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Chapter 1 
 
 
GENERAL INTRODUCTION 
 
 
LIPIDS 
 
The accumulation of lipids, especially cholesterol, in the vessel wall is a 
hallmark of atherosclerosis. Cholesterol is a component of cell membranes 
and is essential for membrane fluidity and synthesis of steroid hormones, 
vitamins and bile acids. Homeostasis of cholesterol is maintained by de 
novo synthesis, by absorption from diet, by catabolism into bile acids and 
other steroids and by excretion into bile. Cholesterol and other lipids, such 
as triglycerides (TG) and phospholipids (PL) are incorporated in lipoproteins 
for transportation in the blood circulation. Lipoproteins are an assembly of 
proteins and lipids, consisting of a hydrophobic core of cholesteryl esters 
(CE) and TG surrounded by a hydrophilic monolayer of PL, free cholesterol 
and apolipoproteins (apo)1. The major lipoprotein classes include 
chylomicrons, very low-density lipoprotein (VLDL), intermediate-density 
lipoprotein (IDL), low-density lipoprotein (LDL) and high-density lipoprotein 
(HDL)1.          
Dietary lipids are emulsified and hydrolyzed in the lumen of the intestine, 
absorbed by enterocytes and assembled into triglyceride-rich chylomicrons 
containing apoB482,3. In the blood circulation, the chylomicrons acquire 
apoCs and apoE from HDL and triglycerides within the chylomicron core are 
lipolyzed by lipoproteinlipase (LPL) leading to the release of (free) fatty 
acids, which are taken up by surrounding tissue2,3. The resulting CE-rich 
chylomicron remnants are eliminated from the circulation by the liver, mainly 
via the LDL receptor (LDLr) and LDLr related protein (LRP)-14. 
In the liver, cholesterol and triglycerides from internalized chylomicron 
remnants can be converted to bile acids or, together with newly synthesized 
lipids, used for the assembly of TG-rich VLDL containing apoB1005.  VLDL 
acquires apoCs and apoE and in the blood circulation, triglycerides in the 
core of VLDL are subject to lipolysis by LPL, resulting in the formation of the 
more CE-rich IDL and free fatty acids, which are provided to the 
surrounding tissue6. IDL is either removed by the liver via LDLr and LRP-1 
or is processed further to mature LDL containing apoB100 as sole 
apolipoprotein. The LDLr plays a major role in LDL mediated cholesterol 
delivery to peripheral tissue and clearance of LDL from the circulation via 
the liver7, but, upon modification, LDL can also be taken up via scavenger 
receptors8. 
HDL is produced primarily by the liver and intestines and starts with the 
secretion of lipid-poor apoA-I, which acquires PL and unesterified 
cholesterol resulting in the formation of nascent discoidal pre-β HDL9. Free 
cholesterol from peripheral cells, especially macrophages, is efficiently 
taken up by nascent HDL, after which it is converted to CE by 
lecithin:cholesteryl acyltransferase (LCAT), leading to the formation of 
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spherical HDL10. The cellular efflux of cholesterol is mediated by ATP-
binding cassette transporters (ABC), of which ABCA1 and ABCG1 are the 
key players in this process11,12. Mature HDL delivers cholesterol to the liver 
via scavenger receptor class B, type I (SR-BI) without internalization of the 
HDL particle itself, but via selective CE uptake13. In humans and rabbits, but 
not in mice, cholesteryl ester transfer protein (CETP) creates a major 
diversion from this route. In exchange for TG, CETP facilitates transfer of 
CE from HDL to apoB containing particles, which in turn can be taken up by 
the liver14. Ultimately, excess liver cholesterol can be excreted as neutral 
sterols and bile acids into bile for removal via the feces. The efflux of 
peripheral cholesterol to HDL, and its transportation to the liver for excretion 
from the body, is called reverse cholesterol transport15. A schematic 
overview of lipoprotein metabolism is given in Fig. 1. 
Serum cholesterol levels are largely influenced by synthesis and secretion 
of VLDL and HDL and by removal of cholesterol from the body via bile5,16. 
These processes occur in the liver, which therefore is the key organ in 
serum lipid homeostasis. The liver consists mainly of three cell types: 
parenchymal cells, endothelial cells and Kupffer cells17. Of these cell types, 
parenchymal cells occupy almost 80% of the total liver volume and perform 
the majority of the numerous liver functions, including cholesterol uptake 
and metabolism for biliary excretion and VLDL and HDL synthesis and 
secretion. The transcription of a variety of genes involved in cholesterol 
homeostasis, such as lipoprotein receptors, enzymes in cholesterol 
biosynthesis and cholesterol transporters, is regulated by several 
transcription factors and nuclear receptors including peroxisome 
proliferator-activated receptors (PPAR), liver X receptors (LXR) and sterol 
regulatory element binding proteins (SREBP)18-20.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Schematic overview of lipoprotein metabolism (Adapted from Brewer21) 
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INFLAMMATION 
 
Immune system 
Although atherosclerosis has traditionally been regarded to simply reflect 
the deposition of lipids within the vascular wall of medium sized to large 
arteries, it is now widely accepted that immune responses participate in and 
can regulate atherosclerotic lesion development22-24. The immune system 
(Fig. 2) is one of the major systems in the body composed of many 
interactive, specialized cell types that collectively protect the body from 
bacterial, parasitic, fungal, viral infections and from the growth of tumor 
cells. During development, the immune system has learned to discriminate 
between self and non-self, resulting in self tolerance, which prevents the 
body from mounting an immune attack against its own tissues. However, 
the immune system is involved in the clearance of apoptotic cells from the 
body and, in case of autoimmune diseases, it can be activated by 
endogenous stimuli25. Inflammation is one of the first responses of the 
immune system to infection involving the recruitment of immune cells to the 
site of injury. In addition, an inflammatory reaction serves to establish a 
physical barrier against the spread of infection and to promote healing of 
any damaged tissue following the clearance of pathogens. If a pathogen 
overcomes the exterior defenses (such as skin) and invades the body, it 
first encounters cells of the innate immune system, which detect and often 
eliminate the invader before it is able to reproduce and cause potentially 
serious injury to the host. Innate immunity involves several different cell 
types, most importantly those of the mononuclear phagocyte lineage, such 
as macrophages. Macrophages express receptors that recognize a broad 
range of molecular patterns foreign to the mammalian organism but 
commonly found on pathogens. These pattern-recognition receptors include 
various scavenger receptors and Toll-like receptors (TLR)26,27. Other cell 
types of the innate immune system include NK cells, mast cells, neutrophils 
and dendritic cells.  
If a pathogen is able to successfully evade the innate immune cells, the 
immune system activates an adaptive immune response conducted by T 
and B lymphocytes. Adaptive immunity recognizes specific molecular 
structures (antigens) presented via major histocompatibility complex (MHC) 
classes II by antigen presenting cells of which macrophages are the major 
ones in atherosclerosis. Once T cells recognize an antigen presented to 
them, they initiate adaptive immune responses against this specific 
antigen28. These responses include direct killing of antigen bearing cells by 
cytotoxic T lymphocytes, stimulation of B cells to produce antibodies against 
the antigen, and induction of an enhanced innate response in the area 
where the antigen is present22. It is through the adaptive immune response 
that the immune system gains the ability to recognize a pathogen, and to 
mount an even stronger attack each time the pathogen is encountered, 
thereby preventing disease caused by that specific pathogen. T cells can be 
divided into CD8 expressing and CD4 expressing cells, of which the CD8 
positive cells are the cytotoxic cells that kill the antigen bearing cells 
infected by viruses or other intracellular organisms. Upon activation, CD4 
positive cells may differentiate into T helper (Th) cells or regulatory T (Treg) 
cells29. The activation of the Th cell causes it to promote various aspects of 
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the immune response, including immunoglobulin isotype switching and 
affinity maturation of the antibody response, macrophage activation, and 
enhanced activity of NK cells and cytotoxic T cells. Th1 cells are primarily 
involved in the activation of macrophages, NK cells and cytotoxic T cells, 
whereas B cell proliferation and production of antibodies are regulated by 
Th2 cells30. Treg cells limit and suppress the immune system and may 
control excessive immune responses to self antigens; an important 
mechanism in controlling the development of autoimmune diseases such as 
atherosclerosis31. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Schematic overview of the immune system 
 
Cytokines 
Cytokines, small secreted proteins, are critical for the development and 
functioning of the immune system and play a major role in adaptive and 
innate immune responses and hematopoiesis32,33. In response to an 
antigen, virtually all cells of the immune systems, but especially Th cells and 
macrophages, produce cytokines that function as chemical messengers. 
Nowadays, more than 50 cytokines are clustered into several classes: 
interleukins (IL), tumor necrosis factors (TNF), interferons (IFN), CSFs, 
transforming growth factors (TGF) and chemokines34,35. Cytokines are 
pleiotropic, redundant, and multifunctional and can work either 
antagonistically or synergistically. They generally act at very low 
concentrations over short distances and short time spans in an autocrine or 
paracrine manner, but in some instances they work in an endocrine manner 
once they have entered the bloodstream. They bind to specific membrane 
receptors, which signal the cell via second messengers to proliferate, 
secrete effector molecules or alter gene expression of membrane receptors 
including cytokine receptors. Th1 cells primarily secrete IFN-γ, IL-2 and 
TNF-α, which promote cellular immunity against intracellular bacteria and 
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viruses. However, Th2 cells secrete a different set of cytokines, primarily IL-
4, IL-10 and IL-13, which promote humoral immunity and immunity against 
extracellular parasites30,36. Furthermore, Th1 cytokines are generally 
referred to as pro-inflammatory and Th2 cytokines as anti-inflammatory. 
Common human diseases such as atopy/allergy, autoimmunity, chronic 
infections and sepsis are characterized by a dysregulation of the pro- 
versus anti-inflammatory and Th1 versus Th2 cytokine balance. 
 
 
ATHEROSCLEROSIS 
 
Despite significant progress in the management of atherosclerosis and its 
complications, cardiovascular disease remains the major cause of death in 
the Western world. Atherosclerosis is a progressive disease involving the 
development of vascular atherosclerotic lesions characterized by lipid 
accumulation, inflammation, cell death and fibrosis23,24,37,38. Atherosclerotic 
lesions can cause flow limiting stenosis leading to lack of oxygen and 
nutrition supply in the tissues located distally from the plaque. However, the 
most sever clinical events follow the rupture of the lesion, which exposes 
the pro-thrombotic material in the plaque to the blood and causes sudden 
thrombotic occlusion of the artery. In the heart, atherosclerosis can lead to 
myocardial infarction and heart failure, whereas in the brain, it can cause 
ischemic stroke and in peripheral tissues, it can result in renal impairment, 
hypertension, aneurysms and critical limb ischemia37-39. Although these 
clinical complications of atherosclerosis usually occur in the middle aged to 
elderly population, initiation of atherosclerotic lesion development is thought 
to start already in childhood. Epidemiological studies have identified 
numerous environmental and genetic risk factors such as hyperlipidemia, 
hypertension, diabetes mellitus, obesity, male sex, smoking, age, family 
history, physical inactivity and infections38,40. Furthermore, the prevalence of 
atherosclerosis is increasing all over the world due to the adoption of 
Western lifestyle and is likely to reach epidemic proportions in the coming 
decades. 
 
Endothelial activation  
The endothelium is a thin monocellular layer that covers all the inner 
surface of the blood vessels, separating the circulating blood from the 
tissues41. Under normal conditions, endothelial cells play a pivotal role in 
maintaining vessel wall homeostasis by producing vasoactive anti-
inflammatory, anti-thrombotic, and cytostatic agents that help maintain 
vessel tone and protect the vessel wall against inflammatory cell and 
platelet adhesion, thrombus formation, and vascular cell proliferation42-44. 
The initial step in the development of atherosclerosis is now generally 
believed to result from an increase of the adhesiveness of the endothelium 
with respect to leukocytes or platelets, as well as its permeability to 
lipoproteins and its production of vasoactive molecules, cytokines, and 
growth factors41-44. Triggers of atherosclerosis, such as consuming a high-
saturated-fat diet, smoking, hypertension, hyperglycemia, obesity, or insulin 
resistance can induce an enhanced expression of adhesion molecules such 
as intercellular adhesion molecule (ICAM)-1, vascular cell adhesion 
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molecule (VCAM)-1, P-selectin and E-selectin resulting in an increased 
adhesiveness of the endothelium45. Dysfunctional endothelium is the place 
where infiltration and accumulation of LDL into the vascular wall occurs and 
this accumulation is higher, when plasma LDL levels are elevated. Once 
infiltrated into the vascular wall, the native LDL becomes trapped and it 
undergoes enzymatic and non-enzymatic modification, including oxidation, 
lipolysis, proteolysis and aggregation38. Vascular endothelial cells are 
stimulated by accumulated modified LDL to produce a number of pro-
inflammatory molecules, including adhesion molecules, chemotactic 
proteins such as monocyte chemotactic protein (MCP)-1 and growth factors 
such as macrophage colony-stimulating factor (M-CSF)46,47 (Fig. 3). 
 
Monocyte infiltration and differentiation 
Upon activation of the endothelium, monocytes are recruited. Selectins on 
endothelial cells interact with their ligands on monocytes resulting in the 
rolling and tethering of monocytes on the vascular wall48. In addition, 
endothelial ICAM-1 and VCAM-1, as well as some integrins, induce firm 
adhesion of inflammatory cells at the vascular endothelium48. Next, 
monocytes migrate into the sub-endothelial space of the vascular wall, 
which is mediated by modified LDL and chemoattractant molecules such as 
MCP-1 and its receptor C-C chemokine receptor (CCR)-249-51. Stimulated 
by M-CSF, infiltrated monocytes proliferate and differentiate into 
macrophages, which are antigen-presenting cells that scavenge lipoproteins 
and other extracellular debris, generate and degrade lipoproteins and 
produce inflammatory mediators like cytokines and extra-cellular matrix 
degrading enzymes52 (Fig. 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Atherosclerotic lesion initiation (adapted from Glass and Witztum)39 
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Foam cell formation 
In atherogenesis, monocyte derived macrophages react to the lesion 
microenvironment by internalizing and metabolizing a variety of components 
amongst which modified lipoproteins53. Excessive accumulation of CE from 
modified lipoproteins leads to the formation of foam cells. In vitro studies 
have shown that β-VLDL, a lipoprotein naturally induced by cholesterol-rich 
feeding of animals54,55, and experimentally modified lipoproteins such as 
acetylated low-density lipoprotein (acLDL) or oxidized LDL (oxLDL)56,57, are 
among the most potent inducers of foam cell formation. Uptake of CE from 
every type of lipoprotein is mediated by a different set of receptors. 
The classical LDLr plays a crucial role in the uptake of LDL and its 
precursors, but its expression in macrophages is inhibited by the 
accumulation of cholesterol within the cell via a negative feedback 
mechanism58. However, studies with mouse peritoneal macrophages have 
shown that LDLr is the primary route for β-VLDL internalization59. Other 
members of the LDLr family are LRP-1 and the VLDL receptor (VLDLr), 
which are also involved in the cellular uptake of lipoproteins and lipoprotein 
remnants, such as β-VLDL60,61. In addition to the LDLr family, members of 
the scavenger receptor family mediate lipoprotein uptake8. Scavenger 
receptors recognize polyanionic macromolecules, including modified forms 
of LDL (such as oxLDL and acLDL) and have a physiological function in 
recognition and clearance of pathogens and apoptotic cells62,63. The family 
of scavenger receptors consists of several classes containing membrane 
bound proteins with widely different structures of which scavenger receptor 
class A (SR-A) and CD36 together account for up to 90% of total 
macrophage uptake of both AcLDL and OxLDL, as shown by Kunjathoor et 
al using transgenic mice lacking both SR-A and CD3664. However, other 
studies showed that aggregated LDL and VLDL can cause abundant foam 
cell formation in macrophages deficient in SR-A or CD3665,66. Scavenger 
receptor class B, type I (SR-BI), a CD36-related scavenger receptor, 
facilitates cholesterol efflux from macrophages to HDL67, which delivers the 
cholesterol to the liver for further removal from the body, a process called 
reverse cholesterol transport. In addition, SR-BI can bind typical scavenger 
receptor ligands, including apoptotic cells, anionic phospholipids and 
lipoproteins, such as β-VLDL, oxLDL and acLDL, suggesting that SR-BI 
also mediates cholesterol uptake in macrophages68,69. This dual role of SR-
BI in foam cell formation is underlined by the findings that macrophage SR-
BI is either pro-atherogenic (small fatty streak) or anti-atherogenic 
(advanced lesion), depending on the stage of lesion development70. Other 
scavenger receptors, such as CD68, lectin-like oxidized LDL receptor 
(LOX)-1, and SR-phosphatidylserine and oxidized lipoprotein (SR-PSOX) 
are able to bind oxLDL71. However the roles of these and other scavenger 
receptors, including macrophage receptor with collagenous structure 
(MARCO), in atherogenesis remain to be determined.  
Most lipoproteins taken up by macrophages are finally transported towards 
lysosomes, where they are degraded into amino acids and free cholesterol. 
When released into the cytosol, free cholesterol is re-esterified by acyl 
CoA:cholesterol acyltransferase (ACAT)-1 for storage in lipid droplets that 
characterize foam cells72. Cholesterol efflux from the macrophage/foam cell 
is another important process in the development of foam cell formation, 
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because foam cell formation is the result of an imbalance in cholesterol 
homeostasis52. ABCG112,73,74 and ABCA175,76 are the key mediators of 
cholesterol efflux to HDL and apoA-I, respectively. As mentioned above, 
SR-BI is also able to facilitate cholesterol efflux to HDL.  
The transformation of macrophages into foam cells in atherosclerotic 
lesions can be affected by a variety of factors, including inflammatory 
mediators and nuclear receptors via enhancing or inhibiting the expression 
of the genes involved in cholesterol uptake and/or efflux. The accumulation 
of foam cells and intercellular lipid in the vascular wall characterize a fatty 
streak, which does not lead to significant obstruction of the arterial lumen. 
Although macrophage derived foam cells outnumber other cell types in fatty 
streaks, T cells are also present in these early lesions39 (Fig. 3). 
 
Advanced lesions and rupture 
Although not clinically significant in themselves, fatty streaks can evolve into 
more complex lesions. Lesion progression (Fig. 4) involves the influx of T 
cells, which elaborate cytokines that influence the functional properties of 
nearby endothelial cells, macrophages, and smooth muscle cells. Smooth 
muscle cells migrate from the media into the intima, where they accumulate 
cholesterol and become smooth muscle cell-derived foam cells39. The death 
of foam cells is accompanied by the extracellular accumulation of lipids and 
cellular debris leading to the formation of a necrotic core that becomes 
covered by a fibrous cap consisting of smooth muscle cells and a collagen 
rich extracellular matrix77. In addition, other cell types are present in 
advanced lesions including dendritic cells, mast cells, B cells, natural killer 
(NK) cells and NKT cells, as reviewed by VanderLaan and Reardon78. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Atherosclerotic lesion progression (adapted from Glass and Witztum)39 
 

 16



General introduction 

At this stage, the vascular wall can often enlarge and compensate for the 
developing plaque via outward remodeling, thereby preventing severe 
narrowing of the vessel and preserving the flow of blood79. As the lesion 
grows, increasing numbers of macrophage foam cells accumulate around 
the necrotic core and in adjacent areas representing lesion shoulders38,39. 
Around the necrotic core and in shoulder areas, macrophages and 
macrophage derived foam cells produce and release matrix 
metalloproteinases (MMP) and other proteolytic enzymes, which cause 
degradation of the matrix80-82.  In addition, activated macrophages can 
induce apoptosis in smooth muscle cells resulting in a shortage of 
collagen83. The simultaneous production of MMPs and reduction of collagen 
affect the thickness of the fibrous cap in a negative way84. Rupture of the 
fibrous cap exposes the content of the lipid core to the blood, initiating 
coagulation, the recruitment of platelets and the formation of a thrombus, 
which causes most acute coronary syndromes39 (Fig. 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Lesion rupture and thrombosis (adapted from Glass and Witztum)39 
 
 
INFLAMMATION IN ATHEROSCLEROSIS 
 
Inflammation is involved in all stages of atherosclerosis from its initiation to 
the thrombus formation causing its clinical complications (Fig. 6). One of 
the triggers of atherosclerosis is the modification of trapped LDL in the 
vascular wall leading to an enhanced expression of adhesion molecules by 
endothelial cells, thereby allowing the attachment of leukocytes to the 
vascular wall85. The importance of adhesion molecules in the initiation of 
atherosclerosis is shown by animal studies in which mice deficient in E-
selectin and P-selectin86 and mice expressing defective VCAM-187 develop 
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less severe atherosclerosis. Many cytokines, including IL-1β, TNF-α, and 
IFN-γ, have been implicated in the induction of adhesion molecules and 
chemokines in the vascular wall88,89. Cytokines also play an important role 
in the induction of chemokines, particularly IL-8 and MCP-1 that are 
involved in monocyte adhesion and migration into the vascular wall90. Under 
the influence of M-CSF, infiltrated monocytes differentiate into 
macrophages and start to express scavenger receptors and produce 
cytokines91,92. In several mouse models, M-CSF deficiency resulted in a 
dramatically reduced atherosclerotic lesion development93,94. Although the 
uptake of modified lipoproteins by scavenger receptors is thought to be 
central to foam cell formation, it also stimulates the pro-inflammatory 
phenotype of macrophages71. In addition, uptake by scavenger receptors 
can also lead to MHC restricted antigen presentation of the internalized 
material to T cells, thereby activating an adaptive immune response95,96. 
Cytokines greatly affect the expression of scavenger receptors and other 
key players in foam cell formation. IFN-γ and TNF-α are examples of 
cytokines that stimulate foam cell formation either by upregulation of 
receptors for uptake of modified lipoproteins alone (TNF-α)97,98 or in 
combination with inhibiting cholesterol efflux (IFN-γ)99,100. In contrast, 
TGFβ1 is able to inhibit foam cell formation via inhibition of receptors for 
lipoprotein uptake and enhancement of macrophage cholesterol efflux101. 
Moreover, TGFβ1 is able to inhibit downregulation of ABCA1 expression 
and macrophage cholesterol efflux induced by IFN-γ102. However, lL-10, 
another anti-inflammatory cytokine, enhanced oxLDL induced foam cell 
formation by anti-apoptotic mechanisms103.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: Macrophages and T cells in lesion inflammation (adapted from Hansson)23  
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Progression from a fatty streak to a more complex lesion is characterized by 
proliferation and migration of smooth muscle cells toward the intima and 
collagen synthesis. Accumulation of inflammatory and vascular smooth 
muscle cells, collagen, and lipid content results in growth of the lesion37-39.  
Several studies showed that inhibiting signaling of the immune mediators 
CD40 / CD40 ligand not only prevented initiation of atherosclerosis, but also 
progression of existing lesions104,105. Genetic studies show that the 
immunological receptor-ligand pair OX40 / OX40 ligand, which enhances 
the proliferation and differentiation of T lymphocytes and contributes to 
ongoing Th1 or Th2 responses, is linked to atherosclerosis susceptibility 
and myocardial infarction106,107. Continued release of cytokines in the lesion 
by macrophages and T cells not only perpetuates inflammation within the 
lesion but also modulates smooth muscle cell activity108. For example, 
cytokines such as TNF-α and IFN-γ can promote the uptake of modified 
lipoproteins that leads to smooth muscle cell derived foam cells in vitro109 
and IL-10 inhibits intimal smooth muscle cell accumulation in several animal 
models110,111. Acute coronary syndromes often result from rupture of 
lesions, usually at sites with a thin fibrous cap112. One of the major 
constituents of the fibrous cap is collagen produced mostly by smooth 
muscle cells. TGFβ1 stimulates collagen production, whereas IFN-γ 
produced by T cells in the lesion inhibits both basal and TGFβ1 induced 
collagen production113. Collagen in the fibrous cap can be degraded by 
proteolytic enzymes, including MMPs. TNF-α, CD40L and IL-1 stimulate 
macrophages to produce MMPs 114-116, but the anti-inflammatory IL-10 and 
TGFβ1 inhibit MMPs117,118. TGFβ1, however, contributes to restenosis119 
and is recently identified as a crucial factor for the differentiation of the 
novel, highly inflammatory Th17 cell sub set120, indicating a more complex 
role for TGFβ1 in atherosclerosis. The thrombogenicity of the lesion is also 
affected by inflammation. Macrophage production of tissue factor, which 
initiates the coagulation cascade once exposed to factor VII in the blood, is 
stimulated by TNF-α121 and CD40 ligand expressed by T cells122. 
Furthermore, platelet production and reactivity is affected by cytokines, 
such as IL-633,121.  
In atherosclerotic lesions, cytokines that promote Th1 differentiation, such 
as IL-12 and IL-18, are produced33,123. Consequently, Th1 cytokines, 
including IFN-γ, IL-2 and TNF-α, are produced and activate macrophages 
and other cells in the lesion to secrete pro-inflammatory cytokines124. 
Studies have clearly shown a critical pathogenic role for the Th1 response 
in atherosclerosis at the cell-type level (transfer of Th1 cells), the cytokine 
production level (IL-12, IL-18, and IFN-γ) and even at the level of Th1 cell 
commitment33. In contrast, a Th2 immune response is suggested to 
counteract the Th1 promoted atherosclerosis. Studies in which the Th2 
cytokine IL-10 protect against atherosclerosis underline this 
hypothesis125,126. However, deficiency in IL-4, a prototypic Th2 cytokine, has 
been associated with decreased lesion formation and progression127,128, 
suggesting that inducing a Th2 response is not always beneficial in 
atherosclerosis (Fig. 7).   
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Fig. 7: Interactions of Th1 and Th2 cells (adapted from Harper et al)129 
 
In addition to macrophage foam cells and T helper cells, other inflammatory 
cell types have been implicated in atherosclerosis78. Recently, it was shown 
in several mouse models that naturally arising Treg cells, which actively 
maintain immunological tolerance to self and non-self, including 
transplantation and food related, antigens, are powerful inhibitors of 
atherosclerosis130. In addition, recent experimental evidence, reviewed by 
Whitman and Ramsamy131, suggests that although NK cells and NKT cells 
are not sufficient to cause atherosclerosis, they do play an important role in 
accelerating lesion development by modulating the function of other more 
prominent immune cells found within the developing atherosclerotic lesion 
such as conventional T cells and macrophages. Elimination of the entire B 
cell population, genetically or via splenectomy, increases 
atherosclerosis132,133. A specific subtype of B cells, B-1 cells, produces 
natural antibodies against modified self-antigens, such as oxLDL. 
Interestingly, antibodies that recognize oxLDL have been found in the 
circulation of both humans and mice134. Although B cells have been found in 
the adventitia135, they are rarely detected in lesions. Mast cells were found 
in the shoulder region of atherosclerotic lesions and in the adventitia136,137. 
Upon activation, mast cells release the contents of their large cytoplasmic 
granules that contain vasoactive substances, proteolytic enzymes, pro-
inflammatory cytokines and growth factors138, indicating that activation of 
these cells may aggravate atherosclerosis. Dendritic cells are efficient 
antigen presenting cells that are present in vessels before 
atherosclerosis139, but they increase in number and become activated 
during lesion development140, where they colocalize with T cells in the 
shoulder region141. Normally, activated dendritic cells migrate to secondary 
lymphoid tissues and present self peptides to naïve T cells in order to 
induce tolerance. However, hyperlipidemia, which is associated with 
atherosclerosis, suppresses the migration of skin dendritic cells142, 
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suggesting an impaired efflux of activated dendritic cells from 
atherosclerotic lesions. Inhibition of the migration of activated dendritic cells 
results in the loss of local tolerance and thereby in the triggering of local 
inflammation, an influx of inflammatory cells and the production of 
inflammatory cytokines. Neutrophils are primarily involved in acute 
inflammation via engulfing damaged tissue and bacteria, killing invading 
microbes and secreting proteolytic enzymes143. Strikingly, these major cells 
of the innate immune response are not present in early and stable 
atherosclerotic lesions. They have been found in eroded and ruptured 
lesions144, but it has to be investigated whether they cause erosion and 
rupture by secreting proteinases or whether they are attracted to the site of 
injury.   
With respect to the importance of inflammation in atherosclerosis, many 
have hypothesized that infectious agents might be the cause of chronic 
inflammation in lesions. Specific organisms that have been implicated 
include Chlamydia pneumoniae, herpes viruses and Helicobacter pylori145-

147. Serum antibodies against these pathogens have been associated with 
atherosclerosis147 and cytomegalovirus, Chlamydia pneumoniae and many 
other bacteria have been detected in human atherosclerotic lesions145,146. 
Recently, the total pathogen burden concept has suggested that while a 
single pathogen contributes only slightly to the pathogenesis of 
atherosclerosis, the cumulative effects of infectious agents contribute 
greatly. However, many studies over the years resulted in conflicting data 
about a direct causal relation between the pathogens and atherosclerosis. 
Although it remains unclear if pathogens are etiological factors in 
atherosclerosis, they can aggravate the inflammatory process in 
atherosclerosis. For instance, Chlamydia pneumoniae can infect endothelial 
cells resulting in an enhanced expression of adhesion molecules and it 
stimulates the production of cytokines and MMPs in macrophages148,149. 
Furthermore, in vitro infection of macrophages with cytomegalovirus 
increases secretion of IL-1, TNF-α and M-CSF.  
Results of clinical trials investigating anti-chlamydial antibiotics as an 
addition to standard therapy in patients with coronary artery disease have 
been inconsistent150-152. Therefore, Andraws et al conducted a meta-
analysis of these clinical trials and found that evidence available to date 
does not demonstrate an overall benefit of antibiotic therapy in reducing 
mortality or cardiovascular events in patients with coronary artery 
disease153. 
 
Lipopolysaccharides 
Lipopolysaccharide (LPS) is a major constituent of the outer membrane of 
Gram-negative bacteria and, when released from bacteria, is one of the 
most potent inducers of inflammation154-157. LPS is composed of three 
structural elements: a highly variable outer O-antigen oligosaccharide, a 
more conserved core oligosaccharide and a lipid A component, which is 
responsible for the pro-inflammatory properties of LPS158. The first host 
protein involved in the recognition of LPS is LPS-binding protein (LBP), 
which is an acute-phase protein that transfers LPS to the cell surface by 
binding to it and catalyzing complex formation of LPS with the LPS receptor 
molecule CD14159. Formation of the complex between LPS and CD14, 
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either soluble or membrane bound, facilitates the binding of LPS to the LPS 
receptor complex composed of TLR4 and MD2160. In addition, Triantafilou et 
al have proposed that other molecules may be involved in LPS recognition 
including heat shock proteins, chemokine receptor 4, growth differentiation 
factor 5, CD11b/CD18 and CD81161. The TLR4 signaling cascade following 
LPS binding is enhanced by homodimerization of the receptor and 
subsequent recruitment of adaptor molecules, such as myeloid 
differentiation factor 88162. The main players involved in eliciting the 
functional effects of LPS are nuclear factor κB (NFκB), mitogen-activated 
protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Akt 
pathways, of which NFκB is the major one163. In monocytes and 
macrophages, these transcription factors regulate the production of pro-
inflammatory cytokines such as TNF-α, IL-1β and IL-6, which serve as 
endogenous mediators of inflammation through interactions with various 
target cells156.  
In addition, LPS affects many cells and processes in atherosclerosis. LPS 
activates the endothelium directly via inducing the production of pro-
inflammatory mediators, such as IL-6, IL-8 and MCP-1164, via increasing 
expression of the adhesion molecules E-selectin, ICAM-1 and VCAM-1165 
and via enhancing expression of tissue factor166. Endothelial as well as 
monocyte activation induced by LPS results in a higher monocyte binding to 
the endothelium167,168. Besides enhancing the macrophage production of 
pro-inflammatory cytokines, LPS induces foam cell formation via affecting 
the expression of many genes involved in foam cell formation, such as 
LDLr, LRP-1, SR-BI and ABCA1169-172. Furthermore, LPS reduces collagen 
production and increases MMP secretion173, indicating that LPS makes the 
atherosclerotic lesion more vulnerable to rupture.    
 
Interleukin-9 
IL-9 is a pleiotropic cytokine that was first identified as P40, a T cell growth 
factor174,175. However, this cytokine composed of 144 amino acid also 
affects many other cells, including mast cells, B cells, lung epithelial cells 
and macrophages176-178. Th2 cells are the major source of IL-9 and after its 
secretion, IL-9 binds to the IL-9 receptor (IL-9R), which is a member of 
hematopoietin receptor superfamily consisting of a common γc subchain 
and a specific IL-9Rα chain179. Upon binding to its receptor, IL-9 exerts its 
effects mainly via the Janus kinase/Stat (JAK/Stat) pathway180.  
Increased IL-9 production seems to be implicated in major pathologies such 
as asthma and tumorigenesis, especially of lymphomas. Localization of the 
IL-9 gene, together with many other Th2 cytokines and asthma related 
genes, on human 5q31-35 made it a candidate gene for asthma181. This 
hypothesis was underlined by many studies in which IL-9 affected mucus 
and chemokine production in pulmonary epithelium, IgE production, mast 
cell differentiation, bronchial hyperresponsiveness and eosinophil 
activation182. Furthermore, transgenic mice overexpressing IL-9 present 
features of asthma183,184 and treatment with an IL-9 neutralizing antibody 
inhibits the development of allergic pulmonary inflammation and airway 
hyperresponsiveness185,186. In contrast, a Th2 response to allergen after 
sensitization as well as other features of asthma are still present in IL-9 
deficient mice187, suggesting that IL-9 may enhance asthma but is not 
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mandatory for its development. IL-9 overexpression induces thymic 
lymphomas in mice188 and IL-9 production is associated with Hodgkin and 
NKT cell lymphomas, possibly via an autocrine loop189,190. Furthermore, 
thymic T cell lymphomas are protected from dexamethasone induced 
apoptosis by IL-9191. In addition, IL-9 is a susceptibility factor in Leishmania 
major infection192 and leads to an early death in mice with chronic 
Schistosoma mansoni infection193 by inducing a Th2 response.  
On the other hand, several studies show that IL-9 may exhibit protective 
effects by inhibiting inflammatory responses. IL-9 shows these anti-
inflammatory effects in the protection of mice from Gram-negative bacterial 
shock by suppression of TNF-α, IL-12, and IFN-γ, and induction of IL-10194. 
Furthermore, IL-9 may directly deactivate LPS stimulated blood 
mononuclear phagocytes via induction of TGFβ1 production by these 
cells195. Other studies revealed a protective role for IL-9 in the host 
immunity to intestinal nematode infections, such as Trichuris muris196,197. 
Interestingly, IL-9 induces expression of three intracellular cytokine signal 
inhibitors: cytokine-inducible SH2-containing protein, suppressor of cytokine 
signaling (SOCS)-2 and SOCS-3198, which negatively regulate signaling of 
many pro-inflammatory and pro-atherogenic cytokines. A recent study of Lu 
et al, unexpectedly, indicated that Treg cells produce IL-9 to recruit and 
activate mast cells, which appeared to be crucial in allograft tolerance199. 
Despite its anti-inflammatory functions, the role of IL-9 in autoimmune 
diseases has not been investigated yet. 
  
Interleukin-10 
IL-10 was originally described as cytokine synthesis inhibitory factor that 
was produced by Th2 cells and inhibited Th1 cytokine production200. 
However, after extensive research, IL-10 is now regarded as a pleiotropic 
cytokine, which is produced by various cell populations, including T cell 
subsets, B cells, monocytes, and macrophages201. After homodimerization 
of IL-10, its activity is mediated by its specific cell surface receptor complex, 
which is expressed on a variety of cells, in particular immune cells. As 
reviewed by Moore et al, IL-10 signaling is mediated by JAK/STAT and 
involves inhibition of the NFκB signaling pathway202. Functionally, IL-10 acts 
on a wide variety of cells, including B cells, NK cells, cytotoxic T cells, Th 
cells, mast cells, granulocytes, dendritic cells, epithelial cells and 
endothelial cells201-204. Because IL-10 affects a broad spectrum of cells, it is 
involved in the pathogenesis of many diseases, such as cancer, viral 
infections and autoimmune diseases201-204. Although IL-10 is commonly 
regarded as an anti-inflammatory, immunosuppressive cytokine, evidence is 
accumulating that IL-10 also possesses some immunostimulating 
properties. It suppresses inflammation associated immune responses (Th1, 
antigen presentation, pro-inflammatory cytokine secretion by macrophages, 
modulation of Th2), but stimulates functions of innate immunity (NK cell 
activity, non-inflammatory phagocytosis) and of Th2 related immunity both 
directly and indirectly201.  
Almost 10 years ago, IL-10 expression was found in atherosclerotic 
lesions123,205, after which the role of IL-10 in the development of 
atherosclerosis was extensively investigated. Overexpression of IL-10 
resulted in attenuation of atherogenesis, suggesting a protective role for 
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endogenous IL-10125,206,207. This effect was underlined by studies in IL-10 
deficient mice that showed an enhanced atherosclerotic lesion 
development126,208. IL-10 prevented induced endothelial ICAM-1 and VCAM-
1209 and monocyte CD18 and CD62L expression210, thereby inhibiting 
monocyte binding and infiltration to the vessel wall. Moreover, IL-10 
decreases MMP-9 production and activity and simultaneously induces 
expression of tissue inhibitor of metalloproteinases (TIMP)-1 in 
macrophages211. Other protective effects of IL-10 are the inhibition of 
macrophage production of many pro-inflammatory cytokines and induction 
of a shift in the Th balance to a Th2 profile200,212,213.   
Recently, Rubic et al proposed that reduced CD36 expression and oxLDL 
uptake in combination with enhanced ABCA1 and ABCG1 expression and 
cholesterol efflux could attribute to the anti-atherosclerotic actions of IL-
10214. On the other hand, Halvorsen et al suggested that IL-10 enhanced 
oxLDL uptake, at least partly by counteracting apoptosis induced by 
oxLDL103. However, both studies showed only moderate differences in 
oxLDL induced lipid uptake making it difficult to draw conclusions about the 
role of IL-10 in foam cell formation, whereas the effects on apoptosis were 
more profound.  
In addition, several animal studies showed that IL-10 influences lipid 
metabolism resulting in lower serum total cholesterol levels125,207. However, 
the mechanism of the serum cholesterol lowering effect of IL-10 is not yet 
clarified. 
 
 
THESIS OUTLINE 
 
The main aim of this thesis was to investigate interactions between lipids, 
inflammation and atherosclerosis. Although atherosclerosis is considered as 
a chronic inflammatory disease and IL-9 affects many inflammatory 
processes, the role of IL-9 in atherosclerosis has not been elucidated yet. 
Therefore, in chapter 2, we investigated the effect of IL-9 treatment and of 
vaccination against endogenous IL-9 on atherosclerotic lesion development 
in LDLr deficient mice, a well established mouse model for atherosclerosis. 
Foam cell formation is a critical process in atherogenesis and is affected by 
inflammatory mediators. We investigated whether IL-9 affected β-VLDL 
induced foam cell formation using RAW 264.7 murine macrophage cells in 
chapter 3. Inflammatory mediators regulate the expression of many genes 
involved in foam cell formation and lipid loading of macrophages, in turn, 
changes the response of the macrophages to inflammatory mediators. In 
chapter 4, we loaded RAW cells with β-VLDL to determine the effect of 
foam cell formation on the response of macrophages to LPS with a specific 
emphasis on the expression of lipid related genes. In addition to TLR4, the 
signaling receptor for LPS, several scavenger receptors mediate binding 
and internalization of LPS, thereby neutralizing LPS. In chapter 5, we set 
out to examine the role of one of these scavenger receptors, SR-BI, in the 
response to LPS using SR-BI wild-type and SR-BI deficient mice. 
Uptake of dietary lipids contributes to cholesterol homeostasis, in which the 
liver and especially liver parenchymal cells are key players. Microarray 
analysis was used to determine the effect of Western-type diet feeding of 
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LDLr deficient mice on liver parenchymal cells in chapter 6. Although 
serum IL-10 levels are negatively correlated with cholesterol levels in 
several studies, no explanation for this effect has been described. In 
chapter 7, the influence of adenoviral IL-10 treatment on liver parenchymal 
cells of LDLr deficient mice, which were fed a Western-type diet, was 
determined using microarray analysis.  
 
 
REFERENCES 
 
1. Ginsberg HN (1998) Lipoprotein physiology. Endocrinol Metab Clin North Am. 27: 

503-519. 
2. Osborne JC, Jr., Bengtsson-Olivecrona G, Lee NS and Olivecrona T (1985) Studies 

on inactivation of lipoprotein lipase: role of the dimer to monomer dissociation. 
Biochemistry. 24: 5606-5611. 

3. Green PH and Riley JW (1981) Lipid absorption and intestinal lipoprotein formation. 
Aust N Z J Med. 11: 84-90. 

4. Cooper AD (1997) Hepatic uptake of chylomicron remnants. J Lipid Res. 38: 2173-
2192. 

5. Gibbons GF (1990) Assembly and secretion of hepatic very-low-density lipoprotein. 
Biochem J. 268: 1-13. 

6. Eisenberg S (1983) Lipoproteins and lipoprotein metabolism. A dynamic evaluation 
of the plasma fat transport system. Klin Wochenschr. 61: 119-132. 

7. Kovanen PT (1987) Regulation of plasma cholesterol by hepatic low-density 
lipoprotein receptors. Am Heart J. 113: 464-469. 

8. Van Berkel TJ, Van Eck M, Herijgers N, Fluiter K and Nion S (2000) Scavenger 
receptor classes A and B. Their roles in atherogenesis and the metabolism of 
modified LDL and HDL. Ann N Y Acad Sci. 902: 113-126; discussion 126-117. 

9. Magun AM, Brasitus TA and Glickman RM (1985) Isolation of high density 
lipoproteins from rat intestinal epithelial cells. J Clin Invest. 75: 209-218. 

10. Gotto AM, Jr. (1983) High-density lipoproteins: biochemical and metabolic factors. 
Am J Cardiol. 52: 2B-4B. 

11. Oram JF and Vaughan AM (2000) ABCA1-mediated transport of cellular cholesterol 
and phospholipids to HDL apolipoproteins. Curr Opin Lipidol. 11: 253-260. 

12. Klucken J, Buchler C, Orso E, Kaminski WE, Porsch-Ozcurumez M, Liebisch G, 
Kapinsky M, Diederich W, Drobnik W, Dean M, Allikmets R and Schmitz G (2000) 
ABCG1 (ABC8), the human homolog of the Drosophila white gene, is a regulator of 
macrophage cholesterol and phospholipid transport. Proc Natl Acad Sci U S A. 97: 
817-822. 

13. Acton S, Rigotti A, Landschulz KT, Xu S, Hobbs HH and Krieger M (1996) 
Identification of scavenger receptor SR-BI as a high density lipoprotein receptor. 
Science. 271: 518-520. 

14. Tall AR, Sammett D, Vita GM, Deckelbaum R and Olivecrona T (1984) Lipoprotein 
lipase enhances the cholesteryl ester transfer protein-mediated transfer of 
cholesteryl esters from high density lipoproteins to very low density lipoproteins. J 
Biol Chem. 259: 9587-9594. 

15. Small DM (1988) Mechanisms of reversed cholesterol transport. Agents Actions 
Suppl. 26: 135-146. 

16. Miettinen TA and Kesaniemi YA (1989) Cholesterol absorption: regulation of 
cholesterol synthesis and elimination and within-population variations of serum 
cholesterol levels. Am J Clin Nutr. 49: 629-635. 

17. Kmiec Z (2001) Cooperation of liver cells in health and disease. Adv Anat Embryol 
Cell Biol. 161: III-XIII, 1-151. 

18. Yoshikawa T, Ide T, Shimano H, Yahagi N, Amemiya-Kudo M, Matsuzaka T, Yatoh 
S, Kitamine T, Okazaki H, Tamura Y, Sekiya M, Takahashi A, Hasty AH, Sato R, 
Sone H, Osuga J, Ishibashi S and Yamada N (2003) Cross-talk between peroxisome 
proliferator-activated receptor (PPAR) alpha and liver X receptor (LXR) in nutritional 
regulation of fatty acid metabolism. I. PPARs suppress sterol regulatory element 
binding protein-1c promoter through inhibition of LXR signaling. Mol Endocrinol. 17: 
1240-1254. 

 

 25



Chapter 1 

19. Li AC, Binder CJ, Gutierrez A, Brown KK, Plotkin CR, Pattison JW, Valledor AF, 
Davis RA, Willson TM, Witztum JL, Palinski W and Glass CK (2004) Differential 
inhibition of macrophage foam-cell formation and atherosclerosis in mice by 
PPARalpha, beta/delta, and gamma. J Clin Invest. 114: 1564-1576. 

20. Pegorier JP, Le May C and Girard J (2004) Control of gene expression by fatty 
acids. J Nutr. 134: 2444S-2449S. 

21. Brewer HB, Jr. (2004) Focus on high-density lipoproteins in reducing cardiovascular 
risk. Am Heart J. 148: S14-18. 

22. Hansson GK, Libby P, Schonbeck U and Yan ZQ (2002) Innate and adaptive 
immunity in the pathogenesis of atherosclerosis. Circ Res. 91: 281-291. 

23. Hansson GK (2005) Inflammation, atherosclerosis, and coronary artery disease. N 
Engl J Med. 352: 1685-1695. 

24. Libby P and Theroux P (2005) Pathophysiology of coronary artery disease. 
Circulation. 111: 3481-3488. 

25. Cohn M and Langman RE (1996) The immune system: a look from a distance. Front 
Biosci. 1: d318-323. 

26. Peiser L and Gordon S (2001) The function of scavenger receptors expressed by 
macrophages and their role in the regulation of inflammation. Microbes Infect. 3: 
149-159. 

27. Lien E and Ingalls RR (2002) Toll-like receptors. Crit Care Med. 30: S1-11. 
28. McHeyzer-Williams MG, McHeyzer-Williams LJ, Fanelli Panus J, Bikah G, Pogue-

Caley RR, Driver DJ and Eisenbraun MD (2000) Antigen-specific immunity. Th cell-
dependent B cell responses. Immunol Res. 22: 223-236. 

29. Santana MA and Esquivel-Guadarrama F (2006) Cell biology of T cell activation and 
differentiation. Int Rev Cytol. 250: 217-274. 

30. Romagnani S (2000) T-cell subsets (Th1 versus Th2). Ann Allergy Asthma Immunol. 
85: 9-18; quiz 18, 21. 

31. Mallat Z, Ait-Oufella H and Tedgui A (2005) Regulatory T cell responses: potential 
role in the control of atherosclerosis. Curr Opin Lipidol. 16: 518-524. 

32. Balkwill FR and Burke F (1989) The cytokine network. Immunol Today. 10: 299-304. 
33. Tedgui A and Mallat Z (2006) Cytokines in atherosclerosis: pathogenic and 

regulatory pathways. Physiol Rev. 86: 515-581. 
34. Boulay JL, O'Shea JJ and Paul WE (2003) Molecular phylogeny within type I 

cytokines and their cognate receptors. Immunity. 19: 159-163. 
35. Langer JA, Cutrone EC and Kotenko S (2004) The Class II cytokine receptor (CRF2) 

family: overview and patterns of receptor-ligand interactions. Cytokine Growth Factor 
Rev. 15: 33-48. 

36. Del Prete G (1998) The concept of type-1 and type-2 helper T cells and their 
cytokines in humans. Int Rev Immunol. 16: 427-455. 

37. Ross R (1999) Atherosclerosis--an inflammatory disease. N Engl J Med. 340: 115-
126. 

38. Lusis AJ (2000) Atherosclerosis. Nature. 407: 233-241. 
39. Glass CK and Witztum JL (2001) Atherosclerosis. the road ahead. Cell. 104: 503-

516. 
40. Criqui MH (1986) Epidemiology of atherosclerosis: an updated overview. Am J 

Cardiol. 57: 18C-23C. 
41. Rubanyi GM (1993) The role of endothelium in cardiovascular homeostasis and 

diseases. J Cardiovasc Pharmacol. 22 Suppl 4: S1-14. 
42. Quyyumi AA (1998) Endothelial function in health and disease: new insights into the 

genesis of cardiovascular disease. Am J Med. 105: 32S-39S. 
43. Drexler H and Hornig B (1999) Endothelial dysfunction in human disease. J Mol Cell 

Cardiol. 31: 51-60. 
44. Cines DB, Pollak ES, Buck CA, Loscalzo J, Zimmerman GA, McEver RP, Pober JS, 

Wick TM, Konkle BA, Schwartz BS, Barnathan ES, McCrae KR, Hug BA, Schmidt 
AM and Stern DM (1998) Endothelial cells in physiology and in the pathophysiology 
of vascular disorders. Blood. 91: 3527-3561. 

45. Demerath E, Towne B, Blangero J and Siervogel RM (2001) The relationship of 
soluble ICAM-1, VCAM-1, P-selectin and E-selectin to cardiovascular disease risk 
factors in healthy men and women. Ann Hum Biol. 28: 664-678. 

46. Rader DJ and Dugi KA (2000) The endothelium and lipoproteins: insights from 
recent cell biology and animal studies. Semin Thromb Hemost. 26: 521-528. 

 
 

 26



General introduction 

47. de Castellarnau C, Bancells C, Benitez S, Reina M, Ordonez-Llanos J and Sanchez-
Quesada JL (2006) Atherogenic and inflammatory profile of human arterial 
endothelial cells (HUAEC) in response to LDL subfractions. Clin Chim Acta. . 

48. Blankenberg S, Barbaux S and Tiret L (2003) Adhesion molecules and 
atherosclerosis. Atherosclerosis. 170: 191-203. 

49. Klouche M, Gottschling S, Gerl V, Hell W, Husmann M, Dorweiler B, Messner M and 
Bhakdi S (1998) Atherogenic properties of enzymatically degraded LDL: selective 
induction of MCP-1 and cytotoxic effects on human macrophages. Arterioscler 
Thromb Vasc Biol. 18: 1376-1385. 

50. Gu L, Okada Y, Clinton SK, Gerard C, Sukhova GK, Libby P and Rollins BJ (1998) 
Absence of monocyte chemoattractant protein-1 reduces atherosclerosis in low 
density lipoprotein receptor-deficient mice. Mol Cell. 2: 275-281. 

51. Boring L, Gosling J, Cleary M and Charo IF (1998) Decreased lesion formation in 
CCR2-/- mice reveals a role for chemokines in the initiation of atherosclerosis. 
Nature. 394: 894-897. 

52. Linton MF and Fazio S (2003) Macrophages, inflammation, and atherosclerosis. Int J 
Obes Relat Metab Disord. 27 Suppl 3: S35-40. 

53. Steinberg D (1987) Lipoproteins and the pathogenesis of atherosclerosis. 
Circulation. 76: 508-514. 

54. Mahley RW, Innerarity TL, Brown MS, Ho YK and Goldstein JL (1980) Cholesteryl 
ester synthesis in macrophages: stimulation by beta-very low density lipoproteins 
from cholesterol-fed animals of several species. J Lipid Res. 21: 970-980. 

55. Goldstein JL, Ho YK, Brown MS, Innerarity TL and Mahley RW (1980) Cholesteryl 
ester accumulation in macrophages resulting from receptor-mediated uptake and 
degradation of hypercholesterolemic canine beta-very low density lipoproteins. J Biol 
Chem. 255: 1839-1848. 

56. Brown MS, Goldstein JL, Krieger M, Ho YK and Anderson RG (1979) Reversible 
accumulation of cholesteryl esters in macrophages incubated with acetylated 
lipoproteins. J Cell Biol. 82: 597-613. 

57. Arai H, Kita T, Yokode M, Narumiya S and Kawai C (1989) Multiple receptors for 
modified low density lipoproteins in mouse peritoneal macrophages: different uptake 
mechanisms for acetylated and oxidized low density lipoproteins. Biochem Biophys 
Res Commun. 159: 1375-1382. 

58. Sato R and Takano T (1995) Regulation of intracellular cholesterol metabolism. Cell 
Struct Funct. 20: 421-427. 

59. Perrey S, Ishibashi S, Kitamine T, Osuga J, Yagyu H, Chen Z, Shionoiri F, Iizuka Y, 
Yahagi N, Tamura Y, Ohashi K, Harada K, Gotoda T and Yamada N (2001) The LDL 
receptor is the major pathway for beta-VLDL uptake by mouse peritoneal 
macrophages. Atherosclerosis. 154: 51-60. 

60. Kuchenhoff A, Harrach B and Robenek H (1994) Beta-VLDL. A naturally occurring 
ligand for LRP with physiological importance. Ann N Y Acad Sci. 737: 465-467. 

61. Qu S, Wu F, Tian J, Li Y, Wang Y and Zong Y (2004) Role of VLDL receptor in the 
process of foam cell formation. J Huazhong Univ Sci Technolog Med Sci. 24: 1-4, 8. 

62. Greaves DR and Gordon S (2005) Thematic review series: the immune system and 
atherogenesis. Recent insights into the biology of macrophage scavenger receptors. 
J Lipid Res. 46: 11-20. 

63. Rigotti A (2000) Scavenger receptors and atherosclerosis. Biol Res. 33: 97-103. 
64. Kunjathoor VV, Febbraio M, Podrez EA, Moore KJ, Andersson L, Koehn S, Rhee JS, 

Silverstein R, Hoff HF and Freeman MW (2002) Scavenger receptors class A-I/II and 
CD36 are the principal receptors responsible for the uptake of modified low density 
lipoprotein leading to lipid loading in macrophages. J Biol Chem. 277: 49982-49988. 

65. Sakaguchi H, Takeya M, Suzuki H, Hakamata H, Kodama T, Horiuchi S, Gordon S, 
van der Laan LJ, Kraal G, Ishibashi S, Kitamura N and Takahashi K (1998) Role of 
macrophage scavenger receptors in diet-induced atherosclerosis in mice. Lab 
Invest. 78: 423-434. 

66. Moore KJ, Kunjathoor VV, Koehn SL, Manning JJ, Tseng AA, Silver JM, McKee M 
and Freeman MW (2005) Loss of receptor-mediated lipid uptake via scavenger 
receptor A or CD36 pathways does not ameliorate atherosclerosis in hyperlipidemic 
mice. J Clin Invest. 115: 2192-2201. 

67. Jian B, de la Llera-Moya M, Ji Y, Wang N, Phillips MC, Swaney JB, Tall AR and 
Rothblat GH (1998) Scavenger receptor class B type I as a mediator of cellular 
cholesterol efflux to lipoproteins and phospholipid acceptors. J Biol Chem. 273: 
5599-5606. 

 27



Chapter 1 

68. Fluiter K, Sattler W, De Beer MC, Connell PM, van der Westhuyzen DR and van 
Berkel TJ (1999) Scavenger receptor BI mediates the selective uptake of oxidized 
cholesterol esters by rat liver. J Biol Chem. 274: 8893-8899. 

69. Calvo D, Gomez-Coronado D, Lasuncion MA and Vega MA (1997) CLA-1 is an 85-
kD plasma membrane glycoprotein that acts as a high-affinity receptor for both 
native (HDL, LDL, and VLDL) and modified (OxLDL and AcLDL) lipoproteins. 
Arterioscler Thromb Vasc Biol. 17: 2341-2349. 

70. Van Eck M, Bos IS, Hildebrand RB, Van Rij BT and Van Berkel TJ (2004) Dual role 
for scavenger receptor class B, type I on bone marrow-derived cells in 
atherosclerotic lesion development. Am J Pathol. 165: 785-794. 

71. Moore KJ and Freeman MW (2006) Scavenger receptors in atherosclerosis: beyond 
lipid uptake. Arterioscler Thromb Vasc Biol. 26: 1702-1711. 

72. Chang TY, Chang CC, Lin S, Yu C, Li BL and Miyazaki A (2001) Roles of acyl-
coenzyme A:cholesterol acyltransferase-1 and -2. Curr Opin Lipidol. 12: 289-296. 

73. Wang N, Lan D, Chen W, Matsuura F and Tall AR (2004) ATP-binding cassette 
transporters G1 and G4 mediate cellular cholesterol efflux to high-density 
lipoproteins. Proc Natl Acad Sci U S A. 101: 9774-9779. 

74. Kennedy MA, Barrera GC, Nakamura K, Baldan A, Tarr P, Fishbein MC, Frank J, 
Francone OL and Edwards PA (2005) ABCG1 has a critical role in mediating 
cholesterol efflux to HDL and preventing cellular lipid accumulation. Cell Metab. 1: 
121-131. 

75. Wang N, Silver DL, Costet P and Tall AR (2000) Specific binding of ApoA-I, 
enhanced cholesterol efflux, and altered plasma membrane morphology in cells 
expressing ABC1. J Biol Chem. 275: 33053-33058. 

76. Wang N, Silver DL, Thiele C and Tall AR (2001) ATP-binding cassette transporter 
A1 (ABCA1) functions as a cholesterol efflux regulatory protein. J Biol Chem. 276: 
23742-23747. 

77. Cullen P, Rauterberg J and Lorkowski S (2005) The pathogenesis of atherosclerosis. 
Handb Exp Pharmacol. 3-70. 

78. Vanderlaan PA and Reardon CA (2005) Thematic review series: the immune system 
and atherogenesis. The unusual suspects:an overview of the minor leukocyte 
populations in atherosclerosis. J Lipid Res. 46: 829-838. 

79. Herity NA, Ward MR, Lo S and Yeung AC (1999) Review: Clinical aspects of 
vascular remodeling. J Cardiovasc Electrophysiol. 10: 1016-1024. 

80. Galis ZS, Sukhova GK, Kranzhofer R, Clark S and Libby P (1995) Macrophage foam 
cells from experimental atheroma constitutively produce matrix-degrading 
proteinases. Proc Natl Acad Sci U S A. 92: 402-406. 

81. Li Z, Li L, Zielke HR, Cheng L, Xiao R, Crow MT, Stetler-Stevenson WG, Froehlich J 
and Lakatta EG (1996) Increased expression of 72-kd type IV collagenase (MMP-2) 
in human aortic atherosclerotic lesions. Am J Pathol. 148: 121-128. 

82. Nikkari ST, O'Brien KD, Ferguson M, Hatsukami T, Welgus HG, Alpers CE and 
Clowes AW (1995) Interstitial collagenase (MMP-1) expression in human carotid 
atherosclerosis. Circulation. 92: 1393-1398. 

83. Mallat Z and Tedgui A (2000) Apoptosis in the vasculature: mechanisms and 
functional importance. Br J Pharmacol. 130: 947-962. 

84. Shah PK, Falk E, Badimon JJ, Fernandez-Ortiz A, Mailhac A, Villareal-Levy G, 
Fallon JT, Regnstrom J and Fuster V (1995) Human monocyte-derived 
macrophages induce collagen breakdown in fibrous caps of atherosclerotic plaques. 
Potential role of matrix-degrading metalloproteinases and implications for plaque 
rupture. Circulation. 92: 1565-1569. 

85. Frostegard J, Haegerstrand A, Gidlund M and Nilsson J (1991) Biologically modified 
LDL increases the adhesive properties of endothelial cells. Atherosclerosis. 90: 119-
126. 

86. Dong ZM, Chapman SM, Brown AA, Frenette PS, Hynes RO and Wagner DD (1998) 
The combined role of P- and E-selectins in atherosclerosis. J Clin Invest. 102: 145-
152. 

87. Cybulsky MI, Iiyama K, Li H, Zhu S, Chen M, Iiyama M, Davis V, Gutierrez-Ramos 
JC, Connelly PW and Milstone DS (2001) A major role for VCAM-1, but not ICAM-1, 
in early atherosclerosis. J Clin Invest. 107: 1255-1262. 

88. Pober JS (1987) Effects of tumour necrosis factor and related cytokines on vascular 
endothelial cells. Ciba Found Symp. 131: 170-184. 

 
 

 28



General introduction 

89. Pober JS, Gimbrone MA, Jr., Lapierre LA, Mendrick DL, Fiers W, Rothlein R and 
Springer TA (1986) Overlapping patterns of activation of human endothelial cells by 
interleukin 1, tumor necrosis factor, and immune interferon. J Immunol. 137: 1893-
1896. 

90. Lukacs NW, Strieter RM, Elner V, Evanoff HL, Burdick MD and Kunkel SL (1995) 
Production of chemokines, interleukin-8 and monocyte chemoattractant protein-1, 
during monocyte: endothelial cell interactions. Blood. 86: 2767-2773. 

91. de Villiers WJ, Fraser IP, Hughes DA, Doyle AG and Gordon S (1994) Macrophage-
colony-stimulating factor selectively enhances macrophage scavenger receptor 
expression and function. J Exp Med. 180: 705-709. 

92. de Villiers WJ, Fraser IP and Gordon S (1994) Cytokine and growth factor regulation 
of macrophage scavenger receptor expression and function. Immunol Lett. 43: 73-
79. 

93. Rajavashisth T, Qiao JH, Tripathi S, Tripathi J, Mishra N, Hua M, Wang XP, 
Loussararian A, Clinton S, Libby P and Lusis A (1998) Heterozygous osteopetrotic 
(op) mutation reduces atherosclerosis in LDL receptor- deficient mice. J Clin Invest. 
101: 2702-2710. 

94. Qiao JH, Tripathi J, Mishra NK, Cai Y, Tripathi S, Wang XP, Imes S, Fishbein MC, 
Clinton SK, Libby P, Lusis AJ and Rajavashisth TB (1997) Role of macrophage 
colony-stimulating factor in atherosclerosis: studies of osteopetrotic mice. Am J 
Pathol. 150: 1687-1699. 

95. Nicoletti A, Caligiuri G, Tornberg I, Kodama T, Stemme S and Hansson GK (1999) 
The macrophage scavenger receptor type A directs modified proteins to antigen 
presentation. Eur J Immunol. 29: 512-521. 

96. Shakushiro K, Yamasaki Y, Nishikawa M and Takakura Y (2004) Efficient scavenger 
receptor-mediated uptake and cross-presentation of negatively charged soluble 
antigens by dendritic cells. Immunology. 112: 211-218. 

97. Hsu HY and Twu YC (2000) Tumor necrosis factor-alpha -mediated protein kinases 
in regulation of scavenger receptor and foam cell formation on macrophage. J Biol 
Chem. 275: 41035-41048. 

98. Moriwaki H, Kume N, Kataoka H, Murase T, Nishi E, Sawamura T, Masaki T and 
Kita T (1998) Expression of lectin-like oxidized low density lipoprotein receptor-1 in 
human and murine macrophages: upregulated expression by TNF-alpha. FEBS Lett. 
440: 29-32. 

99. Wang XQ, Panousis CG, Alfaro ML, Evans GF and Zuckerman SH (2002) 
Interferon-gamma-mediated downregulation of cholesterol efflux and ABC1 
expression is by the Stat1 pathway. Arterioscler Thromb Vasc Biol. 22: e5-9. 

100. Wuttge DM, Zhou X, Sheikine Y, Wagsater D, Stemme V, Hedin U, Stemme S, 
Hansson GK and Sirsjo A (2004) CXCL16/SR-PSOX is an interferon-gamma-
regulated chemokine and scavenger receptor expressed in atherosclerotic lesions. 
Arterioscler Thromb Vasc Biol. 24: 750-755. 

101. Argmann CA, Van Den Diepstraten CH, Sawyez CG, Edwards JY, Hegele RA, Wolfe 
BM and Huff MW (2001) Transforming growth factor-beta1 inhibits macrophage 
cholesteryl ester accumulation induced by native and oxidized VLDL remnants. 
Arterioscler Thromb Vasc Biol. 21: 2011-2018. 

102. Panousis CG, Evans G and Zuckerman SH (2001) TGF-beta increases cholesterol 
efflux and ABC-1 expression in macrophage-derived foam cells: opposing the effects 
of IFN-gamma. J Lipid Res. 42: 856-863. 

103. Halvorsen B, Waehre T, Scholz H, Clausen OP, von der Thusen JH, Muller F, Heimli 
H, Tonstad S, Hall C, Froland SS, Biessen EA, Damas JK and Aukrust P (2005) 
Interleukin-10 enhances the oxidized LDL-induced foam cell formation of 
macrophages by antiapoptotic mechanisms. J Lipid Res. 46: 211-219. 

104. Schonbeck U, Sukhova GK, Shimizu K, Mach F and Libby P (2000) Inhibition of 
CD40 signaling limits evolution of established atherosclerosis in mice. Proc Natl 
Acad Sci U S A. 97: 7458-7463. 

105. Lutgens E, Cleutjens KB, Heeneman S, Koteliansky VE, Burkly LC and Daemen MJ 
(2000) Both early and delayed anti-CD40L antibody treatment induces a stable 
plaque phenotype. Proc Natl Acad Sci U S A. 97: 7464-7469. 

106. Wang X, Ria M, Kelmenson PM, Eriksson P, Higgins DC, Samnegard A, Petros C, 
Rollins J, Bennet AM, Wiman B, de Faire U, Wennberg C, Olsson PG, Ishii N, 
Sugamura K, Hamsten A, Forsman-Semb K, Lagercrantz J and Paigen B (2005) 
Positional identification of TNFSF4, encoding OX40 ligand, as a gene that influences 
atherosclerosis susceptibility. Nat Genet. 37: 365-372. 

 29



Chapter 1 

107. Ria M, Eriksson P, Boquist S, Ericsson CG, Hamsten A and Lagercrantz J (2006) 
Human genetic evidence that OX40 is implicated in myocardial infarction. Biochem 
Biophys Res Commun. 339: 1001-1006. 

108. Raines EW and Ferri N (2005) Thematic review series: The immune system and 
atherogenesis. Cytokines affecting endothelial and smooth muscle cells in vascular 
disease. J Lipid Res. 46: 1081-1092. 

109. Li H, Freeman MW and Libby P (1995) Regulation of smooth muscle cell scavenger 
receptor expression in vivo by atherogenic diets and in vitro by cytokines. J Clin 
Invest. 95: 122-133. 

110. Feldman LJ, Aguirre L, Ziol M, Bridou JP, Nevo N, Michel JB and Steg PG (2000) 
Interleukin-10 inhibits intimal hyperplasia after angioplasty or stent implantation in 
hypercholesterolemic rabbits. Circulation. 101: 908-916. 

111. Mazighi M, Pelle A, Gonzalez W, Mtairag el M, Philippe M, Henin D, Michel JB and 
Feldman LJ (2004) IL-10 inhibits vascular smooth muscle cell activation in vitro and 
in vivo. Am J Physiol Heart Circ Physiol. 287: H866-871. 

112. Gronholdt ML, Dalager-Pedersen S and Falk E (1998) Coronary atherosclerosis: 
determinants of plaque rupture. Eur Heart J. 19 Suppl C: C24-29. 

113. Amento EP, Ehsani N, Palmer H and Libby P (1991) Cytokines and growth factors 
positively and negatively regulate interstitial collagen gene expression in human 
vascular smooth muscle cells. Arterioscler Thromb. 11: 1223-1230. 

114. Sato H and Seiki M (1993) Regulatory mechanism of 92 kDa type IV collagenase 
gene expression which is associated with invasiveness of tumor cells. Oncogene. 8: 
395-405. 

115. Horton DB, Libby P and Schonbeck U (2001) Ligation of CD40 onvascular smooth 
muscle cells mediates loss of interstitial collagen via matrix metalloproteinase 
activity. Ann N Y Acad Sci. 947: 329-336. 

116. Yoo HG, Shin BA, Park JS, Lee KH, Chay KO, Yang SY, Ahn BW and Jung YD 
(2002) IL-1beta induces MMP-9 via reactive oxygen species and NF-kappaB in 
murine macrophage RAW 264.7 cells. Biochem Biophys Res Commun. 298: 251-
256. 

117. Holven KB, Halvorsen B, Bjerkeli V, Damas JK, Retterstol K, Morkrid L, Ose L, 
Aukrust P and Nenseter MS (2006) Impaired inhibitory effect of interleukin-10 on the 
balance between matrix metalloproteinase-9 and its inhibitor in mononuclear cells 
from hyperhomocysteinemic subjects. Stroke. 37: 1731-1736. 

118. Feinberg MW, Jain MK, Werner F, Sibinga NE, Wiesel P, Wang H, Topper JN, 
Perrella MA and Lee ME (2000) Transforming growth factor-beta 1 inhibits cytokine-
mediated induction of human metalloelastase in macrophages. J Biol Chem. 275: 
25766-25773. 

119. Nabel EG, Shum L, Pompili VJ, Yang ZY, San H, Shu HB, Liptay S, Gold L, Gordon 
D, Derynck R and et al. (1993) Direct transfer of transforming growth factor beta 1 
gene into arteries stimulates fibrocellular hyperplasia. Proc Natl Acad Sci U S A. 90: 
10759-10763. 

120. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM and Stockinger B (2006) TGFbeta 
in the context of an inflammatory cytokine milieu supports de novo differentiation of 
IL-17-producing T cells. Immunity. 24: 179-189. 

121. Esmon CT (2004) The impact of the inflammatory response on coagulation. Thromb 
Res. 114: 321-327. 

122. Mach F, Schonbeck U, Bonnefoy JY, Pober JS and Libby P (1997) Activation of 
monocyte/macrophage functions related to acute atheroma complication by ligation 
of CD40: induction of collagenase, stromelysin, and tissue factor. Circulation. 96: 
396-399. 

123. Uyemura K, Demer LL, Castle SC, Jullien D, Berliner JA, Gately MK, Warrier RR, 
Pham N, Fogelman AM and Modlin RL (1996) Cross-regulatory roles of interleukin 
(IL)-12 and IL-10 in atherosclerosis. J Clin Invest. 97: 2130-2138. 

124. Frostegard J, Ulfgren AK, Nyberg P, Hedin U, Swedenborg J, Andersson U and 
Hansson GK (1999) Cytokine expression in advanced human atherosclerotic 
plaques: dominance of pro-inflammatory (Th1) and macrophage-stimulating 
cytokines. Atherosclerosis. 145: 33-43. 

125. Von Der Thusen JH, Kuiper J, Fekkes ML, De Vos P, Van Berkel TJ and Biessen EA 
(2001) Attenuation of atherogenesis by systemic and local adenovirus-mediated 
gene transfer of interleukin-10 in LDLr-/- mice. Faseb J. 15: 2730-2732. 

 
 

 30



General introduction 

126. Mallat Z, Besnard S, Duriez M, Deleuze V, Emmanuel F, Bureau MF, Soubrier F, 
Esposito B, Duez H, Fievet C, Staels B, Duverger N, Scherman D and Tedgui A 
(1999) Protective role of interleukin-10 in atherosclerosis. Circ Res. 85: e17-24. 

127. King VL, Szilvassy SJ and Daugherty A (2002) Interleukin-4 deficiency decreases 
atherosclerotic lesion formation in a site-specific manner in female LDL receptor-/- 
mice. Arterioscler Thromb Vasc Biol. 22: 456-461. 

128. Davenport P and Tipping PG (2003) The role of interleukin-4 and interleukin-12 in 
the progression of atherosclerosis in apolipoprotein E-deficient mice. Am J Pathol. 
163: 1117-1125. 

129. Harber M, Sundstedt A and Wraith D (2000) The role of cytokines in immunological 
tolerance: potential for therapy. Expert Rev Mol Med. 2000: 1-20. 

130. Ait-Oufella H, Salomon BL, Potteaux S, Robertson AK, Gourdy P, Zoll J, Merval R, 
Esposito B, Cohen JL, Fisson S, Flavell RA, Hansson GK, Klatzmann D, Tedgui A 
and Mallat Z (2006) Natural regulatory T cells control the development of 
atherosclerosis in mice. Nat Med. 12: 178-180. 

131. Whitman SC and Ramsamy TA (2006) Participatory role of natural killer and natural 
killer T cells in atherosclerosis: lessons learned from in vivo mouse studies. Can J 
Physiol Pharmacol. 84: 67-75. 

132. Major AS, Fazio S and Linton MF (2002) B-lymphocyte deficiency increases 
atherosclerosis in LDL receptor-null mice. Arterioscler Thromb Vasc Biol. 22: 1892-
1898. 

133. Caligiuri G, Nicoletti A, Poirier B and Hansson GK (2002) Protective immunity 
against atherosclerosis carried by B cells of hypercholesterolemic mice. J Clin 
Invest. 109: 745-753. 

134. Yla-Herttuala S, Palinski W, Butler SW, Picard S, Steinberg D and Witztum JL 
(1994) Rabbit and human atherosclerotic lesions contain IgG that recognizes 
epitopes of oxidized LDL. Arterioscler Thromb. 14: 32-40. 

135. Aubry MC, Riehle DL, Edwards WD, Maradit-Kremers H, Roger VL, Sebo TJ and 
Gabriel SE (2004) B-Lymphocytes in plaque and adventitia of coronary arteries in 
two patients with rheumatoid arthritis and coronary atherosclerosis: preliminary 
observations. Cardiovasc Pathol. 13: 233-236. 

136. Kaartinen M, Penttila A and Kovanen PT (1994) Mast cells of two types differing in 
neutral protease composition in the human aortic intima. Demonstration of tryptase- 
and tryptase/chymase-containing mast cells in normal intimas, fatty streaks, and the 
shoulder region of atheromas. Arterioscler Thromb. 14: 966-972. 

137. Atkinson JB, Harlan CW, Harlan GC and Virmani R (1994) The association of mast 
cells and atherosclerosis: a morphologic study of early atherosclerotic lesions in 
young people. Hum Pathol. 25: 154-159. 

138. Krishnaswamy G, Ajitawi O and Chi DS (2006) The human mast cell: an overview. 
Methods Mol Biol. 315: 13-34. 

139. Wick G, Romen M, Amberger A, Metzler B, Mayr M, Falkensammer G and Xu Q 
(1997) Atherosclerosis, autoimmunity, and vascular-associated lymphoid tissue. 
Faseb J. 11: 1199-1207. 

140. Bobryshev YV, Taksir T, Lord RS and Freeman MW (2001) Evidence that dendritic 
cells infiltrate atherosclerotic lesions in apolipoprotein E-deficient mice. Histol 
Histopathol. 16: 801-808. 

141. Yilmaz A, Lochno M, Traeg F, Cicha I, Reiss C, Stumpf C, Raaz D, Anger T, Amann 
K, Probst T, Ludwig J, Daniel WG and Garlichs CD (2004) Emergence of dendritic 
cells in rupture-prone regions of vulnerable carotid plaques. Atherosclerosis. 176: 
101-110. 

142. Angeli V, Llodra J, Rong JX, Satoh K, Ishii S, Shimizu T, Fisher EA and Randolph 
GJ (2004) Dyslipidemia associated with atherosclerotic disease systemically alters 
dendritic cell mobilization. Immunity. 21: 561-574. 

143. Kobayashi SD, Voyich JM, Burlak C and DeLeo FR (2005) Neutrophils in the innate 
immune response. Arch Immunol Ther Exp (Warsz). 53: 505-517. 

144. Naruko T, Ueda M, Haze K, van der Wal AC, van der Loos CM, Itoh A, Komatsu R, 
Ikura Y, Ogami M, Shimada Y, Ehara S, Yoshiyama M, Takeuchi K, Yoshikawa J 
and Becker AE (2002) Neutrophil infiltration of culprit lesions in acute coronary 
syndromes. Circulation. 106: 2894-2900. 

145. Prasad A, Zhu J, Halcox JP, Waclawiw MA, Epstein SE and Quyyumi AA (2002) 
Predisposition to atherosclerosis by infections: role of endothelial dysfunction. 
Circulation. 106: 184-190. 

 

 31



Chapter 1 

146. Ott SJ, El Mokhtari NE, Musfeldt M, Hellmig S, Freitag S, Rehman A, Kuhbacher T, 
Nikolaus S, Namsolleck P, Blaut M, Hampe J, Sahly H, Reinecke A, Haake N, 
Gunther R, Kruger D, Lins M, Herrmann G, Folsch UR, Simon R and Schreiber S 
(2006) Detection of diverse bacterial signatures in atherosclerotic lesions of patients 
with coronary heart disease. Circulation. 113: 929-937. 

147. de Boer OJ, van der Wal AC and Becker AE (2000) Atherosclerosis, inflammation, 
and infection. J Pathol. 190: 237-243. 

148. Kol A, Bourcier T, Lichtman AH and Libby P (1999) Chlamydial and human heat 
shock protein 60s activate human vascular endothelium, smooth muscle cells, and 
macrophages. J Clin Invest. 103: 571-577. 

149. Kol A, Sukhova GK, Lichtman AH and Libby P (1998) Chlamydial heat shock protein 
60 localizes in human atheroma and regulates macrophage tumor necrosis factor-
alpha and matrix metalloproteinase expression. Circulation. 98: 300-307. 

150. Vainas T, Stassen FR, Schurink GW, Tordoir JH, Welten RJ, van den Akker LH, 
Kurvers HA, Bruggeman CA and Kitslaar PJ (2005) Secondary prevention of 
atherosclerosis through chlamydia pneumoniae eradication (SPACE Trial): a 
randomised clinical trial in patients with peripheral arterial disease. Eur J Vasc 
Endovasc Surg. 29: 403-411. 

151. Sander D, Winbeck K, Klingelhofer J, Etgen T and Conrad B (2004) Progression of 
early carotid atherosclerosis is only temporarily reduced after antibiotic treatment of 
Chlamydia pneumoniae seropositivity. Circulation. 109: 1010-1015. 

152. Wiesli P, Czerwenka W, Meniconi A, Maly FE, Hoffmann U, Vetter W and Schulthess 
G (2002) Roxithromycin treatment prevents progression of peripheral arterial 
occlusive disease in Chlamydia pneumoniae seropositive men: a randomized, 
double-blind, placebo-controlled trial. Circulation. 105: 2646-2652. 

153. Andraws R, Berger JS and Brown DL (2005) Effects of antibiotic therapy on 
outcomes of patients with coronary artery disease: a meta-analysis of randomized 
controlled trials. Jama. 293: 2641-2647. 

154. Raetz CR (1990) Biochemistry of endotoxins. Annu Rev Biochem. 59: 129-170. 
155. Cohen J (2002) The immunopathogenesis of sepsis. Nature. 420: 885-891. 
156. Dobrovolskaia MA and Vogel SN (2002) Toll receptors, CD14, and macrophage 

activation and deactivation by LPS. Microbes Infect. 4: 903-914. 
157. Van Amersfoort ES, Van Berkel TJ and Kuiper J (2003) Receptors, mediators, and 

mechanisms involved in bacterial sepsis and septic shock. Clin Microbiol Rev. 16: 
379-414. 

158. Dixon DR and Darveau RP (2005) Lipopolysaccharide heterogeneity: innate host 
responses to bacterial modification of lipid a structure. J Dent Res. 84: 584-595. 

159. Schumann RR, Leong SR, Flaggs GW, Gray PW, Wright SD, Mathison JC, Tobias 
PS and Ulevitch RJ (1990) Structure and function of lipopolysaccharide binding 
protein. Science. 249: 1429-1431. 

160. da Silva Correia J, Soldau K, Christen U, Tobias PS and Ulevitch RJ (2001) 
Lipopolysaccharide is in close proximity to each of the proteins in its membrane 
receptor complex. transfer from CD14 to TLR4 and MD-2. J Biol Chem. 276: 21129-
21135. 

161. Triantafilou M and Triantafilou K (2005) The dynamics of LPS recognition: complex 
orchestration of multiple receptors. J Endotoxin Res. 11: 5-11. 

162. Zhang FX, Kirschning CJ, Mancinelli R, Xu XP, Jin Y, Faure E, Mantovani A, Rothe 
M, Muzio M and Arditi M (1999) Bacterial lipopolysaccharide activates nuclear factor-
kappaB through interleukin-1 signaling mediators in cultured human dermal 
endothelial cells and mononuclear phagocytes. J Biol Chem. 274: 7611-7614. 

163. Palsson-McDermott EM and O'Neill LA (2004) Signal transduction by the 
lipopolysaccharide receptor, Toll-like receptor-4. Immunology. 113: 153-162. 

164. Zeuke S, Ulmer AJ, Kusumoto S, Katus HA and Heine H (2002) TLR4-mediated 
inflammatory activation of human coronary artery endothelial cells by LPS. 
Cardiovasc Res. 56: 126-134. 

165. Jersmann HP, Hii CS, Ferrante JV and Ferrante A (2001) Bacterial 
lipopolysaccharide and tumor necrosis factor alpha synergistically increase 
expression of human endothelial adhesion molecules through activation of NF-
kappaB and p38 mitogen-activated protein kinase signaling pathways. Infect Immun. 
69: 1273-1279. 

166. Colucci M, Balconi G, Lorenzet R, Pietra A, Locati D, Donati MB and Semeraro N 
(1983) Cultured human endothelial cells generate tissue factor in response to 
endotoxin. J Clin Invest. 71: 1893-1896. 

 32



General introduction 

167. Wang HY, Qu P, Lu S, Liu M and Jiang H (2005) [The effect of TLR4/NF-kappaB 
activation and LOX-1 on monocyte adhesion to endothelium]. Zhonghua Xin Xue 
Guan Bing Za Zhi. 33: 827-831. 

168. Erdogan A, Schaefer CA, Most AK, Schaefer MB, Mayer K, Tillmanns H and 
Kuhlmann CR (2006) Lipopolysaccharide-induced proliferation and adhesion of 
U937 cells to endothelial cells involves barium chloride sensitive hyperpolarization. J 
Endotoxin Res. 12: 224-230. 

169. Funk JL, Feingold KR, Moser AH and Grunfeld C (1993) Lipopolysaccharide 
stimulation of RAW 264.7 macrophages induces lipid accumulation and foam cell 
formation. Atherosclerosis. 98: 67-82. 

170. LaMarre J, Wolf BB, Kittler EL, Quesenberry PJ and Gonias SL (1993) Regulation of 
macrophage alpha 2-macroglobulin receptor/low density lipoprotein receptor-related 
protein by lipopolysaccharide and interferon-gamma. J Clin Invest. 91: 1219-1224. 

171. Baranova I, Vishnyakova T, Bocharov A, Chen Z, Remaley AT, Stonik J, Eggerman 
TL and Patterson AP (2002) Lipopolysaccharide down regulates both scavenger 
receptor B1 and ATP binding cassette transporter A1 in RAW cells. Infect Immun. 
70: 2995-3003. 

172. Liao W, Rudling M and Angelin B (1999) Endotoxin suppresses mouse hepatic low-
density lipoprotein-receptor expression via a pathway independent of the toll-like 
receptor 4. Hepatology. 30: 1252-1256. 

173. Weitkamp B, Cullen P, Plenz G, Robenek H and Rauterberg J (1999) Human 
macrophages synthesize type VIII collagen in vitro and in the atherosclerotic plaque. 
Faseb J. 13: 1445-1457. 

174. Uyttenhove C, Simpson RJ and Van Snick J (1988) Functional and structural 
characterization of P40, a mouse glycoprotein with T-cell growth factor activity. Proc 
Natl Acad Sci U S A. 85: 6934-6938. 

175. Van Snick J, Goethals A, Renauld JC, Van Roost E, Uyttenhove C, Rubira MR, 
Moritz RL and Simpson RJ (1989) Cloning and characterization of a cDNA for a new 
mouse T cell growth factor (P40). J Exp Med. 169: 363-368. 

176. Renauld JC, Goethals A, Houssiau F, Van Roost E and Van Snick J (1990) Cloning 
and expression of a cDNA for the human homolog of mouse T cell and mast cell 
growth factor P40. Cytokine. 2: 9-12. 

177. Dugas B, Renauld JC, Pene J, Bonnefoy JY, Peti-Frere C, Braquet P, Bousquet J, 
Van Snick J and Mencia-Huerta JM (1993) Interleukin-9 potentiates the interleukin-4-
induced immunoglobulin (IgG, IgM and IgE) production by normal human B 
lymphocytes. Eur J Immunol. 23: 1687-1692. 

178. Pilette C, Ouadrhiri Y, Van Snick J, Renauld JC, Staquet P, Vaerman JP and Sibille 
Y (2002) Oxidative burst in lipopolysaccharide-activated human alveolar 
macrophages is inhibited by interleukin-9. Eur Respir J. 20: 1198-1205. 

179. Kimura Y, Takeshita T, Kondo M, Ishii N, Nakamura M, Van Snick J and Sugamura 
K (1995) Sharing of the IL-2 receptor gamma chain with the functional IL-9 receptor 
complex. Int Immunol. 7: 115-120. 

180. Knoops L and Renauld JC (2004) IL-9 and its receptor: from signal transduction to 
tumorigenesis. Growth Factors. 22: 207-215. 

181. Nicolaides NC, Holroyd KJ, Ewart SL, Eleff SM, Kiser MB, Dragwa CR, Sullivan CD, 
Grasso L, Zhang LY, Messler CJ, Zhou T, Kleeberger SR, Buetow KH and Levitt RC 
(1997) Interleukin 9: a candidate gene for asthma. Proc Natl Acad Sci U S A. 94: 
13175-13180. 

182. Zhou Y, McLane M and Levitt RC (2001) Th2 cytokines and asthma. Interleukin-9 as 
a therapeutic target for asthma. Respir Res. 2: 80-84. 

183. Temann UA, Geba GP, Rankin JA and Flavell RA (1998) Expression of interleukin 9 
in the lungs of transgenic mice causes airway inflammation, mast cell hyperplasia, 
and bronchial hyperresponsiveness. J Exp Med. 188: 1307-1320. 

184. McLane MP, Haczku A, van de Rijn M, Weiss C, Ferrante V, MacDonald D, Renauld 
JC, Nicolaides NC, Holroyd KJ and Levitt RC (1998) Interleukin-9 promotes allergen-
induced eosinophilic inflammation and airway hyperresponsiveness in transgenic 
mice. Am J Respir Cell Mol Biol. 19: 713-720. 

185. Kung TT, Luo B, Crawley Y, Garlisi CG, Devito K, Minnicozzi M, Egan RW, Kreutner 
W and Chapman RW (2001) Effect of anti-mIL-9 antibody on the development of 
pulmonary inflammation and airway hyperresponsiveness in allergic mice. Am J 
Respir Cell Mol Biol. 25: 600-605. 

 
 

 33



Chapter 1 

186. Cheng G, Arima M, Honda K, Hirata H, Eda F, Yoshida N, Fukushima F, Ishii Y and 
Fukuda T (2002) Anti-interleukin-9 antibody treatment inhibits airway inflammation 
and hyperreactivity in mouse asthma model. Am J Respir Crit Care Med. 166: 409-
416. 

187. McMillan SJ, Bishop B, Townsend MJ, McKenzie AN and Lloyd CM (2002) The 
absence of interleukin 9 does not affect the development of allergen-induced 
pulmonary inflammation nor airway hyperreactivity. J Exp Med. 195: 51-57. 

188. Vink A, Renauld JC, Warnier G and Van Snick J (1993) Interleukin-9 stimulates in 
vitro growth of mouse thymic lymphomas. Eur J Immunol. 23: 1134-1138. 

189. Merz H, Houssiau FA, Orscheschek K, Renauld JC, Fliedner A, Herin M, Noel H, 
Kadin M, Mueller-Hermelink HK, Van Snick J and et al. (1991) Interleukin-9 
expression in human malignant lymphomas: unique association with Hodgkin's 
disease and large cell anaplastic lymphoma. Blood. 78: 1311-1317. 

190. Nagato T, Kobayashi H, Kishibe K, Takahara M, Ogino T, Ishii H, Oikawa K, Aoki N, 
Sato K, Kimura S, Shimizu N, Tateno M and Harabuchi Y (2005) Expression of 
interleukin-9 in nasal natural killer/T-cell lymphoma cell lines and patients. Clin 
Cancer Res. 11: 8250-8257. 

191. Renauld JC, Vink A, Louahed J and Van Snick J (1995) Interleukin-9 is a major anti-
apoptotic factor for thymic lymphomas. Blood. 85: 1300-1305. 

192. Arendse B, Van Snick J and Brombacher F (2005) IL-9 is a susceptibility factor in 
Leishmania major infection by promoting detrimental Th2/type 2 responses. J 
Immunol. 174: 2205-2211. 

193. Fallon PG, Smith P, Richardson EJ, Jones FJ, Faulkner HC, Van Snick J, Renauld 
JC, Grencis RK and Dunne DW (2000) Expression of interleukin-9 leads to Th2 
cytokine-dominated responses and fatal enteropathy in mice with chronic 
Schistosoma mansoni infections. Infect Immun. 68: 6005-6011. 

194. Grohmann U, Van Snick J, Campanile F, Silla S, Giampietri A, Vacca C, Renauld 
JC, Fioretti MC and Puccetti P (2000) IL-9 protects mice from Gram-negative 
bacterial shock: suppression of TNF-alpha, IL-12, and IFN-gamma, and induction of 
IL-10. J Immunol. 164: 4197-4203. 

195. Pilette C, Ouadrhiri Y, Van Snick J, Renauld JC, Staquet P, Vaerman JP and Sibille 
Y (2002) IL-9 inhibits oxidative burst and TNF-alpha release in lipopolysaccharide-
stimulated human monocytes through TGF-beta. J Immunol. 168: 4103-4111. 

196. Faulkner H, Humphreys N, Renauld JC, Van Snick J and Grencis R (1997) 
Interleukin-9 is involved in host protective immunity to intestinal nematode infection. 
Eur J Immunol. 27: 2536-2540. 

197. Khan WI, Richard M, Akiho H, Blennerhasset PA, Humphreys NE, Grencis RK, Van 
Snick J and Collins SM (2003) Modulation of intestinal muscle contraction by 
interleukin-9 (IL-9) or IL-9 neutralization: correlation with worm expulsion in murine 
nematode infections. Infect Immun. 71: 2430-2438. 

198. Lejeune D, Demoulin JB and Renauld JC (2001) Interleukin 9 induces expression of 
three cytokine signal inhibitors: cytokine-inducible SH2-containing protein, 
suppressor of cytokine signalling (SOCS)-2 and SOCS-3, but only SOCS-3 
overexpression suppresses interleukin 9 signalling. Biochem J. 353: 109-116. 

199. Lu LF, Lind EF, Gondek DC, Bennett KA, Gleeson MW, Pino-Lagos K, Scott ZA, 
Coyle AJ, Reed JL, Van Snick J, Strom TB, Zheng XX and Noelle RJ (2006) Mast 
cells are essential intermediaries in regulatory T-cell tolerance. Nature. 442: 997-
1002. 

200. Fiorentino DF, Bond MW and Mosmann TR (1989) Two types of mouse T helper 
cell. IV. Th2 clones secrete a factor that inhibits cytokine production by Th1 clones. J 
Exp Med. 170: 2081-2095. 

201. Asadullah K, Sterry W and Volk HD (2003) Interleukin-10 therapy--review of a new 
approach. Pharmacol Rev. 55: 241-269. 

202. Moore KW, de Waal Malefyt R, Coffman RL and O'Garra A (2001) Interleukin-10 and 
the interleukin-10 receptor. Annu Rev Immunol. 19: 683-765. 

203. Beebe AM, Cua DJ and de Waal Malefyt R (2002) The role of interleukin-10 in 
autoimmune disease: systemic lupus erythematosus (SLE) and multiple sclerosis 
(MS). Cytokine Growth Factor Rev. 13: 403-412. 

204. Vicari AP and Trinchieri G (2004) Interleukin-10 in viral diseases and cancer: exiting 
the labyrinth? Immunol Rev. 202: 223-236. 

 
 
 

 34



General introduction 

205. Mallat Z, Heymes C, Ohan J, Faggin E, Leseche G and Tedgui A (1999) Expression 
of interleukin-10 in advanced human atherosclerotic plaques: relation to inducible 
nitric oxide synthase expression and cell death. Arterioscler Thromb Vasc Biol. 19: 
611-616. 

206. Liu Y, Li D, Chen J, Xie J, Bandyopadhyay S, Zhang D, Nemarkommula AR, Liu H, 
Mehta JL and Hermonat PL (2006) Inhibition of atherogenesis in LDLR knockout 
mice by systemic delivery of adeno-associated virus type 2-hIL-10. Atherosclerosis. 
188: 19-27. 

207. Yoshioka T, Okada T, Maeda Y, Ikeda U, Shimpo M, Nomoto T, Takeuchi K, 
Nonaka-Sarukawa M, Ito T, Takahashi M, Matsushita T, Mizukami H, Hanazono Y, 
Kume A, Ookawara S, Kawano M, Ishibashi S, Shimada K and Ozawa K (2004) 
Adeno-associated virus vector-mediated interleukin-10 gene transfer inhibits 
atherosclerosis in apolipoprotein E-deficient mice. Gene Ther. 11: 1772-1779. 

208. Caligiuri G, Rudling M, Ollivier V, Jacob MP, Michel JB, Hansson GK and Nicoletti A 
(2003) Interleukin-10 deficiency increases atherosclerosis, thrombosis, and low-
density lipoproteins in apolipoprotein E knockout mice. Mol Med. 9: 10-17. 

209. Potteaux S, Deleuze V, Merval R, Bureau MF, Esposito B, Scherman D, Tedgui A 
and Mallat Z (2006) In vivo electrotransfer of interleukin-10 cDNA prevents 
endothelial upregulation of activated NF-kappaB and adhesion molecules following 
an atherogenic diet. Eur Cytokine Netw. 17: 13-18. 

210. Mostafa Mtairag E, Chollet-Martin S, Oudghiri M, Laquay N, Jacob MP, Michel JB 
and Feldman LJ (2001) Effects of interleukin-10 on monocyte/endothelial cell 
adhesion and MMP-9/TIMP-1 secretion. Cardiovasc Res. 49: 882-890. 

211. Lacraz S, Nicod LP, Chicheportiche R, Welgus HG and Dayer JM (1995) IL-10 
inhibits metalloproteinase and stimulates TIMP-1 production in human mononuclear 
phagocytes. J Clin Invest. 96: 2304-2310. 

212. de Waal Malefyt R, Abrams J, Bennett B, Figdor CG and de Vries JE (1991) 
Interleukin 10(IL-10) inhibits cytokine synthesis by human monocytes: an 
autoregulatory role of IL-10 produced by monocytes. J Exp Med. 174: 1209-1220. 

213. Bogdan C, Vodovotz Y and Nathan C (1991) Macrophage deactivation by interleukin 
10. J Exp Med. 174: 1549-1555. 

214. Rubic T and Lorenz RL (2006) Downregulated CD36 and oxLDL uptake and 
stimulated ABCA1/G1 and cholesterol efflux as anti-atherosclerotic mechanisms of 
interleukin-10. Cardiovasc Res. 69: 527-535. 

 

 35



 

 

 36


	Chapter 1
	GENERAL INTRODUCTION
	ATHEROSCLEROSIS
	Monocyte infiltration and differentiation
	Foam cell formation




