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Chapter 1



1. INTRODUCTION
1.1 Background.

The process of atherosclerotic lesion formation represents a complex interaction of a
number of circulating blood cells, lipoproteins and cells that reside within the arterial wall.
Understanding the cellular mechanisms involved in this process is vital for the development
of novel therapeutic strategies for prevention and treatment of coronary heart disease
(CHD). Over the past decade, there has been accumulating evidence that atherogenesis
represents a chronic inflammatory process, in which a central feature is the recruitment of
circulating leukocytes facilitated by the upregulation of endothelial cell surface ‘cell adhesion

molecules’ (CAMs) in response to pathophysiogical stimuli.

It has recently been demonstrated that the plasma protein, apolipoprotein E (apoE), 1s
increasingly implicated in protection against early atherosclerotic development. In this thesis,
I have sought to determine whether this protective molecule could influence endothelium
CAM expression and therefore represent a novel target for therapeutic intervention in

atherosclerosis.

1.2 Endothelial CAMs in Atherosclerosis.

1.2.1 OVERVIEW OF ATHEROSCLEROSIS.

Atherosclerosis is the main cause of CHD, cerebral ischaemia and gangrene of the
extremities, and is responsible for 50 % of mortality in the Western world [1]. The disease
develops progressively over decades of life, starting in childhood [2], and involves the
formation of increasingly complex vascular lesions, focused thickenings of the artery wall (the
intima), which protrude into the lumen of the artery and impede blood flow. Lesions are
associated with lipid accumulation, smooth muscle cell proliferation and migration, fibrous
connective tissue growth and calcification [3,4]. Occlusive thrombosis and plaque rupture
lead to the clinical events assoctated with complex lesions at the later stages of disease.
Epidemiological studies have identified risk factors for atherosclerosis, including
hypercholesterolaemia, cigarette smoking, hypertension, diabetes, obesity, age and hereditary
factors [1,5]. Lipoproteins, particles that transport cholesterol and other essential fats
complexed to proteins (apolipoproteins) in the blood, are intimately associated with
atherosclerosis. Raised plasma cholesterol and its major plasma carrier, low density

lipoprotein (LDL) are significant risk factors [6] whilst lowered plasma levels of high density
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lipoprotein (HDL) cholesterol and apolipoprotein AI (apoAl), the major protein component
of HDL, are powerful predictors of premature CHD [7-9]. Low apoE and HDL-E, a
subclass of HDL containing apoFE, are also important risk factors [10-12]. The mechanism
of HDL atheroprotection may relate to both its role in ‘reverse cholesterol transport’ (RCT)
whereby excess cholesterol from peripheral cells is transported to the liver for catabolism and

secretion, and to a range of non-lipid transport functions of HDL [9,13,14] (Section 1.2.9.3).

1.2.2 A ROLE FOR ‘DYSFUNCTIONAL’> ENDOTHELIUM IN THE DEVELOPMENT OF
ATHEROGENESIS.

In health, the vascular endothelium forms a multifunctional interface between the
circulating blood and various tissues/organs of the body. It constitutes a selectively
permeable barrier for macromolecules, as well as a nonthrombogenic and nonadhesive
container that actively maintains the fluidity of blood and vessel tone. The endothelium is a
dynamic and metabolically active organ, synthesizing a number of factors and mediators that

influence the behaviour of other cells types [15].

Although there was a time when atherosclerosis was thought of as a natural
consequence of ageing, it is emerging that it is a chronic inflammatory disease that develops
as a cascade of events in ‘response to injury’, as initially proposed by Ross and Glomset in the
1970s [16,17]. Central to this theory is that atherosclerosis results from some form of injury
to the endothelium in response to pathogenic stimuli. These stimuli lead to altered
endothelial cell gene expression and dysfunctional responses; the functions that are important
for vessel wall homeostasis are suppressed whilst the functions that initiate, maintain and
progress atherosclerotic plaque formation are induced. Indeed, the vascular endothelium is
an integrator of pathophysiological stimuli in atherogenesis [18]. Specific endothelial
properties that may be directly relevant to atherosclerosis and its clinical sequelae include: the
expression of leukocyte binding sites or CAMs; the production of pro-inflammatory
cytokines; paracrine growth factors and chemoattractants; the ability to oxidize lipoproteins
and to respond to lipoproteins and oxidized lipids; the ability to express pro- rather than anti-
coagulant factors; the regulation of extracellular matrix formation; the modulation of plasma
component levels within the vessel wall through changes in permeability function [19,20],
and localized endothelial cell turnover indicative of demise and regeneration [21].
Endothelial dysfunction has often been defined as the decreased synthesis, release and/or
activity of endothelial-derived nitric oxide (NO) [22], an important anti-atherogenic molecule

crucial to the normal function of the endothelium (Section 1.4.4). Therefore, impaired
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endothelial function is not simply one of the earliest markers of the atherosclerosis, but is an

important initiator and contributor to the disease.

One area of debate is the source of the injury, and examples of potentially injurious
atherogenic agents include hypercholesterolaemia, hyperhomocysteinaemia, by-products of
cigarette smoking, glycosylated products secondary to diabetes or ageing, altered
biomechanical forces, oxidative stress (including oxygen species, free radicals and oxidized
lipids), and infection with viruses or bacteria [19]. Endothelial dysfunction also correlates
with increasing age and with male gender. Importantly, there is a strong association between
atherogenic risk factors and endothelial dysfunction. Interestingly, endothelial function

improves with risk factor modification such as cholesterol reduction [22].

1.2.3 CAM UPREGULATION AND MONOCYTE RECRUITMENT - EARLY CELLULAR
EVENTS IN ATHEROGENESIS.

Endothelial dysfunction/activation triggers changes in endothelial adhesiveness by the
localized upregulation of endothelial CAMs, membrane glycoproteins that control leukocyte
adhesion via their specific interactions with the counter-receptors on the leukocyte surface.
Endothelial CAM upregulation is a prerequisite for the selective and focal recruitment of
circulating monocytes and T-lymphocytes into the subendothelial space [23-28], a
characteristic early manifestation of the specialized immune mechanism in atherosclerosis
[29]. It has been estimated that 80 % of cells in the early lesion are monocyte/macrophages,
while 10-20 % are T-lymphocytes [30]. In the intima, monocytes undergo activation-
differentiation to become tissue macrophages and ingest lipoprotein cholesterol via
upregulated scavenger-receptors leading to the formation of ‘foam’ cells, the characteristic
hallmark of the early fatty streak lesion [31]. The macrophage population can promote lesion
formation through the local generation of cytokines, such as tumor necrosis factor-apha
(INF-o) and interleukin-1 beta (IL-1B), growth factors, procoagulant and fibrinolytic
components and toxic oxygen products [32]. There is strong evidence that monocytes are
involved in the initial stages of lesion formation; their intimal infiltration precedes the
development of fatty streaks [33] and occurs in response to short-term atherogenic diet
feeding in rabbits [23,24,26]. Suppressed monocyte recruitment, in certain genetically-altered
mice, causes a profound reduction in atherosclerosis, suggesting that these cells also play a
key role in the progression of the disease [34,35]. Macrophages also contribute to plaque
stability and clinical events such as rupture [36]. Macrophages at lesion sites also secrete
apoE [37,38] and the implications of this are discussed in Section 1.4.2. Accumulated intimal

T-lymphocytes play a lesser role in the disease [39] but their secretion of different pro-
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inflammatory cytokines adds further complexity to the local cytokine milieu and the potential

activation states of the vessel wall cells.

1.2.4 'THE ADHESION CASCADE.

Distinct adhesion molecules appear to regulate different stages of monocyte
recruitment in a dynamic and coordinated multistep process known as the ‘adhesion cascade’
involving locally-generated chemokines that have direct chemoattractant effects and regulate
the affinity of leukocyte CAMs for their ligands (Figure 1.2-1). Most of these endothelial
CAMs are either members of the immunoglobulin superfamily (IgSF), characterized by the
presence of multiple Ig-like domains, or the selectin family which include an amino-terminal
C-type lectin domain. Leukocyte coreceptors for the IgSF CAMs are the integrins,
heterodimeric proteins consisting of noncovalently linked alpha and beta units. CAMs are
also known by their cluster of differentiation (CD) antigen designation. The adhesion
cascade, involving CAMs implicated in atherosclerosis, has been recently reviewed [40-43]

and additional CAM information can be found in the .Adhesion Molecule Facts Book [44].

1.2.4.1 Monocyte Tethering via Endothelial Selectins.

Monocyte adhesion to activated endothelium starts with the capture of cells from flow.
The selectins mediate this initial attachment to the vessel wall through labile, transient
adhesions which permit monocytes to roll in the direction of blood flow (Figure 1.2-1). P-
selectin is the first endotheliall CAM upregulated at the cell surface within minutes of
endothelial activation and initiates the earliest phase of monocyte recruitment via interactions
with P-selectin glycoprotein ligand-1 (PSGL-1/CD62P), its major leukocyte coreceptor. P-
selectin is constitutively produced in a pre-formed state and is rapidly translocated from
internal storage sites (Weibel-Palade bodies) to the membrane. P-selectin interacting with
PSGL-1, acts in concert with monocyte L-selectin (CD62L) interacting with endothelial cell
CD34 (a sialomucin). P-selectin is also transcriptionally regulated by cytokines. E-selectin
(CD62E), also known as endothelial leukocyte adhesion molecule-1 (ELAM-1), is an
endothelial-specific inducible molecule expressed rapidly in activated endothelium (Figure
1.2-2) that mediates a stronger interaction with carbohydrate ligands such as sialyl Lewis X

and sialyl Lewis A (sLex and sLea) or PSGL-1 on monocytes [42].
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first 2 of 4 conserved cysteine residues) and mediate leukocyte activation, migration and
growth [46]. MCP-1 (monocyte chemoattractant protein-1) is a chemokine that can activate
monocyte integrins. MCP-1, secreted by vessel wall cells including endothelial cells, is
upregulated tn macrophage-rich areas of human and animal lesions [47]. Recent experiments
with genetically-altered mice have confirmed its crucial role in initiating atherosclerosis
[35,48,49]. MCP-1 is a chemoattractant for both monocytes and T-lymphocytes, which

possibly explains why these cells are located together in lesions [50].

1.2.4.3 Firm Monocyte Adhesion and Transendothelial Migration via IeSF Members of
Endothelial CAMs.

Selectin-mediated adhesion does not lead to firm adhesion and transmigration unless
members of the IgSF are involved. Following integrin activation, monocytes adhere strongly

to these endothelial CAMs and then monocytes flatten before extravasation can take place.

Intercellular adhesion molecule-1 (ICAM-1, CD54), has 5 Ig domains and is weakly
expressed under resting conditions z# 2z but upon endothelial activation expression is

induced (Figure 1.2-2). ICAM-1 binds 2 integrins: aL32 also known as leukocyte function

associated antigen-1 (LFA-1, CD11a/CD18) via Ig domains 1 and 2, and aMf2 also known
as Mac-1 (CD11b/CD18) via Ig domain 3. ICAM-2 (CD102), consisting of only Ig domains
1 and 2, mediates constitutive transendothelial leukocyte traffic and is not augmented by
endothelial activation. Vascular CAM-1 (CD106) is absent on resting endothelial cells, but is
induced by endothelial activation. VCAM-1 is predominantly found in a 7 Ig domain splice
variant form in human endothelium [51] and binds mainly to very late antigen-4 (VLA-4,
CD49d/CD29, a4B1) via Ig domains 1 and 4 [52] (Figure 1.2-2). Platelet endothelial CAM-1
(PECAM-1, CD31), expressed constitutively at endothelial intercellular junctions, can bind
both homophilically, participating in vascular permeability [53], or heterophilically to avf3
mediating monocyte transmigration. Transmigration is dependent on a chemotactic gradient
and the activation of PECAM-1. PECAM-1 also has a striking ability to activate integrin

adhesiveness. The latter stages of monocyte extravasation have been recently reviewed [54].

After endothelial penetration, monocytes must be retained in the intima to exert their
pathological role in atherogenesis. In addition to their interaction with extracellular matrix
components, monocytes may adhere to activated intimal smooth muscle cells expressing

VCAM-1 [55] which may encourage a more permanent residence in the plaque [56].
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Figure 1.2-2 Structures of E-selectin, ICAM-1 and VCAM-1.

Figure adapted from Imhof and Dunon [42] and Chia [40]. E-selectin, a 95-115 kDa glycoprotein,

is a member of the selectin family of CAMs characterized by a common mosaic structure consisting of an
amino-terminal C-type lectin (sugar-binding) domain, a single epidermal growth factor (EGF)-like domain,

several short comsensus repeats similar to those found in regulatory proteins that bind complement, a

transmembrane domain and a short carboxy-terminal cytoplasmic domain. E-selectin binds to carbohydrate

ligands (sLex, sl.ea and PSGIL.-1) via the lectin domain. 1CAM-1 and VCAM-1 are members of the

IgSF characteriged by repeated domains, similar to those found in immunoglobulins (Ig), in the extracellular,
amino-terminal portion of the molecule. Each ‘Ig-like domain’ is usually encoded by a discrete excon and

consists of a primary sequence of 70-110 amino acids residues arranged in a [-barrel stabiliged with a

disuiphide bridge to form an Ig fold’. The extracellular portions are glycosylated (not shown). IgSF CAMs

bave a transmembrane region and a short ¢ytoplasmic tail. ICAM-1, a 90-115 kDa glycoprotein has five Ig

domains with domains 1 and 2 able to bind ligand (LFA-1 and Mac-1). VCAM-1, a 90-110 £Da

Slycoprotein, is found in bumans with 7 Ig domains as the major form, of which domains 1-3 are homologons
to domains 4-G (indicating an intergenic duplication event in the evolutionary history of the gene). Domains 1

and 4 bind ligand (V1.A-4). Alternatively spliced variants of the same VCAM-1 gene have been described

(not shown in figure [51]). In humans there is a biologically active minor variant lacking the 4* domain,

whilst in rabbits both 7 and 8 domain forms exist [51]. In mice there is an additional and unique truncated

Jorm with only 3 Ig domains, which is bound to the cell membrane by a phosphatidylinositol inkage at its

carboxy-terminus, but still binds VI1.A4 [57].
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1.2.5 ENDOTHELIAL CAMS ARE UPREGULATED IN ATHEROSCLEROTIC PLAQUES.
Levels of certain endothelial CAMs, in particular VCAM-1, ICAM-1, E-selectin and P-
selectin, are elevated in human atherosclerotic tissue [58-62]. These molecules, especially
VCAM-1, are also prevalent in the neovasculature (small vessels arising from the adventitia
vasa vasorum), suggesting that monocytes may also be recruited to sites located deep within
the atherosclerotic plaque via neovessels [63]. VCAM-1 1s also expressed by human plaque
smooth muscle cells and macrophages [59]. Endothelial CAM upregulation occurs in leston
prone areas of the arterial tree, where flow is slow or disturbed [64], both in humans [65] and
in animal models of atherosclerosis [25,26,33,66]. This upregulation is an indicator of
inflammation in early atherosclerosis [23-25,25-28] that persists as the disease progresses

[27,58-62).

1.2.6 THE IMPORTANCE OF VCAM-1 IN ATHEROSCLEROSIS.

Animal models of atherosclerosis have highlighted the importance of VCAM-1 as a
requisite for monocyte adhesion and recruitment [23-25,25-28,67]. In addition, the
expression of VCAM-1 by normal arterial endothelium may represent a phenotypic marker
of predisposition to atherogenesis [66]. Different subsets of integrins are expressed by
different populations of leukocytes allowing them to bind selectively to the vascular
endothelium. The absence of VLA-4, a ligand for VCAM-1, on neutrophils may partly
explain their exclusion from the atherosclerotic lesion, whilst the accumulation of only
monocytes and T-lymphocytes [30] is also suggestive of VCAM-1 playing an important role

in selective leukocyte recruitment.

Furthermore, the predominance of monocytes in atherosclerotic lesions may be
because VCAM-1 is more effective at mediating the attachment of monocytes than
lymphocytes [68]. Although CAMs are sometimes categorized as mediating only one kind of
adhesive interaction, VCAM-1 can mediate monocyte rolling, firm adhesion and
transmigration in cell culture studies under flow conditions [68], increasing VCAM-1’s

potential as a key molecule in the recruitment of monocytes.

Expression of VCAM-1 is modulated by many pro- and anti-atherogenic stimuli
(Section 1.2.9). In particular, the regulation of VCAM-1 is coupled to oxidative stress, another
early feature in the pathogenesis of atherosclerosis, by a reduction-oxidation (redox)-sensitive

transcriptional regulatory mechanism [69] (Section 1.2.6).
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1.2.7 SOLUBLE CAMS AS IN VIvO MARKERS OF ENDOTHELIAL DYSFUNCTION,
INFLAMMATION AND ATHEROSCLEROSIS,

Although cellular expression of endothelial CAMs 77 uiwo s difficult to assess clinically,
the presence of soluble CAMs (sCAMs) in the circulation are markers of CAM expression
[70]. Although the origins, metabolism and functional significance of sCAMs are not fully
understood, their levels are known to be elevated in numerous pathological conditions,
including atherosclerosis [71]. Soluble VCAM-1 (95-110 kDa) lacks the membrane-spanning
and cytoplasmic domains and is generated by proteolytic cleavage of cell surface VCAM-1 at
a site close to the point of membrane insertion, by a poorly understood ‘shedding’ process
involving a metalloprotease [72]. The discovery of soluble forms of E-selectin, ICAM-1 and
VCAM-1 present in the supernatants of cytokine-activated cultured endothelial cells [73] has
facilitated 7z vitro research in this field. It 1s thought that shedding is not just a regulatory
mechanism for reducing the amount of VCAM-1 at the cell surface; the shed portion of
VCAM-1 is functional and, under flow conditions 7z utro, negatively regulates monocyte

adhesion to endothelial cells by competitively inhibiting monocyte intregrin binding [74].

Interestingly, the circulating levels of sVCAM-1 are a good 77 vivo surrogate marker of
the presence of endothelial activation/damage in patients with atherosclerosis [70]. Indeed,
its concentration correlates well with VCAM-1 expression in the human atherosclerotic
lesion [75]. Importantly, sVCAM-1 appears a better predictor of the extent and severity of
the disease, than other sSCAMs or plasma markers, with its concentration correlating strongly
with intima thickness [70]. Therefore, sVCAM-1 maybe a dynamic surrogate marker for

both risk assessment and for monitoring the effectiveness of therapeutic interventions.

1.2.8 TRANSCRIPTIONAL REGULATION OF ENDOTHELIAL CAM EXPRESSION.
Although E-selectin, ICAM-1 and VCAM-1 are structurally, and functionally, distinct,
they do share a coordinated transcriptional response to pro-inflaimmatory cytokines.
Cytokines are small secreted protein mediators that function as a communication system
between cells involved in the inflammatory reaction. They act through high affinity receptors
[76]. TNF-a and IL-1B, both 17 kDa pro-inflammatory cytokines that contribute to the
pathogenesis of atherosclerosis [77,78], are found in human atherosclerotic plaques and are
secreted locally by lesion macrophages, smooth muscle cells and endothelial cells [79,80].
These potent, structurally unrelated cytokines have distinct cell surface receptors but are
capable of triggering biologically similar effects through the convergence of intracellular

signalling pathways which cause the activation of the same set of transcription factors.
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In cultured endothelial cells, E-selectin, ICAM-1 and VCAM-1 are all upregulated
concurrently by TNF-a, IL-1B or cytokine-like stimuli, such as lipopolysaccharide (LPS), [81-
84]. The endothelial NF-kB/I-kB system (nuclear factor-kappa B/inhibitor of kappa B
system) plays a pivotal role in regulating cytokine-induced endothelial CAM expression [85].

1.2.8.1 Cytokine-Activation of NF-kB.

The signalling cascades which link the numerous cell surface signals with activation of
NF-xB are still incompletely understood, however, NF-kB activation by TNF-a binding to
its receptor (INFR-1) is partly characterized (reviewed in [86]) (Figure 1.2-3). NF-xB
consists of dimeric complexes of members of the Rel protein family of which the
heterodimer p50/p65 is the best characterized. In resting cells, NF-xB is sequestered in the
cytoplasm by the binding of an inhibitor termed I-xB to the p65 subunit of NF-xB. Upon
activation of the cell by cytokines (Figure 1.2-3), NIK (NF-«B inducing kinase)
phosphotylates the I-kB kinase complex which in turn phosphorylates I-kB to signal its
ubiquitination and degradation. Dissociation of I-kB causes a conformational change in NF-
kB which unmasks both a nuclear localization signal (allowing nuclear translocation) and a
CREB-binding protein (CBP) interacting domain on p65, which binds to a specific
promotional DNA sequence and thereby influences the transcription of NF-kB-dependent

genes.

Diverse stimuli activate NF-xB through distinct signalling pathways although the
underlying mechanisms are unclear. LPS, a surface component of Gram-negative bacteria
released following host infection, mediates pro-inflammatory gene expression (including E-
selectin, ICAM-1 and VCAM-1 induction) by activating NF-xB [87], via a process thought to
involve the synthesis of reactive oxygen intermediates (ROI) [88] (Figure 1.2-3).
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1.2.8.2 NF-kB/I-xB Dysfunction in Atherosclerosts.

NF-kB and I-xB act in an autoregulatory mechanism. After removal of the stimulus,
the I-xB pool is replenished because NF-xB mediates activation of the I-kB gene. I-xB
translocates to the nucleus and displaces the transactivating form of NF-xB before the
inactive NF-kB/I-kB complex is transported back to the cytoplasm, diminishing gene
expression and returning the activated cell to the quiescent state [86]. In atherosclerosis,
dysfunction of this control mechanism may contribute to prolonged NF-xB activation and
thus contribute to the changes in gene expression during the disease. Indeed, activated NF-
KB can be detected in endothelial cells of human atherosclerotic lesions [89]. There is a
remarkable correlation between pro-atherogenic agents, such as inflammatory cytokines and
oxidative stress, and NF-kB activation [86]. The dramatic changes in endothelial function
early in atherogenesis may reflect the expression of many genes regulated at the
transcriptional level by NF-kB. As well as CAM expression, endothelial NF-kB-dependent
gene expression of secreted inflammatory cytokines [90], MCP-1 [91] and M-CSF
(macrophage-colony stimulating factor), which drives monocyte differentiation and regulates

foam cell formation [92], also contribute to the pro-inflammatory process in atherogenesis.

1.2.8.3 NF-kB as a Redox Monitor for Oxidative Stress in the Vessel Wall.

Oxidative stress, produced during inflammatory processes in response to various types

of pro-atherogenic agents and characterized by an excess of oxygen free radicals or reactive
lipid species, correlates with activation of NF-kB [93], whilst antioxidants suppress NF-xB.
ROI in the cell activate redox-sensitive transcription via NF-kB [88], however, at the present

time this pathway is undefined (Figure 1.2-3).

1.2.8.4 _Other Transcription Factors Implicated in CAM Induction.

Although NF-kB is an important transcription factor, other transcription factors must
co-ordinate with NF-kB to generate unique transcriptional activating complexes for
endothelial CAM expression. For example, the VCAM-1 promoter has two closely linked
NF-kB binding sites (with both sites necessary for activation of the VCAM-1 gene), as well
as consensus binding sites for the GATA family of zinc finger transcription factors and an
AP-1 (activating protein-1 or c-Fos/c-Jun) site [51]. AP-1 may modulate NF-xB’s regulation
of VCAM-1 expression by TNF-a in endothelial cells [94]. Variation in the number of NF-

kB molecules and interaction with other transcription factors, may provide the basis for
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differential regulation of the different CAMs. Furthermore, the role of NF-xB in E-selectin
and ICAM-1 gene expression is currently under debate [69,95,96].

1.2.9 ENDOTHELIAL CAM-MODULATORY AGENTS RELEVANT TO
ATHEROSCLEROSIS.

Numerous endogenous mediators that either induce or augment cytokine-mediated
effects, or downregulate endothelial CAM expression in culture, have been discovered in
recent years. The following CAM-modulatory agents are relevant to atherosclerosis research,
some acting via the NF-kB/I-xB system and others by, as yet, unknown mechanisms. Their
effects are summarized, however, it should be emphasized that there are discrepancies
between some reports that may reflect the organ-specific functions of the endothelial cells
and be dependent on the vascular bed from which the cells were 1solated [97]. For example,
there are differences in CAM expression in cultured arterial and venous endothelial cells
exposed to cytokines or LPS [98], which may explain differences in response to extracellular

oxidant signals [99].

1.2.9.1 Oxidative Stress, Antioxidants and Nitric Oxide (NQO).

The most striking evidence for the atherogenic role of oxidative stress and lipoprotein
oxidation in early atherogenesis has been provided by the observation that powerful
lipophilic antioxidants, such as probucol, significantly reduce progression of atherosclerosis,

in part by the downregulation of VCAM-1 gene expression 7 vivo [27]. Oxidative stress is an
important intracellular regulatory signal that activates NF-kB and mediates the selective
expression of VCAM-1 [69], whilst antioxidants suppress NF-kB activation and induction of
VCAM-1 in cultured endothelial cells exposed to oxidizing species [100] by preventing I-kB
phosphorylation [101]. Advanced glycated endproducts (AGE), irreversibly glycated proteins

found in diabetic patients, can induce oxidant stress and endothelial dysfunction by binding
to endothelial AGE receptors (RAGE) [102]). The subsequent activation of NF-kB and
upregulation of VCAM-1 may contribute to the accelerated vascular disease observed with

diabetes [103].

NO, a potent anti-atherogenic molecule (Section 1.4.4), downregulates NADPH
(reduced nicotinamide adenine dinucleotide phosphate) oxidase activity [104], modifies the

reactivity of oxygen intermediates in the vascular endothelium [105] and reduces oxidative
stress [106]. NO can also directly inhibit NF-xB activation to downregulate cytokine-
induced VCAM-1 [105,107-109], primarily through the induction of I-kB expression
[109,110].
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Estrogen 1s atheroprotective, in part by its direct effects on the vascular wall and its
ability to upregulate endothelial NO production [111]. 17B-estradiol downregulates
endothelial VCAM-1 [112,113], ICAM-1 and E-selectin expression [113]. However, NO-
independent mechanisms may contribute to the potent CAM-modulatory effect of estradiol;
it could act as an antioxidant to inhibit NF-xB, or estradiol-receptor complexes could interact

with components of the NF-kB pathway to negatively affect transcription [113].

Fluid flow is a potent stimulus for the release of endothelial NO that serves to
downregulate endothelial VCAM-1 (and monocyte binding) by NF-xB suppression [114],
presumably explaining atheroprotection at sites of high shear stress. This is in contrast to the
predisposition to increased CAM expression [26,33,64,66,115] and lesion formation in areas

of the arterial tree exposed to low shear stress or disturbed blood flow [64,65].

1.29.2 LDL.

LDL is a spherical particle consisting of a core of cholesteryl ester and triglyceride
surrounded by a monolayer of phospholipid and cholesterol, with one 513 kDa integral
apoB-100 molecule as the only apolipoprotein. It has a role in the delivery of dietary
cholesterol to extrahepatic organs [116]. Elevated plasma levels of LDL constitute a major
risk factor for atherosclerotic disease, although the mechanisms whereby it exerts its
atherogenic effects remain poorly understood [6]. LDL upregulates both VCAM-1 and E-
selectin expression in cultured human arterial endothelial cells [117]. A similar effect is
observed with lipoprotein(a) [Lp(a)] [118], a2 potent atherogenic particle resembling LDL but
with an additional apolipoprotein, apo(a), which has similarity to plasminogen and is

covalently bound to apoB [119].

Modifications to LDL, in particular the oxidation of LDL trapped in the
subendothelial space by vessel wall cells, make it more atherogenic than native LDL [3].
Oxidized LDL (oxLDL) may modify all stages of monocyte recruitment [120], presumably by
increasing endothelial CAM expression and acting as a chemoattractant for monocytes.
OxLDL can influence gene expression by causing oxidative stress and activating NF-xB in
endothelial cells [121] (Figure 1.2-3). In cultured endothelial cells, highly-oxidized copper-
treated LDL (oxLDL) induces P-selectin [122] and augments TNF-o-induced VCAM-1
expression [99]. However, exposing endothelial cells to minimally-modified LDL (MM-
LDL) upregulates monocyte adhesion but not by inducing VCAM-1, ICAM-1 or E-selectin,
indicating that MMLDL and cytokines activate distinct signal transduction pathways [123].
Furthermore, enzymatically-modified LDL (E-LDL), prepared by treating LDL with
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lysosomal enzymes to resemble particles found in early human lesions, potently stimulates

monocyte adhesion and transmigration 77 it by inducing ICAM-1 and P-selectin [124].

1.2.9.3 HDL.

HDL particles are the smallest and densest of the plasma lipoproteins. They represent
a structurally and functionally heterogeneous class of lipoproteins, most of which are lipid-
rich, exhibit electrophoretic a-mobility when subjected to agarose gel electrophoresis and
contain apoAl as the predominant protein constituent [125] (Figure 1.2-4). Total HDL in
human plasma can be subfractionated into distinct populations on the basis of density by
ultracentrifugation (to give a less dense subfraction designated HDL, and a more dense
HDL, subfraction), particle size by non-denaturing gel electrophoresis, and apolipoprotein
composition [126]. Quantitively minor HDL subgroups are lipid-poor or even lipid-free,
exhibit pref- or y-mobilities (due to variations in surface charge) and contain apoAl, apoAIV

or apoFE as the only protein constituents [125,127,128].

As mentioned previously, epidemiological studies have established that plasma HDL-
cholesterol concentrations are inversely related to the development of CHD [7], however,
from human studies it is unclear whether HDL is directly protective or whether this
relationship simply reflects some other factor which is the true cause. Recently, studies in
transgenic mice overexpressing human apoAl, the apolipoprotein present in most
subfractions of HDL, have confirmed the anti-atherogenic role of HDL; the animals have
increased HDL-cholesterol and resist atherosclerosis induced by diet [129], by apoE-
deficiency [130,131] or by the human Lp(a) transgene [132]. A direct protective role of HDL
was also shown in cholesterol-fed rabbits when infusions of HDL regressed atherosclerotic
lesions [133]. This protective effect of HDL may be associated with several functions,
including a central role in RCT whereby excess cholesterol from peripheral tissues is
transferred to HDL for subsequent delivery to the liver for catabolism [125]. HDL also has
anti-oxidant [135,136] and anti-thrombotic properties [137,138]. Both mature HDL and
lipid-free/lipid-poor apoAl particles as pref-HDL can sequester cholesterol from peripheral
cells, with esterification by LCAT (lecithin-cholesterol acyltransferase) reducing the
possibility of cholesterol molecules diffusing back to the cell, thus promoting the RCT
pathway [139]. Plasma-derived apoAl can enter atherosclerotic lesions [140,141] and
participates with macrophage-derived apoE to reduce the cholesterol content of lipid-rich
lesions [142].  Furthermore, HDL increases apoE secretion by cholesterol-loaded
macrophages /7 uitro, and this increased metabolic pool of apoE may lead to more effective

RCT [143)].
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1.2.10 OTHER FUNCTIONAL ROLES FOR VCAM-1 AND SVCAM-1.

It 1s premature to conclude that VCAM-1 plays an exclusive role as an adhesion
molecule in inflammation. Other functions include VCAM-1/VLA-4-induced T cell
activation and proliferation [156-158]. In addition, VCAM-1 has several roles unrelated to
atherosclerosis: in cardiovascular and placental development (VCAM-1-deficient mice are not
viable and embryos fail to develop normal placentas and hearts) [159]; in inflammatory
diseases of the nervous system (VCAM-1 is induced in activated neurons and cerebral
endothelial cells) [160,161]; in TNF-a-enhanced metastasis [162]; and in receptor signalling
[163]. Soluble VCAM-1 may also act as an angiogenic factor for new vessel formation;
sVCAM-1 is chemotactic, but not mitogenic, for endothelial cells [115]. Thus, it is evident
that regulation of VCAM-1 expression is a fundamental process in a wide array of disease

pathologies.

1.3 Apolipoprotein E.

Plasma apolipoproteins serve to regulate lipoprotein metabolism and to control the
transport and redistribution of lipids among tissues and cells. Apolipoproteins achieve this
by performing at least one of three major roles (reviewed in [164,165]). Firstly, because of
their ability to bind lipid, apolipoproteins stabilize the structure of hydophobic lipoprotein
particles in an aqueous environment. Secondly, apolipoproteins can act as cofactors or
activators of various enzymes or lipid transfer proteins that participate in the metabolism or
‘remodelling’ of lipoproteins as they circulate in plasma.  Finally, some specific
apolipoproteins serve as ligands for cell surface lipoprotein receptors and can direct,

therefore, the delivery and redistribution of lipids to cells.

Of the 14 plasma apolipoproteins that have been described, apoE is one of the best
characterized in terms of its structural and functional properties (reviewed in [166-168]).
ApoE was initially characterized in several animal species after it was realised that dietary
cholesterol altered its distribution in plasma; apoE becomes a major protein constituent of
several cholesterol-enriched lipoproteins that accumulate in the plasma of animals fed high
levels of fat and cholesterol [168]. ApoE is a 34.2 kDa protein in the surface of very low
density lipoprotein (VLDL) and chylomicrons, or their remnants (referred to collectively as
B-VLDL), and certain minor subfractions of HDL particles (HDL-E and y-LpE). The
normal human plasma concentration of apoE is 3-7 mg/dl [167,168] and its major

physiological role is to mediate hepatic clearance of lipoproteins through two receptors, the
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LDL receptor (LDL-R) and the LDL-R-related protein-1 (LRP1). In addition, HDL-E and
y-LpE participate in RCT by sequestering cellular cholesterol [127,169,170]. ApoE is
protective against atherosclerosts, in part due to its function in lipid transport and
metabolism, and also due to local protective effects within lesions restricting development of

atherosclerosis (discussed in Section 1.4).

1.3.1 GENE REGULATION AND BIOSYNTHESIS OF HUMAN APOE.

Human apoE consists of a single 299 amino acid polypeptide chain. The primary
structure was first determined by direct amino acid sequencing of the protein purified from
human VLDL [171] and later confirmed by nucleic acid sequencing of a full-length cDNA
[172). ApoE is encoded by the 3.7 kilobase APOE gene located on chromosome 19, which
contains four exons and three introns [173,174]. The APOE promoter sequence TATAATT
occurs approximately 30 base pairs (bp) upstream from the transcriptional initiation site.
Other promoter and enhancer elements important in regulating apoE biosynthesis have also
been identified [175]. ApoE mRNA is 1,163 bp 1n length and encodes a precursor protein
containing an 18 amino acid signal peptide that i1s removed co-translationally during the
translocation of the protein through the endoplasmic reticulum [172]. In humans, apoE is
secreted as an O-glycosylated protein due to a single glycosylation site at Thr;,, [176]. In
plasma, 90 % of apoE is desialylated, although the relevance of this phenomenon for its
function and metabolism is not understood at present [166]. Sialic acid variations of apoE

often appear as multiple bands on polyacrylamide gels.

1.3.2 SITES OF SYNTHESIS.

Human apoE has a wide tissue distribution with a role related generally to inter- or
intra-organ cholesterol transport. ApoE is produced in most organs and significant
quantities of apoE mRNA are detected in the liver, brain, spleen, lung, adrenal, ovary, kidney
and muscle in several different species [167,168]. The liver synthesizes >90 % of plasma
apoE. Hepatic parenchymal cells, which secrete apoE. as a component of VLDL, are largely
responsible for this apoE production [177]. However, it is possible that liver-synthesized
apoE is released independently of VLDL, as discoidal particles that contain mainly
phospholipids [127]. The second largest concentration of apoE mRNA is found in the brain
(about one-third the amount in liver) [166,168]. In the brain, astrocytes are responsible for
producing the majority of apoE [179,180], although glial cells and neurones have also been
reported to produce apoE under certain conditions [180,181]. It is noteworthy that apoE 1s

also a major apolipoprotein of cerebrospinal fluid (CSF) in humans [166,167,182].
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ApokE 1s also synthesized by a wide variety of peripheral cells including macrophages,
raising questions regarding the potential physiological roles of apoE made in peripheral
tissues [168]. Macrophages are ubiquitous and a significant source of apoE at many tissue
sites. Cholesterol-loaded macrophages secrete an abundance of apoE at atherosclerotic
lesion sites [37,38]. Macrophage-derived apoE is secreted in combination with phospholipid
[127] and has roles in vessel wall and cellular cholesterol homeostasis [183] (Section 1.4.2) as

well as other potential anti-atherogenic roles at the lesion site (Sections 1.4.3 and 1.4.4).

1.3.3 APOE POLYMORPHISM.
The polymorphic nature of apoE was first established using isoelectric focusing
(IEF)[184], and further clarified using two-dimensional electrophoresis [185]. The three

major isoforms of apoL, referred to as apoE2, E3 and E4, are products of three alleles (€2,

€3, e4) at the APOE locus. Three homozygous phenotypes (apoE2/2, E3/3 and E4/4) and
three heterozygous phenotypes (apoE3/2, E4/3 and E4/2) arise from expression of these
alleles. The most common phenotype is apoE3/3 and the most common allele is €3,
therefore, apoE3 is considered the parent or ‘wild-type’ form of the protein, with apoE4 and
E2 as variants [166-168]. Charge differences among the three isoforms detected by IEF are
explained by single amino acid substitutions. ApoE2, the rarest mutant, differs from apoE3
by an Argl58Cys substitution and is associated with recessive forms of type III
hyperlipoproteinaemia due to defective receptor binding [166,186]. ApoE4 (Cys112Arg)
displays normal receptor binding but produces a dominant hyperlipidaemia, is a risk factor
for restenosis [187] and 1s implicated in the pathogenesis of Alzheimer’s disease (for review,

see [166,187,188]).

The three major isoforms differ from each other with respect to their association with
lipoproteins, their binding affinity for the LDL-R, and their interaction with heparin [166-
168,189-191]. ApoE3 displays a preference for HDL, as does apoE2, whereas apoE4
interacts with large lipoproteins such as VLDL [189]. Additionally, apoE3 and apoE4 bind
equally well to the LDL-R, while apoE2 displays only approximately 1 % of their binding
activity [168,190]. Besides a reduced affinity for the LDL-R, apoE2 also shows reduced
binding to heparin sulphate proteoglycan (HSPG) [191], unlike apoE3 and apoE4 which bind
HSPG with a high affinity. This heparin-binding property of apoE has been utilized for
purifying apoE polypeptide or apoE-containing lipoproteins by affinity chromatography
(Sections 3.2.5 and 3.2.7).
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The carboxyl-terminal beyond amino acid residue 191 contains three predicted helices.
In the absence of lipids, apoE self-associates as a tetramer over a wide concentration range
[194,195], however, in contrast, self-association does not occur on lipid surfaces, implying
that the self association and lipid binding moieties of apoE are structurally related. Residues

263-286 are critical for both lipid binding and tetramerization of apoE [196].

1.3.5 APOE RECEPTORS.

ApoE is recognised by a family of related receptors, the LDL receptor superfamily
(LRSF) [193,198-200]. In mammals, the members of the LRSF include the LDL-R itself, the
VLDL receptor (VLDL-R), the multifunctional LRP1 (a,-macroglobulin receptor) and the
newly characterized brain receptor LRP8 (previously known as apolipoprotein E receptor 2

or apoER2) (Figure 1.3-2).

The LRSF members are defined by common structural elements that show high
degrees (50-100 %) of sequence identity, not only between each family member but also
across a wide range of species [198-201]. Such sequence consetvation is thought to have
evolved by duplication and/or exon shuffling events from an ancestral gene [201]. The
presence of extracellular LDL-R “class A” repeats, also known as LDL-R ligand binding
repeats, 1s obligatory for membership of this gene family. Fach class A repeat consists of
approximately 40 amino acids, each containing six cysteine residues that are disulphide
bonded in the pattern one to three, two to five and four to six. Reduction of these
disulphide bridges destroys the structure and abolishes ligand binding [202,203].
Additionally, each of these repeats forms a complex with a single Ca®" ion, which also
stabilizes the ligand binding structure [203,204]. The class A repeats are arranged in head to
tail fashion and are preceded and/or followed by epidermal growth factor-precursor repeats
(EGF), each also with six cysteines. Other common elements are the “YWTD-repeats”,
characterized by a length of approximately 50 residues containing a consensus tetrapeptide
sequence F/YWXD. Typically, these are present in a group of five, flanked by EGF repeats.
The LDL-R, VLDL-R and LRP8 contain a juxtamembrane O-linked sugar domain of
approximately 60 amino acids that is enriched in clusters of serine and threonine [198].
There is a single membrane spanning stretch. The intracellular domain of all LRSF members
identified so far contain one or more tyrosine containing hexapeptides (FxNPxY) that serve

as an internalization signal to direct the receptors to clathrin-coated pits.

1.3.5.1 LDL-R.
The LDL-R was the first characterized member of this family (reviewed in [193]). It

contains one cluster of seven class A repeats and one cluster of three EGF repeats, the latter
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separated by a cysteine-poor spacer that contains five copies of the YWTD sequence (Figure
1.3-2). In particular, the LDL-R plays an important role in liver and steroidogenic tissues.
The LDL-R binds plasma lipoproteins that contain apoB-100 or apoE, and it is responsible
for the removal of most intermediate density lipoproteins (IDL) and LDL from plasma. As
such, it plays an essential role in cholesterol homeostasis. Both IDL and LDL accumulate in
plasma of patients with familial hypercholesterolaemia, who have mutations in the LDL-R

gene.

1.3.5.2 LRP1.

The second member of the LDL-R gene family to be characterized was the LRP1, also
designated the ot,-macroglobulin receptor (reviewed in [206]). This protein is much larger
than the LDL-R (4525 versus 839 amino acids). It contains 31 class A repeats and 22 EGF
repeats that are separated by eight spacer regions, each containing multiple YWTD repeats
[207] (Figure 1.3-2). The juxtamembrane O-linked sugar domain is not present. The
carboxyl-terminal cytoplasmic domain is 100 amino acids long, twice that of the LDL-R, and

contains two copies of the FxNPxY internalization motif.

LRP1 is a multifunctional endocytotic receptor present on a variety of cell types and
tissues; it is expressed predominantly in the liver where it has been proposed to act as a
receptor for chylomicron remnants that become enriched with apoE during passage through
hepatic sinusoids. Although it does not bind LDL, it can bind other ligands including

lipoprotein lipase (LPL), an enzyme that is normally bound to the surface of endothelial cells,

and al,-macroglobulin-protease complexes.

1.3.5.3 VLDL-R.

The VLDL receptor (VLDL-R) is very similar in structure to the LDL-R (Figure 1.3-
2), but contains eight rather than seven class A repeats in its ligand-binding domain and
cannot bind LDL with high affinity (reviewed in [198]). Unlike the LDL-R, the VLDL-R 1s
not expressed in the liver but predominantly in heart, adipose tissue and brain [208,209], 1.e.
all tissues that metabolize fatty acids as an energy source. The ligand specificity of the
VLDL-R is similar to LRP1. The proposed physiological role of VLDL-R in the delivery of
triglyceride-rich lipoproteins to peripheral tissues is uncertain as mice lacking the VLDL-R

show no abnormalities in their lipoprotein profile [210].
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much more closely related to that of VLDL-R; LRP8 and VLDL-R contain a short linker
sequence between repeats 5 and 6, whereas that of LDL-R is located between repeats 4 and 5
(Figure 1.3-2). Due to high similarity with the VLDL-R, LRP8 is predicted to have a similar
ligand specificity as this receptor, however, binding of f-VLDL to LRP8 does not result in its
degradation [213]. Unlike the other LRSF members, LRP8 contains a unique 59 amino acid
insert within its otherwise LDL-R-/VLDL-R-like cytoplasmic tail [211]. In human tissues,
LRP8 mRNA 1s abundant in brain and placenta and undetectable in other tissues [211,212].
More recently, LRP8 has been identified as a signalling receptor, intimately involved both in
neuronal development [205] and platelet function [214-217).

Recent studies have revealed that several splice variants of LRP8 are expressed in brain
tissues, both at the transcript [212,218] and protein level [219]. These include variants of
LRP8 lacking repeats 4-6 (LRP8A4-6) or 4-7 (LRP8A4-7) in the ligand binding domain, and
LRP8 without the cytoplasmic mnsertion (Ainsert). The functional significance of alternative

splicing and complete ligand specificity of LRP8 have yet to be determined.

1.3.5.5 Endothelial ApoE Receptor Expression.

The arterial wall is a special microenvironment that has specific characteristics distinct
from the lipoprotein metabolism in tissues such as the liver [220,221]. Vascular endothelial
cells, both 7z 210 and in culture, express some members of the LRSF involved in cellular lipid
uptake. The LDL-R is not detected in endothelial cells of normal (or atherosclerotic) human
arteries [222], possibly due to down-regulation of LDL-R by high LDL cholesterol
concentration in the arterial extracellular fluid. However, the VLDL-R is expressed by
vascular wall cells, including endothelial cells, and may be important for the binding and
uptake of triglyceride-rich apoE-containing lipoproteins into the arterial wall [223].
Endothelial cells do not usually express LRP1 [224] and although LRP1 mRNA is present in
normal human arterial endothelium, the cells are devoid of protein for the receptor [225]. In
constrast to endothelium 7z uivo, endothelial cells isolated from human umbilical veins
(HUVEG:s), the most popular model for the study of human vascular endothelium 27 zitro,
express both LDL-R and VLDL-R, whereas only trace amounts of LRP1 have been
demonstrated [226-229]. However, the level of LDL-R (but not VLDL-R) expression is
reduced in the presence of serum in the culture media [229]. The lack of a readily available
antibody has hindered protein detection of LRP8 in tissues. However, preliminary reports
identified LRP8 gene expression in rabbit arterial endothelium in response to vascular injury
(although not apparent in controls [230]) and multiple LRP8 mRNA transcripts were
detected in cultured HUVECs [231].
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1.4 ApoE and Atherosclerosis.

It has been known for many years that defective expression of apoE (either null
expression or expression of variant forms) was associated with an increased risk for
atherosclerotic vascular disease [168,232,233]. Low apoE and HDL-E are important risk
factors for CHD [10-12], and severe hyperlipidaemia and atherosclerosis ensues in humans or
animals if apoE is dysfunctional or absent [168,234,235]. ApoE infusion into
hyperlipidaemic rabbits reduces plasma cholesterol and regresses lesions [236], while
transgenic mice overexpressing apoE rapidly clear VLDL/LDL-cholesterol and resist diet-
induced hyperlipidaemia [237]. By contrast, expression of apoE3, ., or apoE4, ;. in mice,
both natural mutants, produces a Type III hyperlipidaemia phenocopy [234,238], whereas
apoE-deficient mice have marked hypercholesterolaemia and spontaneously develop
atherosclerosis [239-241]. Furthermore, adenovirus-mediated replacement of the hepatic
gene in apoE-deficient mice prevents atherosclerosis [242,243].

Until recently, the increased risk of CHD associated with defective apoE was largely
ascribed to abnormalities in global lipoprotein transport and metabolism, highlighting the
importance of apoE in facilitating these functions (Section 1.4.7). However, in addition to
being synthesized by hepatocytes and intestinal cells, apoE is also synthesized by a wide
variety of extrahepatic cells including macrophages. In particular, there is an emerging
concept that macrophage-secreted apoE at the lesion site is protective against atherosclerosis

(Section 1.4.2).

1.4.1 GLOBAL LIPID TRANSPORT.

One role for apoE in lipoprotein metabolism is cholesterol-delivery due to high-
affinity binding of apoE-containing lipoproteins to the LDL-R. ApoE binding initiates the
cellular uptake and degradation of lipoproteins, releasing cholesterol which ultimately
regulates intracellular cholesterol metabolism. ApoE shares this delivery function with apoB-

100, the protein constituent of plasma LDL.

ApoE also mediates the hepatic clearance of lipoproteins via the LDL-R and LRP1
(simplified in Figure 1.4-1). Chylomicrons are synthesized in the intestine and transport
dietary triglycerides and cholesterol. During their circulation, the core triglycerides of
chylomicrons are hydrolyzed by LPL, to produce cholesterol-enriched remnant particles.
ApoE, acquired from HDL, becomes a significant protein constituent of these remnant
particles which are then rapidly removed from plasma by two apoE-mediated mechanisms
[167,168]. In uwo evidence suggests that LRP1 and HSPGs act together as the so-called
‘remnant receptor’ [199]. In addition, the LDL-R also appears to play a role in uptake [244].
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major secretory protein of macrophages, is secreted in association with phospholipid [127].
Macrophage apoE production is regulated transcriptionally by cholesterol, highlighting a
potential role for apoE in arterial wall cholesterol homeostasis [250]. Macrophage apoE
secretion 1s also stimulated by other factors found in the atherosclerotic vessel wall;

physiologically-modified forms of LDL and proinflammatory cytokines [251,252].

Although mice are normally highly resistant to atherosclerosis, targeted distuption,
deletion, or insertion of specific genes that regulate lipoprotein metabolism has resulted in
the generation of a variety of murine models of hypercholerolaemia and atherosclerosis
[253,254]. In particular, studies with apoE-deficient (APOE”") mice generated by ‘knockout
technology’ [240,255] have helped to elucidate the role of macrophage secreted apoE in
atherosclerosis. These mice, fed on low-fat/cholesterol diet, have delayed clearance of
lipoproteins and, at lesion-prone sites, spontaneously develop the entire spectrum of lesions
observed in humans. The exacerbation of atherosclerosis by high-fat/cholesterol
(atherogenic) diets is also mimicked in these mice [33]. The susceptibility of apoE-deficient
mice to atherosclerosis reflects not only their marked hyperlipidaemia, but also the inability

of their arterial macrophages to make and secrete apoE [235].

Studies performed in apoE-deficient mice have provided the most convincing evidence
for a prominent role of macrophage-derived apoE in tissue and cellular cholesterol
homeostasis (reviewed in [183,256)). Bone marrow transplant from normal (APOE"’") mice
to apoE-deficient (APOE’) recipients, allows apoE production in the transplanted
macrophages under the native promoter and hence physiologically relevant amounts of
macrophage-derived apoE are produced [235,257]. As a result, these mice, with only ~10 %
of normal circulating levels of apoE, have a normalized lipoprotein profile and are resistant
to diet-induced atherosclerosis. Therefore, macrophage apoE is functionally active and
sufficient to correct the metabolic defect in these mice, most probably by associating with
circulating lipoproteins and inducing their hepatic clearance, although macrophage apoE may

also have contributed to the protective effect at the vessel wall.

Other studies have demonstrated that local apoE production in the vessel wall can
provide protection against atherosclerosis independently from its role in lipoprotein clearance
and plasma lipid-lowering. Expression of human apoFE in vascular endothelial and smooth
muscle cells (which do not normally express apoE) in normal mice reduces atherosclerosis,
without altering plasma lipid levels, by enhancing efflux of vessel wall cholesterol [237].
Macrophage-specific expression of apoE, under the control of a virus long terminal repeat in

apoE-deficient mice, has a direct anti-atherogenic effect even in the presence of high levels of
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atherogenic lipoproteins [258]. More recently, the use of retroviral gene therapy in apoE-
deficient mice has shown that arterial macrophage-secreted apoE at levels as low as 0.5 - 1%
of normal circulating levels can delay atherogenesis if expressed during foam cell formation,
without effecting plasma cholesterol levels [259]. Conversely, when C57BL/6 mice which
are susceptible to atherosclerosis are reconstituted with apoE-deficient macrophages and fed
an atherogenic diet, they develop 10-fold more atherosclerosis with no significant change in
lipoprotein profile [260]. Thus these investigations conclude that in addition to clearing
atherogenic lipoproteins, local apoE production by macrophages in the arterial wall plays a

special role in the prevention of atheroscleross.

1.4.2.2 Macrophage-Secreted ApoE, Local Cholesterol Efflux and RCT.

The apoE released from macrophages is different from apoE isolated from circulating
lipoproteins. It has a higher degree of sialylation [261] and is secreted in association
phospholipid [127]. Both these factors affect the size and charge of the apoE-containing
particles and influence their interaction with cellular and matrix components of the vessel
wall [183]. These spherical lipoprotein particles contain apoE as their sole protein
component and sphingomyelin as the major phospholipid [127]. Recent studies infer that
locally-synthesized apoE particles have anti-atherogenic actions at lesion sites including

cholesterol homeostasis of the surrounding cells of the vessel wall (see above).

As well as facilitating the hepatic clearance of lipoproteins, apoE also sequesters excess
cellular cholesterol from the periphery. This local action of apoE is mediated by
macrophage-secreted y-LpE, which constitutes a significant part of the normal cholesterol
efflux capacity of plasma [127,170,262]. Macrophage apoE. may prevent foam cell formation
by stimulating efflux of excess free cholesterol from lesion macrophages [127,170,263,264]
and facilitate RCT of excess vessel wall cholesterol [237,262] perhaps in concert with HDL
[265]. Although endogenous macrophage apoE is able to efflux cellular cholesterol in the
absence [264] ot presence of added cholesterol acceptors such as HDL, [266], macrophage
apoE may also be transferred onto HDL to promote cholesterol efflux from the vessel [267].
HDL devoid of apoE is less able to efflux macrophage cholesterol as compared with HDL-E
[265]. Interestingly, endogenous apoE expression also enhances HDIL, binding to
macrophages, and although this may not contribute to cholesterol efflux [268] this interaction

may have other functions.
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1.4.3 APOE HAS PROTECTIVE ROLES UNRELATED TO LIPID METABOLISM.

In addition to regulating cholesterol metabolism in the arterial wall, macrophage-
derived apoE. may impact vessel wall biology in other protective ways [183]. ApoE is an
allele-specific antioxidant [269] that may protect the vessel wall from oxidative cytotoxicity
and cellular dysfunction 7z zw. Human atherosclerotic lesions contain regional
accumulations of T lymphocytes [30], which may participate in the disease process [39],
however, apoE can alter lymphocyte function by potently inhibiting their activation and

proliferation, and by suppressing their production of cytokines [270-272)].

ApoE produced by macrophages is bound by the subendothelial matrix of the vessel
wall [38] and such interactions could influence the ability of lipoproteins to interact with cell
surface receptors, the ability of LPL in the matrix to promote retention of atherogenic
lipoproteins [273], the bioavailability of cytokines and growth factors retained in the matrix,
and the regulation of arterial smooth muscle cell growth by matrix components [274]. In
addition, apoE also stimulates endothelial production of heparan sulfate (HS), a major class
of proteoglycan in the extracellular matrix, which has anti-atherogenic activity by inhibiting
smooth muscle cell proliferation and also preventing monocytes from associating with the

matrix [275].

ApoE inhibits platelet aggregation [276]. Activated platelets may directly initiate an
inflammatory response in the vessel wall and contribute to endothelial adhesiveness in
atherosclerosis [154,155], and therefore apoE-mediated anti-platelet action provides another
anti-atherogenic function in the vicinity of the vascular wall [216,276]. ApoE may play a role
in maintaining the normal mitogenic state of the vessel wall by inhibiting both endothelial
[277} and smooth muscle cell proliferation [278], processes that are implicated in
atherogenesis [1,21]. Interestingly, the ability of apoE to inhibit platelet aggregation and
smooth muscle cell generation is due to apoE-induced release of anti-atherogenic NO by

these cell types (see below).

1.4.4 APOE AND REGULATION OF NITRIC OXIDE (NO) PRODUCTION.
1.4.4.1 NO and NO Synthase (NOS) Isoforms.

As a free radical gas, NO is a uniquely diffusible and reactive molecular messenger

with diverse biological actions throughout the body, including the vascular, immune and
nervous systems (reviewed extensively in [279-283]). Formation of NO from arginine,

catalyzed by NOS , is by the five-electron oxidation of the terminal guanidinium nitrogen of
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the amino acid, L-arginine, yielding L-citrulline as the coproduct. The mechanism is a
complex two-stage stereo-specific reaction, involving molecular oxygen and NADPH as

cosubstrates, with numerous other redox cofactors.

Early studies, indicated that based on several criteria including cellular location,
regulation of activity and substrate/inhibitor profiles, there were three distinct NOS
isoforms, as seen in Figure 1.4-2 (reviewed in [279,281,286]). A constitutive form, whose
activity is regulated by Ca*" and calmodulin (Ca-CaM), is found in vascular endothelium
(termed eNOS or NOS-III) where the continuous generation of NO is involved in the
regulation of blood pressure and blood flow [281]. Another Ca-CaM-requiring constitutive
enzyme is present in neurones and skeletal muscle (nNOS or NOS-I). The NO produced in
the neurones of the brain can link blood flow to neuronal activity, modulate neurotransmitter
release, and influence brain development and function [283]. There is a Ca**-independent
isoform (INOS or NOS-II) found in macrophages, vascular smooth muscle cells and
hepatocytes following induction by specific cytokines. Macrophage iINOS expression
requires immunological or inflammatory stimuli, implicating NO release as an important
means of controlling infection [287,288]. However, (and reflecting the seemingly ubiquitous
role of NO in cell biology) it is now recognized that distribution of the three isoforms
overlap in many tissues and cell types, their subcellular location is variable, the same isoform
in different cells may evoke different biological effects, and that eNOS and nNOS are also
inducible [285].

Each of the NOS isoforms requires CaM for activity. However, the constitutive
isoforms are dependent on Ca*, which interacts with CaM to facilitate binding of Ca-CaM to
NOS [281], whereas the inducible isoform has CaM permanently bound, and hence its
activity is independent of Ca*" levels [280,285]. Unlike the other isoforms, eNOS undergoes
cotranslational N-myristoylation at its amino-terminal (Gly?) and hence s predominantly
membrane-associated [281] (Figure 1.4-2). Itis also targeted to caveolae(-like) domains in the
cell surface by post-translational cysteine palmitoylation (Cys'™ and Cys*) [289] and this
reversible process, along with phosphorylation and dephosphorylation at multiple sites [290],

may be an important means of regulating NOS activity and NO release [281].
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1.4.4.2 Anti-Atherogenic Actions of Endothelial-Derived NO.

Continuous generation of NO by the endothelium is crucial for the regulation of blood
pressure and blood tlow, and for normal vessel wall homoestasis [281]. Ir uifro, NO can
inhibit many of the key processes involved in the early pathogenesis of vascular injury and
atherosclerosis [291] including the oxidation of LDL [292]. In the endothelium, NO can
suppress the expression of many pathophysiologically relevant effector molecules including
endothelial CAMs [90]. It plays an important role in prevention against eatly endothelial
dysfunction [293] and stimulates the process of endothelial wound repair [294]. NO also
helps to maintain the appropriate level of permeability in the endothelial layer [295,296].

Endothelial-derived NO is a potent countervailing force in the vessel wall that opposes
atherogenesis, not only by regulating endothelial function, but also by its ability to diffuse
across cell membranes [297] away from its site of synthesis, and affect other cell types in a
paracrine fashion. Endothelial-derived NO can diffuse to the subjacent vascular smooth
muscle cells, where it regulates vascular tone [298] and modulates their expression of
secretory factors, such as MCP-1 [299]. It also can diffuse to the luminal surface of the
endothelium, where it exerts a number of important physiological effects including the
inhibition of platelet adherence and aggregation [300], the scavenging of superoxide radicals
[301], and inhibition of leukocyte function by modulating monocyte adhesion to endothelium
[302]. The last is dependent, in part, on the downregulation of monocyte adherence

glycoprotein CD11/CD18 [303].

1.4.4.3 ApoFE Stimulates NO Release in Cells of the Vasculature.

Recent evidence suggests that apoE may protect against atherosclerosis, in part, by
upregulating eNOS activity. ApoE, via an apoE receptor-dependent mechanism, induces
activation of eNOS in platelets with the production of NO inhibiting platelet aggregation
[215,215,216,216,217,217,276]. In macrophages [304,305] and vascular smooth muscle cells
[278,306,307], apoE causes activation of iNOS. Although not clear whether the effects of
INOS are pro- or anti-atherogenic, it is evident that apoE-mediated NO release in smooth
muscle cells is associated with apoE’s cytostatic functions of inhibiting both cell proliferation
and migration, which may protect against atherosclerosis [278]. In macrophages, NO
synthesized by iINOS is thought to be an important autoregulatory inhibitor of vascular

inflammation, in part by inhibiting monocyte-endothelial adhesion [308].
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1.5 Aims of Thesis.

ApoE 1s involved in atheroprotective mechanisms (Section 1.4). 1have hypothesized
that: apoE has an anti-inflammatory/anti-atherogenic action by inhibiting cytokine-
mediated upregulation of CAMs.” There is some indirect evidence to support this
proposal. Endothelial CAM expression is markedly elevated in the absence of apoE in a
mouse model that develops lesions similar to those in humans [25,309,310]. Gene therapy to
replace arterial macrophage apoE in these apoE-deficient mice is protective against the early
stages of the disease, thus reducing monocyte recruitment and subsequent foam cell
formation [259]. Furthermore, overexpression of apoE in co-culture models of aortic wall

cells results in a marked reduction in monocyte adhesion and transmigration [311].
The aims of my thesis were, therefore:

Aim 1: to establish primary endothelial cell culture as an 7z utro model of human

endothellum in which to study CAM upregulation by pro-inflammatory cytokines.

Aim 2: to test the ability of plasma-purified apoE to modulate endothelial CAM

expression.

Aim 3: to decipher whether locally-secreted, cell-derived apoE can suppress
endothelial activation, in part, by designing cell culture models to mimic endothelial

exposure to arterial macrophage apoE.
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Chapter 2



2. CHARACTERIZATION OF HUMAN ENDOTHELIAL CELL
MODELS

2.1 Introduction.

A model of human vascular endothelium was required for my study into the effects of
apoE on endothelial CAM induction. In recent years, the quest for greater understanding of
the vascular endothelial biology has led to methods for the isolation and iz witro culture of
micro- and macro-vascular endothelial cells from a wide range of vessels from several
species, including human [97]. Human umbilical vein endothelial cells (HUVECs) isolated
from umbilical cords are a readily available and popular source, and early passages of cultured
HUVECGCs constitute a well-established 77 utro model system for studying human endothelial
cells of large vessels. They have been used extensively for CAM research, especially in the
field of atherosclerosis. In particular, HUVECs are the most widely used model in which to
study the regulation of endothelial CAM expression by agents relevant to atherogenesis,
including inflammatory cytokines [82,84], lipoproteins [83,99,122], estrogen [112,113] and
NO [105,108].

There are disadvantages ot HUVEC culture: time-consuming isolation and limited cell
yield, slow growth, fastidious exogenous growth factor and high serum concentration
requirements for optimal propagation, special culture substrata needs, relatively short life
span, batch to batch variability of cells, heterogeneity within the same culture, the possibility
of non-endothelial cell contamination, plus the risks associated with using material possibly
infected with HIV or hepatitis B. For these reasons, a model endothelial cell line could
overcome some of the ditficulties encountered with primary endothelial cell culture.
However, there is a lack of immortalized human endothelial cell lines available that have
retained their endothelial nature. The ECV304 cell line, derived from a spontaneously

transformed HUVEC culture [312], has been used to study various aspects of endothelial
biology including angiogenesis [313], interferon-y receptor expression [314] and plasminogen

activator secretion [315].

This Chapter describes the establishment of HUVEC cultures using my optimized
isolation protocols and immunophenotyping methods with which to characterize the cells. A
detailed characterization of ECV304 cells was also performed to determine whether this
transformed human endothelial cell line is a biologically relevant model system suitable for

the investigation of CAM regulation by apoE.
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2.2 Specialized Materials and Methods.

2.2.1 MATERIALS.

O-Phenylenediamine (OPD) substrate tablets, IgG, negative control antibodies, von
Willebrand factor (vWF) antibodies (clone F8/86) and StreptABComplex/HRP Duet kit
were from DAKO Ltd (High Wycombe, UK). CAM monoclonal antibodies were from
R&D Systems (Abingdon, UK): VCAM-1 (CD106; clone BBIG-V1), ICAM-1 (CD54; clone
BBIG-I1), E-selectin (CD62E; clone BBIG-E4) and PECAM-1 (CD31; clone 9G11). Other
antibodies used for endothelial cell characterization were thrombomodulin (TM; clone
QB/End/40) and CD34 (clone QB/End/10) both from Quantum Biosystems Ltd
(Waterbeach, Cambridge, UK). M199 media, trypsin-EDTA, glutamine and penicillin were
purchased from Life Technologies (Paisley, UK). Collagenase A (from Clostridinum histolyticum)
was from Roche Diagnostics Ltd (Lewes, UK). Multichamber Tekwells were purchased
from Nunc (Naperville, USA). All other culture plastic-ware was from Marathon Laboratory
Supplies (London, UK); all flasks were fitted with a vented cap (0.2 uM filter). Loctite 358
adhesive for mounting slides was from Loctite UK (Welwyn Garden City, UK). LPS (from
Escherichia coli serotype 026:B6), recombinant human TNF-a and endothelial cell growth
supplement (ECGS) along with all other chemicals and tissue culture reagents were from

Sigma-Aldrich Company Ltd (Poole, UK).

2.2.2 ISOLATION OF HUVECS.

HUVECGs were isolated from fresh umbilical cords using my modifications of a
standard technique [316]. Umbilical cords were collected from the Maternity Unit (Royal
Free Hospital, London, UK) in pots containing ‘collection M199 media’; 100 IU/ml
penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine, 200 pg/ml gentamycin, 250 ng/ml
fungizone (amphotericin B) and 20 % (v/v) foetal bovine serum (FBS) in M199 media with
Hank's salts. All manipulations of cords were undertaken in a class II laminar-flow cabinet
using aseptic technique. Cords were inspected for any damage, e.g. from applying clamps
during delivery, and these areas were trimmed away to reduce the chance of contaminating
the primary cultures with smooth muscle cells or fibroblasts released after basement
membrane disruption. Cords that still remained longer than 20 cm were processed within 12
h of delivery, as described below. The umbilical vein was cannulated with 4 cm lengths of 16
G nasogastric tubing (UnoPlast, Denmark) and secured with ties. The vein was flushed with
warm PBS to remove all traces of blood. Thirty ml of 0.2 U/ml (final activity) collagenase A
solution in unsupplemented M199 media was freshly prepared to fully distend the cord vein.

Whilst clamping off one of the cannulas, the vein was filled with collagenase solution pre-
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warmed to 37 °C. Both cannulae were then clamped off securely and the cord incubated at
37 °C for 10 min. After this time, the cord was gently massaged to release loosened
endothelial cells and the cell-containing solution drained into 30 ml of ‘complete M199
media’ (containing 100 IU/ml penicillin, 100 pg/ml streptomycin, 2 mM L-glutamine and 20
% (v/v) FBS). The vein was then flushed with PBS to harvest any remaining endothelial
cells and the cell suspensions pooled and centrifuged (300 g for 7 min). The cell pellet was
resuspended 1n 5 ml of complete M199 media (until a cell-single suspension was achieved)
and, after transferring to a 25 cm’® flask, was incubated overnight in an humidified
atmosphere at 37 °C with 5 % CO, and 95 % air. Next day, the flask was washed with PBS
to remove any red blood cells and fresh media was added. The confluency of adherent
endothelial cells, designated P° cells’, was then assessed by phase-contrast microscopy
(Nikon TMS Inverted Microscope; Nikon UK Ltd, Kingston, UK). Depending on the initial
yield, cells took 1-2 days to become confluent. Slower growing cultures from poor yields
were discarded as they would have to undergo more cell doubling times than the more

successful batches. Cells from different cords were not pooled, but kept as separate cultures.

2.2.3 HUVEC SUBCULTURING.

Upon reaching confluency, the P° endothelial cells were passaged: by washing with
warm PBS, by brief trypsinization (2 min at 37 °C with trypsin/EDTA solution) and then
neutralization in complete M199 media, and harvesting by centrifugation (300 g x 5 min) and
finally resuspending in fresh media containing endothelial cell growth supplement (25 pg/ml
ECGS final concentration). The single cell suspension was reseeded in a 75 cm” flask, pre-
coated with 1 % (w/v) gelatin (1:3 split). Few cells were lost during serial passaging; after
trypsinization cells were found to be >98 % viable (Section 2.2.4) and >90 % of cells
reattached. P' cells typically reached 100 % confluency again within 2-5 days, depending
upon cell density in the original flask, without the need for ‘cell feeding’ by replacing media.
At this stage, harvested P' cells were either counted prior to seeding into multichamber
Tekwells or 96-well plates for experimentation, or serially passaged 1:3 into 3 flasks to
increase the number of cells available for experimentation, or cryopreserved for future use

(see following Sections). Note that PBS and complete M199 media were always used pre-

warmed to 37 °C in a water bath prior to use with cells.

2.2.4 CELL COUNTING BY TRYPAN BLUE EXCLUSION ASSAY.
Trypan Blue is used in this dye exclusion procedure to facilitate visualization and

counting of both viable cells (which do not take up the dye) and non-viable cells (those with
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compromised/permeable cell membranes which therefore take up the dye). A 30 pl aliquot
of single-cell suspension was mixed with an equal volume of 0.4 % (w/v) Trypan Blue
solution. Cell viability was determined in a haemocytometer, with a correctly fitted cover slip
in place and the chambers precisely filled with the cell/stain mixture, observed under an
inverted light microscope (using the x 10 objective lens). The mean cell count of viable cells
per 1 mm square with a volume of 10"* cm®, from a minimum of 8 squares counted, was used
in the calculation below to give the concentration of cells per ml in the original cell

suspenston:
(mean cell count per square) x dilution factor x 10* = viable cell count per ml

To determine % cell viability in the suspension, both viable and non-viable cells were

counted and the viable cell count expressed as a % of the total cell count.

2.2.5 CELL CRYOPRESERVATION.

Batches of confluent P’ endothelial cells were harvested, centrifuged (Section 2.2.3) and
the pellet resuspended in 1 ml of pre-chilled complete M199 media containing 10 % (v/v)
dimethylsulphoxide (DMSQO) as a cryoprotective agent which lowers the freezing point and
allows for a slower cooling rate to limit the damage caused by freezing. The whole mixture
was immediately transferred to one cryovial and frozen in the vapour phase of a liquid
nitrogen tank by slowly lowering the vial nearer to the liquid over a 3 h period. Vials were

stored under liquid nitrogen for a2 maximum of 6 months.

When required, cells were rapidly thawed by immersing the bottom of the vial in a 37
°C water bath and the vial contents immediately added to an excess of complete M199
media, mixed and centrifuged (300 g, 5 min). The pellet was resuspended in fresh media (and
supplemented with ECGS) and transferred to a 75 cm” flask. Cells adhered to form a

confluent monolayer overnight and were subcultured as described previously (Section 2.2.3).

22.6 ECV304 CELL CULTURE.

This spontaneously transformed HUVEC cell line, European Collection of Animal
Cell Culture (ECACC) No. 92091712, [312] was donated by Dr D. Hassall (Glaxo Wellcome
Research and Development, Stevenage, UK). Cells were maintained as adherent cultures in
175 cm” flasks, pre-coated with 1 % gelatin, in complete M199 media supplemented with 10
% (v/v) FBS but with no ECGS. Cells were subcultured in a similar manner to HUVECs,

but more frequently (every 3 d) and reseeded at a lower density (using a ratio of 1:20).
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2.2.7 SCANNING ELECTRON MICROSCOPY (SEM).

Both HUVECs and ECV304 cells were seeded at 5 x 10 cells /well in gelatin-coated 8-
chamber Tekwells made of permanox plastic and adhered overnight to form confluent
monolayers. Wells were then washed with warm PBS, fixed in 3 % (v/v) glutaraldehyde (pH
7.4) and processed and analysed by the Electron Microscopy Unit (RF&UCMS). Briefly,
samples were dehydrated in a graded series of ethanol mixtures and critical point dried before
being coated in carbon and gold in a Ion Tech saddle field using an ion source sputter coater
(Ion Tech, Teddington, UK). The cells were then viewed in a Philips 501 scanning electron
microscope (Pye-Unicam, Cambridge, UK).

2.2.8 IMMUNOCYTOCHEMICAL ANALYSIS OF ENDOTHELIAL ANTIGENS.
Immunostaining for basal and cytokine-induced expression of endothelial markers was
performed on confluent cells in gelatin-coated 8-chamber Tekwells (see above). Cells were
treated with 50 U/ml (5 pg/ml LPS) for 6, 12 or 24 h. After this time, media was removed
and the well boundaries carefully removed from the slide. The slide was washed by
immersing in a Coplin jar of pre-warmed PBS, followed by a distilled water wash, and then
left to air-dry overnight. Individual wells were segregated using a paraffin pen (DAKO Ltd)
and cells were fixed with 10 % neutral buffered formal saline for 10 min. Wells were washed
3 times with PBS and then endogenous cellular peroxidase activity was quenched with 3 %

(v/v) hydrogen peroxide (H,0,) in PBS for 15 min, before washing again.

Cells were immunophenotyped using a range of commercial mouse anti-human
monoclonal antibodies, used on different wells of the same slide, which had previously been
titrated and diluted optimally in PBS containing 0.1 % (w/v) bovine serum albumin (BSA).
Antibodies used for immunophenotyping were anti-vWF at 1.2 ug/ml, anti-TM at 1 pg/ml,
anti-CD34 at 1 pg/ml, anti-PECAM-1 at 1 pg/ml, anti-ICAM-1 at 1 pg/ml, anti-VCAM-1 at
5 pg/ml and anti-E-selectin at 5 pg/ml. Isotype-matched irrelevant antibodies (raised against
A. niger glucose oxidase, a protein neither found or induced in mammalian tissues) were used
in negative controls on the same slide (at equivalent IgG, protein concentrations). Primary
antibodies were incubated at room temperature for 45 min before washing with PBS.
Biotinylated goat anti-mouse antibodies, optimally diluted in 10 % normal human serum
(heat inactivated) in Tris-buffered saline (ITBS; 0.05 M Tris and 0.15 M NaCl, pH 7.6) were
incubated for 30 min. Note that both reagents in the StreptABComplex/HRP Duet kit were
titrated and optimally diluted to 1/400. After washing, antibody binding was amplified by an
optimally diluted streptavidin/biotin horse radish peroxidase (HRP) complex duringa 30 min

incubation, and the slide then washed. The slide was then immersed for 5 min in freshly
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prepared chromogenic substrate for peroxidase: 0.06 % (w/v) 3,3’-diaminobenzidine
tetrahydrochloride (DAB), 0.001 M imidazole and 0.01 % (v/v) H,O, in 0.056 M Tris. HCL
(pH 7.6). The substrate for HRP is H,O,, the cleavage of which is coupled to the oxidation
of the chromogen. The slide was washed thoroughly with distilled water and cell nuclei were
counter-stained by a 1 min incubation with Mayer’s Haemalum. The slide was washed with
distilled water and air-dried in the dark. Coverslips were applied using Loctite 358 adhesive
and polymerized under long wave ultraviolet light for 15 mins in the dark room. Slides were
stored in the dark to avoid photobleaching prior to microscopic analysis and photography
using a Zeiss Photomicroscope III (Carl Zeiss Ltd; Welwyn Garden City, UK) and colour

transparency film.

2.2.9 CELL-BOUND VCAM-1 ENZYME-LINKED IMMUNOSORBENT ASsAY (ELISA).

HUVECs were seeded at 3 x 10" cells/well in 96-well plates pre-coated with gelatin
and were incubated overnight to allow confluent monolayers to form. Cells were not seeded
in the first column (left for application of the reagent blank). Quadruplicate wells were
positioned going across the rows, with the maximum of 8 separate treatments going down
columns. Cells were treated with either 0.03-100 U/ml TNF-o for 3-30 h. Plates were
washed twice with pre-warmed PBS and then fixed with 10 % neutral buffered formal saline
for 10 min at room temperature. Wells were washed rigorously (5 x 200 pl PBS per well)
after fixing and after subsequent reagent additions. ELISA steps were identical to the
immunostaining protocol above, however peroxidase chromogenic substrate was replaced
with OPD chromogenic substrate (pH 5.0) containing 0.01 % (v/v) H,O,. OPD was applied
for 1 min (100 pl per well, applied with a multichannel pipette moving across the plate)
before stopping the reaction with 1 M sulphuric acid. Absorbances were immedsately read at
492 nm (A,y,) in a Titertek Multiskan MCC/340 MK II microtitre plate spectrophotometer
(Flow Laboratories Ltd; Rickmansworth, UK) against blank substrate plus acid.

2.3 Results.

2.3.1 CHARACTERIZATION OF HUVECS AND COMPARISON WITH THE ECV304
CELL LINE.
2.3.1.1 Cell Growth and Morphology.

In 1973, Jaffe et a/ first described a method to successfully isolate and culture a pure

population of cells using collagenase digestion of the umbilical vein, with subsequent
identification of the cells as being endothelial on the basis of both morphological and
immunological criteria [316]. Tadapted this standard isolation technique to increase the yield

of pure endothelial cells, whilst still preventing the introduction of non-endothelial cell types,
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In contrast to HUVECs which had a population doubling time of 48-72 h (varying
with batch and with time in culture), immortalized ECV304 cells grew at a rate five times that
of primary HUVECs, and in the presence of lower concentrations of serum and without
need for growth factor supplementation. Indeed, it has been reported that ECV304 cells can
even be maintained in serum-free conditions [319]. Cell morphology, as judged by phase-
contrast microscopy and SEM, was different to HUVECs (Figure 2.3-1, panels B and D,
respectively). ECV304 cells were approximately half the size of HUVECs and were more
closely opposed.

2.3.1.2 Immunocytochemical Analysis for Expression of Endothelial Markers.

This immunocytochemical detection of endothelial antigens involved titration of all
antibodies (not shown) to achieve the highest specific staining patterns with no
background/non-specific staining. An isotype-matched control antibody was always used on
one of the 8 wells on the chamber slide and always showed blue counter-stained nuclei but
no brown positive staining (Figure 2.3-2, panels A and B). Cells were fixed prior to antibody
incubations so that the intracellular pattern of expression of the various antigens could be

identified.

HUVECs expressed vWF (alternatively known as factor VIII-related antigen), a classical
biochemical marker for endothelial cells, which was distributed in characteristic cytoplasmic
inclusions or Weibel-Palade bodies [320] as shown by punctate brown cytoplasmic staining
(Figure 2.3-2, panel C). VWF is a large multimeric glycoprotein which mediates platelet
adhesion and serves as a carrier for procoagulant factor VIII in the blood [321]. This is a
favoured marker for endothelial characterization as vWF is only expressed in endothelial
cells, megakaryocytes and platelets. ECV304 cells, tested in parallel in the same

immunostaining experiment, were negative for vWF (panel D).

HUVECs were also positive for TM, a thrombin binding protein present on endothelial
cell membrane which plays an important role as a natural anticoagulant [322]. TM is not
solely an endothelial-specific protein, as it also located in macrophages, keratinocytes and
osteoblasts. In HUVECs staining was intense at the membrane but also present at a lower

intensity in the cytoplasm (Figure 2.3-2, panel E), whereas ECV304 cells were negative
(panel F).
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to endothelial cells and some circulating blood cells including platelets. Staining for both
antigens was mostly confined to the membrane (consistent with their roles as adhesive
membrane proteiné) with some cytoplasmic staining, and was heterogeneously expressed,
with some cells staining more markedly than others giving a patchy ‘mosaic’ distribution of
stain. PECAM-1 staining was strongest at intercellular borders between closely opposed
cells. ECV304 cells were negative for PECAM-1 (Figure 2.3-3, panel B). In ECV304 cells,
staining for ICAM-1 was weak and <50 % of the ICAM-1 staining for HUVECs (Figure 2.3-
3, panel D). Basal VCAM-1 (CD106) was low with <5 % of cells staining positive (Figure
2.3-4, panel A) but was readily induced over a 12 h period by 5 pg/ml bacterial endotoxin,
LPS, a component of gram negative bacteria known to cause endothelial activation and
induce endothelial CAM expression [82] (Figures 2.3-3, panel E, and 2.3-4, panels B and C).
This 1s consistent with VCAM-1 as a marker for endothelial activation, while being non-
constitutively expressed on unactivated endothelium. It should be noted, however, that
VCAM-1 1s not specific for endothelial cells; 1t i1s found in smooth muscle cells (as well as
follicular dentritic cells), and so this test alone is not a marker for immunophenotyping
primary endothelial cell isolates. VCAM-1 was heterogeneously induced throughout the
culture, as previously reported [84], but even after prolonged exposure to LPS, was not as
strongly expressed as either ICAM-1 or PECAM-1. In contrast, ECV304 cells were negative
for VCAM-1 (Figure 2.3-3, panel F).

In the basal state, my preparations of HUVECs constitutively expressed vWFE, TM,
PECAM-1 and ICAM-1. Staining for CDD34, an adhesion molecule expressed on endothelial
cells and haemopoietic progenitor cells [323], was weak in HUVECs with only 10 % of cells
staining membrane positive (Table 2.3-1). The distribution of CID34 was consistent with its
preferential expression on subsets of HUVECs [324]. Although HUVECs were mostly
negative for basal VCAM-1 and E-selectin expression (with <5 % staining positive),
exposure to LPS dramatically upregulated VCAM-1 and E-selectin (Table 2.3-1). E-selectin
is a marker which is expressed specifically on cytokine-activated endothelium.
Immunostaining of cells treated for 6, 12 and 24 h with LPS, revealed that VCAM-1 was
upregulated at 12 h and still elevated at 24 h, while E-selectin was upregulated by 12 h (with
strongly positive cells coexisting with negative ones) but had diminished by 24 h. This
upregulation possibly reflects the role of E-selectin in early stages of inflammation iz vvo,
whereas VCAM-1 is thought to characterize the later phases [42]. ICAM-1 was superinduced
under the influence of LPS in HUVECs, as demonstrated previously [82,325]. ICAM-1 was
hyperinduced by 12 h and remained high at 24 h although ICAM-1 was still not uniformly

expressed in the culture, in agreement with earlier observations [325]. In HUVECs,
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