NK cells, T-cells and dendritic cells, but exerts a poor effect on monocyte migration in vitro
(vitale et al. 2004). Rather, the chemoattraction of monocytes is considered to be largely
due to CCL2, with CX3;CL1 functioning primarily as an adhesion molecule (Umehara et al.

2001).

Chapman et al. (2000a) argued that CX3CL1 cleavage from the cell membrane represents a
terminating event to down-regulate the adhesive properties of the molecule rather than
liberate a chemotactic molecule. This was supported by blocking the activity of ADAM-17
and ADAM-10 which led to increased adhesion, but blocked transmigration (Schwarz et al.
2010). In addition, soluble CX3;CL1 has been found to prevent the chemoattractant effects
of CCL2 on monocyte trafficking (Vitale et al. 2004), block the adhesion of NK cells to the
endothelium (see McDermott et al. 2001) and reduce the adhesive properties of CX;CR1-
expressing cells to the endothelium and aortic SMC in vitro by blocking the receptor (Imai et

al. 1997, Chapman et al. 2000b, Ollivier et al. 2003).

In addition to CX;CR1-dependent leukocyte recruitment, VSMC express the receptor and
may also function through CX3CL1 to influence lesion development. SMC CX3CR1 expression
is considered to be involved in vascular remodelling and a ligand-induced proliferation and
migration in response to CX3CL1 has been demonstrated (Perros et al. 2007, Lucas et al.

2003, Chandrasekar et al. 2003).

Thus, the cleavage of CX3CL1 from the cell membrane plays a role in atherosclerosis acting
on cells which express CX;CR1. However, the mechanisms are not fully elucidated and may

depend on other influencing factors at the site of atherogenesis.
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1.5.3 Adhesive functions of CX3CL1

Bazan and colleagues (1997) first demonstrated that monocytes and T cells which express
CX3CR1 adhere to monolayers of CX;CL1-expressing HEK293 cells under static conditions in
culture. THP-1 cells have also been shown to adhere to CX;CL1-expressing ECV304 cells in
culture (Hundhausen et al. 2003). This adhesive interaction of CX3CL1-CX3CR1 has been
shown to be independent of additional cell-cell adhesion molecule contact. Transfected
HEK293 cells expressing CXsCR1 adhered to CX3CL1l-coated slides and endothelial cells
under flow conditions, with no effect of inhibiting receptor intracellular signals and
therefore upregulation of alternate adhesion molecules (Haskell et al. 1999). Also, K562
myelogenous leukaemia cells, which do not express selectins, adhered to immobilised

CX3CL1 under flow conditions (Fong et al. 1998).

Recently, Hermand et al. (2008) reported that clustering of CX3CL1 on the cell membrane is
essential for adhesive potency, similar to integrin adhesion requirements and comparable
to PSGL-1 dimerisation (Wehrle-Haller and Imhof 2003, Snapp et al. 1998). This molecular

aggregation is critically dependent upon the transmembrane domain of the protein.

Cell bound or soluble CX3CL1 may also upregulate additional cell adhesion molecules, as G-
protein coupled CX3CR1 signalling has been demonstrated (Charo et al. 2004, Cambien et al.
2001, Thelen et al. 2001) and ligand-stimulation of CX3;CR1-expressing endothelial cells
results in an upregulation of ICAM-1 (Yang et al. 2007). Furthermore, G-protein mediated
mechanisms of CX3CR1 enhance integrin binding avidity for its ligand and further facilitate
adhesion and prolonged cell arrest at the endothelium, as well as activating cell signal
cascades that facilitate diapedesis (Goda et al. 2000). In addition, cell adhesion is enhanced
by co-immobilisation of CX3CL1 with integrin ligands allowing for multiple concurrent

binding interactions (Umehara et al. 2001).

Membrane-bound CX3CL1 has been shown to enhance activation, degranulation and
adhesive properties of platelets (Schafer et al. 2004). Platelets expressing CX;CR1
accumulate at the inflamed endothelium as an essential mechanish of CXsCL1-induced
leukocyte adhesion under arterial shear conditions. This interaction leads to platelet
activation and upregulation of P-selectin, further creating an inflammatory site capable of
slowing and adhering leukocytes to the luminal surface of the vessel {Schulz et al. 2007).

Pre-treatment of platelets from rats with CX3CL1 heightened their adhesive properties,
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increasing P-selectin surface expression and enhancing adhesion to collagen and fibrinogen

(Schafer et al. 2004).

SMC expression of CX3CL1 may serve to retain CX;CR1+ leukocytes in the subendothelial
space of arteries in a similar manner suggested for ICAM-1 and VCAM-1 (Doran et al. 2008).
This allows the infiltration and anchoring of leukocytes beyond the endothelium and into
smooth muscle layers of the vasculature, typical of vascular remodelling in plaque

development.

1.5.4 Additional properties of CX3CL1

In addition to the functions documented above, CX;CL1 may have a number of other
properties. CX3CL1 has been demonstrated to have anti-apoptotic and proliferative effects
on SMC (White et al. 2009, Perros et al. 2007). Both these mechanisms may contribute to
the morphology of the atherosclerotic plaque, ultimately influencing stability and/or
vulnerability to rupture. Therefore, CXsCL1 appears to act beyond the recruitment of
inflammatory cells at the endothelium. VSMC express CX;CR1 in addition to CXs;CL1
production, allowing a potential self-regulatory signalling loop for the control of SMC-

function at sites of atherosclerosis.

CX3CR1 is expressed on both CD8+ and CD4+ subsets of T lymphocytes and preferentially in
Th1 compared to Th2 cells (Foussat et al. 2000, Fraticelli et al. 2001). As CX3CL1 is induced
in endothelial cells by cytokines produced by Th1 cells, such as IFNy and TNFa, and Th1 cells
express CX3CR1, an amplifying inflammatory circuit exists to perpetuate pro-inflammatory
cytokine and chemokine release in athero-development. Additionally, a dose-dependent
differential regulation of cytokine secretion was observed in macrophages stimulated with

CX3CL1 (Mizutani et al. 2007).

Landsman et al (2009) suggest a role for CX3CL1-CX3CR1 interactions in the transmission of
essential survival signals in monocytes and foam cells, preventing induced cell death and
therefore maintaining the presence of activated immune cells continuing the pro-
inflammatory milieu. Also, foam cell death in early disease stages has been shown to
correlate with decreased atherogenesis (Tabas 2005). CX;CL1-induced monocyte survival

may also be potentially atheroprotective as macrophage apoptosis in late stages of
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atherosclerosis contributes to the destabilising lipid-rich necrotic core within advanced

plaques (Jaffer et al. 2006).

Taken together, this functional data supports a role for CX3CL1 in the vascular inflammation

associated with atherosclerosis, although the underlying mechanisms remain unclear.
1.5.5 Role of CX3CL1 in atherosclerosis

Experimental and clinical data provide evidence that the novel chemokine CX;CL1 and its
receptor CXsCR1 play an important role in the inflammation associated with early stages of

atherosclerosis.

1.5.5.1 Evidence from animal studies

Compelling evidence for a role of CX3CL1 in atherosclerosis has arisen from experimental
animal models of atherosclerosis. Significant reductions in atherosclerotic lesion formation
of high-cholesterol diet-fed apoE-/- mice, where the gene encoding CX3CR1 was lacking
(Lesnik et al. 2003). Similar results were reported by Combadiere et al. (2003). Teupser et al.
(2004) found a reduction in brachiocephalic artery atherosclerosis in apoE-/- CX3CL1-/- mice
compared to controls, although no difference was apparent in aortic root lesions. In
addition, when combined with CCR2 deficiency, CX3CL1-/- apoE-/- mice displayed
dramatically reduced macrophage accumulation in the artery wall and the subsequent
development of atherosclerosis (Saedrup et al. 2007). These mechanisms may function
through the proposed survival signal induction by CX3CL1-CX3CR1 interactions in foam cells,
plague macrophages and monocytes, a mechanism not observed in CX3CR1 deficient mice

(Landsman et al. 2009).

1.5.5.2 Evidence from clinical studies

Evidence for the role of CX3CL1 in atherosclerosis, and its in vivo significance in plaque
progression and clinical CVD consequences, has only recently become a focus of interest.
Expressional, functional and epidemiological data has revealed a significant, yet undefined,
role for CX3CL1 and its receptor in atherosclerosis (Greaves and Gordon 2001, Fong et al.

1998, Harrison et al. 2001, McDermott et al. 2001, Moatti et al. 2001, Lesnik et al. 2003).

41



Clinical evidence for a role for CXsCL1 in atherosclerosis is apparent from human genetic
investigations of non-functional CX3CL1-CX3CR1 systems. Two naturally occurring single
nucleotide polymorphisms have been detected in the region encoding the CX;CR1, resulting
in a dysfunctional receptor directly affecting ligand recognition and significantly decreasing
CX3CL1 binding capacity (Faure et al. 2000, Moatti et al. 2001, McDermott et al. 2003,
Daoudi et al. 2004). The majority of data from these population-based retrospective studies
identify an associated decreased risk of atherosclerosis when the mutated non-functional
CX;CR1 allele is present. The prevalence of CX3CR1 polymorphisms was of a lower
frequency in CAD patients diagnosed via angiography (Apostolakis et al. 2007a), and within
similar patient cohorts, a mutated allele resulted in a protective effect on the occurrence of
acute coronary events (Niessner et al. 2005, Moatti et al. 2001). These results were
supported by a recent study in a Chinese population assessed for carotid atherosclerosis
(Zhao et al. 2010). McDermott et al. (2001) also conclude that patients expressing a CX3CR1
polymorphism have a reduced risk of atherosclerosis as a consequence of improved
endothelial function, a finding that was independent of established CAD risk factors

(McDermott et al. 2003, Hattori et al. 2005).

However, no replicable associations were observed between CX;CR1 polymorphisms and
carotid artery IMT (Debette et al. 2009), ischaemic cerebrovascular disease (Hattori et al.
2005), CAD (Niessner et al. 2005) and acute coronary syndrome (Apostolakis et al. 2007a,
Niessner et al. 2005). These disparities may depend on the specific polymorphic mutation
and subsequent receptor functioning, in addition to the distinct clinical manifestations of
the CVD investigated. The exact functional effect of the mutated alleles is unclear
(Apostolakis et al. 2009). Also, the power needed in particular investigations to predict
negative correlation may reduce the sensitivity to detect subtle differences between
disease and control groups. In addition, the concept of redundancy is well recognised in
chemokine and chemokine receptor systems, thérefore alternative chemokines or
receptors may substitute for the mutation in particular situations, abrogating any decrease

in inflammation (Umehara 2001).

Immunohistochemical studies demonstrate CX3CL1 expression in human atherosclerotic
coronary arteries but not in normal arteries, whereas its receptor, CX;CR1, is expressed
throughout the vessel (Wong et al. 2002a). Patel et al. (2008) also detected CX3CR1+ cells in

the abdominal aortas of patients with AAA where there was a thickening of the vessels.
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Lucas and colleagues (2003) also demonstrated receptor and ligand presence in human
coronary artery atherosclerotic plaques, with a positive correlation between the number of
CX3;CL1-expressing cells and CX3CR1+ cells in the lesion. In addition, high levels of CX5CL1
mRNA have been observed in some human vessels with advanced atherosclerotic lesions,
emphasising the upregulated expression of CX;CL1 in atherogenesis (Wong et al. 2002a,

Greaves and Gordon 2001).

Also, when comparing peripheral blood mononuclear cells (PBMC) of angiographically
evaluated CAD patients with healthy counterparts, a higher number of CX;CR1+ monocytic
cells were observed (Apostolakis et al. 2009). This finding was similar to an earlier study in
which isolated PBMC from patients with AAA demonstrated higher percentages of CX;CR1+
NK cells and T cells (Patel et al. 2008). The fact that atherosclerotic patients express
increased vascular CXsCL1 and more CX3CR1 on peripheral blood monocytes supports the

proposed importance of CX;CL1 in atherogenesis.

Thus, CX3CL1 unequivocally has a role in inflammatory processes typical of atherosclerosis,
yet to date it is still uncertain at what stage of pathogenesis this chemokine is involved and
the mechanisms underlying its activation, its subsequent activity and clinical relevance all

remain uncertain.

1.6 CCL2 and CX3CL1 interactions

The complex array of chemokines involved in atherosclerosis have the potential to interact
with each other through multiple mechanisms that influence disease progression.
Therefore, the relationship between CCL2 and CX3;CL1, two of the major inflammatory

mediators in athero-development, is considered.

Classical monocytes (CCR2* and CXsCR1"°) are dependent upon both CCR2 and CX;CL1 for
trafficking and entry into plaques, and combined inhibition of these pathways markedly
reduced monocyte/macrophage accumulation in the atherosclerotic lesions of apoE
knockout mice (Combadiere et al. 2008). The trafficking mechanisms of CCR2" CXsCR1"™

monocytes are so far unknown.

Saedrup et al. {2007) provide evidence for CX3CL1 in the direct recruitment and/or capture

of CCR2-deficient monocytes, suggesting independent roles for CCR2 and CX;CL1. Tacke et
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al. (2007), however, demonstrated that CCR2” CX;CR1"™ monocytes enter plaques in a CCR2-
and CXsCR1-independent manner and instead use CCR5, albeit less efficiently and less
frequently than classical monocyte trafficking. In addition, CCR2" CXsCR1" monocytes were
also shown to express and utilise CCR5 for trafficking, suggesting that multiple chemokines
act in concert to control the migration of specific leukocyte populations, though the extent
to which each individually contributes in vivo remains elusive. The combined inhibition of
CCL2, CX5CR1 and CCR5 resulted in a 90% reduction in lesion size in atherosclerosis-prone
mice (Combadiere et al. 2008). This reduction was associated with fewer circulating
monocytes and this was considered to be at least partly due to a decrease in monocytosis
from the bone marrow, and therefore a potential systemic anti-inflammatory effect
upstream from plaque formation. Whether these receptors function independently,

sequentially or synergistically remains to be fully understood.

The importance of CCL2 activity in CXsCL1-mediated adhesion of PBMCs to the endothelium
was supported by Green et al. (2006) who demonstrated that CCL2 upregulates CX;CR1
expression by PBMCs and THP-1 monocytes via a CCR2-mediated p38 MAP kinase pathWay,
thus increasing adhesion to immobilised CX3CL1. The authors suggested that in vivo CX5CL1
and CCL2 act concurrently and sequentially and highlighted the possibility that CCL2
potentiates the functional inflammatory activities of CX3CL1. CCL2 enhancement of
monocyte adhesion to CX3CL1 may act to retain monocytes in the vascular wall on activated
SMC and different monocytes may thus be recruited to different locations (Barlic et al.

2006).

These data suggest a complex interplay between CCL2, CX3CL1 and their receptors in the
chemoattraction, adhesion and transendothelial migration of monocytes into the
vasculature, which can be independent of classic adhesion cascades, but are often
cooperative and complementary. Although the mechanisms are not completely elucidated,
the expression of CCL2 and CX3CL1 at sites of inflammation, such as atherosclerotic plaques,
may differentially reguléte the migration of monocyte subsets into the vascular wall. As
monocytes/macrophages are considered the most abundant inflammatory cells in
atherosclerotic lesions that participate in all stages of pathology, therapeutic mechanisms

that target the disruption of their recruitment may be of clinical benefit.
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1.7 Testosterone

Testosterone is the predominant sex hormone in males and is an anabolic steroid hormone
belonging to the androgen group. Derived from cholesterol as its starting material,
testosterone is synthesised from the precursatory substances dehydroepiandrosterone
(DHEA) and androstenodione (see figure 1.8). This takes place primarily in Leydig cells in the
testes of males, and to a lesser extent in the ovaries of females, with a small amount also
produced in the adrenal glands (Rang et al. 1999). This process is regulated by the
hypothalamic-adrenal-gonadal axis, with luteinizing hormone (LH) released from the
pituitary following gonadotropin releasing hormone (GnRH) stimulation, stimulating the
synthesis and release of testosterone from the testes (Rang et al. 1999). Most circulating
testosterone is transported to target tissues via the circulation, either as free testosterone
or bound to specific plasma proteins (sex hormone binding globulin (SHBG)) (68%) or
weakly bound to albumin (30%). Only 1-2% of testosterone is free/unbound (Vermeulen
and Verdonck 1968, Dunn et al. 1981), with SHBG holding much of the body's circulating
testosterone inactive in the blood until target tissue activities lead to its release. The
primary role of androgens is in the development of primary and secondary sexual
characteristics, directing sexual differentiation, development and maintenance of the male

phenotype (Silverthorn 1998).

Testosterone can act via four possible pathways (figure 1.9). The direct pathway involves
the binding of testosterone to cytoplasmic androgen receptors (AR}, following free diffusion
across the target cell membrane. The AR is held in an inactive state in the cytoplasm by
chaperone proteins, (heat shock proteins (HSP)) (Pratt and Toft 1997, Defranco 2000). Upon
testosterone binding, ARs dissociate from their HSP and undergo a conformational change
that results in tight homodimer formation with a neighbouring activated AR and the
exposure of their nuclear targeting signal domains and DNA binding sites. This active
homodimer traffics to the nucleus where it binds to specific androgen response elements
(ARE) located in the DNA of target genes and acts directly as a transcription factor (see Liu
et al. 2003 for review). The second pathway is termed the amplification pathway, due to
the conversion of testosterone to its more potent metabolite dihydrotestosterone (DHT).
Testosterone is converted to DHT in the cytoplasm by two enzymes, type 1 and type 2 5a-

reductase (Rommerts 2004). DHT potentiates the effects of testosterone action as it binds
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