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Chapter 1 

1.1 Why study atherosclerosis? 

Atherosclerotic lesions (plaques) are characterized by the accumulation of lipids 
within the arterial wall. The lesions occur principally in large and middle-sized elastic 
and muscular arteries and may lead to ischemia of the heart, brain and other organ 
systems, which eventually may result in infarction. Such complications often relate to 
rupture or erosion of the atherosclerotic lesion and consequently thrombus formation.1 

An understanding of factors contributing to atherogenesis and plaque complications is 
needed, considering the fact that cardiovascular disease continues to be the principal 
cause of death in the United States, Europe, and much of Asia.23 

Several risk factors have been identified, contributing to the formation of 
atherosclerotic lesions and consequently plaque complications. These include 
hypercholesterolemia, diabetes, smoking, obesity, and hypertension, of which in 
particular high plasma levels of low density lipoprotein (LDL) cholesterol, is 
considered as a principal risk factor.4 In addition, the plaque morphology is an 
important denominator for the occurrence of plaque complications. As such, lipid-rich 
plaques are considered as unstable (rupture prone), whereas fibrous (collagen-rich) 
plaques as stable.5 

Although the process of atherosclerosis has been considered by many to consist 
largely of the accumulation of lipids within the arterial wall, nowadays, it is recognized 
that atherosclerotic plaques show features reminiscent of chronic inflammation, such as 
inflammatory infiltrates, cellular proliferation, neovascularization, and fibrosis. As 
such, atherosclerosis can be considered as a chronic inflammatory process.6 From this 
point of view, questions arise to the nature of the (specific) inflammatory immune 
responses involved as well as to triggers and initiators of such responses. We have 
addressed this issue by focusing on the involvement of both cellular and humoral 
immune responses in atherosclerotic lesions, directed by T and B lymphocytes, 
respectively. 
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1.2 Involvement of immune responses in atherosclerosis 

An overview is provided of some aspects of the involvement of immune cells in 
atherosclerotic plaques, in order to put our studies in proper perspective. 

In atherosclerotic disease there are indications for the involvement of both innate 
and adaptive immune responses.7 Innate immunity is characterized by rapid, but non
specific immune responses with the lack to generate memory. This phylogenetic old 
immune response is programmed to eradicate microorganisms and is represented by 
macrophages and natural killer cells. A wide range of innate immune mechanisms are 
operative, including phagocytosis. Phagocytosis of microorganisms occurs via 
scavenger receptors, which recognize diverse conserved molecular structures on the cell 
surface of microorganisms and other cells, including (modified) lipids.8 In the context of 
atherosclerosis, unregulated uptake of modified lipids (in particular oxLDL) by 
scavenger receptors expressed by macrophages, leads to the formation of foam cells. 
This can ultimately lead to the formation of atheroma and eventually unstable 
atherosclerotic lesions. Due to this ability the expression and regulation of scavenger 
receptors have been extensively studied over the past decade. 

Adaptive immunity is characterized by antigen specific immune responses and 
the ability to generate memory against specific antigens, and are represented by 
T (cellular immunity) and B lymphocytes (humoral immunity). The presence of both 
macrophages and T cells in the intima of atherosclerotic lesions suggests that cell 
mediated immune responses might occur. In addition, the presence of these cells in 
combination with numerous B cells/plasma cells in the adventitia of advanced 
atherosclerotic plaques suggests that also humoral immune responses are operative at 
late stages of atherosclerosis. 

In the following section the presence and functional implications of different 
immune competent cells, relevant to atherosclerotic plaque development and/or 
complications, will be discussed. 

Immune competent cells in atherosclerotic plaques 

Monocytes/Macrophages 

Smooth muscle cells have long been considered the major cell type contributing 
to the formation of atherosclerotic plaques, as described by Ross & Glomset.9 However, 
this hypothesis has been modified in the mid 80's, when it appeared that in addition to 
smooth muscle cells substantial numbers of inflammatory cells, in particular 
monocytes/macrophages were present, identified by the immunohistochemical 
expression of CD 14 (monocytes) and CD68 (macrophages).10 

In both the earliest type of atherosclerosis, the so-called fatty streak," as well as 
in more advanced stages of atherosclerotic lesion development, substantial numbers of 
monocytes/ macrophages are found.10 Interestingly, there appears a distinct correlation 
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between the presence macrophages, lipid accumulation and plaque instability.5 In 
addition, the observation that macrophages are present at regions underlying thrombus 
formation,1213 suggests a causal relationship with acute coronary syndromes. 

Recruitment and accumulation of monocytes to arterial intima 

The recruitment of monocytes to the intima covers several stages, including 
adhesion and migration over the luminal endothelium and subsequent accumulation and 
differentiation into macrophages. Several mechanisms influence these different stages, 
which ultimately result in the accumulation of macrophages in the intimai area. For 
example, injured endothelium, caused by hypercholesterolemia and/or shear stress, 
induces elevated expression of adhesion molecules on luminal endothelial cells, like 
E-selectin, ICAM-1 and VCAM-1,1417 promoting the adherence of leukocytes, 
expressing the ligands of these adhesion molecules. As a result monocytes as well as 
other leukocytes are recruited into the 'injured' arterial vessel wall. In addition, in the 
last decade several chemotactic and growth/differentiation factors have been identified 
for monocytes/macrophages, influencing their migration to and accumulation in the 
arterial intima. Especially the chemotactic cytokine MCP-1 appears of considerable 
importance for monocyte accumulation in plaques. Immunohistochemical investigations 
showed that MCP-1 is expressed by a wide variety of cells in human atherosclerotic 
lesions, including endothelial cells, smooth muscle cells and macrophages, of which 
macrophages appear to be the major source,1819 creating a possible positive feedback 
loop. 

The functional importance of the recruitment and subsequent accumulation of 
monocytes/macrophages in the arterial wall for the atherosclerotic process has been 
demonstrated in several mouse models with experimentally induced atherosclerosis. 
For instance, apoEA mice or those fed a high fat diet, with a deficiency for the adhesion 
molecules ICAM-1 and/or P-selectin, demonstrated reduced atherosclerosis.20-21 The 
significance of MCP-1 was demonstrated in LDL-R'mice defective for MCP-122 and 
apoE"'- mice defective for its corresponding receptor CCR-2,23 which both appeared 
relatively protected from atherosclerotic development. In addition, defective 
differentiation of monocytes into macrophages, as occurs in LDL-R and apoE"'- mice 
being heterozygous24 or deficient25 for macrophage-colony stimulating factor, 
respectively, resulted in less atherosclerotic development. 

(Modified) lipoproteins, phagocytosis and foam cell formation 

The atherosclerotic lesion is characterized by the presence of lipids, recruited by 
LDL particles containing cholesterol. Within the arterial wall LDL particles are 
oxidized by macrophages by the production of reactive oxygen species, in conjunction 
with extracellular matrix components.26-27 Recruited monocytes differentiate in the 
subendothelial space of the intima into macrophages and phagocytose oxidatively 
modified (acetylated/oxidized) lipids.28-29 

Unlike the uptake of native LDL mediated by the LDL-receptor, which is 
downregulated by accumulation of intracellular LDL,30 phagocytosis of oxidatively 
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modified LDL particles by macrophages occurs via scavenger receptors, which are not 
downregulated by the intracellular lipid concentration.31 The consequence of the 
unregulated uptake of modified lipids in atherosclerotic lesions is the formation of foam 
cells and plaque destabilizing atheroma.32 These considerations rationalize why much 
investigation has been focused on the role and regulation of scavenger receptors in 
atherosclerotic development in the last decade. 

Scavenger receptors are a family of molecules with several members that are 
multifunctional and may mediate cell adhesion as well as uptake of oxidized 
lipoproteins and microorganisms, as summarized in Table 1." Scavenger receptor 
classes A and B, which specifically recognize oxidatively modified LDL, are highly 
expressed by macrophage-derived foam cells and smooth muscle cells in human 
atherosclerotic plaques.34-36 The detrimental role of these scavenger receptors in 
atherogenesis has been demonstrated in several mouse models with experimentally 
induced atherosclerosis. ApoE-'and LDL-R: mice lacking functional scavenger 
receptor class-A demonstrated distinct reduction of atherosclerotic lesion 
development.37-38 Also apoEmiice, deficient for the class B scavenger receptor CD36, 
showed significant reduction of atherosclerotic lesions.39 

Apart from the induction of foam cells, oxidatively modified LDL has several 
detrimental effects during atherosclerosis, which appears to depend on the extent of 
oxidation. For example, minimally and moderately modified LDL induce the production 
of proinflammatory cytokines, expression of adhesion molecules, are chemoattractive 
for T cells and monocytes, and inhibit migration of tissue macrophages.4041 In contrast, 
fully oxidized LDL is toxic for diverse cell types in the atherosclerotic lesion.42 This 
might lead to dysfunctioning of endothelial cells by apoptosis,43 propagation of 
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Table I. Scavenger receptor expression and their proposed ligands. (adapted from Terpstra et al. 

Class Name Expression Ligands 

Class A SR-AI 

SR-AII 

SR-AIII 

Tissue macrophages; foam cells; 
Kupffer cells 

acetylated LDL; oxidized LDL; AGE-
modified proteins; maleylated bovine 
serum albumin; LPS; LTA; whole bacteria; 
poly 1, poly G 

MARCO Macrophages in the marginal zone 
of the spleen and lymph nodes 

acetylated LDL; LPS; whole bacteria 

Class B SR-BI/CLA-1 

SR-BI1 

Monocytes/macrophages; adrenal 
glands 

HDL; LDL; VLDL; modified LDL; 
anionic phospholipids; apoptotic cells 

CD36 Monocytes/macrophages; platelets; 
adipocytes 

HDL; LDL; VLDL; modified LDL; 
anionic phospholipids; fatty acids 

Croquemort Drosophilia apoptotic cells 

Drosphilia SR-C Drosphilia acetylated LDL 

Class D CD68/macrosialin Tissue macrophages oxidized LDL; phosphatidylserine 
liposomes 

Class E LOX-1 

SREC 

Vascular endothelial cells; 
monocytes/macrophages 

oxidized LDL; carrageenan; poly 1 

Class F 

LOX-1 

SREC Vascular endothelial cells acetylated LDL; oxidized LDL 
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atheroma formation by apoptosis of macrophages and T cells4445 and weakening of the 
fibrous cap by apoptosis of plaque stabilizing smooth muscle cells.46 

Functional implications 

Lipid accumulation by macrophages appears detrimental for the atherosclerotic 
process. Next to the formation of foam cells and generation of atheroma, phagocytosis 
of (oxidatively) modified lipids by macrophages appears to be associated with a 
secretory profile in favor of tissue destruction. This appears to relate to the production 
of proteolytic enzymes, called matrix metalloproteinases (MMPs), which can digest the 
plaque stabilizing fibrous cap constituents, such as collagen.47 In this respect it should 
be noticed that tissue inhibitors of MMPs (TIMPs) counteract the activity of MMPs.48 

It is therefore of particular interest that MMP-3 (stromelysin-3), which digests TIMPs, 
is present in advanced human lesions, but absent in early lesions. This suggests a netto 
effect in favor of tissue destruction by MMPs over TIMP activity in advanced 
atherosclerotic lesions.49 The observation that cleaved collagen products, generated by 
proteolytic enzymatic activity, colocalized with the proteolytic enzymes MMP-1 and 
MMP-13 in advanced atherosclerotic lesions, also supports an overall netto destructive 
effect of MMPs over TIMPs.50 Most abundant synthesis and extracellular localization 
of MMPs has been found at sites with macrophage foam cells in human atherosclerotic 
plaques.51 Studies in hypercholesterolemic rabbits also showed a relationship between 
lipid uptake and MMP activity. It was demonstrated in this animal model that foam 
cells produced MMPs whereas alveolar macrophages did not.52 These observations 
provide an important link between inflammation (macrophages-foam cells), tissue 
degradation (MMPs) and lipid metabolism (oxLDL). 

Lesional macrophages also promote the atherosclerotic process by their ability to 
induce increased production of proinflammatory cytokines (IL-1, TNF-oc), and tissue 
factor,32 which could result in tissue injury and thrombosis. In addition, macrophages 
can enhance the recruitment of inflammatory cells by chemokines (IL-8, MCP-1)6 and 
can activate (T) cell mediated immune responses by the expression of MHC class II and 
accessory cytokines (IL-12),53 as will be discussed later. Most of the above described 
actions depend on direct cell-to-cell contact between macrophages and plaque resident 
cells, such as endothelial cells, smooth muscle cells and T cells. In particular, the 
surface markers CD40 and CD40L appear to play an important role in such ' 
interactions. Several in vitro studies, showed that CD40-CD40L interactions are 
involved in the production of MMPs,54-55 chemokines,56 proinflammatory cytokines57 

and tissue factor.58 CD40 is expressed by predominantly monocytes/macrophages, but 
also on activated endothelium and smooth muscle cells, whereas CD40L is expressed 
by activated T cells only,59-60 although other studies claimed that it was also expressed 
by monocytes and smooth muscle cells.61-62 

In contrast to their detrimental effects, macrophages could stabilize 
atherosclerotic plaques, by promoting smooth muscle cell growth and fibrosis.63 In 
addition, plaque macrophages express the anti-inflammatory cytokine IL-10, and could 
thereby reduce the detrimental action(s) of proinflammatory (Thl) cytokines and 



General introduction 

prevent cells from excessive cell death due to its anti-apoptotic properties.5364 The 
strong anti-inflammatory activity of IL-10 in vivo was demonstrated in C57BL/6 mice 
with experimentally induced atherosclerosis. It appeared that these IL-10 deficient mice 
developed increased atherosclerotic lesions compared to the wild-type (control) mice, 
whereas exogenous administration of IL-10 reduced atherosclerotic lesion development. 
In addition, IL-10 deficient mice contained more unstable plaques, exemplified by 
increased numbers of T lymphocytes and less collagen content.65-66 

Mast Cells 

In the last few years mast cells have gained renewed interest, since their 
identification in the early seventies67"69 and appear to be present in scarce numbers in 
early atherosclerotic lesions, but are increased in advanced atherosclerotic lesions in 
both intima and adventitial0-71 

Functional implications 

Mast cells can be important mediators in the pathogenesis of atherosclerosis by 
their ability to secrete proteolytic enzymes and the activation of pro-enzyme forms of 
MMPs, moderated by chymase and tryptase.7072 Although they are found in relatively 
low numbers in the intima in comparison to other inflammatory cells, it is of interest 
that degranulated mast cells, indicative for recent activation, are found in plaque 
vulnerable regions and often in association with plaque rupture.7073 75 Furthermore, in 
the adventitia near to the border with the media, substantial numbers of mast cells often 
are connected to nerve fibers.76 Although the functional significance of this observation 
is rather speculative, the authors suggest that nerve fibers could trigger mast cell 
degranulation, leading to arterial spasms. 

Dendritic Cells 

Dendritic cells have been identified by the expression of the cell surface 
molecules CD 1(a) and S-100 and are occasionally found in arteries without features of 
atherosclerosis.77-78 However, they are increased in advanced stages of atherosclerosis, 
albeit still in scarce numbers.77-79 They are found in particular in association with other 
inflammatory infiltrates in both intima and adventitia of atherosclerotic plaques, 
composed of lymphocytes and macrophages.80"82 

Functional implications 

The exact role of dendritic cells in atherosclerosis is not clear, although it has 
been speculated by Bobryshev et alm that they are either involved in local T cell 
activation in the atherosclerotic lesion or migrate to local draining lymph nodes, near 
the adventitia, where they present plaque associated antigens to lymphocytes. 

Although immunohistochemical studies revealed that CD la expression was 
exclusively associated with vascular dendritic cells,77-78 a recent study demonstrated that 
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CD la, as well as CDlb-d, is expressed by foam cell, as shown by both 
.mmunohistochemistry and FACS analysis.-' This novel observation is of particular 
interest m relation to recent investigations, which have identified a novel mechanism for 
antigen presentation m which T cells recognize specific lipids and glycolipids m the 
context of non-MHC-encoded CD1 molecules.- Both foreign microbial or synthetic 
lipids and glycolipids are presented to CD 1-restricted cells. In addition, it has been 
suggested that CD 1-restricted T cells not only respond to exogenous lipids, but may 
also recognize endogenous self-lipids.«* Considering the abundance of potential lipid 
antigens within atherosclerotic lesions, together with the strong expression of CD1 
protein on both dendritic cells and foam cells, Melian etaL" have suggested that lipid 
antigen presentation by CD 1 proteins could contribute to the activation of T cells 
within atherosclerotic plaques. This suggestion was further supported by the 
observation that CDl(a) positive monocyte-denved foam cells generated in vitro were 
able to present lipid antigens to CD 1-restricted cells. 

T Lymphocytes 

T cells are found in early and late stages of atherosclerosis, and are identified by 
the selective immunohistochemical expression of CD3.10 When present they are 
frequently found m aggregates composed of both T cells and macrophages often m 
association with (modified) lipid-rich plaques. ">•— Alike macrophages, T cells are 
found m complicated plaques at sites of plaque rupture12 and frequently show an 
activated memory phenotype (CD45RO+).w The presence and persistence of T cells in 
aterosclerotic plaques at sites of lesion growth and rupture suggests that they could 
play an important role in atherosclerotic plaque development and complications 

1 he control of T cell migration, depends on the combined actions of various 
adhesion molecules as well as a vast array of chemotactic cytokines (chemokmes) and 
their receptors.'- In addition to the chemokmes IL-8 and MCP-1, which attract both 
monocytes and T lymphocytes» recent investigation showed that the IFN-v inducible 
chemokmes IP-10, Mig and I-TAC are strongly expressed in atherosclerotic lesions by 
T H S t y P ' S ' m C l u d m g m a c r oP h ages, smooth muscle cells as well as endothelial 
ce s. This is of interest, since these chemokmes specifically attract memory T(hl) 
cells, expressing the chemokine receptor CXCR3« In concordance with the strong 
expression of these IFN-y inducible chemokmes, the majority of plaque T cells express 
the corresponding receptor CXCR3.94 

Functional implications 

Resting T cells are functionally inert, whereas activated T cells can modulate 
immune responses. As such, activated (CD4^) T helper cells can produce cytokines 
(e.g. IFN-Y, IL-4) and mediate direct cell-to-cell contact, resulting in the activation of 
cell mediated and/or humoral immune responses,- whereas activated cytotoxic (CD8+) 
1 cells are programmed to kill (virally infected) cells by lysis 97 
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In the context of atherosclerosis activated CD4+ and CD8+ T cells are considered 
to be of importance by their ability to secrete IFN-y. In vitro studies demonstrated that 
IFN-y can initiate and enhance macrophage activity,63 downregulate collagen synthesis 
by smooth muscle cells,98 stimulate expression of MHC class II molecules on 
macrophages and smooth muscle cells" and induce adhesion molecules on endothelial 
cells.100 These actions result in reduced expression of plaque stabilizing extracellular 
matrix components and enhancement of cell immune responses, which are all 
potentially proatherogenic effects. On the other hand, in vitro IFN-y downregulates 
scavenger receptor class-A expression on macrophages,101 and blocks smooth muscle 
cell proliferation,102 which are all anti-atherogenic effects. Recent studies in 
hypercholesterolemic (apoE"/_) mice revealed that IFN-y plays a detrimental role in vivo, 
modulating both local (plaque environment) and systemic (serum) effects. ApoE'", 
IFN-y-R'~ mice showed substantial reduction in atherosclerotic lesion size and increase 
of plaque stabilizing collagen. In addition to these local effects, these double knockout 
mice had a marked increase of atheroprotective phospholipid particles.103 Exogenous 
administration of IFN-y to apoE_/" mice resulted in a 15% reduction of serum choleste
rol. Nonetheless, the plaques showed increased expression of MHC class II and T cells, 
compared to the untreated apoE~'~mice.104 

Also expression of activation markers on activated CD4+ T cells are considered 
of pivotal importance for atherosclerotic plaque development. In particular the 
expression of the activation marker CD40L on T cells is considered to be of 
importance, since ligation of CD40L with its counter receptor CD40, induces diverse 
plaque destabilizing mediators, as described earlier. Recent studies in apoE"'" and 
LDL-R'mice underlined the significance of the CD40-CD40L pathway in vivo, by 
showing that administration of anti-CD40L antibody resulted in reduced and more 
stable lesions, in both initial and advanced stages of atherosclerotic plaque 
development.105,106 

T cells in atherosclerotic plaques show features of activation 

T cells are activated by antigen presenting cells, such as macrophages and 
dendritic cells. This is mediated via the interaction between major histocompatibility 
complex (MHC) class I or II molecules on antigen presenting cells and T cell receptors 
(TCR) on T cells with concomitant presentation of antigen. Also accessory adhesion 
molecules and cytokines are involved.107108 In the case of naive and resting memory 
(CD45RA+) T cells, also costimulatory molecules (B-7, CD28) are needed to activate 
the T cell, whereas activated memory (CD45RO+) T cells require MHC-TCR 
interaction only109 

Since atherosclerotic plaque T cells are often found in close association with 
MHC-class IF macrophages, expressing the costimulatory molecule B-7,110 local 
antigen-dependent T cell activation might occur.87 This is supported by the observation 
that the majority of T cells in atherosclerotic human plaques are of the activated 
memory phenotype (CD45RO+) and express the late activation markers HLA-DR and 
VLA-4.12-91 However, only a small number of T cells in human atherosclerotic plaques 
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show signs of (very) recent antigen activation, exemplified by relatively low expression 
or absence of IL-2-receptor, as determined by immunohistochemistry.87-111-114 The 
observation of activated (memory) T cells in atherosclerotic plaques appears to 
correlate with the detection of cytokines, that reflect antigen-dependent T cell 
activation. It was shown that IFN-y is the predominant T cell derived cytokine in 
atherosclerotic plaques, whereas IL-4 and IL-5 were either scarce or absent, as 
determined with immunohistochemical techniques and reverse transcriptase-poly chain 
reaction (RT-PCR).53113115 The presence of IFN-y but relative absence of IL-4 is typical 
for Thl cells, which are associated with cell mediated inflammatory responses and 
autoimmune diseases."6 

The observation that T cells in atherosclerotic plaques show features of 
activation, suggest that they might be locally activated by antigen(s). Several candidate 
antigens have been proposed that can trigger T cell activation in atherosclerotic lesions. 
There is increasing evidence that a direct link may exist between lipid accumulation and 
activation of T cells, possibly by autoimmune responses to derivatives of modified 
lipoproteins.97-Il7-"9 However, thusfar only one study reported that T cells derived from 
advanced human plaques are activated, exemplified by proliferation, when exposed to 
oxidatively modified lipoproteins.120 However, at the same time it has been shown that 
(mildly) oxidized lipoproteins are toxic, inducing apoptosis of T cells and suppression 
of their proliferative state.121122 Apart from (putative) activation by oxidatively 
modified lipoproteins, T cells were found to be responsive to heat shock protein 65 in 
rabbits.123 This autologous protein exhibits sequence similarities and immunological 
cross-reactions with related proteins of microorganisms such as Chlamydia 
pneumoniae.m The latter is a common airway pathogen that has also been linked to 
atherosclerosis on the basis of seroepidemiological, immunocytochemistry, molecular 
biology and tissue culture studies.125126 In addition, experimental studies in rabbits and 
apoE"/- mice showed that infection with C. pneumoniae accelerated the atherosclerotic 
process.127,128 

Upon antigen-dependent activation T cells proliferate and expand, thereafter 
representing a significant proportion of all T cells in atherosclerotic lesions.96 The 
repeated cell divisions of activated T cells leads to the formation of a population of T 
cells (clone) with identical TCR. Consequently, the identification of a T cell clone 
implies the expansion of cells, usually due to antigen-specific activation. Thusfar, no 
evidence was obtained for such clonal expansions of T cells derived from advanced 
human atherosclerotic plaques, by analyzing the variability of the TCR repertoire.129-131 

In contrast, T cells derived from early atherosclerotic lesions of apoE-'-mice, including 
fatty streaks and fibrofatty plaques, showed restricted usage of variable domains of the 
TCR in the lesions.132 As such, in contrast to the situation in humans, this provides 
evidence for a clonal T cell expansion in atherosclerotic lesions of hypercholesterolemic 
mice. 
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Evidence for recent T cell activation in the peripheral blood of patients with 

unstable angina 

Stimulation of inflammatory cells is not limited to the microenvironment of the 
plaque, but also involves circulating cell populations. Patients with unstable angina 
showed increased frequency of lymphocyte and monocyte activation in the peripheral 
blood, which together with elevated levels of acute-phase proteins, appear to be 
predictive for the clinical outcome.133134 It appeared that a subpopulation of activated 
T cells derived from such patients was clonally expanded135-136 and displayed the 
unusual phenotype CD4+CD28nu", known to produce high concentrations of IFN-y.137 

In addition, it was shown that T cells isolated from the blood of patients with unstable 
angina were responsive to both infectious antigens (C. pneumoniae) and atherosclerotic 
plaque antigens (oxLDL).136 Furthermore, in this study it was shown that the number of 
T cells responsive to oxLDL were increased in patients with unstable angina in 
comparison to patients with chronic stable angina, whereas the T cell responses against 
C. pneumoniae were not different in both patient groups. 

B Lymphocytes and Immunoglobulins (antibodies) 

B cells and plasma cells are virtually absent in the intima of atherosclerotic 
plaques of humans87 and apoEA mice138, whereas they can be found in substantial 
numbers in the adventitia of aortas with advanced atherosclerotic disease.139 In contrast, 
immunoglobulins (IgG, IgM), are frequently found in the intima of atherosclerotic 
lesions.140142 In addition, immunoglobulins directed against modified LDL can be 
detected in the serum of atherosclerotic patients, often correlating with disease 
progression.143144 The presence of immunoglobulins directed against atherosclerotic 
plaque components (oxLDL), suggests that B cell activation occurs, since 
immunoglobulins are the products of activated B cells/plasma cells. Since B cells and 
plasma cells are absent in the atherosclerotic plaque it is likely that they are activated in 
local (draining) lymph nodes,96 although it has also been suggested that adventitial 
lymphoid aggregates might serve such a function.1 139 

Functional implications 

In the atherosclerotic plaque complexes of immunoglobulins and (ox)LDL could 
result in the uptake of (ox)LDL by macrophages, thereby enhancing the formation of 
foam cells.145 In addition, such complexes can induce MMP-1 secretion by plaque 
macrophages.146 

These considerations, based on in vitro data, suggest that immunoglobulins could 
be detrimental in the plaque environment. However, several in vivo studies in both 
hypercholesterolemic rabbits and LDL-R'" and apoE'" mice have shown that 
immunization with oxidatively modified LDL (MDA-LDL) reduced lesion formation 
(see Table 2). A recent study demonstrated that this reduction correlated with elevated 
IgG antibodies against oxLDL epitopes.147. As such, it seems that the overall effect of 
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immunoglobulins directed against atherosclerotic plaque derived antigens is anti
atherogenic in hypercholesterolemic animals. 

Role of lymphocytes in hypercholesterolemic animals in vivo 

In addition to above described data, several other investigations have questioned 
the role of lymphocytes in the atherosclerotic process in vivo in animals with 
experimentally induced atherosclerosis, by generating partially or completely immune 
deficient animals. As such, it was shown that in apoE- RAG-1- mice, being deficient 
tor both T and B cells, the extent of atherosclerotic lesions was 40% reduced l48 

ApoE - RAG-2-- mice, however, did not show reduced atherosclerosis, compared with 
the control apoE- httermates - whereas, immune compromised mice showed similar or 
even aggravated early lesion formation.- In another study it was shown that sevenly 
immune deficient (SCID) apoE- mice, injected with CD4^ T cells showed more severe 
lesions than untreated mice.151 

The involvement of lymphocytes in the atherosclerotic process has also been 
questioned by the use of immune modulatory therapies in hypercholesterolemic an.mals 
Results of such therapies are summarized in Table 2. In general, immune modulation 
appears to inhibit atherosclerotic lesion development and thus might be potentially 
useful for the treatment of rapidly progressive atherosclerosis in hypercholesterolemic 
mice and rabbits. However, these protocols are likely not suitable for the prevention of 

20 slowly progressive atherosclerosis as occurs in humans. Apart from the difference in 

progression of atherosclerotic lesions in time, the plaque morphology is different 
between humans and mice.- Furthermore, it should be emphasized that the immune 
system in mice and rabbits is different from that of humans. For instance the 
polarization of T lymphocytes into Thl and Th2 phenotypes is less pronounced in 
humans, which appears to be important for immune modulation of the atherosclerotic 
process in hypercholesterolemic mice."" As such, the data generated in 
hypercholesterolemic mice and rabbits should be extrapolated with great care to human 
atherosclerotic disease. 
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1.3 Scope of this thesis 

The evolution of atherosclerotic lesions involves interactions between several cell 
types, including endothelial cells, smooth muscle cells, macrophages and lymphocytes. 
The contribution of endothelial cells, macrophages, and smooth muscle cells to lesion 
development has been well documented and can be considered part of a chronic 
inflammatory process. However, the role of T and B lymphocytes in this process has 
been less well characterized and is still puzzling. Upon activation T and B cells can 
initiate cell mediated and humoral immune responses. In the context of atherosclerosis, 
cell mediated immune responses are generally considered to be detrimental for plaque 
stability, whereas the influence of humoral immune responses are largely unknown. In 
this thesis we addressed aspects which are involved in the activation of T cells (cell 
mediated immunity) and B cells (humoral immunity). 

In Chapter 2 it was studied whether the infectious agent Chlamydia 
pneumoniae, could be among the antigen(s) triggering (local) T cell activation in 
plaques of patients with symptomatic atherosclerotic disease. In addition to infectious 
agents, several in vitro studies have shown that oxLDL is immunogenic for both cell 
mediated and humoral immune responses. In Chapter 3 we investigated the spatial 
distribution of oxidized phosphatidylcholines, one of the products generated during 
LDL oxidation, in advanced atherosclerotic aortic lesions in relation to inflammatory 
cells in both the intima and adventitia. 

21 

Table 2. Effect of immune modulatory therapies on lesion growth and proposed mechanism(s) in 
hypercholesterolemic mice and rabbits. 

Genetic Effects on Proposed mechanism/ observed 

Modulation/therapy background lesion area changes Reference 

Anti-CD4()L Ab LDL-R"''" i Impaired CD40 signalling 106 

Anti-CD40L Ab ApoE"" I Impaired CD40 signalling 105 

Immunization (MDA)LDL ApoE"'" I Activation humoral immunity, 
increased anti-oxLDL Abs 

147 

Neonatal oxLDL tolerance ApoE"" I Activation humoral immunity 152 

lg treatment ApoE I Unknown 153 

Immunization (MDA)LDL LDL-R"'" 
(rabbit) 

i Increased anti-oxLDL Abs 154 
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Pentoxifylline ApoE"" 4 Inhibited differentiation of Thl 
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Recent investigation has provided evidence that T cells can also be activated via 
a non-antigen dependent pathway, mediated by cytokine interleukin-15.162 In Chapter 4 
we investigated the in situ expression of IL-15 in relation to the atherosclerotic plaque 
morphology, cellular composition and activation of T cells. In addition, the 
responsiveness of plaque derived T cell lines to IL-15 was tested. 

Upon (antigen/non-antigen dependent) activation T cells can produce IFN-y, 
which is considered to have important modulatory functions for the atherosclerotic 
plaque environment. Preliminary experiments raised doubts concerning the use of 
immunohistochemistry to visualize this cytokine in arterial tissue specimens. To this 
end, in Chapter 5 we evaluated the reliability and consistency of this frequently applied 
technique for the detection of IFN-y in tissues containing abundant activated 
T(hl) cells. 

Activation of (T) cell mediated immune responses results in the production of 
mediators with plaque destabilizing potential(s). Ligation of IL-15 and CD40 with their 
concomitant receptors CD40L and IL-15R complex appear to be intimately involved in 
the production of such mediators. This rationalizes to get a better understanding of their 
expression and regulation on plaque resident cells, such as macrophages and smooth 
muscle cells. In Chapter 6 the in vitro expression of IL-15, IL-15Ra and CD40 was 
investigated on monocytes and smooth muscle cells in the presence or absence of 
proinflammatory agents, present in atherosclerotic lesions (oxLDL, IFN-y). 

Humoral immune responses are associated with atherosclerotic disease, as 
22 exemplified by the existence of anti-oxLDL immunoglobulins in both plaque tissue and 

serum. In Chapter 7 it has been outlined whether adventitial lymphoid infiltrates could 
be (alternative) sites for the local generation of atherosclerosis associated 
immunoglobulins. 

Chapter 8 summarizes the generated data and main conclusions. 
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