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Summary 

 
Cellular Immunity and Inflammation in Atherosclerosis 
 
Atherosclerosis, the major cause of death and disability in western countries, is nowadays 
recognized as an inflammatory disease. Low density lipoprotein (LDL), the major carrier of 
cholesterol in plasma, is trapped in the subendothelial space, where compounds inside of LDL 
are chemically modified through lipid peroxidation. The oxidized LDL (oxLDL) is believed 
to initiate the inflammatory reaction in atherosclerosis. By activation of the endothelial cell 
layer, cells of the immune system (monocytes and T lymphocytes, T cells) are recruited to 
developing atherosclerotic lesions. Monocytes differentiated into macrophages, which engulf 
oxLDL through specialized scavenger receptors leading to accumulation of cholesterol in the 
vessel wall, so-called foam cell formation. Macrophages may also activate T cells, which in 
turn secrete cytokines. Previous data have shown that oxLDL can activate T cells, but the 
molecular mechanisms have not been identified.  
 
Oxidation of fatty acids in LDL generates reactive aldehydes that modify proteins. Two 
important aldehydes are malondialdehyde (MDA) and 4-hydroxynonenal, which can form 
covalent adducts on proteins. To analyze the mechanisms for the activation of T cells by 
aldehyde-modified proteins, T cells that were activated by MDA- or HNE-modified self-
proteins were established in a mouse model. MDA modified self-proteins triggered T cells 
that directly recognized the MDA adduct with their T cell receptors. This finding 
demonstrates that lipid peroxidation derived aldehydes may turn self-proteins into antigens 
that can initiate a T cell mediated inflammatory reaction. These T cells may also activate B 
cells to secrete antibodies that are directed either towards the modifications or towards 
unmodified sequences of altered proteins.  
 
To study the inflammatory response during atherosclerotic plaque development gene 
expression array technology was applied in a mouse model of atherosclerosis. The expression 
of previously known atherosclerosis related genes, e.g. the expression of adhesion molecules 
and markers of blood derived inflammatory cells, were used to validate the experimental 
procedure. The gene array analysis revealed that the cytokine interleukin-15 (IL-15) was 
expressed in the vessel wall and upregulated in atherosclerotic plaques. IL-15 expression 
could be identified in macrophage rich areas of the lesions supporting the hypothesis that IL-
15 may be involved in the recruitment of T cells to the atherosclerotic lesion. 
 
The gene array analysis identified the expression of cellular retinoic acid binging protein-II, a 
gene that is regulated by vitamin A signaling pathways. This finding led us to study effects of 
vitamin A on foam cell formation. The vitamin A derivative all-trans retinoic acid was shown 
to upregulate the expression scavenger receptor CD36 through retinoic acid receptor (RAR) 
signaling path in the human monocytic cell line THP-1. The RAR signaling path was 
identified in human atherosclerotic lesion associated with infiltrating leukocytes. This 
suggests that RAR-signaling may contribute to the inflammation in the vessel wall and 
promote atheroslerosis.  
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2 ABBREVIATIONS 
 
APC   antigen presenting cell 
Apo B-100  apolipoprotein B-100 
Apo E-/-  apolipoprotein E deficient mice 
BcR   B cell receptor 
CRABP-II  cellular retinoic acid binding protein-II 
CD  cluster of differentiation 
HNE  4-hydroxynonenal 
IL  interleukin 
iNOS  inducible nitric oxide synthetase 
ICAM-1  intercellular adhesion molecule-1 
LXR  liver X receptor 
MCP  monocyte chemotactic protein 
M-CSF  macrophage-colony stimulating factor  
MDA   malondialdehyde 
MHC  major histocompatibility complex 
MSA  mouse serum albumin 
NF-κB   nuclear factor-κB  
PPAR  peroxisome proliferator activated receptor 
oxLDL  oxidatively modified low density lipoprotein 
PCR  polymerase chain reaction 
Sr-A   scavenger receptor-A I and II 
RAR  retinoic acid receptor  
RXR  retinoic X receptor  
TcR  T cell receptor  
VCAM-1  vascular cell adhesion molecule-1 
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3 INTRODUCTION 
 
Atherosclerosis, the most important cause of premature death in western countries, is a complex 
and multifactorial disease [1]. First hallmarks of atherosclerosis, so-called fatty streaks, can be 
identified already in early childhood [2]. The histopathological demonstration of important 
cellular components of the immune system in early lesions has led to the recognition of 
atherosclerosis as an inflammatory disease [3].   

3.1 Pathogenesis of atherosclerosis 
How it is started� LDL diffuses from plasma into the subendothelial space in a 
concentration dependent manner [4]. LDL there binds to extracellular matrix proteoglycans, 
which promote retention of LDL in the intima [5-7]. LDL is oxidatively modified through 
exposure to oxidative stress and obtains new properties that are believed to be decisive for the 
pathogenesis of atherosclerosis [8,9]. OxLDL activates the endothelium via activation of 
transcription factors; including the nuclear factor-κB (NF-κB) [10], which leads to 
upregulation of adhesion molecules such as E-selectin, vascular cell adhesion molecule-1 
(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) [11]. Also haemodynamic shear 
stress induces the expression of NF-κB signaling-dependent adhesion molecules in 
endothelial cells [12]. Monocytes and T lymphocytes (T cells), roll along the vessel wall and 
attach to the adhesion molecules. Following this firm adhesion, monocytes and T cells 
transmigrate through the endothelium and accumulate in the intima [13]. Extravasation is 
initiated and promoted by chemokines; e.g. MCP-1, which is a potent monocyte 
chemoattractant [14]. In the intima monocytes undergo M-CSF-mediated differentiation into 
macrophages [15]. Intimal oxLDL binds to macrophage scavenger receptors promoting 
endocytosis and transition of the macrophages into cholesterol loaded foam cells [16]. The 
importance of scavenger receptor-mediated uptake of oxLDL for the development of 
atherosclerosis has recently been investigated. Compound knockout mice, deficient in either 
scavenger receptor-A (Sr-A) or CD36 and apolipoprotein E (ApoE-/-) have reduced 
atherosclerotic lesions [17,18].  
 
Fight of giants� In the lesion, macrophages may present antigens to T cells leading to T cell 
activation [19]. Both macrophages and activated T cells secrete potent cytokines leading to 
inflammation in the vessel wall [20-22]. Both oxLDL and cytokines promote the imigration of 
vascular smooth muscle cell from the media into the intima [23,24]. In the intima they 
differentiate, proliferate, produce extracellular matrix and form a fibrous cap in advanced 
atherosclerotic lesions [25]. They therefore play an important role for the stability of the 
atherosclerotic plaque [26].  
 
Clinical complications� Plaque rupture in the shoulder regions of advanced plaques are 
believed to cause clinical complications, such as myocardial infarction and stroke [27]. The 
triggering cause for plaque rupture is unknown but accumulation of activated macrophages, T 
cells and mast cells are frequently seen at the sites of plaque ruptures [28]. Immunological 
events may lead to cell-mediated induction of programmed cell death in smooth muscle cells 
[29] and stimulate secretion of matrix metalloproteinases in smooth muscle cells, 
macrophages and endothelial cells [30-32]. These processes may contribute to the instability 
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of the plaque [33]. Both exposure of extracellular matrix to the blood, due to plaque rupture, 
and endothelial injury induced tissue factor activation trigger complement activation and lead 
to thrombus formation [34]. The thrombus may cause hypoxia of the tissue that is supplied by 
the affected vessel, which may result in tissue infarction [27]. 
 
 

 
 
 

3.2 Lipid peroxidation and oxLDL 
3.2.1 LDL 
LDL is a large particle and the major carrier of cholesterol in the blood [35]. LDL contains a 
lipid core of cholesteryl ester and triglycerides that is surrounded by phospholipids, free 
cholesterol and a protein, the apolipoprotein B-100 (Apo B-100) [36]. The main components 
are cholesteryl esters (40-44%), phospholipids (20-24%) (mainly phosphatidylcholine and 
sphingomyelin), protein (21-26%), free cholesterol (10%) and triglycerides (3-5%). The fatty 
acid fraction contains both saturated (predominately palmic acid (16:0) and stearic acid 
(18.0)), monounsaturated (mainly oleic acid (18:1) and palmitoleic acid (16:1)), and 
polyunsaturated fatty acids [37]. Both linoleic acid (18:2), that is bound to cholesteryl esters, 
and arachidonic acid (20:4) bound to phospholipids are the dominating polyunsaturated fatty 
acids in LDL. The protein moiety Apo B-100 contains 4536 amino acids, is glycosylated with 
galactose, mannose, N-acetylglucosamine and contains sialic acid residues [38]. 
 



 

12 

3.2.2 Prerequisites for lipid peroxidation in the intima 
The demonstration of oxidatively modified LDL in the intima suggests that this process takes 
place locally [8,39,40]. After the extravasation by transcytosis, LDL binds to extracellular 
matrix proteoglycans [5,41]. Clusters of positively charged lysine and arginine groups 
mediate the binding of the ApoB-100 protein chain to chondroitin sulfate and heparin 
containing proteoglycans [42,43]. Binding of LDL to extracellular matrix proteoglycans 
promotes retention of LDL in the intima and facilitates enzymatic and oxidative modification 
of LDL [42]. Several oxidant-generating systems are associated with atherosclerosis, but 
appear to influence progression of the disease differently. ApoE compound knockout mice 
deficient in either 15-lipoxygenase or inducible nitric oxide synthetase (iNOS) showed 
decreased lipid peroxidation and decreased lesion sizes compard to control ApoE-/- mice [44-
46]. Paradoxically, myeloperoxidase-deficient mice showed aggravated development of 
atherosclerotic lesions [47]. Importantly, all vascular cell types have been shown to mediate 
LDL oxidation in vitro. However, metal ions have frequently been used to study the oxidation 
of LDL in vitro and may also be of importance in vivo [48,49]. 
 
3.2.3 Lipid peroxidation  
Lipid peroxidation is initiated by free radicals that remove hydrogen atoms from 
polyunsaturated fatty acids to form a carbon-centred lipid radical [50]. An increased amount 
of double bounds in the fatty acid chain facilitates the removal of hydrogen atoms and 
initiation of lipid peroxidation. Lipid radicals react with molecular oxygen resulting in lipid 
peroxyl radicals. Lipid peroxyl radicals, in turn, remove hydrogen atoms from adjacent lipids 
resulting in lipid hydroperoxides and new lipid radicals. The latter then propagate lipid 
peroxidation. Lipid peroxidation results in the decomposition of lipid hydroperoxides to lipid 
alkoxyl radicals, and β-cleavage reactions of the alkoxy radicals generate a number of 
different aldehydes [51]. The oxidation of fatty acids results in both saturated and unsaturated 
aldehydes. Hexanal is the most abundantly formed saturated aldehyde during LDL oxidation 
in vitro, while malondialdehyde (MDA) and 4-hydroxynonenal (HNE) are the predominant 
unsaturated aldehydes. The quantities of the individual aldehydes formed during oxidation 
depend on the amount of different fatty acids present in the LDL. Hexanal and HNE are 
derived from oxidation of linoleic acid and arachidonic acid, whereas arachidonic acid is the 
major source of MDA. The generation of MDA requires fatty acids that contain more than 3 
double bounds.  
 
3.2.3.1 Aldehydes (figure 2) 

MDA is the dominating hydrophilic aldehyde and can diffuse out of the LDL particle into the 
aqueous phase, whereas the other aldehydes are mainly lipophilic and therefore remain within 
LDL [52]. The formed aldehydes are strong electrophiles reacting with nucleophiles e.g. 
amino groups of proteins, increasing the negative surface charge of the protein. MDA mainly 
forms Michael adducts with lysine residues of proteins or with the amino-containing 
headgroups of phospholipids [53]. The dominant adduct is Nε- (2-propenal) lysine, but also 
other products are formed including dihydropyridine-lysine, 1-amino-3-iminopropene and 
pyridium-dihydropyridine [53,54]. The latter two products lead to both intra- and 
intermolecular cross-linking of lysine groups. HNE also forms Michael adducts, mainly with 
cysteine, histidine and lysine residues; but reacts also with amino-containing headgroups of 
phospholipids. These reactions generate hemiacetal pyrrole adducts as well as fluorescent 
cross-links [55,56]. In this way, generation of covalent aldehydes-adducts during LDL 
oxidation leads to the posttranslational modification of Apo B-100 and phospholipids. 
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3.2.3.2 Other changes in oxidized LDL 

In addition to aldehyde adduct formation, oxidation of LDL leads to fragmentation of Apo B-
100 and promotes aggregation of LDL particles [57-59]. Lipid peroxidation of fatty acids 
results also in formation of fatty acid hydroperoxides, e.g. hydroxy linoleic acid (9-HODE, 
13-HODE) and hydroxy arachidonic acid (11-HETE, 12-HETE, 15-HETE) [52]. Finally, 
oxidation of cholesteryl esters leads to formation of oxysterols e.g. 7- and 26-
hydroxycholesterols [60]. 
 
 
 
3.2.4 Some mediators of oxLDL on inflammation  
The biological effects of oxLDL depend on the degree of modification [9]. Minimally 
modified LDL induces the expression of MCP-1 and P-selectin [61,62], whereas extensively 
oxidized LDL is highly cytotoxic [63]. Both oxidized phospholipids and 
lysophosphatidylcholine have been shown to mediate several effects of oxLDL. 
Lysophosphatidylcholine is formed during the hydrolysis of oxidized phospholipids by LDL-
bound phospholipase A2 and by the secretory phospholipase A2 bound to the extracellular 
matrix [64,65]. Lysophophatidylcholine activates the NF-κB signaling pathway resulting in 
the expression of adhesion molecules in endothelial cells [66-68]. Recently, 9-HODE and 13-
HODE have been identified as ligands for the nuclear receptor peroxisome proliferator-
activated receptor-γ (PPAR-γ) [69]. Through this signaling pathway oxLDL has been 
suggested to promote foam cells formation and macrophage differentiation [69,70].  
 

Aldehydes Aldehyde Adducts

N-Propenallysine 1-Amino-3-Iminopropene

DHP-lysine pyridium DHP

Hemiacetal adducts
(R-X: Cys, His, Lys)

Pyrrole adduct Fluorescent cross-link

Malondialdehyde
(MDA)

4-Hydroxy-2-alkenals
(e.g HNE)

(crosslinking)

Figure 2 Formation of aldehyde adducts
The oxidation of several fatty acids in the LDL particle results in the formation of Malondialdehyde (MDA) and 4-hydroxynanenal (HNE)  that
reacts covalently with e.g. lysine groups of proteins (adopted from Uchida K. [54])

Fatty acids

Linoleic acid (18:2)
Arachidonic acid (20:4)

Arachidonic acid  (20:4)
Docosahexanaenoic acid (22:6)
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3.2.4.1 Nuclear receptors 

Nuclear receptors are a family of transcription factors that mediate the regulation of important 
physiological processes [71]. These receptors have initially been identified to mediate ligand-
dependent gene transcription of steroids, retinoids (via retinoic acid receptor (RAR) and 
retinoic X receptor (RXR)), and thyroid hormone and vitamin D. However, the number of 
nuclear receptors has rapidly increased [72]. Nuclear receptors bind to the DNA as monomers, 
homodimers or heterodimers [73]. PPAR-γ forms solely heterodimers with RXR, whereas 
RXR is a promiscuous nuclear receptor that forms heterodimers with different other nuclear 
receptors, such RAR or the liver X receptor (LXR). Binding of small lipophilic ligands to the 
so-called ligand-binding domain results in a conformational change of the nuclear receptor 
and its DNA-binding domain, which mediates DNA-binding. Both ligands to PPAR-γ and 
ligands to RXR, 9-cis retinoic acid [74], mediate the transcriptional activity of the PPAR-
γ/RXR heterodimer [71]. 

3.3 Innate and adaptive immunity in atherosclerosis 
3.3.1 Adhesion molecules 
Leukocytes interact with endothelial adhesion molecules called selectins, which mediate 
leukocyte �rolling� along the endothelium [75].  When encountering VCAM-1 and ICAM-1 
on activated endothelial cells at sites of inflammation or tissue damage, leukocytes stop 
rolling and attach firmly to the endothelium [76]. Several studies have demonstrated the 
importance of selectins and integrins for atherogenesis in experimental animal models. The 
lack of both P- and E-selectin in knockout mice reduces both early and advanced 
atherosclerosis in the LDL-/- mouse model, and similar results are seen in P-selectin and apoE 
compound knockout mice [77,78]. Blocking of the VCAM-1/VLA-4 integrin or the ICAM-
1/LFA-1 interaction reduces fatty streak formation [79-81]. 
 
3.3.2 Chemokines 
Hypercholesterolemia may activate the complement cascade and initiate expression of MCP-1 
[82,83]. Interestingly, hypercholesterolemia also induces the MCP-1 receptor CCR-2 [84]. 
The recruitment of monocytes, guided by the interaction of MCP-1 with CCR2, is an 
important event in atherosclerosis [14,85]. However, other chemokines also appear to be 
involved in monocyte recruitment, since interruption of the CXCR2/IL-8 is associated with 
decreased atherosclerosis [86].  
 
3.3.3 Macrophages 
3.3.3.1 Role for macrophages in atherosclerosis 

Macrophages accumulation is a dominant feature of early stages of human atherosclerosis [2]. 
Blood-derived monocytes differentiate into tissue macrophages, a process which is driven by 
macrophage-colony stimulating factor (M-CSF) [15,87]. The role of M-CSF for the 
development of atherosclerosis was tested in experiments with op mice that are deficient in M-
CSF. These mice are deficient in macrophage function and develop very small lesions, even on 
high cholesterol diet [15]. 
 
3.3.3.2 Scavenger receptors 

Macrophages are phagocytes and constitute a link between the innate and adaptive immune 
systems. They express evolutionarily conserved pattern recognition receptors that bind 
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bacterial membrane proteins and lipids [88]. Receptor ligation activates macrophages and 
induces cytokine secretion [89]. Scavenger receptors are also evolutionarily conserved 
membrane receptors with pattern recognition properties [90]. However, scavenger receptors 
mainly mediate uptake of their ligands. They were originally defined by their ability to 
mediate the binding and uptake of acetylated or oxidized LDL [91,92]. Increases in negative 
surface charge, e.g. due to modification of lysine-groups with covalent adducts, render a 
protein susceptible to binding by the classical scavenger receptor-A (Sr-A). Nevertheless, also 
lipid residues of membranes have been shown to mediate the binding of apoptotic cells, 
bacteria or oxLDL to several scavenger receptors [90]. Since the cloning of Sr-A, several 
other scavenger receptors have been evolved with either SrA-related or -unrelated structures 
[93,94]. The function of Sr-A both in the pathogenesis of atherosclerosis as well as in the 
immune defense has been investigated in the Sr-A and ApoE compound knockout mouse 
[17]. These mice show reduced lesion size but an increased susceptibility to infection. 
Interestingly, Sr-A has recently been shown to take part in antigen presentation of modified 
MSA and oxLDL to T cells, and may therefore play a role in initiating the adaptive immunity 
[95,96]. Another scavenger receptor, the thrombospondin receptor CD36, is currently 
investigated in the context of atherosclerosis. CD36 and ApoE compound knockout mice 
developed less lesions compared to ApoE-/- control mice, indicating an important role for this 
receptor in atherosclerosis [18]. Other scavenger receptors have emerged such as CD32, 
CD64, LOX and the recently cloned SR-PSOX [94,97].  
 
 
 
3.3.3.3 Antigen presenting cells and MHC molecules 

Macrophages can trigger different T cells subsets through the presentation of protein derived 
peptide sequences, antigens, to the T cells [98]. They are therefore called professional antigen 
presenting cells (APCs). Extracellular proteins, that have been internalized either by 
pinocytosis or receptor mediated endocytosis, are subjected to proteolytic cleavage in the 
early and late endosomal compartment (figure 3) [99-101]. Several peptides are transferred 
from the endosomes into the so-called peptide-loading compartment where they are loaded 
into peptide-binding grooves of major histocompatibility complex (MHC) molecules 
[102,103]. MHC molecules are membrane molecules consisting of two chains and are mainly 
divided into MHC class I and class II molecules. MHC is the genomic region that encodes the 
proteins of MHC molecules [104,105]. MHC class I and class II genes are highly 
polymorphic and the individual variants of the genes are called alleles. It is believed that 
polymorphism in the MHC has evolved to ensure that sufficient sets of different peptide 
binding properties are available in the population. Each individual has therefore different 
MHC molecules with different binding affinities for peptides. In the mouse, the MHC class II 
genes are designated I-A, and individual alleles (haplotypes) are denoted eg I-Ab, I-Ae I-Ad, 
etc. MHC restriction means that T cells from an I-Ab strain mouse cannot respond to antigens 
presented by APC from an I-Ad mouse. During intracellular processing binding of peptides 
with particular amino acids� fitting into so-called anchor positions of the MHC peptide-
binding grooves leads to stabilization of the molecular complex [106]. The MHC-peptide 
complex is then transported to the cell surface where the peptides are presented to T cells. 
Short intracellular derived peptides (8-10 amino acids) are loaded on the closed binding 
groove of MHC class I molecules and presented to CD8+ T cells. In contrast, peptides derived 
from extracellular proteins are longer (13-18 amino acids) and end-up on a binding groove of 
MHC class II molecules for presentation to CD4+ T cells. However, leakage between the two 
compartments may occur [107]. In addition, Macrophages express the costimulatory 
molecules B7 that are necessary for the activation and priming of T cell [108]. 
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3.3.4 T cells 
3.3.4.1 Evidence for T cell in atherosclerosis 

T cells have been identified in human atherosclerotic lesion and in atherosclerotic lesions of 
ApoE-/- mice [13,109]. In humans, CD8+ T cells were predominantly present in early 
atherosclerotic lesions, whereas activated CD4+ memory cells were mainly detected in 
advanced lesions [19,110,111]. 
 
3.3.4.2 T cell receptors and antigen recognition 

The specificity mediated by the T cell receptor (TcR) is a key feature of the adaptive immune 
system. The TcR consists of Vα- and Vβ-chain together forming an antigen binding region 
that is unique to each mature T cell and its progeny. In order to create a diverse repertoire of 
TcR, to fit all possible antigen challenges, the TcR gene is organized in a cluster of gene 
segments that randomly rearrange in each T cell during maturation in the thymus [112]. The 
resulting variable region of the TcR specifically recognizes amino acids of a peptide that is 
bound to an MHC molecule exposed on the surface of an antigen presenting cell, but also 
needs to recognize some areas of the MHC molecule itself. This need for presentation of 
antigen on the individuals own particular MHC molecules is termed MHC-restriction [113]. 
MHC class II restricted CD4+ T cells commonly recognize peptides containing 13-18 amino 
acids in an MHC binding groove which is open in both ends [114]. It is crucial that the potent 
T cell-mediated responses are turned against foreign antigens, but not against the individuals 
own tissue. Therefore T cells undergo a selection in the thymus, where T cells immunity is 
trimmed not to start immune reactions against tissue proteins of the individual [115]. Mature 
T cells that have not encountered their antigens yet are termed naive T cells [116]. These cells 
become activated when they receive a signal from the TcR together with signals from 
costimulatory molecules [108]. Upon activation these cells proliferate, produce cytokines and 
thereby initiate a primary immune response. It is important that the response is kept under 
control and T cell responses are therefore downregulated by the interaction of CTLA-4 on T 
cells with B7 on APC�s. Many of the naive T cells are removed by Fas-Fas ligand-mediated 
programmed cell death [116].  After activation a few cells develop into so-called memory 
cells that keep the �memory� of the initial antigen. These memory T cells are characterized by 
the expression of certain membrane molecules, such as CD45RO and CD44 [117]. Memory 
cells can start a new potent immune response in case of re-encountering of the antigen, even 
without the need of costimulatory molecules. T cells are divided into CD4+ �helper� (Th) T 
cells and CD8+ �cytotoxic� (Tc) T cells according to their MHC restriction and function.  The 
immune responses of CD4+ T cells are mainly mediated by the production of cytokines, but 
also directly through cell-cell contact such as CD40-CD40 ligand interaction [118,119]. While 
effector mechanisms of CD8+ T cells are mainly characterized by perforin- and Fas-mediated 
cytotoxicity, they also include the production of different cytokines [120]. 
 

3.3.4.2.1 Cytokines 
Two opposing T cell categories are defined by the production of interferon-gamma (IFN-γ) 
and interleukin-4 (IL-4) [120]. IFN-γ is a potent proinflammatory cytokine that is secreted by 
TH1 CD4+ and Tc1 CD8+ T cells and exerts a large variety of actions on different cells of the 
cellular immune system. E.g. IFN-γ increases the expression of MHC molecules leading to 
enhanced antigen processing and presentation [121]. The finding of MHC class II expressing 
smooth muscle cells and macrophages in atherosclerotic lesions suggested the presence and 
activity of IFN-γ in atherosclerotic lesion [20]. mRNA analysis confirmed the expression of 
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this cytokine both in human and mouse atherosclerotic lesions [21,22]. In the context of 
atherosclerosis, IFN-γ inhibits smooth muscle proliferation, smooth muscle contractility and 
collagen synthesis but induces the secretory phospholipase A2 [122-125]. IFN-γ induces the 
expression of CD40 in smooth muscle cell, endothelial cells and macrophages, which may 
promote inflammatory cell-cell interactions [126]. Two studies have suggested a 
proatherogenic role of IFN-γ signaling in atherosclerosis. When IFN-γ signaling was 
abolished, a reduction of atherosclerosis was observed [127], whereas an increased lesion size 
resulted from exogenous administration of IFN-g [128]. 
 
Th2 CD4+ and Tc2 CD8+ T cells produce IL-4. The expression of IL-4 is less abundant in 
atherosclerotic lesion than the expression of IFN-γ [22]. IL-4 expression could be detected in 
atherosclerotic lesions in ApoE-/- mice on high cholesterol diet [21]. IL-4 has been shown to 
induce 12/15-lipoxygenase to increase the production of PPAR-γ ligands. This resulted in a 
CD36-mediated induction of foam cell formation [129]. IL-4 inhibits inducible NO synthetase 
and cyclooxygenase 2 [130,131]. In vivo however, IL-4 did not influence the development of 
early atherosclerotic lesions in C57BL/6 mice on high cholesterol diet [132].  
 
3.3.4.2.2 Cell/cell contact 
In addition to cytokine secretion, T cells may exert activity by cell-cell contact during 
atherogenesis. CD40 ligand is expressed on the surface of macrophages, smooth muscle cells 
and endothelial cells in the vessel walls [126]. Interruption of CD40-CD40 ligand signaling 
by administration of anti-CD40 ligand antibodies reduced atherosclerosis in ApoE-/- mice 
[133]. Smooth muscle cells expressing Fas and T cells expressing Fas ligands have been 
demonstrated in advanced lesions [134,135].  
 
3.3.5 B cells  
3.3.5.1 Evidence for B cells in atherosclerosis 

The involvement of B cells in atherosclerosis differs from that of macrophages and T cell. B 
cells have not been detected in human intimal lesions, but could be demonstrated in two animal 
models of atherosclerosis [110,136,137]. B cells have also been demonstrated in the adventitia 
of atherosclerotic vessels [138]. However, although B cells themselves are not present in human 
atherosclerotic plaques, high titres of antibodies towards atherosclerosis-related antigens are 
common in humans with advanced atherosclerotic lesions and animal models of atherosclerosis 
[39,40,139]. B cells may therefore have a �remote control� role in the atherogenesis. 
 
3.3.5.2 B cell activation and antibody production 

B cells may exert a role in atherogenesis by two mechanisms [140]. First of all the B cell 
gives rise to plasma cells producing antibodies, some of which are directed to atherosclerosis-
related antigens. Another important, though less discussed, function is the role of B cells as 
potent antigen presenting cells. As for the TcR, B cell receptor (BcR) diversity is obtained 
through a recombination mechanism [112]. The BcR is a membrane-bound immunoglobulin 
consisting of two heavy and light chain pairs. The production of antibodies is triggered by the 
activation of the B cells [141]. Cross-linking of several BcRs by the antigen leads to the 
internalization of the antigen and a first activation signal. The antigen is processed and loaded 
onto MHC molecules for the presention to T cells [142]. If a T cell becomes activated, CD40-
CD40 ligand interactions between T and B cell mediates a second activation signal to the B 
cell [143]. B cell activation leads to the production of soluble IgM antibodies. Depending on 
the cytokine environment, an isotype switch may take place resulting in the production of 
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other antibody subclasses, e.g. IgG [144,145]. An alternative form of B cell activation was 
recently demonstrated [141]. Antigens with repetitive motifs have been shown to induce 
antibody production independently of T cell help [146,147]. The nature of the second signals, 
which activates these B cells, is currently being investigated [146]. In addition, deletion of B 
cells with high affinity towards self-proteins in the bone marrow and periferal T cell 
dependent regulation provides the some mechanisms for tolerance towards body tissues [148]. 
 
3.3.6 OxLDL as antigen to the adaptive immunity 
3.3.6.1 B cell responses 

Since oxLDL is recognized as a key mediator in the pathogenesis of atherosclerosis [4], 
several studies have been performed to investigate immune responses towards oxLDL. 
Elevated titers of antibodies that recognize oxLDL are found in humans with extensive 
disease and in all animal models of atherosclerosis [39,40,139]. Both IgG and IgM antibodies 
have been demonstrated recognizing oxLDL, predominately MDA-adducts or oxidized 
phospholipids, e.g. POVPC (1-palmitoyl-2-5-oxvaloryl) [149]. Several of these antibodies 
recognize solely adducts, independently of the sequence of carrier-molecules [149]. By 
definition, haptens are small chemical adducts which by themselves do not trigger an immune 
response with antibody production, but may do so after coupling to a larger protein molecule 
[150]. Later research demonstrated that the effect of the protein was to provide T cell epitopes 
for triggering of the T cell help activity necessary for induction of antibody production 
[151,152]. 
 
3.3.6.2 T cells responses 

The demonstration of T cells in atherosclerotic plaques and evidence of Ig-class switch of 
naturally occurring anti-oxLDL antibodies suggested a role for antigen specific T cells in 
atherogenesis [149,153]. Therefore, oxLDL was tested as antigen for T cells. T cell clones 
that were isolated form human atherosclerotic lesion were activated by oxLDL, but not by 
native LDL [154]. Similar T cell responses towards oxLDL were demonstrated from blood 
derived cell culture from humans and spleen culture from ApoE-/- mice [155-158]. The exact 
epitope that is recognized oxLDL specific T cells is unknown. However, it is likely that T 
cells may recognize new epitopes, neoepitopes, that are generated by oxidation of LDL. 
However, no proof for this hypothesis has been provided yet. 
 
3.3.6.2.1 Posttranslational modifications and antigen recognition (figure 3) 
Posttranslational modification of proteins can interfere at several levels in order to create 
neoepitopes for T cells (figure 3). The modification can render the protein susceptible for 
either the binding to specific membrane receptors such as scavenger receptors or for Ig-
mediated Fc receptor binding [159-162]. Receptor-mediated uptake by different APCs may in 
turn lead to differential processing of the proteins by several different mechanisms [99]. 
Modifications of the internalized protein may interfere with intracellular proteases, the 
activity of which may be increased, delayed or inhibited [163-165]. This may result in 
different proteolytic pattern and may result in the presentation of so-called cryptic (native) 
peptides [95]. Another possibility is that the binding affinity to the MHC molecule may be 
changed, depending on the modification [166,167]. The steric conformation of the MHC-
peptide complex maybe changed, which may result in the affinity of a new TcR-subtype for 
the MHC-peptide complex. Finally, the adduct may in itself be recognized by the TcR either 
together with adjacent native amino acid residues or independently of the peptide backbone, 
similar to hapten recognition by immunoglobulins [168]. 
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3.3.6.2.2 MDA, a candidate aldehyde for the T cell recognition 
From the discussion above, it is evident that oxidative modification of LDL may generate 
many possible neoepitopes that could be recognized by T cells. However, high titers of anti-
MDA antibodies are present in humans and animal models of atherosclerosis [39,40,149]. 
Immunizations with MDA-LDL have been shown to reduce atherosclerosis in different mouse 
models [169-173]. This evidence suggests an MDA-dependent immune mechanism that 
involves the adaptive immunity. Therefore, the hypothesis was put forward that hapten 
recognition of MDA by the TcR might mediate the T cell response towards MDA-modified 
proteins. 
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4 AIMS OF THE STUDY 

 
 
 
(I-II) To elucidate the effects of recognition of lipid peroxidation products by the adaptive 
immune system, i.e. the collaboration between T- and B-cells in the recognition of aldehyde 
modified autologous proteins (I) and the molecular recognition of malondialdehyde modified 
protein through the T cell receptor (II),  
 
(III-IV) To investigate gene expression in atherosclerosis by applying the gene expression 
array technology in the atherosclerotic Apolipoprotein E knockout mouse model. 
 
(V) To study retinoic acid signaling in atherosclerotic lesions and its effect on the scavenger 
receptor CD36. 
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5 METHODOLOGICAL CONSIDERATIONS (PAPER III) 

5.1 Animal model and tissue preparations 
The apolipoprotein E deficient (ApoE-/-) mouse strain carries a targeted disruption of the 
ApoE gene and has a C57BL/6 background (C57BL/6J-apoETM1UNC129) [174-176]. 
Cholesterol elimination is severely hampered, due to the deficient uptake of VLDL by the 
LDL receptor, which leads to severe hypercholesterolemia. C57BL/6 control mice fed with 
normal chow diet have previously been shown to develop plasma cholesterol values of 2-3 
mmol/L. In these experiments, ApoE-/- mice increased cholesterol values to about 30 mmol/L 
after 5 weeks on �Western� diet containing 0.15% cholesterol [21]. Cholesterol levels in 
ApoE-/- mice fed western diet appear to vary between individual but do not seem to increase 
with time of diet [177]. ApoE-/-mice on western diet for 10 weeks have previously been 
shown to develop foam cell lesions and intermediate lesions, whereas ApoE-/- on western diet 
for 20 weeks have shown intermediate lesions and fibrous plaque lesions [177]. The ApoE-/- 
mouse has reached broad acceptance as a mouse model for human atherosclerotic disease and 
is commonly used to study the effects of experimantal intervention on atherosclerosis [178]. 
Aortas of C57BL/6 mice on normal diet do not develop atherosclerotic lesions and were 
therefore used as non-atherosclerotic control [179]. Due to the different diets between the two 
groups certain effects on the gene expression may theoretically be due to components in the 
western diet e.g. increased cholesterol levels, which are not due to development of 
atherosclerosis per se. Female mice were used in our study, since female mice have 
previously been shown to develop increased lesion size at younger age, compared to male 
mice [158].  
 
In order to get enough mRNA for the analysis by cDNA expression array, we isolated the 
whole aortas, starting from the beginning of the aortic arch extending to and including the 
iliac bifurcation. Compared to the isolation of individual atherosclerotic lesions, our 
procedure reduced the time of the handling of the tissue is, which prevents degradation of the 
mRNA. Careful rinsing from blood derived cells and adventitial fat tissue was performed. The 
roots of the aortas were used for immunohistochemical evaluation of the genes, since the 
extent of atherosclerosis in the roots of the aorta has previously been found to correlate to the 
disease stage in the aorta [177]. 
 

5.2 Signal analysis  
For the analysis of mRNA expression with Clontech cDNA membrane arrays, the user can 
choose between radioactive labeling with 32P and 33P. 32P-lableling is preferred for the 
analysis and detection of genes expressed in low copies. However, the analysis by the 
phosphor imager system is hampered by potential overexposure of genes that are highly 
expressed. Labeling with 33P results in a more linear correlation between the labeled copies 
and the phosphor imager values, and was therefore applied in our study. The quality of the 
autoradiographic spots was evaluated and only spots with circle-round demarcation from the 
background were considered positive. The highest resolution of the phosphor imager software 
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was applied for the adjustments of the demarcations and the highest value for the individual 
spots was chosen. 
 

5.3 Statistical considerations 
Fifteen aortas from each group were pooled for the hybridization allowing one hybridization 
per group. Taking into account the number of animals for each group, individual differences 
were considered acceptably reduced. The samples should therefore mirror the average gene 
expression of the different groups. Although no statistical evaluation for the technical 
variation of the hybridization procedure could be performed, other studies have suggested 
good reproducibility of the commercial filter arrays from Clontech [180]. The overall gene 
expressions correlated well between the two groups for both 10 (R=0.94) and 20 weeks 
(R=0.902) of diet, despite the probable changes due to the development of atherosclerosis. 
This suggested that the hybridizations were reproducible. In addition, the upregulation of 
genes at both 10 and 20 weeks can serve as duplicates. However, the interpretation of the 
upregulation of genes at only one of the two time points needs some caution. 

5.4 cDNA Array analysis 
After the exclusion of genes that were either not expressed or technically unreadable, 370 
genes were analyzed. Normalization with the help of house-keeping genes was omitted, since 
several genes considered to be �house-keeping � genes were changed during disease. The 
rationale that the overall gene expression might be more robust towards changes induced by 
the disease motivated the normalization of the individual genes towards the average gene 
expression. Therefore, the average gene expression of all groups was divided by the average 
expression of the C57BL/6 group at 10 weeks, and all genes within each group were 
normalized with the respective ratio.  
 To follow the changes in gene expression during atherogenesis, ratios between ApoE-/- and 
C57BL/6 mice were calculated. Values >1 implied an increased expression of the gene in the 
atherosclerotic lesions and values <1 meant a decreased gene expression. At the very 
beginning of the development of atherosclerosis, the correlation of the gene expression 
between C57BL/6 mice and ApoE-/- can hypothetically be assumed to be equal (R=1), 
implying no differences between the two groups. In order to get one additional point for the 
analysis of gene expression, the ratios between ApoE-/- and C57BL/6 for all genes were 
therefore set to 1 for the extrapolated time point 0. 
 In an attempt to graphical facilitate the expression analysis of the 370 included genes by the 
visualization of gene expression patterns; we used the web-based program GENECLUSTER 
that organizes gene expressions into patterns using self-organizing map (SOM) algorithms 
[181]. Gene with similar expression pattern are identified and collected in clusters. A 4x2 
cluster analysis resulting in 8 clusters was chosen, since gene expression following 3 time 
points offer 7 principal possibilities of gene expression pattern. 

5.5 Detection threshold 
Of importance for gene expression array analysis is the determination of the detection 
threshold. Since the analysis of all upregulated genes by quantitative real-time polymerase 
chain reaction (PCR) was not feasible in terms of costs and tissue material, the quantitative 
analysis was performed for two genes that showed low expression; iNOS, an atherosclerosis-
related gene, and interleukin-15, a novel gene in atherosclerosis. The expression of the latter 
was also confirmed by immunohistochemistry. Both the gene expressions of both iNOS and 
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IL-15 could be verified with the sensitive quantitative real-time PCR. This meant that genes 
expression of gene with similar values possible could be considered exexpressed. 
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6 RESULTS AND DISCUSSION 

6.1 B cell responses towards lipid peroxidation products (I) 
B cell responses in atherosclerosis are reflected in the production of IgM and IgG antibodies 
against epitopes in oxidatively modified LDL [39,40,139]. Since several reactive aldehydes 
are formed during lipid peroxidation of LDL [51], we studied antibody responses towards 
several aldehydes in normal C57BL/6 mice. We chose mouse serum albumin (MSA) as model 
of a self-protein to modify with aldehydes. A commercial preparation of lipid-depleted MSA 
was modified with saturated and unsaturated aldehydes that contained 4-9 carbon atoms. 
Antibody production was analyzed by Enzyme-linked immunosorbent assay (ELISA). 
Immunizations with all aldehyde-modified preparations in adjuvant resulted in both IgM and 
IgG responses towards the modified MSA, whereas control immunizations with native MSA 
did not trigger any antibody responses towards MSA. This was expected as selection during B 
cell development and regulatory control mechanisms of the immune system prevents B cells 
from starting immune responses to self-proteins [182]. B cells are therefore considered 
tolerant to self-proteins. Unexpectedly, immunizations with either HNE- or nonanal-modified 
MSA resulted also in IgG antibody reactivity towards non-modified MSA measured by 
ELISA. The recognition of non-modified MSA suggested that a break of tolerance had 
occurred. To further characterize the antibody reactivity against MSA, western blot analysis 
was performed using denaturing SDS gels, SDS-PAGE. Sera from HNE-MSA-immunized 
mice showed reactivity against lipid-depleted MSA in ELISAs as well as in denaturing 
western blots. However, reactivity against freshly isolated MSA was seen in western blot, but 
not in ELISA. In ELISA, the protein is detected when attached to a plastic surface in native 
conformation while Western blots from SDS-PAGE gels detect denatured protein. 
Interstingly, only immunizations with either HNE- or nonanal-modified-MSA could induce 
the formation of antibodies towards lipid-depleted MSA Both aldehydes contain 9 carbon 
atoms and are therefore more hydrophobic than the other aldehydes. Due to the covalent 
addition of hydrophobic adducts, the modification of MSA with these two aldehydes may 
result in a conformational change of protein structure. As a result cryptic epitopes may be 
exposed and may interact with the BcR. Thus the pronounced hydrophobic properties of HNE 
and nonanal may explain why only these two aldehydes resulted in autoantibody production. 
 
The fact that no reactivity to fresh native MSA could be seen by ELISA analysis has two 
possible explanations. First, clonal deletion has removed all B cells that are reactive to 
surface-exposed epitopes of circulating native albumin. Therefore, no B cells are available 
and can be triggered even when T helper cell activity is present. Another possibility is that 
such B cells are present and are in fact triggered leading to antibody production. However, 
circulating native albumin is likely to absorb these antibodies, hence they are cleared from 
plasma and not detectable in the ELISA. In converse, B cells that recognize hidden cryptic 
epitopes have never encountered their epitopes and are therefore probably not deleted by 
clonal deletion. However, since hidden cryptic epitopes that are not exposed on the surface of 
native MSA, no reactivity towards freshly isolated native albumin should be detected in 
ELISA. Reactivity towards lipid-depleted MSA by sera that are derived from anti-HNE-MSA 
immunized mized, may therefore indicate that the lipid-depleted MSA is partly denatured 
exposing cryptic epitopes. However, at all times immunization with the lipid-depleted MSA 
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did not result in any antibody production against MSA either in ELISA or western blot, 
clearly showing that such a conformational change was not sufficient to support antibody 
production. In addition to clonal deletion of B cells, B cell tolerance is maintained by T cell 
tolerance, i.e. the absence of T helper cells reactive to self antigens [182]. In this study, the 
introduction of hapten may have led to the presentation of immunogenic epitopes (cryptic, 
haptenized or both) to T cells. The activated T cell may in turn have provided costimulation 
and cytokines to induce the antibody production by B cells. 
 
The results suggested that the antibody responses towards the aldehyde modifications on the 
MSA were T cell dependent. T cell independent antibody responses have also been described 
towards repetitive antigenic epitopes [146,147]. To study whether the antibody response 
towards aldehyde-modified MSA was T cell dependent we used nude mice. These mice have 
a genetic mutation in the gene for the transcription factor Wnt resulting in the absence of 
thymus and therefore also in the absence of T cell maturation, whereas the development of B 
cells is unaffected [183,184]. In contrast to antibody responses in C57BL/6 mice, 
immunization of nude mice with modified-MSA did not result in detectable antibody 
responses towards the modifications. This shows that antibody responses towards MSA 
modified with lipid peroxidation-derived aldehydes are indeed T cell dependent. 

6.2 Recognition of MDA as a hapten by T cells (II) 
The presence of IgG antibodies to modified LDL in hypercholesterolemic animals as well as 
in human plasma and the results showing that induced antibody responses to aldehyde adducts 
are indeed T cell dependent, strongly suggested the presence of a T cell response to these 
antigens. The demonstration of T cell reactivity to oxLDL in T cells isolated from human 
atherosclerotic plaques and in human peripheral blood mononuclear cells provided direct 
evidence for a T cell response to oxidatively modified LDL [154-156]. However, there are no 
previous data demonstrating TcR recognition of adducts derived from lipid peroxidation and 
the molecular basis for T cell recognition has remained unclear.  
 
We therefore performed experiments to determine whether aldehyde-modified MSA could 
trigger T cell responses in mice. Immunization of C57BL/6 mice with aldehyde modified 
MSA resulted in weak primary spleen cell responses towards the modified MSA. However, 
after repeated antigen restimulation of spleen cell cultures, growing cell populations could be 
detected. Since T cell hybridomas are commonly used to characterize TcR peptide 
interactions, T cell hybridomas were established by fusion of the spleen cell cultures with the 
TcR negative thymoma cell line BW5147α-β- [185]. T cell hybridomas derived from spleen 
cell cultures restimulated with MDA-MSA were triggered by MDA-MSA, but not by non-
modified MSA. To further characterize the mechanism for the T cell responses towards 
MDA-MSA, two MDA-MSA specific MHC class II (I-Ab) restricted CD3+CD4+CD8-

hybridoma were chosen. Both hybridomas expressed TcR Vβ16+ chains, but differed in TcR 
Vα  chain expression. The TcR of hybridoma M20 contains the TcR Vα4 chain whereas M24 
expressed the TcR Vα11 chain. 
 
Hapten-recognition, i.e. recognition of non-protein adducts, by T cells has previously been 
described in detail for trinitrophenylated proteins [167,186]. In this recognition, TcR�s 
directly interact with haptens bound to peptides, which are presented on MHC class I and  II 
molecules (figure 3) [186,187]. T cell hybridomas recognized TNP-modified bovine serum 
albumin in the presence of APC and TcR recognition of haptens was in one case independent 
of the carrier peptide sequence [168]. If MDA-MSA recognition were carrier peptide 
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sequence independent, MDA-modification of naturally processed peptides, i.e. peptides 
presented without specific antigen stimulation, would result in stimulation of the hybridomas. 
The M20 hybridoma was indeed triggered by MDA-modified APCs, both modified C57BL/6 
spleen cells and modified LB27.4 cells, a B cell lymphoma line. The reactivity increased with 
an increased number of APCs and was dependent of APCs with the correct MHC set-up (I-
Ab), i.e. haplotype. This indicated that the TcR of M20 directly interacted with the MDA 
modification on peptides already bound to the MHC molecule. Since also MDA-modified 
glutaraldehyde-fixed APCs triggered M20, processing of MDA-modified surface proteins for 
presentation appeared unlikely [188]. It is likely that MHC-bound naturally processed 
peptides were modified and triggered the hybridoma. Unfortunately, very little is known 
about the nature of naturally processed peptides that are loaded on the MHC class II molecule 
I-Ab, but a predisposition for peptides containing the amino acid combination N/QxxxxxP has 
been shown for the peptides eluded from I-Ab molecules [189,190]. Although the nature of 
the triggering peptide/s remains to be determined, the peptide/s were probably abundant on 
MHC molecules resulting in the reproducible stimulation of M20 with surface modified 
APCs. MDA-modified APCs did not trigger M24, indicating that recognition was dependent 
on the sequence of the carrier peptide. CNBr cleavage of MDA-modified MSA identified the 
peptide MSA289-322 as target peptide for M24. Sequence analysis of the peptide showed a 
cluster of lysine residues around a central proline in the amino acid chain. Only the modified 
peptide triggered the hybridoma suggesting recognition of aldehyde adducts by the TcR. 
However, it was also possible that the reactivity was due to changed peptide conformation 
rather than direct recognition of the adduct itself.  
 
To further analyze the TcR MDA-peptide interaction, a naturally occurring anti-MDA 
antibody was established from unimmunized ApoE-/- mice, since interactions between TcR 
and the hapten/peptide/MHC complex can be analyzed by blocking antibodies [187,191]. The 
antigen presentation of MDA-MSA to both hybridomas could be blocked by the anti-MDA 
antibody but not by an isotype matched control antibody. This indicates that the MDA adduct 
is directed towards to the TcR. Four aldehyde adducts have been identified for the 
modification of lysines with MDA (figure 2) [192], which may interact with the TcR.  

6.3 cDNA array suggesting novel interaction pathways (III) 
The recently developed gene expression array technology was used to simultaneously analyze 
expression of a large number of genes. We applied this technique on the aortas of Apo E-/- 
mice with normal C57/BL6 mice as controls. Two time points of disease development were 
chosen for the analysis. The first time point reflecting early and intermediate lesions, and the 
second time point representing intermediate and advanced lesions [177]. The expression of 
adhesion molecules on activated endothelial cells and the accumulations of mononuclear 
leukocyte are established events in atherosclerosis [3,193]. The expression patterns of genes 
related to these events were therefore evaluated to validate the experimental approach. 
Expression of the adhesion molecules VCAM-1 and ICAM-1 was increased in ApoE-/- mice 
compared to C57BL/6 mice after 10 weeks on hypercholesterolemic diet [194,195]. Both 
genes increased with disease progression. P-selectin, in contrast, showed a slight down-
regulation in the ApoE-/- mice at the early time point. Since this gene is important for the 
development of the disease, this expression of this gene was possibly slightly underestimated 
As demonstrated for the gene expression of the inducible NO synthetase by quantitative real-
time PCR, the quantitation of the ApoE-/- values appeared to be underestimated to some 
extent. However, gene expression was increased in the ApoE-/- mice for both time points for 
several genes that are associated with macrophages such as MAC-1, CD14 and CD18. In 
addition, the presence of T cells was reflected by of CD3 and CD4 genes in the atherosclerotic 
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mice. Both molecules are markers for T cells and present in the atherosclerotic lesions 
[13,109]. Thus, several events in atherosclerogenesis were confirmed by the gene expression 
analysis of the aortas [3,193-195]. 
 
6.3.1 CD44 (III and IV) 
Results from the gene array showed a strong upregulation of CD44 gene expression in the 
aortas of atherosclerotic mice and this was confirmed by immunohistochemistry, which 
revealed CD44 staining throughout the atherosclerotic lesion including the endothelial cell 
layer. Interestingly, hepatocyte growth factor/scatter factor, which has previously been 
demonstrated to induce endothelial CD44 expression [196], was also strongly upregulated in 
ApoE-/- mice at both time points. Furthermore, the inflammatory cytokine IL-1alpha has 
recently been shown to induce CD44 expression in leukocytes and this activity was mediated 
by Egr-1 [197]. Egr-1 is a transcription factor, which recently has been associated with 
atherosclerosis [198]. Egr-1 was strongly expressed in both C57BL/6 and ApoE -/- mice and 
slightly upregulated (1.3) at 20 weeks of diet. In smooth muscle cells IL1beta has been shown 
to induce CD44 gene expression [199]. In our array analysis, IL-1beta was increased in Apo 
E-/- mice with a ratio of 1.6 and 3.2 at 10 and 20 weeks of treatment, respectively. 
 
6.3.2 IL-15 (IV) 
IL-15, a potent pro-inflammatory cytokine has recently been shown to increase hyaluronic 
acid secretion by endothelial cells and to promote the recruitment of inflammatory cells, i.e. 
macrophages and T cells, by interaction between endothelial hyaluronan and leukocyte CD44 
[200,201]. By analysis with both gene array and quantitative real-time PCR, IL-15 gene 
expression was detected at a relatively low levels, but was upregulated in atherosclerotic 
mice. To confirm the IL-15 expression at the protein level, the roots of the aorta were 
analyzed by immunohistochemistry. The specificity of the IL-15 staining was tested by pre-
incubation of the antibody with the antigenic peptide before staining of the sections. 
Immunohistochemistry demonstrated IL-15 protein in endothelial and smooth muscle cells of 
both mouse strains. However, Apo E-/- lesions showed increased expression of IL-15 in 
macrophages, which also appeared to be the main source for IL-15 production in the human 
lesions.  
 

6.4 Vitamin A signaling in Atherosclerosis (III & V) 
Gene array analysis revealed an increased expression of cellular retinoic acid binding protein-
II (CRABP-II) in aortas of atherosclerotic mice compared to those of control mice. Since 
expression of CRABP-II is regulated via the retinoic acid receptor (RAR) [202], the detection 
of CRABP-II in the ApoE-/- mice indicated the presence of the vitamin A signaling pathway 
in atherosclerosis. Vitamin A is metabolized intracellularly into its active forms all-trans 
retinoic acid (atRA) and 9-cis retinoic acid through conversion by retinol and alcohol 
dehydrogenases [74,203]. RAR forms a heterodimer with the RXR and is important for cell 
regulation during development [204,205]. To analyze if RAR might be present in 
atherosclerotic lesions, sections of advanced human atherosclerotic lesions were analyzed by 
immunohistochemistry. Both RAR-α and -γ were seen in macrophages and foam cells, 
whereas RAR-β could not be detected. An increased expression of RAR-α and -γ genes in 
atherosclerotic lesions was confirmed by quantitative real-time PCR. Finally, fresh 
atherosclerotic specimens were incubated and conditioned media were harvested for analysis 
of ligand activity to RAR applying a RAR-GAL4 reporter assay. In this system, the ligand-



 

28 

binding domain of RAR is fused with the DNA binding domain of the yeast transcription 
factor GAL4. Therefore, binding of ligands to RAR mediates GAL4 binding to DNA that can 
be measured in a luciferase reporter system [206,207]. Ligand activity towards RAR was 
detectable in the supernatant of cultured human plaques. Although atRA and 9-cis retinoic 
acids are the principal ligands for RAR [74], the exact nature of the ligand remains to be 
elucidated.  
 
 
6.4.1 RAR promotes foam cell formation through induction of CD36 (V) 

The demonstration of RAR in foam cells together with data showing that retinoids participate in 
lipid metabolism [208,209], suggested that RAR might be involved in regulation of scavenger 
receptor expression. CD36 has been demonstrated to have an important role in lipid metabolism 
and the development of atherosclerosis [18]. Therefore, we analyzed the effects of atRA on the 
expression of CD36 in the human monocytic cell line THP-1. AtRA increased the expression of 
CD36 and the uptake of oxLDL, an effect that could be specifically blocked by the RAR-
antagonist CD3106. A synergistic effect on the expression of CD36 in THP-1 cells could be 
shown for the RAR and PPAR-γ signalling pathways applying specific RAR and PPAR-γ 
agonists. Although atRA increased the expression of CD36 in freshly isolated monocytes only 
slightly, addition of atRA together with oxLDL strongly enhanced the expression of CD36 in 
the monocytes compared to treatment with oxLDL alone. RAR signalling may therefore have 
an important role in the development of foam cells. 
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7 IMPLICATIONS 
 

7.1 Leukocyte recruitment 
LDL extravasation, reflecting plasma LDL levels, and retention in the subendothelial space 
are considered prerequisites for atherosclerosis [5,6,43]. Several lines of evidence, starting 
with the finding of oxLDL in atherosclerotic lesions, has led to the identification of oxLDL as 
an important factor in the pathogenesis of atherosclerosis [4,8]. The activation of the 
transcription factor NF-κB by oxLDL has been studied in great detail and NF-κB appears to 
mediate several important effects of oxLDL [210,211]. Interestingly, NF-κB regulates the 
expression of several molecules that are involved in recruitment of inflammatory cells to sites 
of tissue damage [11]. OxLDL has been demonstrated to affect both rolling and adhesion of 
leukocytes to endothelial cells [81,212,213]. Expression of P-selectin and VCAM-I, 
potentially induced by oxLDL, has been shown to be important for the development of 
atherosclerosis [77-80]. An alternative mechanism behind rolling of leukocytes has recently 
been described [214]. Interaction of CD44 on activated leukocytes with hyaluronate on the 
endothelium mediates rolling under shear stress conditions. This interaction is followed by a 
VCAM-I/VLA4 mediated adhesion to the endothelium, whereas ICAM-1/LFA-1 interaction 
appeared not necessary [215]. Also extravasation of activated T cells to sites of inflammation 
was dependent on the interaction between CD44 and hyaluronate [216]. The expression of 
hyaluronate on the endothelium therefore seems central for the recruitment of memory T cells 
to sites of inflammation. IL-15 has previously been demonstrated to induce the expression of 
hyaluronate in vascular endothlial cells and thus mediate CD44 dependent extravasation of 
activated T cell [201].  
 
In our study, we could demonstrate IL-15 expression in endothelial cells of both unaffected 
and atherosclerotic (IV). It is therefore appealing to speculate that IL-15 may contribute to the 
recruitment of activated T cells to atherosclerotic lesions. Considering the effects of oxLDL 
on the activation of the NF-κB signaling pathway, oxLDL may enhance transcription of IL-
15, which has an NF-κB binding site in the promoter region [217]. IL-15 secretion by 
endothelial cells may then induce the secretion of hyaluronate in an autocrine manner, 
ultimately leading to increased rolling of leukocytes. However, regulation of IL-15 occurs at 
several levels, including posttranscriptionally [218]. An increased IL-15 transcription in the 
endothelium may therefore not necessarily result in an enhanced IL-15 secretion. Since the 
endothelium in healthy as well as atherosclerotic arteries contained IL-15, the 
pathophysiologically most important source of IL-15 in atherogenesis may be lesional 
macrophgages. OxLDL may induce production of IL-15 in macrophages, which appeared to 
be the main source for IL-15 in advanced human lesions (IV and [219]). This may lead to 
continued T cell recruitment throughout atherogenesis. 
 
Recruitment of monocytes to sites of inflammation and atherosclerosis is also mediated by 
chemokines. MCP-1 has convincingly been shown to participate in the development of 
atherosclerosis [14]. OxLDL has been demonstrated to induce the expression of MCP-1 in 
both endothelial cells and smooth muscle cells [61]. Interestingly, both atRA and 9-cis 
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retinoic acid have previously been shown to induce MCP-1 expression in monocytic cell lines 
[220]. The presence of oxLDL and retinoids may therefore favor the MCP-1 mediated 
recruitment of monocytes to the intima during atherosgenesis. 

7.2 Regulation of foam cell formation 
Expression of scavenger receptors Sr-A and CD36 increases during monocyte-macrophage 
differentiation [221,222], a process thst is likely to occur in the intima. Scavenger receptor 
mediated uptake of oxLDL by macrophages leads to the accumulation of cholesterol ester and 
foam cell formation [91,92,94]. OxLDL has recently been shown to enhance macrophage 
differentiation and to increase its own uptake through upregulation of CD36 [69,70]. OxLDL-
derived 9-HODE and 13-HODE were identified as ligands to PPAR-γ, which binds to the 
promoter region of CD36. OxLDL was demonstrated to both upregulate PPAR-γ and promote 
monocyte differentiation [70,223]. By this mechanism oxLDL can be considered a self-
enhancer of its own uptake. This has been proposed to enhance foam cell formation. In our 
study (V), atRA was demonstrated to induce expression of CD36 via the RAR. RAR and 
PPAR-γ promote foam cell formation in vitro by increasing the uptake of oxLDL via CD36. 
Since RAR-α and -γ proteins were identified in macrophages, a cooperative effect of PPAR-γ 
and RAR signaling on the expression of CD36 and increased oxLDL uptake appears likely to 
take place in the intima thus promoting foam cell formation in vivo. 
 
However, both uptake of oxLDL and the reverse cholesterol transport from macrophages are 
decisive for foam cell formation [224]. Interestingly, the ATP-binding cassette transporter 
(ABC1) has recently been shown to regulate the reverse cholesterol transport out of cells 
resulting in foam cell throughout the body in Tangier disease [225-227]. Therefore, the efflux 
of cholesterol is an important regulatory mechanism to prevent foam cell formation. PPAR-γ 
upregulates the expression of liver X receptor-alpha, inducing ABC-1 in macrophages [228]. 
Thus, PPAR-γ induces both the CD36 mediated uptake of oxLDL and the ABC mediated 
efflux of free cholesterol in macrophages in vitro. In vivo, difficiency of PPAR-γ in 
macrophages increased foam cell formation [228]. The effect of PPAR-γ on cholesterol efflux 
appears therefore more important than its effect on cholesterol uptake. 9-cis retinoic acid and 
specific ligands for RXR ligands, so-called rexinoids, increase the expression of ABC1 in 
macrophages through activation of the LXR-α/RXR heterodimer and the expression of CD36 
[229]. Thus, the net-effect of the nuclear receptors on the mechanisms that regulate oxLDL 
uptake and cholesterol reflux is therfore decisive for foam cell development. 
 
IFN-γ inhibits ABC1 gene expression, thereby promoting foam cell formation [230]. IFN-γ 
has been demonstrated to inhibit the expression of both Sr-A and CD36 [231,232]. 
Interestingly, IFN-γ induced uptake of oxLDL in the monocytic cell line THP-1 promoting 
foam cell formation (Wuttge et al manuscript). This effect could be assocated by an increased 
transcription of the recently cloned scavenger receptor SR-PSOX [97]. Hence, by deviating 
the balance towards increased uptake of oxLDL together with decreased reverse transport of 
free cholesterol IFN-γ may be an important mediator of foam cell formation and therefore a 
proatherosclerotic cytokine. 

7.3 MDA, an initiator of cellular immunity in atherosclerosis 
The interaction between macrophages and T cells is probably the most important event for the 
cell-mediated immunity in atherosclerosis, since TcR interaction with a triggering antigen that 
is presented on MHC molecules by APCs is the key step in T cell activation [114]. Early 
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characterization of human atherosclerosis demonstrated the presence of activated T cells in 
these lesions [19,20,111]. Several candidate antigens for T cells in atherosclerosis have been 
identified, including oxLDL, heat shock proteins 60/65, β(2)glycoprotein I and Chlamydia 
pneumoniae  [154,156,233-236]. Lack of knowledge of the molecular recognition of oxLDL 
by T cells, led us to analyze if lipid peroxidation-derived aldehydes may form neoepitopes 
that can be recognized by T cells. We demonstrated that MDA-adducts directly interacted 
with TcR, i.e. they were recognized as haptens (II). One feature of hapten recognition by T 
cells is the recognition of chemical modification of complete cells [237]. One T cell 
hybridoma, M20, recognized MDA-modified APC and fullfilled this criterion. It is interesting 
to speculate that MDA may escape from LDL, due to the hydrophilic property of MDA [52]. 
Free MDA may now interact with any kind of positively charged chemical groups. As result, 
MDA may directly bind to peptides that are loaded on either MHC class I or class II 
molecules, which may have some interesting implications for atherosclerosis. Firstly, 
modification of MHC class I or II molecules may lead to the activation of not only CD4+ but 
also CD8+ T cells, which normally react to intracellularly derived antigens. Secondly, the 
surface modification of peptides bound to MHC molecules may explain why atherosclerosis is 
wide spread in the population and why convincing MHC allele restriction have not been 
found yet [1]. In comparison, diabetes is an autoimmune disease with low prevalence (0.2-0.4% 
in the united states) that has been associated to certain MHC class II alleles [238,239]. In the 
described mechanism (II), neoepitopes would be added to peptides already MHC bound on 
the surface. Restrictions of peptide binding to certain MHC molecules would therefore 
become of redundant.   
 
In addition, despite the many different possible antigens in the atherosclerotic plaque, a 
limited number of epitopes may dominate the immune response as suggested by the clonal 
dominance of a few clonal TcR subsets in atherosclerotic lesions of ApoE-/- mice [240]. 
Interestingly, the TcR Vβ16 chain was one of the preferentially used TCR Vβ chains in this 
study. Since the two T cells hybridomas analyzed in this thesis expressed TcR Vβ16 chains, it 
is intriguing to speculate that T cells recognizing MDA-modified epitopes may commonly 
share the TCR Vβ16-chain and that MDA adducts may represent a dominating T cell epitope 
in atherosclerosis. 

7.4 Impact of T cell immunity on atherogenesis 
In order to characterize the role of the adaptive immunity in the pathogenesis of 
atherosclerosis, several experiments with mice deficient in T and B cells have been 
performed. Early experiments with high cholesterol diets in rag knockout mice, suggested a 
minor impact of the adaptive immune system on atherosclerosis [241,242]. However, recent 
studies were done with ApoE-/- mice crossed with either rag 1-/-, rag 2-/- or SCID on normal 
chow diet. Immune deficient mice developed lesions that were only 19-46% of those in fully 
immunocompetent mice [243-245]. Thus, these studies show that the adaptive immune system 
exerts a proatherosclerotic effect. The role of either T cells in general or of different T cell 
antigens in particular on atherogenesis has been further investigated by others. T cell deficient 
nude mice and CD4+ ablated C57BL/6 on high cholesterol diet showed decreased fatty streak 
formation [246]. Furthermore, T- and B cell deficient SCID and ApoE double knockout mice 
that were reconstituted with CD4+ cells showed increased lesions compared to control ApoE-
/- SCID mice [245]. These findings suggest that CD4+ T cells have a proatherogenic.  Early 
studies of mice defective in MHC class I signaling showed increased fatty streak formation 
that may suggest a protective role of CD8+ T cells [247]. However, despite the presence of 
CD8+ T cells in atherosclerosis [13,109,111,248], only one study has addressed the function 
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of CD8+ T cells in atherosclerosis. CD8+ T cell attack on autoantigen bearing cells in arteries 
of ApoE-/- mice was recently shown to accelerate atherosclerosis. 
 
T cell function in atherosclerosis has further been investigated by interfering with different T 
cell cytokines. Abolishing IFN-γ signaling reduced lesion size, whereas administration of 
IFN-g enhanced the development of atherosclerosis [127,128]. Interestingly, specific 
inhibition of Th1 differentiation by pentoxyfyllin in ApoE-/- mice reduced lesion 
development and therefore suggests a role for CD4+ mediated IFN-γ production [249]. These 
studies imply that the proinflammatory Th1 cytokine IFN-γ exerts proatherosclerotic activity. 
In support of this, studies of different congenic mouse strains showed that Th1-prone strains 
are particularly susceptible to development of atherosclerosis [179,250]. The abundant 
presence of CD44 thoughout the lesion (IV) may influence the local cytokine milieu, since 
CD44 has been shown to bind IFN-γ on smooth mucle cells [251]. Interestingly, binding of 
IFN-γ to CD44 enhanced the activity of IFN-γ on these cells, probably by increasing the 
availability of IFN-γ for the IFN-γ receptor. The presence of CD44 throughout the lesion 
could support a Th1 milieu. On the other hand, retinoids may down-regulate the IFN-γ 
production in atherosclerotic lesions by inhibiting the CD28 pathway in T cells favoring a 
Th2 milieu [252]. Taken together, IFN-γ-producing CD4+ T cells may mediate 
proatherosclerotic effects of the adaptive immune system.  
 
Recent studies examining T cells and antibody responses towards HSP65 and 
β(2)glycoprotein I [253,254] further support this conclusion. Adoptive transfer of either 
HSP65 or β(2)glycoprotein I-primed T cells as well as transfer of anti-HSP65 IgG accelerated 
the development of atherosclerosis. In contrast immunization with either oxLDL or MDA-
LDL reduces lesion development in atherosclerotic animal models [169-173]. Whether this 
effect is T cell mediated or B cell mediated is still controversial [171,173]. However, MDA-
adduct specific T cells may have a possible regulating role by influencing both T and B cell 
activation induced by MDA-LDL [255]. 
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8 CONCLUSIONS 
This study has addressed three important mechanisms in the atherogenesis, leukocyte 
recruitment, foam cell formation and T cell activation. The identification of IL-15 in 
atherosclerosis suggests a novel mechanism for the recruitment of activated CD44+ T cells to 
sites of atherosclerotic lesions. The CD44+ mediated T cell recruitment will be of interest to 
address in future studies to characterize important T cell recruitment mechanism in 
atherosclerosis [256]. The RAR signaling pathway has been identified in atherosclerotic 
lesion and may be involved for the regulation of the scavenger receptor CD36 and foam cell 
formation. Also effects of IFN-γ are of decisive importance for foam cell formation and 
development of atherosclerosis in general. The demonstration of the molecular recognition of 
MDA-adducts by CD4+ T cells provides therefore an important tool to specifically address 
the impact of MDA-adduct activated, antigen specific T cells on atherogenesis. 
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