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Introduction

I Infl ammation and Atherosclerosis

Oxidative Modifi cation and the Endothelium

Atherosclerosis is a chronic disorder of the arterial wall which may initiate even before 

birth.1 Over the last few decades of the previous millenium it has become clear that 

the atherosclerotic process can be regarded as an excessive and rampant infl ammatory 

response to amongst others the deposition of lipids in the vessel wall. Th e key event 

which has been suggested to initiate atherosclerosis is the subendothelial retention 

of apolipoprotein (apo)B-containing lipoproteins. Low-density lipoprotein cholesterol 

(LDL) particles penetrate the endothelial barrier and become trapped by virtue of a 

charge-mediated interaction with proteoglycans, components of the extracellular 

matrix that are produced, for instance, by smooth-muscle cells (SMC).2 Indeed, 

the increased retention of small LDL particles in the vessel wall is illustrated by the 

observation that the concentration of LDL in the subendothelium of arteries is twice 

that in the circulation.3 Furthermore it facilitates for LDL particles, which are now 

subjected to a metabolic milieu that diff ers from that of the systemic circulation, 

to be chemically modifi ed as a result of which they can acquire altered functional 

characteristics. In fact, a variety of (subtle) modifi cations of native LDL such as 

carbamylation, acetylation, and even methylation of lysine residues of apoB have been 

described and were shown to render the modifi ed LDL immunogenic.4 Moreover, the 

oxidati ve-modifi cation hypothesis of atherosclerosis dictates that once LDL particles 

become stranded in the subendothelium, they are subjected to oxidization by resident 

vascular cells (e.g. smooth-muscle cells, endothelial cells and macrophages).5 Among 

the active factors involved in these processes are reactive oxygen species such as 

superoxide anion, myeloperoxidase, sphingomyelinase and secretory phospholipases.6 

Th e oxidation of LDL substantially enhances its atherogenicity and depending on 

the degree of oxidation, minimally-modifi ed LDL (mmLDL) can be diff erentiated 

from fully oxidized LDL (oxLDL). In contrast to native LDL, mmLDL is bound and 
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internalized not only by the LDL receptor but also by a number of scavenger receptors, 

whereas oxLDL exclusively binds to scavenger receptors.7 Th ese modifi ed lipids exert 

various atherogenic eff ects for instance on the endothelium on which two receptors 

have been identifi ed via which ox-LDL can promote atherosclerosis, CD368 and lectin-

like ox-LDL receptor-1 (LOX-1).9 Indeed, ox-LDL mediated ligation of CD36 and 

LOX-1 results in the activation of nuclear factor-κ B (NFκB).10,11 Moreover, stimulation 

of endothelial cells with ox-LDL in vitro results in the expression of various leukocyte 

adhesion molecules such as vascular cell adhesion molecule (VCAM)-1,12 intercellular 

adhesion molecule (ICAM)-1,12,13 P-selectin14 and E-selectin.15 Under normal 

circumstances, there is only minimal interaction between the endothelium and 

circulating leukocytes. However, once the endothelium becomes activated, various 

leukocytes can adhere to the endothelial monolayer.

Involvement of leukocytes  

Endothelial activation and the subsequent expression of leukocyte adhesion molecules 

enables the recruitment of leukocytes to the arterial wall which occurs in several 

phases. Contact between leukocytes and the endothelium is initiated by selectins 

(L-, P-, and E-selectin) which mediate the capture and the subsequent rolling of 

leukocytes along the endothelium. L-selectin is expressed constitutively on almost all 

leukocytes, whereas E-selectin and P-selectin are expressed on the surface of activated 

endothelium. P-selectin is also expressed by activated platelets.16 Selectins interact 

with P-selectin glycoprotein ligand 1 (PSGL-1) as well as several other glycosylated 

ligands.17 Th e signifi cance of selectins in atherogenesis is highlighted by the observation 

that L-selectin defi cient lymphocytes are characterized by a reduced capacity to invade 

the aorta compared with wild-type lymphocytes.18 Furthermore, genetic defi ciency of 

either P-selectin19 or E-selectin20 in apoE-/- mice resulted in reduced atherosclerotic 

lesion size. Th e interaction of selectins with their ligands however, does not support 

the fi rm adhesion that is required for the subsequent extravasation of leukocytes 

unless the initial attachment is followed by the engagement of integrins. Integrins 

are cell surface receptors formed by the noncovalent association of α- and β-subunits 
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and interact with a class of ligands that belong to the immunoglobin superfamily, 

e.g. ICAM-1 and VCAM-1.21 Th e most relevant integrins for leukocyte migration 

are members of the β2 integrin family, especially αLβ2 (LFA-1) and αMβ2 (Mac-

1), and the two α4 integrins, α4β1 (VLA-4) and α4β7.22 Indeed, antibodies directed 

against LFA-123, Mac-124 or VLA-425 signifi cantly attenuate atherosclerosis in various 

animal models. Th e role of α4β7 in the atherosclerotic process remains unknown. 

Interestingly, under physiological circumstances integrins are expressed on leukocytes 

in a state that has a low affi  nity for its ligands and they must undergo activation by 

a chemokine signal to mediate fi rm adhesion.21 Indeed, chemokines (chemotactic 

cytokines) direct the movement of circulating leukocytes to sites of infl ammation such 

as the arterial wall and play a crucial role in atherogenesis. Approximately 50 human 

chemokines have been identifi ed thus far and can be classifi ed into four subfamilies (C, 

CC, CXC, and CXXXC) depending on the relative position of the fi rst two cysteines. 

Virtually all cellular constituents of the vascular wall produce chemokines in response 

to pro-infl ammatory stimuli. Th e interaction with specifi c chemokine receptors fi rst 

causes leukocyte rolling along the endothelium to come to a halt via the activation 

of adhesion receptors as well as their subsequent extravasation.26 In particular, 

CCL2 (monocyte migration protein-1/MCP-1) appears to play a critical role in the 

initiation and development of atherosclerotic lesions by facilitating the recruitment 

of monocytes into the arterial wall. Indeed, contrary to normal arteries, high levels 

of CCL2 expression are observed in atherosclerotic lesions as CCL2 mRNA is 

expressed by endothelial cells, macrophages and smooth muscle cells.27 Furthermore, 

genetic defi ciecy of CCL228 or its receptor CCR229 resulted in signifi cantly reduced 

atherosclerosis in murine studies.

Th us, activation of endothelial cells underlies an increased expression of leukocyte 

adhesion molecules. Leukocytes adhere to the endothelium and their subsequent 

extravasation is facilitated by chemokines. Various leukocytes play an important role 

in the atherosclerotic process.
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Monocytes/Macrophages  

Upon entering the subendothelial area monocytes diff erentiate into macrophages, a 

process driven by interactions with the extracellular matrix and cytokines, including 

macrophage colony-stimulating factor (M-CSF) and members of the tumor necrosis 

factor family.30 Monocyte-to macrophage diff erentiation is associated with upregulation 

of numerous pattern recognition receptors for innate immunity, such as various several 

toll-like-receptors (TLR) and scavenger receptors (see fi gure 1).31 In particular SR-AI 

and CD36 are considered to play a crucial role in the uptake of ox-LDL by macrophages. 

When the excess of cholesteryl esters cannot be adequatly processed this will lead to the 

accumulation of cytosolic lipid droplets and ultimately to the formation of foam cells, 

which are considered the hallmark of atherosclerosis. Although the uptake of ox-LDL 

by scavenger receptors does not directly stimulate infl ammation it can lead to MHC-

class-II-restricted antigen presentation of internalized material, thereby linking innate 

and adaptive immunity.32 Contrary to scavenger receptors however, TLR activation 

leads to the activation of subendothelial macrophages and thereby the production of 

proinfl ammatory cytokines, chemokines, matrix metalloproteinases and antimicrobial 

molecules such as nitric oxide (NO) (see fi gure 1).33 Various pathogen-associated 

molecular patterns can ligate the diff erent TLRs such as ox-LDL, heat-shock proteins 

(HSPs), microbial components and unmethylated CpG DNA. 

T-cells

In addition to macrophages, T-cells play a pivotal role in the atherosclerotic process 

which is illustrated by the observation that activated T-cells are present in all phases 

of atherogenesis. Th e majority of T-cells in human atherosclerotic lesions are CD4+ 

T-helper cells that express the αβ T-cell antigen receptor (TCR).34 Th ere is a signifi cant 

presence of CD8+ T-cells in human lesions, but little data exist regarding the precise 

role of CD8+ T-cells in atherogenesis. In addition to TCRαß+ T-cells there are smaller 

numbers of T-cells expressing invariant TCRs, including TCRγδ+T-cells and iNKT 

cells.34 
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Figure 1. Activation of endothelial cells underlies an increased expression of leukocyte adhesion 

molecules such as ICAM-1, VCAM-1, P-selectin and E-selectin. Monocytes adhere to the 

endothelium and their subsequent extravasation is facilitated by chemokines such as MCP-1. 

In the subendothelium macrophages express scavenger receptors facilitating ox-LDL uptake 

and the formation of foam cells. Activated macrophages produce proinfl ammatory cytokines, 

chemokines, matrix metalloproteinases and express tissue factor thereby contributing to an 

infl ammatory and thrombogenic micro-environment while compromising plaque stability. 

Chemokines such as inducible protein-10 (IP-10), monokine induced by IFN-γ (Mig) and 

IFN-inducible T-cell α chemoattractant (I-TAC) orchestrate T-cell transmigration to the 

subendothelial area. T cells can subsequently polarize into T helper-1 (Th 1) cells secreting 

various pro-infl ammatory cytokines and T helper-2 (Th 2) cells which primarily secrete anti-

infl ammatory cytokines. Chronic immune activation characterized by subendothelial crosstalk 

between the diff erent leukocyte subpopulations drives the development of atherosclerosis and 

ultimately compromises plaque stability.

Naïve T-cells, as part of immune surveillance, traffi  c from the systemic circulation, 

through peripheral tissues. Upon encountering antigen(s), they become activated 

and may subsequently diff erentiate and proliferate. Although the exact location is not 
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known, it is thought that the initial presentation of antigens to T-cells takes place in 

regional lymph nodes, presumably by dendritic cells (DC). When eff ector or memory 

T-cells subsequently home to the (infl amed) arterial wall, they can be reactivated 

by diff erent antigen-presenting cell (APCs) such as DCs or macrophages.31 Several 

potential antigens have been hypothesized to underlie the initiation and propagation 

of atherosclerotic vascular disease such as oxidized LDL, heat shock protein 60 (HSP 

60) and Chlamydia antigens. In addition to ligation of the antigen receptor directly 

by an antigen or via MHC, ligation of the costimulatory molecules on T-cells is an 

essential step in the activation of naive T-cells. Two major families of costimulatory 

molecules include the B7 and the tumor necrosis factor (TNF) families which bind to 

receptors on T-cells belonging to the CD28 or TNF receptor families, respectively.34 

Upon activation, T-cells can polarize into various subtypes including eff ector T-cells 

such as T helper-1 (Th 1) cells or T helper-2 (Th 2) cells (see fi gure 1), of which the 

fi rst subtype predominates in the atherosclerotic plaque. Th 1 cytokines, such 

as interferon-γ and IL-2, contribute to a pro-infl ammatory environment in the 

subendothelium whereas Th 2-biased responses (characterized by secretion of IL-4, 

IL-5, IL-10 and IL-13) were proposed to antagonize Th 1 driven immune activation. 

Th e role of the Th 2 driven responses in the development of atherosclerosis however 

remains controversial. Whereas IL-5 defi ciency for instance has been shown to reduce 

the production of atheroprotective ox-LDL antibodies and accelerate atherosclerosis in 

ApoE–/– mice35 the prototypic Th 2 cytokine IL-4 exhibits infl ammatory (e.g., induction 

of chemokines) and oxidative (activation of NADPH oxidase) properties and has been 

suggested to contribute to vascular infl ammation.36 Indeed, in apoE-/- mice genetic 

IL-4 defi ciency was shown to attenuate atherosclerotic lesion formation, particularly 

at the advanced stages of lesion progression.37 

Interestingly, it has been postulated that an imbalance between pathogenic (Th 1 and/

or Th 2) and regulatory T-cells (Tregs) in response to “altered” self antigens facilitates 

reciprocal and mutual amplifi cation of the innate and adaptive immune responses, 

responsible for plaque development and progression.38 Tregs are a diverse population 

of lymphocytes that suppress pathogenic and autoreactive immune responses. Indeed, 
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in diff erent mouse models, such regulatory T-cells have been shown to signifi cantly 

reduce the development of atherosclerosis.39,40

Additional leukocyte subsets

Th e cellular composition of a human atherosclerotic plaque is generally comprised of 

approximately 40% macrophages, 10% CD3+ T-cells while the majority of the remaining 

cells posses characteristics of SMC.32 As such, the focus of leukocyte involvement in 

atherothrombotic disease has been directed at monocytes/macrophages and T-cells. 

Various additional leukocyte subsets however appear to play a pivotal role in the 

atherosclerotic process.

B-cells

Although B-cells are encountered in relatively low numbers in atherosclerotic lesions, 

their role in atherogenesis is underlined by the observation that substantial amounts 

of B-cells and plasma cells can be found in periadventitial lymphoid infi ltrates 

surrounding advanced plaques.31 Several lines of evidence support an atheroprotective 

role of B-cells in atherogenesis. Indeed, splenectomy in apoE-/- mice led to acceleration 

of the atherosclerotic process whereas administration of B-cells from atherosclerotic 

to splenectomized apoE-/- mice attenuated atherogenesis.41 Moreover, transplantation 

of bone marrow cells from B-cell-defi cient mice into LDLR-/- mice results in a 30% to 

40% increase in the atherosclerotic lesion area in the proximal and distal aorta of these 

mice.42 As such, the currently available data point towards B-cell mediated protective 

immunity during atherogenesis which may at least partly depend on antibody 

production against potential atherogenic antigens (e.g. oxLDL). On the other hand, 

B-cells may nonetheless play an important role in modulating the atherosclerotic 

immune response, namely through antigen presentation and cytokine secretion.43 

Mast cells

Several observations suggest that mast cells play a signifi cant role in atherothrombosis. 

A robust increase (200-fold) in the number of activated mast cells at sites of 



Chapter 1

18

r1
r2
r3
r4
r5
r6
r7
r8
r9

r10
r11
r12
r13
r14
r15
r16
r17
r18
r19
r20
r21
r22
r23
r24
r25
r26
r27
r28
r29
r30
r31

atheromatous erosion or rupture is observed in coronary arteries of subjects who had 

died of myocardial infarction.44 In line with this, mast cell–defi cient mice showed 

a reduction of atherosclerotic lesion size of >50%.45 Various mechanisms via which 

mast cells may promote atherothrombotic disease have been suggested. Activated 

mast cells release a variety of mediators such as proteases (tryptase, chymase and 

cathepsin G) and pro-infl ammatory cytokines (e.g. IL-6, IFN-γ) with can exert 

atherogenic eff ects.46 Indeed, protease-dependent activation of the inactive proforms 

of matrix metalloproteinases (proMMPs) generates activated MMPs which degrade 

various extracellular components of the atherosclerotic plaque thereby compromising 

plaque stability. Even more so considering proteolytic degradation of the fi bronectin 

component of the pericellular matrix of subendothelial smooth muscle cells results 

in their apoptotic death.47 As a result of diminished plaque SMC, local production 

of collagen is reduced further attributing to plaque instability. Finally, chymase and 

tryptase can actively degrade HDL particles compromising their anti-atherothrombotic 

functions (see below).46

Leukocyte crosstalk and stability of the atherosclerotic plaque 

In human atherosclerotic plaques, MHC class II–expressing macrophages and dendritic 

cells can be detected close to activated T cells which suggests that there is an ongoing 

immune activation in atheromas.31  Indeed, chronic infl ammation characterized 

by subendothelial crosstalk between the diff erent leukocyte subpopulations drives 

the development of atherosclerosis and ultimately compromises plaque stability.48 

Activated plaque cells secrete mediators that thin and weaken the fi brous cap overlying 

an atherosclerotic lesion by reducing synthesis and increasing degradation of 

collagen. SMC apoptosis also contributes to depletion of collagen in the fi brous cap.49 

Ultimately, the phenotype of the plaque evolves into an atherosclerotic lesion which is 

characterized by a thin fi brous cap, a large lipid pool, an abundance of infl ammatory 

cells and few SMC and is thereby susceptible to rupture. Disruption of the thin fi brous 

cap of such vulnerable plaques causes the direct contact of blood coagulation factors 

to tissue factor and can trigger occlusive thrombus formation.49 Indeed, the most 
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frequent patho-anatomical substrate for sudden coronary thrombosis is rupture of the 

fi brous cap that overlies the lipid core of the plaque.48

II Th e Echo of Infl ammation: A Heartbreaking Sound

Although immune responses within the arterial wall thus facilitate plaque initiation, 

growth and eventually rupture, activation of the immune system outside of the arterial 

wall (extravascular, systemic infl ammation) may also accelerate the atherosclerotic 

process. Th is has been illustrated by enhanced atherogenesis associated with various 

chronic infl ammatory disorders. Th e incidence of cardiovascular disease is for instance 

increased 5-8 fold in systemic lupus erythematosus (SLE)50 and 2-4 fold in rheumatoid 

arthritis (RA).51 Th e association between these disorders and atherosclerotic vascular 

disease can not be fully explained by classical risk factors such as an (secondary) 

atherogenic lipid profi le, hypertension or hyperglycemia51,52 and is considered to result 

from the atherogenic eff ects of a systemic infl ammatory state.53-55 

Similar to the atherosclerotic plaque, sites of infl ammation in RA and SLE (i.e. arthritic 

joint or lupus nephritis) are infi ltrated by (activated) leukocytes. Activated leukocytes, 

cytokines and other infl ammatory mediators are subsequently released into the systemic 

circulation. Th ese circulating cytokines alter function of distant tissues, resulting in 

various proatherogenic changes that include insulin resistance, pro-oxidative stress, 

endothelial dysfunction and (secundary) dyslipidemia.53 In addition, circulating 

infl ammatory mediators may also stimulate leukocytes and smooth muscle cells within 

the atherosclerotic plaque thereby promoting plaque growth or rupture. Th e notion 

that a systemic infl ammatory state is a universal risk factor for atherosclerotic vascular 

disease has been refered to as the echo of infl ammation56 and has been corroborated 

by several studies demonstrating that infl ammatory mediators, derived from another 

source than the atherosclerotic plaque itself, can stimulate plaque growth. Indeed, 

administration of either IL-2,57 IL-6,58 IL-12,59 IL-18,60 IFN-g61 or CRP62 to the systemic 

circulation, was shown to exacerbate atherosclerosis in vivo. Moreover, introduction 

of leukocytes overexpressing atherogenic mediators such as MCP-163 or sPLA264 
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signifi cantly accelerates atherosclerosis in murine studies. Of note, the same holds 

true for anti-atherogenic mediators as it has been shown that administration of IL-

1065 to the systemic circulation can counterbalance atherothrombotic changes. Th us, 

considering administration of exogenous infl ammatory mediators or oversecreting 

macrophages to the systemic circulation accelerates atherosclerosis, it is likely the 

same can occur when cytokines or activated leukocytes are released endogenously into 

the circulation in the case of lupus nephritis or an arthritic joint. 

SLE and RA however, are not the only infl ammatory disorders associated with 

enhanced atherogenesis. Indeed, acceleration of the atherosclerotic process secondary 

to a systemic infl ammatory state has also been suggested in Wegener’s granulomatosis,66 

Takayasu arteritis,67  Sjogren’s disease,68 air polution,69 chronic sleep apnoea,70 psoriasis 

71 as well as chronic infections that are associated with a chronic infl ammatory state 

such as periodontitis72 and human immunodefi ciency virus (HIV).73 

III Immunomodulation and Atherosclerosis

Th e clinical outcome of the immune responses within the arterial wall is determined 

by the balance between the abovementioned pro-infl ammatory processes and 

endogenous counterregulatory mechanisms aimed at diminishing immune activation 

and maintaining the integrity and homeostasis of the arterial vasculature. As 

such, modulation of the immune responses that comprise vascular infl ammation, 

characterized either by inhibition of pro-infl ammatory or enhancing anti-infl ammatory 

mechanisms has emerged as a potential means to attenuate atherosclerotic vascular 

disease.

Inhibition of pro-infl ammatory mediators

Diff erent approaches to attenuate activation of the immune system within the 

(atherosclerotic) arterial wall by inhibiting pro-infl ammatory mediators have been 

undertaken. Various strategies interfering with the signalling of chemokines with their 

recepors have been shown to attenuate atherosclerosis. In apoE-/- mice for instance, 
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genetic defi ciency of either CCR2,74 CCR5,75 CX3CR1,76 CXCR377 or CXCR678 resulted 

in decreased atherosclerotic lesion size. In line, anti-CCL2 gene therapy79 and blockade 

of MIF80 exerted benefi cial eff ects on the atherosclerotic process. In contrast, deletion of 

CCR181 as well as CXCR482 aggravated diet-induced atherosclerosis in LDLr-/- and apoE-

/- mice respectively. As such, functional interactions between diff erent chemokines in 

atherogenesis as well as the eff ects of chemokines on vascular cell homeostasis beyond 

the recruitment process need to be taken into account.83 In addition to abrogation 

of chemokine signalling, T-cell costimulation constitutes another signalling pathway 

where (pharmacological) interference may attenuate intra-arterial immune activation. 

Th e primary costimulatory dyad is B7-1 (CD80) and B7-2 (CD86) expressed on 

antigen-presenting cells and CD28 expressed on T-cells. Indeed, absence of B7-1 

and B7-2 signifi cantly reduced early cholesterol diet–induced atherosclerotic lesion 

development in LDLr-/- mice compared with B7-1/B7-2–expressing control mice.84 

Similar results have been generated by interruption of signalling of the TNF and TNF 

receptor family members such as the OX40/OX40L and the CD137 /CD137L pathway. 

Treatment of LDLr-/- mice with an anti-OX40L antibody resulted in a a 53% decrease 

in atherosclerotic lesion formation85 whereas treatment of apoE-/- mice with a CD137 

agonist resulted in a prominent increase in CD3+ T cells in atherosclerotic plaques as 

well as larger atherosclerotic lesions.86 

Enhancing anti-infl ammatory mediators

T-cell coinhibition 
Similar to inhibition of T-cell costimulation, stimulation of co-inhibitory pathways 

has recently emerged as a potential anti-atherothrombotic strategy. Th us far, four 

co-inhibitory pathways that involve binding of B7 family molecules to CD28 family 

receptors on T-cells have been identifi ed.34 Th e fi rst pathway shown to play an signifi cant 

role in atherogenesis involves programmed death–1 (PD-1, CD279).87 PD-1 expressed 

on T-cells binds programmed death–ligand 1 (PD-L1) and PD-L2 (also known as B7-

H1 (CD274) and B7-DC (CD273), respectively) on APCs and transduces signals that 

inhibit T-cell immune-mediated responses. In LDLr-/- mice PD-L1/2 defi ciency led 



Chapter 1

22

r1
r2
r3
r4
r5
r6
r7
r8
r9

r10
r11
r12
r13
r14
r15
r16
r17
r18
r19
r20
r21
r22
r23
r24
r25
r26
r27
r28
r29
r30
r31

to signifi cantly increased atherosclerotic burden. Moreover, atherosclerotic lesions 

were characterized by increased infi ltration of CD4+ T-cells and CD8+ T-cells.87 Th e 

signifi cance of other the co-inhibitory pathways in the atherosclerotic process remains 

to be elucidated

HDL and atherosclerosis
Over the course of the last decades, high-density lipoprotein cholesterol (HDL) HDL 

has gained wide acceptance as a potent antiatherogenic mediator. Th e most widely 

acknowledged mechanism by virtue of which HDL has been considered to protect the 

arterial vasculature is its role in reverse cholesterol transport (RCT). RCT constitutes 

the transport of excess cholesterol from lipid-laden macrophages in peripheral tissues to 

the liver via HDL (see fi gure 2). Beyond this crucial role, progressive insights also place 

HDL at the crossroads of the “infl ammation” and “oxidative modifi cation” hypotheses 

of atherosclerosis. In addition to its role in RCT, one of the most prominent protective 

aspects of HDL  is its anti-infl ammatory potential. Indeed, HDL has the ability to 

impede leukocytes invading the arterial wall via several modes of action. HDL not only 

diminishes expression of adhesion molecules by the endothelium, but also inhibits 

the production of chemokines such as monocyte chemoattractant protein-1 (MCP-1). 

As a consequence, HDL has been shown to attenuate leukocyte migration across the 

endothelial barrier. Administration of reconstituted HDL to rabbits with a periarterial 

collar signifi cantly reduced endothelial expression of adhesion molecules such as 

VCAM-1 and ICAM-1 and leukocyte infi ltration of the arterial wall.88 Adding to its 

anti-infl ammatory repertoire, HDL has also been suggested to inhibit subendothelial 

activation and crosstalk of leukocytes as it has been shown that apoAI can inhibit 

activation of monocytes by activated T-cells in vitro.89 Another pillar supporting HDL’s 

biological role in preserving the physiological structure and function of the arterial 

wall lies in its ability to inhibit oxidation. HDL is enriched with several anti-oxidant 

proteins such as paraoxonase (PON) and platelet activating factor acetylhydrolase (PAF-

AH) which help prevent the oxidation of LDL. Furthermore, anti-oxidant properties 

have also been ascribed to apoAI itself. In addition to inhibiting infl ammatory and 
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oxidative processes, HDL protects the arterial vasculature by exerting benefi cial eff ects 

on the endothelium and by inhibiting coagulation. Indeed, HDL has been shown to 

promote endothelial generation of the atheroprotective signaling molecule nitric oxide 

(NO) in vitro and improve endothelial function and arterial vasoreactivity in vivo.90 

HDL exerts additional atheroprotective eff ects on endothelial cells by promoting 

their proliferation and migration and inhibiting their apoptosis.91 Finally, HDL 

protects against atherothrombosis by exerting various antithrombotic actions which 

relate to Virchow’s triad i.e. alterations in normal blood fl ow (e.g. increasing NO and 

prostacyclin production), injuries to the vascular endothelium (e.g. inhibition of 

apoptosis and expression of adhesion molecules and tissue factor) and alterations in 

the constitution of blood (e.g. enhanced activity of activated protein C and protein S, 

downregulation thromboxane A2 (TxA2) and PAF-AH) (see fi gure 2).92
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Figure 2. HDL exerts various anti-atherthrombotic functions. In reverse cholesterol transport, 

newly synthesized lipid-poor apolipoprotein A-I interacts with ABCA1, removing excess 

cellular cholesterol and forming pre-β-HDL. Pre-β-HDL is converted into mature α-HDL which 

is returned to systemic circulation and thereby the liver (left  upper panel). HDL inhibits the 

oxidative modifi cation of LDL, expression of adhesion molecules and chemokines, as well as 

leukocyte extravasation. Furtermore, it has been suggested to inhibit subendothelial activation 

and crosstalk of leukocytes (right upper panel). HDL protects against dysfunctioning of the 

endothelial monolayer by attenuating endothelial cell apoptosis and promoting NO production 

by eNOS (left  lower panel). HDL posseses various anti-thrombotic actions relating to Virchow’s 

triad: I Alterations in normal blood fl ow (e.g. increasing NO and prostacyclin production); II 

Injuries to the vascular endothelium (e.g. inhibition of apoptosis and expression of adhesion 

molecules and tissue factor, and the promotion of NO production); III Alterations in the 

constitution of blood (e.g. enhanced activity of activated protein C and protein S as well as 

upregulation of endothelial cell thrombomodulin results in decreased thrombin generation. 

HDL attenuates platelet activation mediated by downregulation of thromboxane A2 (TxA2) 

synthesis and platelet activating factor (PAF) release (right lower panel).
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Raising HDL levels
Th e undisputed signifi cance of HDL in atherogenesis has generated considerable interest 

in interventions aimed at elevating HDL levels. Th is has resulted in a continuously 

expanding armature of strategies targeting HDL at various points of its metabolism. 

One potential approach to manipulate HDL levels is to inhibit enzymes involved in 

the remodeling of HDL of which CETP has drawn most attention. Considering CETP 

mediates the transfer of cholesteryl ester from HDL to apoB–containing lipoproteins 

and the simultaneous transfer of triglycerides in the opposite direction, blockings its 

action is hypothesized to decelerate atherosclerosis secondary to increased levels of 

HDL.93 Indeed, genetic CETP defi ciency leads to elevated HDL levels94 whereas elevated 

CETP levels were shown to be associated with an increased risk of future coronary 

artery disease in apparently healthy subjects.95 It does however appear that the role of 

CETP is determined by the metabolic milieu in which it operates. For instance, it has 

been shown that CETP has an incremental impact at higher levels of triglycerides.95 

Unfortunately, the use of animal models has failed to further clarify the role of CETP in 

atherogenesis. Considering rodents are naturally defi cient in CETP, transgenic models 

were created and expression of CETP in transgenic mice and rats was shown to increase 

atherosclerosis in most96-98 but not all models.99 Rabbits however, naturally express 

CETP and inhibition of CETP by means of small molecule inhibitors,100 a vaccine101 

or antisense oligonucleotides102 has consistently led to attenuated atherosclerosis in 

rabbits. Ín humans, a randomized placebo-controlled trial in almost 200 healthy 

subjects, showed that CETP inhibitor JTT-705 dose-dependently lowers plasma CETP 

activity and increases HDL concentration. Indeed, treatment with the maximal dose of 

900 mg JTT-705 for 4 weeks led to a 37% decrease in CETP activity and a 34% increase 

in HDL cholesterol without any signals concerning safety or tolerability.103

Although a continuously expanding plethora of evidence consisting in vitro 

data as well as studies in experimental animal models supports the notion that 

immmunomodulation is a promising anti-atherothrombotic stategy, studies in 

humans evaluating the eff ect of immunomodulatory strategies on atherosclerotic 
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plaque phenotype, remain scarce. Encouraging results were recently observed in a 

study evaluating the eff ect of infusion of reconstitued HDL (rHDL) on atherosclerotic 

plaque morphology.104 Patients undergoing percutaneous superfi cial femoral artery 

revascularization received either a single infusion of rHDL or placebo, fi ve to days 

prior to endatherectomy. Excised specimens were collected for histological and 

immunohistochemical analyses. Interstingly, a single infusion of rHDL signifi cantly 

attenuated expression of VCAM-1 as well as macrophage size. In addition, there 

was a reduction in lipid content in the plaque of HDL-treated patients compared to 

placebo.104

Various strategies targeting immune and infl ammatory pathways have been shown to 

exert potent anti-atherothrombotic actions thus far predominantly in experimental 

animal models. Clearly, pilot studies in human are needed to further test this 

hypothesis.

Outline of this thesis

In this thesis the role of infl ammation in the pathophysiology of atherosclerosis will 

be examined from diff erent angles. In part I the eff ect of various pro-infl ammatory 

mediators is evaluated in the context of atherosclerosis. Chapter 2 and 3 describe the 

relation between components of the immune system, mannose-binding lectin (MBL) 

and monocyte migration protein-1 (MCP-1) respectively, and the risk of coronary 

heart disease in apparently healthy individuals. Th e remainder of part I focuses on 

the atherosclerotic eff ects of acute infl ammatory stimuli. Chapter 4 assesses the 

eff ects of C-reactive protein (CRP) on glucose metabolism whereas in chapter 5 

the ability of high-density lipoprotein cholesterol (HDL) to counterbalance CRP-

mediated atherothrombotic eff ects is evaluated. In order to gain more insight in the 

atheroprotective eff ects of HDL by means of evaluating its ability to neutralize pro-

infl ammatory stimuli, the eff ect of endotoxin in individuals with isolated low and high 

HDL levels is studied in chapter 6.
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In part II the association of atherosclerosis with chronic infl ammatory disorders 

is explored. Chapter 7 reviews the available literature with regard to the role of 

carotid intima-media thickness (IMT) as a marker for progression and regression of 

atherosclerosis. By employing IMT measurements, chapter 8 and 9 assess whether 

atherogenesis is enhanced in two distinct pro-infl ammatory conditions, Crohn’s 

disease and early onset rheumatoid arthritis respectively. Finally, chapter 10 provides 

an overview of systemic infl ammation as a risk factor for atherothrombotic disease.

Part III focuses on the anti-atherosclerotic eff ects of various immunomodulatory 

interventions characterized either by inhibition of pro-infl ammatory or enhancing 

anti-infl ammatory mechanisms. With regard to the latter, chapter 11 describes the 

results of the RADIANCE 1 (Rating  Atherosclerotic Disease change by Imaging 

with a new CETP Inhibitor) study, designed to evaluate the eff ects of torcetrapib, a 

novel drug with the ability to increase HDL levels by virtue of its ability to inhibit 

of cholesteryl ester transfer protein (CETP). A pooled analysis of the RADIANCE 1 

and 2 trials is described in chapter 12. Th e remainder of part I focuses on strategies 

aimed at diminishing pro-infl ammatory mechanisms. Indeed, chapter 13 asseses 

the anti-atherosclerotic eff ects of anti-TNFα therapy in patients with rheumatoid 

arthritis on lipoproteins and macrophage migration inhibitory factor. Chapter 14 

provides an overview of atheroprotective eff ects of mycophenolate mofetil (MMF) on 

various components of the atherosclerotic plaque such as T-lymphocytes, monocytes/

macrophages and the endothelium. Th ese potential benefi cial eff ects are studied 

in chapter 15 which describes the results of a study in which patients with carotid 

artery stenosis were treated with either MMFor placebo for at least 2 weeks prior to 

undergoing carotid endarterectomy. Endarterectomy specimens were collected to 

verify whether treatment with MMF was associated with altered cellular infi ltration 

and/or changes in plaque infl ammatory activity, as assessed with mRNA expression 

profi ling as compared to placebo.
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