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ABSTRACT
Wågsäter, D. (2005) CXCL16 and CD137 in Atherosclerosis. (CXCL16 och CD137
i ateroskleros). Written in english. Örebro Studies in Medicine 5. 77 pp.

Atherosclerosis is a progressive inflammatory disease that is characterized by
the accumulation of lipids, infiltrated cells and fibrous elements in large arteries.

This thesis focuses on the molecular mechanisms behind foam cell forma-
tion and inflammation, two central processes in the development of atheros-
clerosis. More specific, we studied the effects of proinflammatory cytokines on
CXCL16 expression and its role as scavenger receptor on macrophages and
smooth muscle cells in atherogenesis. CXCL16 is defined as a chemokine and
a scavenger receptor, regulating adhesion and chemoattraction of CXCR6
expressing cells and uptake of oxLDL. We show that the expression of CXCL16
and its receptor CXCR6 are more pronounced in human atherosclerotic lesions
compared with non-atherosclerotic vessels. Increased expression of CXCL16
was also seen in atherosclerotic aortas of apoE-/- mice compared with aortas of
non-atherosclerotic, age-matched C57BL/6 mice. In vitro, IFN-γ induced
CXCL16 expression in primary human monocytes and smooth muscle cells
which resulted in an increased uptake of oxLDL. Treatment of mice with IFN-
γ also induced CXCL16 expression in atherosclerotic lesions. Thus, we have
demonstrated a role for IFN-γ in foam cell formation through upregulation of
CXCL16. The expression of CXCR6 was defined to the same regions as for
CXCL16 in the lesion, indicating the presence of cells able to respond to
CXCL16. Consequently, CXCL16 could serve as a molecular link between
lipid metabolism and immune activity in atherosclerotic lesion.

CD137 belongs to the TNF family and mediates several important processes
in inflammation. CD137 is involved in the activation of T cells, NK cells, B
cells and monocytes and regulate cytokine production, proliferation and
apoptosis in these cell types. A limited number of studies have demonstrated
CD137 expression on smooth muscle cells and endothelial cells. Our results
show that CD137 mRNA is higher expressed in human atherosclerotic lesions
compared with unaffected vessels. We found that endothelial cells express
CD137 in atherosclerotic lesions and that cultured endothelial cells and smooth
muscle cells express CD137 and CD137 ligand in vitro. CD137 was regulated
differentially by proinflammatory cytokines (i.e. IFN-γ, TNF-α, IL-1β) and
bacterial lipopolysaccharide depending on cell type. Furthermore, we
investigated the effects of CD137 signalling, demonstrating that binding of the
CD137 ligand to its receptor increases proliferation and migration of smooth
muscle cells.

In summary, this thesis has focused on the expression, regulation and role of
CXCL16 and CD137, two genes that have not been described earlier in the
concept of atherosclerosis. The findings demonstrate some of the molecular
mechanisms involved in vascular inflammation and may increase our
knowledge about the development of atherosclerosis.

Key words: atherosclerosis, chemokine, cytokine, endothelial cells, inflammation,
low-density lipoprotein, macrophages, scavenger receptor, smooth muscle cells.
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SAMMANFATTNING
Ateroskleros är en progressiv inflammatorisk sjukdom som karaktäriseras av
ackumulering av lipider, infiltrerade celler och fibrösa element i de stora
artärerna. Den aterosklerotiska processen involverar primärt endotelceller, T
celler, makrofager och glattmuskelceller.

Denna avhandling innehåller data från studier av de molekylära mekanis-
mer som är delaktiga vid skumcellsbildning och inflammation i sjukdoms-
framkallande processer av ateroskleros. Arbetet fokuserar på de reglerande
effekterna av olika proinflammatoriska cytokiner på CXCL16 uttrycket, samt
rollen av CXCL16 i aterogenesen som en ”scavenger receptor” hos makro-
fager och glattmuskelceller. CXCL16 är definierad som en kemokin och ”sca-
venger receptor” som reglerar vidhäftningsförmåga och migration av CXCR6
uttryckande celler samt upptag av oxLDL. Studierna visar att uttrycket av
CXCL16 och dess receptor CXCR6 är mer uttalad i humana blodkärl med
ateroskleros jämfört med icke aterosklerotiska kärl. CXCL16 uttrycks även
högre i aterosklerotisk aorta från apoE-/- möss jämfört med aorta från icke
aterosklerotiska åldersmatchade C57BL/6 möss. Vi visar att IFN-γ inducerar
CXCL16 uttrycket i primära humana monocyter och glattmuskelceller in vitro,
vilket orsakar ett ökat upptag av oxLDL. Behandling av möss med IFN-γ ökar
även CXCL16 uttrycket i aterosklerotiska muslesioner. På så vis har vi påvisat
en allmän roll för IFN-γ i skumcellsbildning genom uppreglering av CXCL16.
Uttryck av CXCR6 i angränsning till CXCL16 i lesionerna bekräftar förekom-
sten av celler som kan reagera med CXCL16. CXCL16 kan följaktligen funge-
ra som en molekylär länk mellan lipidmetabolism och immunaktivitet i den
aterosklerotiska lesionen.

CD137 tillhör TNF familjen och spelar en viktig roll vid inflammation.
CD137 är involverad i aktivering av T celler, NK celler, B celler och monocyter
och reglerar proliferation, apoptos och produktion av cytokiner. Ett fåtal stu-
dier har påvisat uttryck av CD137 till glattmuskelceller och endotelceller. Våra
resultat visar att CD137 uttrycket är förhöjt i kärl med ateroskleros jämfört
med icke aterosklerotiska kärl. Vi fann att endotelceller uttrycker CD137 i
aterosklerotiska lesioner samt att endotelceller och glattmuskelceller uttrycker
CD137 och CD137 ligand in vitro. CD137 reglerades olika av proinflam-

terier beroende på celltyp. Effekterna av CD137 signalering undesöktes även
och visar att bindning av CD137 ligand till dess receptor ökar proliferation
och migration av glattmuskelceller. Sammantaget så föreslår resultaten att
CD137 är involverat i händelser som är viktiga för vaskulär remodellering.

Sammanfattningsvis så har arbetet i denna avhandling fokuserat på uttrycket,
regleringen och funktionen av CXCL16 och CD137, två gener som tidigare
inte har studerats i ateroskleros. Resultaten från denna avhandling kan således
belysa några av de molekylära mekanismer som är involverade i vaskulär in-
flammation och därigenom öka förståelsen för hur gener och cytokiner bidrar
till patogenesen av ateroskleros.

matoriska cytokiner (IFN-γ, TNF-α och IL-1β) och lipopolysackarid från bak-
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Introduction

1 Atherosclerosis
Atherosclerosis is a slow progressive disease characterized by the accumulation
of lipids and fibrous elements in the large arteries and is the principal cause of
death in the Western world 1-3.

Atherosclerosis originates from the Greek words athero (gruel or paste) and
sclerein (hardness). Atherosclerosis is a slow, complex disease that typically
starts in childhood with fatty streak. The process then progresses from small
fibro fatty plaques to complicated lesions that are due to further accumulation
of lipids and cell debris4. Most of the damage occurs when the plaques become
fragile and rupture, which frequently results in a severe outcome such as heart
attack, stroke or claudicatio intermittens 5, 6.

Epidemiological studies have identified several risk factors associated with
atherosclerosis (Table 1). Evidence indicates that by reducing some of these
factors (such as physical inactivity, obesity and cigarette smoking), morbidity
and mortality associated with atherosclerosis can be significantly reduced 7-9.
However, a considerable proportion of cardiovascular events occur in individu-
als without these controllable risk factors. The reasons for this are multifold
and may depend on genetic factors. Most cases of atherosclerosis result from
the interactions of multiple genetic and environmental factors 10. For example,
there is ample evidence that even modest elevations of blood pressure,
cholesterol and glucose levels combine to place individuals at risk for
cardiovascular diseases 11-13.

table 1. Risk factors for atherosclerosis

Genetic
Autoimmune disease
High blood pressure
High blood cholesterol
Diabetes mellitus
Cigarette smoking and exposure to tobacco smoke
Obesity
Physical inactivity

1.1  Historical perspective of atherosclerosis

Atherosclerosis has drawn the attention to investigators for over 2500 years.
The ancient Greeks documented the typical symptoms of peripheral arterial
disease approximately 300BC. The presence of calcified atherosclerotic lesions
was suggested already in 1575. In 1914, Anitschkow first described the role of
cholesterol accumulation in the vessel wall for the development of atheros-
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clerosis, including the identification of foam cells 14. During this time, it was
proposed that the lesions of atherosclerosis result from some forms of injury to
the arterial wall 15. At the same time, it was suggested that the intimal thickening
was due to the deposition of blood elements.

The link between lipids and atherosclerosis dominated our thinking until
the 1970s and experimental and clinical relationships between hyper-
cholesterolemia and atheroma strengthened this hypothesis 16. In the 1970s
and 1980s, the clinical problem of restenosis following arterial intervention
because of proliferation reinforced the interest in vascular growth control and
thus the focus went to growth factors and proliferation of smooth muscle cells.
A fusion of these views led to the concept of the atheroma as a graveyard of a
cellular lipid debris covered by a capsule of proliferated smooth muscle cells.

More recently research has focused on the role of inflammation in atheros-
clerosis. The current concept that inflammation and the immune response
contribute to atherogenesis has gained increased interest 1,17. Initiation of in-
flammation may link hyperlipidemia to atherogenesis 18. Epidemiological
studies of patients with autoimmune disorders support the association between
immunity and atherosclerosis. Patients with rheumatoid arthritis have up to a
5-fold increase in cardiovascular morbidity and mortality and patients with
systemic lupus erythematosus exhibit an even higher increase in cardiovascular
disease 19-21. The focus is now turned towards the inflammatory mechanisms in
atherosclerosis.

1.2  Pathogenesis of atherosclerosis

The pathogenesis of atherosclerosis is divided into the following stages in this
thesis: normal artery, early-, intermediate- and advanced atherosclerotic lesions
and plaque disruption.

1.2.1  Normal artery
Arteries are made up of three distinct layers: tunica intima, tunica media and
tunica externa (Figure 1). Tunica intima forms the innermost layer (luminal
surface) lined by endothelial cells. Tunica media is the thickest layer consisting
of elastic fibers and smooth muscle cells. A thin layer of elastin separates the
tunica intima and tunica media. Tunica externa consists of elastic connective
collagen fibers 22.
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figure 1. Structure of an artery. Adapted from Fox 22.
The structure of arteries is briefly described consisting of three distinct layers of tunica
containing endothelial cells, smooth muscle cells and connective tissue.

1.2.2  Early atherosclerotic lesion
The atherosclerotic lesion begins with the formation of a fatty streak (Figure
2)23, a process primarily involving endothelial cells, T cells, macrophages and
smooth muscle cells 24.

Vascular endothelial cells separate circulating blood from surrounding tissue
and form the inner surface of all blood vessels (Figure 1). The strategic localization

vascular function25,26.
The lesions occur in the tunica intima between the endothelium and tunica

media of arteries (Figure 1). Atherosclerosis develops mainly in large- and me-
dium-sized arteries (such as the aorta, carotid, coronary and peripheral arteries),
especially at sites for bifurcation. The earliest atherosclerotic lesions can already
be found in young children. The precise mechanisms of initiation and growth
of the atherosclerotic plaque are still unclear. Some of the critical events in the
early stages of atherosclerosis are endothelial dysfunction and activation 27,
which are believed to start as a result of a dynamic interaction between the
blood vessel wall and the flowing blood. The balance of vasoactive substances
is disrupted in endothelial dysfunction, resulting in increased permeability and
perturbation in the regulation of vascular tone 28. The increased permeability

 

Tunica intima 
(endothelial cells)   

(elastin) 
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(smooth muscle cells)     
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(fibrous connective tissue)   

of the endothelium provides it with an important role in the regulation of
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leads to the influx of circulating lipids (e.g., low-density lipoproteins, LDL)
into the intima where they may be oxidatively modified, which further enhance
the activation of the endothelium. This is supported by the findings that an
atherogenic diet induces blood leukocyte attachment to the endothelial cells
and migration into the intima 1,18,29. Activated vascular endothelial cells produce
factors that may induce the migration, activation and differentiation of
monocytes, as well as induction of receptors for the uptake of modified
lipoproteins 30-32. Injured endothelial cells may also secrete cytokines that are
chemotactic for smooth muscle cells, which migrate from the media to the
intima and proliferate causing smooth muscle cell accumulation 33.

The factors responsible for this inflammation are numerous, but involves
cytokines (e.g., interleukin, IL 1 and tumor necrosis factor, TNF α), chemokines
(e.g., monocyte chemoattractant protein, MCP 1) and adhesion molecules (e.g.,
intracellular adhesion molecule, ICAM, vascular cell adhesion molecule, VCAM
and P-selectin) 1,34,35.

The accumulation of foam cells (i.e. cholesterol loaded macrophages and
smooth muscle cells) is a dominant feature of early stages of human
atherosclerosis 4. Macrophages are phagocytes and express scavenger receptors
responsible for the uptake of oxidized LDL (oxLDL), and account for
approximately 80% of the infiltrated cells seen in the early lesion 36,37. Intimal
smooth muscle cells may also participate in the uptake of lipoproteins through
the actions of native lipoprotein receptors or scavenger receptors 38,39.
Macrophages also produce cytokines, proteolytic enzymes and growth factors
contributing to the inflammatory environment in the atherosclerotic lesion 32.
Experiments have shown that the atheroslcerotic lesions are four to ten times
smaller in mice with reduced number of macrophages, indicating a central role
for these cells in the development of atherosclerosis 40,41.

Particularly noteworthy is that autoantibodies against modified LDL are
found in blood and lesions of human and animal models suggesting involvement
of the aquired immunity in atherosclerosis 42-45. The titer of autoantibodies
against oxLDL is correlated with the progression of the disease and could serve
as an independent predictor of the development of carotid atherosclerosis 43,46-48

Infiltration of T cell into plaques is thought to be an early event in
atherogenesis, suggesting a role for T cells in the initiation of atherosclerosis
49,50. In early atherosclerotic lesions, approximately 10 to 20% of the infiltrated
cells are T cells 36. Cluster of differentiation (CD) 8+ T cells are predominantly
present in early human atherosclerotic lesions, whereas activated CD4+ memory
cells are mainly detected in advanced lesions 51-53. Activated T cells are prolife-
rating and secrete cytokines such as interferon (IFN) γ that play important
roles in the development of atherosclerosis 49. The importance of T cells in the
atherogenesis was shown by the finding that atherosclerotic apoE-/- knockout
mice lacking T cells develops smaller atherosclerotic lesions when compared
with immunocompetent apoE-/- control mice 54.
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1.2.3 Intermediate atherosclerotic lesion
In general, accumulation of blood-derived cells increases in intermediate
atherosclerotic lesion, as well as the inflammatory response (Figure 2) 32.
Activated smooth muscle cells continue to migrate from the media to the intima
and extracellular lipid deposits, originating from foam cells, appear. In this
stage, there is usually still no thickening of the arterial wall causing narrowing
of the lumen 55.

1.2.4 Advanced atherosclerotic lesion
Macrophages, foam cells and CD4+ T cells are more abundant in the advanced
atherosclerotic lesion. Different research groups have independently confirmed
the importance of T cells in the etiology of atherosclerosis. Transfer of CD4+ T
cells from atherosclerotic donors into immunodeficient recipients lacking T and
B cells aggravates the atherosclerotic process 54. The inflammation in the
atheroclerotic lesion proceeds by continuous lipid accumulation, cytokine
production and expression of adhesion molecules. Remodeling of the lesions
in the advance stage occurs with the formation of a fibrous cap on the luminal
surface (Figure 2) 17. The fibrous cap is formed by smooth muscle cells and
dense connective tissue. Intimal smooth muscle cells produce collagen and
fibronectin, which are the major extracellular components in advanced lesions
55. Beneath the fibrous cap, the fatty streak has now expanded to a lipid core
consisting of necrotic tissue and debris. Stable lesions consist of a thick fibrous
cap that only rarely rupture (Figure 3).
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figure 2. Pathogenesis of atherosclerosis. Modified from Lucas and Greaves 56.

a. Normal artery. LDL becomes modified when it diffuses from the vessel lu-
men to the intima.

b. Early atherosclerotic lesion. Oxidized LDL activates endothelial cells to
express adhesion molecules and chemokines. Leukocytes adhere and mig-
rate into the intima. Differentiated macrophages and smooth muscle cells
phagocytose oxLDL and activate T cells to secrete cytokines and chemokines,
which mediate the formation of a fatty streak.

c. Intermediate atherosclerotic lesion. Activated smooth muscle cells migrate
to the intima and increased inflammation mediates accumulation of
extracellular lipid deposits.

d. Advanced atherosclerotic lesion. Intimal smooth muscle cells forms a fibrous
cap, covering a necrotic calcified core with lipid deposits and cell debris.

e. Plaque rupture. Extracellular matrix becomes exposed to the vessel lumen
because of endothelial injury resulting in rupture of the fibrous cap, which
in turn leads to the activation of the coagulation system and subsequent
thrombus formation.

Abbreviations: LDL: low-density lipoproteins; SMC: smooth muscle cell
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1.2.5  Plaque disruption
The unbalance of collagenous matrix production of the fibrous cap renders the
structure weak and susceptible to fracture when exposed to hemodynamic
stresses 57-59. When inflammation prevails in the advanced lesions, smooth muscle
cell production of new collagen required for repair and maintenance of the
fibrous cap decreases and collagen degradation increases as a result of over
expression of active matrix metalloproteinases (MMP) by macrophages 1.
Arteries express tissue inhibitors of metalloproteinases (TIMP), which are
endogenous antagonists of MMPs. However, evidence for collagenolysis
indicates excess active forms of interstitial collagenases over the TIMPs in human
atherosclerotic plaques 58.

Multiple lines of evidence support several kinds of physical plaque disruption
during human atherogenesis, all involving thrombosis, a process that also
triggers the expansion of the lesion size 60,61.

Endothelial cells, forming the monolayer covering the intima, are affected
by small superficial erosion, a process that occurs frequently. As the
subendothelial collagen and von Willebrand factor are uncovered, platelet
adhesion and activation are granted and a thrombus is formed 72. Superficial
erosion is common and most often asymptomatic, but accounts for approx-
imately 25% of fatal coronary thromboses.

Rupture of the fibrous cap is the most common mechanism of plaque

in platelet aggregation (Figure 3) 62. Tissue factor is the main pro-thrombotic
stimulus found in the lesion’s lipid core and is predominantly expressed on
macrophages in the lesion at sites of plaque rupture 63,64. Tissue factor activates
coagulation factors resulting in conversion of prothrombin to thrombin 65,66.
The conversion of prothrombin to thrombin is inhibited by antithrombin III,
an anticoagulant that is decreased in advanced atherosclerotic lesions 67,68.
Notably, prothrombin levels are increased in advanced atherosclerotic lesions
68. A thrombus is formed when thrombin converts fibrinogen to fibrin 69. The
formed thrombus may be dissolved by the actions of plasmin, which is
converted from plasminogen by tissue plasminogen activator (t-PA) 69, that is
found in decreased levels in advanced atherosclerotic lesions 70. Plasminogen
activator inhibitor (PAI), found in elevated levels within atherosclerotic lesions
and in platelets 71, inhibits fibrinolysis through inactivation of t-PA 69. Plasmin

2
69, found in elevated levels in the lesions

70. Taken together, there is a shift in the balance of the coagulation and
fibrinolysis system in atherosclerotic lesions toward coagulation. However,
resorbtion of the mural thrombus and the release of different growth factors,

factor (PDGF), combine to stimulate a healing response that leads to fibrous
tissue formation with a remarkable smaller lumen size (Figure 3) 17.

αmay also be inhibited by   antiplasmin 

βsuch as transforming growth factor beta (TGF-  ) and platelet-derived growth

disruption, where exposure of subendothelial collagen and tissue factor results
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figure 3. Schematic diagram of plaque stabilization/rupture. Modified from Libby 1.

a. Normal artery.

b. Intermediate atherosclerotic lesion with accumulation of lipids/cell debris.

c. Vulnerable  plaque with a thin fibrous cap, large lipid pool and many inflammatory
    cells.

d. Stabilized plaque with a thick fibrous cap, small lipid pool and preserved lumen.

e. Plaque rupture causing thrombosis.

f. Healed ruptured plaque with a narrow lumen and fibrous intima.

g. Acute myocardial infarction.
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2  LDL and oxidized LDL in atherosclerosis
Cholesterol, which is important for production of bile acid and hormones and
in the building and repair of cell membranes, is found in every cell of the body.
The insolubility of cholesterol in plasma requires a special transport system of
lipoprotein particles. LDL is the major carrier of cholesterol in the blood 73.
LDL contains a lipid core of cholesteryl ester (40–44%) and triglycerides (3–
5%) that is surrounded by phospholipids (20–24%), free cholesterol (10%)
and apolipoproteins B-100 (21–26%) 74. There is a direct association with the
risk of atherosclerosis and total serum cholesterol and LDL cholesterol levels
75,76. More than 70% of the patients with familial hypercholesterolemia develop
coronary heart disease. Studies in experimental animal models, such as
hypercholesterolemic rabbits, swine, primates and most recently apoE-/- mice
and LDL receptor knockout (LDLR-/-) mice, also provide evidence that the
severity of atherosclerosis has a direct correlation with serum cholesterol or
LDL level 18,72,76-82. Cellular cholesterol homeostasis is maintained by the
scavenger receptor SR-BI and ATP-binding cassette transporter A (ABCA) 1,
both of which mediate cholesterol efflux 83,84. By reducing the fat intake or by
administrating lipid lowering agents that decrease cholesterol absorption or
synthesis, the atherosclerotic lesion may be reversed 85.

It has become evident that native LDL itself does not induce features
associated with atherosclerosis; instead, oxidative modification of LDL, because
its components are highly proinflammatory and proatherogenic, has been
suggested to play an important role in the development of atherosclerosis 86-90.
All vascular cell types have been shown to mediate LDL oxidation in vitro, but
metal ions are frequently used to study the oxidation of LDL in vitro and may
also be of importance in vivo 91-93. However, there are still uncertainties about
the mechanism of LDL oxidation in vivo. The actions of LDL depend on the
degree of the modification: for example minimally modified LDL induces
endothelium to express adhesion molecules and cytokines activating monocytes,
whereas highly modified LDL may injure cells 94-99. Some evidence for the
existence of oxLDL in atherosclerosis is that oxLDL and antibodies to oxLDL
can be detected in atherosclerotic patients 42-44,100. The atherogenic effects of
oxLDL most likely arise from the accumulation in the arterial wall 23. The
activation of endothelial cells by oxLDL has been shown to induce
proatherogenic genes such as endothelial-leukocyte adhesion molecules (i.e.
ICAM, VCAM) and smooth muscle growth factors (i.e. PDGF), and interfere
with endothelium-mediated relaxation 29,101,102. Oxidized LDL may also promote
clotting by increasing tissue factor in endothelial cells and macrophages, as
well as PAI in endothelial cells 103. Furthermore, oxLDL attracts monocytes,
macrophages and T cells, promotes foam cell formation and injures cells by
necrotic and apoptotic pathways 93,104-106. Immunization or induction of neona-
tal tolerance to oxLDL can inhibit the lesion progression 107-110. Evidently, the
response to oxLDL plays a pathogenetic role in atherosclerosis.
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3  Scavenger receptors in atherosclerosis
Macrophages and smooth muscle cells take up oxLDL by scavenger receptors,
a process that promotes foam cell formation 37,111,112. Unlike the LDL receptor,
scavenger receptors are not downregulated by increased intracellular cholesterol
levels resulting in uncontrolled lipid loading in the cell and subsequently foam
cell formation 113.

Scavenger receptors are evolutionarily conserved membrane receptors with
pattern recognition properties 114, suggesting that scavenger receptors play
important roles in the innate immune system 115-120. They were originally defined
by their ability to bind and internalize acetylated LDL or oxLDL with high
affinity 37,121 and were later found  to mediate the binding of lipid residues of
membranes expressed by apoptotic cells or bacteria 114,122. The first oxLDL
receptor to be cloned and characterized was SR-A 123 (Table 2). This receptor
was followed by others such as CD36 124, SR-BI 125, CD68 126, scavenger recep-
tor expressed by endothelial cells (SREC) I 127, lectin-like oxidized low-density
lipoprotein receptor (LOX-1)128, scavenger receptor that binds phosphatidylserine
and oxidized lipoprotein (SR-PSOX), which is also a chemokine referred as
CXCL16 129.

table 2. Scavenger receptors identified in atherosclerotic lesions

Class Member Cells in lesions References

SR-A SR-A I, II, III MØ, SMC 130-132

SR-B SR-BI MØ 133

CD36 MØ, SMC 134-136

SR-D CD68 MØ, SMC 137,138

SR-E LOX-1 EC, MØ, SMC 139

Others CXCL16 MØ, SMC 140-142

Abbreviations: CD: cluster of differentiation; EC: endothelial cells; LOX: lectin-like
oxidized low-density lipoprotein receptor; MØ: macrophages; SMC: smooth muscle
cells; SR: scavenger receptor.

3.1  SR-A

SR-A recognizes acetylated and oxidized LDL and is expressed by smooth muscle
cells and macrophages found in atherosclerotic lesions predominantly by the
latter cell type 37,130-132. SR-A expression is upregulated by oxLDL, TNF-α and
IFN-γ in smooth muscle cells and by oxLDL in macrophages 143,144. In contrast,
SR-A expression is downregulated by IFN-γ in macrophages 115. The role of
SR-A in atherogenesis was investigated with SR-A and apoE or LDLR compound
knockout mouse. Although the results showed a reduced lesion size, they also
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indicated an increase susceptibility to infection 145,146. It was later shown that
SR-A is involved in antigen presentation of modified mouse serum albumin
and oxLDL to T cells, and SR-A may therefore play a role in initiating the
adaptive immunity 147,148.

3.2  CD36

CD36 belongs to the class B scavenger receptor family and plays an important
role in the disease promoting processes of atherosclerosis by mediating the
uptake of oxLDL 124. CD36 recognizes lipid and protein moieties of oxLDL
but delipidated oxLDL does not bind 149. CD36 is expressed by a number of
cells, including macrophages and smooth muscle cells in atherosclerotic lesions
134,136,150,151. In particular, CD36 expression has been studied most extensively
on macrophages, where it is downregulated by IFN-γ and induced by oxLDL
through peroxisome proliferator-activated receptor (PPAR) γ 137,152-154.
Macrophages from subjects with inherited CD36 deficiency exhibit a 40%
decreased uptake of oxLDL 155. A 5’ exon of CD36 is expressed in smooth
muscle cells in atherosclerotic lesions and is suggested to be involved in cell
activation during the formation of the atherosclerotic lesion 151. In contrast to
macrophages, IFN-γ induces CD36 in smooth muscle cells 142. By crossing CD36
deficient mice with apoE deficient mice, Febbraio and colleagues showed that
this double knockout developed dramatically decreased lesions as compared
with control animals 156.

3.3  LOX-1

LOX-1 is a general receptor for oxLDL that was initially described to be
expressed by endothelial cells 128 but later also by macrophages 157 and smooth
muscle cells 158. This receptor is found on endothelial cells of atherosclerotic
lesions. The LOX-1 expression is undetectable in aortas without atherosclerosis
139. The LOX-1 expression is inducible and regulated by multiple factors known
to underlie atherogenesis. The LOX-1 expression is, for example, upregulated
by oxLDL in endothelial cells and by IL-1, TNF-α and TGF-β in smooth muscle
cells 159,160. LOX-1 is colocalized with apoptotic cells that may relate to the
phenomenon of endothelial dysfunction and plaque rupture 161. However, the
exact role of LOX-1 in atherogenesis is still unknown.

3.4  CXCL16

CXCL16, also referred as SR-PSOX, is one of the latest identified scavenger
receptor for oxLDL 129. This scavenger receptor is moreover identified as a
chemokine 162, which is more thouroughly discussed below. CXCL16 has been
identified on endothelial cells 163, dendritic cells, B cells and T cells 164-166.
Recently, Hofnagel and colleagues identified the expression of CXCL16 in
smooth muscle cells in vitro, but only at mRNA levels 167. In atherosclerotic
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lesions, CXCL16 is expressed by macrophages 140,141 and smooth muscle cells
142. Besides binding oxLDL, CXCL16 mediates adhesion and phagocytosis of
both Gram-negative and Gram-positive bacteria 164. Together, the characteristic
of CXCL16 makes it an interesting molecule in the regulation of atherogenesis.
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4  Cytokines in atherosclerosis
Activation of endothelial cells, smooth muscle cells and leukocytes results in
the production of different cytokines, which are involved in the regulation of
several functions in vascular inflammation that include both innate and acquired
immune responses 32,168,169. Cytokines are small glycoproteins that facilitate
communication between cells at very low concentrations by binding to specific
receptors on target cells 169. Cytokines can modulate both proatherogenic and
antiatherogenic processes. Macrophage colony stimulating factor (M-CSF) is a
well-documented cytokine involved in the atherogenesis promoting
differentiation of monocytes into macrophages in the vessel wall 40,41,170,171. M-
CSF is expressed at higher levels in atherosclerotic plaques as compared with
normal vessels 172. Mice deficient in both M-CSF and apoE develop smaller
lesions than control animals 40.

M-CSF is only one example of several cytokines involved in the pathogenesis
of atherosclerosis. The cytokines IL-1β, TNF-α and IFN-γ are classical proin-
flammatory cytokines that are mediating proatherogenic processes and are
widely used for experimental studies 173. However, there are also anti-
inflammatory cytokines that may play a protective role in atherosclerosis. For
example, apoE and IL-10 deficient mice develop increased lesion size and
markers for systemic coagulation are increased 174. The role of these cytokines
is described in more detail below and their role in atherosclerotic animal models
is summarized in Table 3.

4.1  TNF super family

The TNF ligand and TNF receptor (TNFR) represent a family of a highly
complex cytokine and signaling network that is associated with induction of
cell death in tumors and possess proinflammatory characteristics 175. The
members of the TNF family exhibit 15–25% amino acid sequence homology
with each other and bind to distinct receptors. The biological function of
members in the TNF superfamily regulates innate and adaptive immunity.
Currently, about 30 receptors and 20 ligands are known 176-178.

4.1.1  TNF-α
TNF-α may be expressed as a 26 kDa precursor or a soluble 17 kDa molecule
173,175. As a 26 kDa protein, TNF-α binds TNFRII via cell-to-cell contact.
However, TNF-α is normally cleaved by the metalloproteinase TNF-α converting
enzyme (TACE) and secreted as a soluble 17 kDa molecule that binds TNFRI,
which is ubiquitously expressed. Binding of TNF-α to TNFRI allows TNFRI
to form a complex with TNFR-associated factor (TRAF), activating the IκB
kinase (IKK) complex, which in turn mediates the translocation of nuclear
factor kappa B (NFκB) to the nucleus resulting in NFκB activated transcription
(Figure 4) 179. The NFκB pathway is known to play a central role in the regulation
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of the inflammatory response by triggering an induction of adhesion molecules,
cytokines and growth factors.

Increased levels of TNF-α are found in serum from patients with
cardiovascular diseases 173. TNF-α is expressed by activated macrophages,
endothelial cells and smooth muscle cells in atherosclerotic lesion 180. TNF-α is
involved in the regulation of factors important in the atherogenesis. For
instance, TNF-α increases SR-A expression, adhesion molecules and growth of
smooth muscle cells 132,181. Moreover, mice deficient in both apoE and TNF-α
develop smaller lesion size (Table 3) 182. TNF-α may promote plaque rupture
and thrombosis by inducing MMP expression in macrophages, endothelial cells
and smooth muscle cells and PAI-1 expression in endothelial cells 183 184.

figure 4. Simplified picture of TNF-α, IL-1, IFN-γ and CD137 signaling resulting in
NFkB/STAT activation. Abbreviations: IFN-γ: interferon gamma; IFN-γR: IFN-γ
receptor; IKK:  IκB kinase; IL-1: interleukin 1; IL-1R: IL-1 receptor; JAK: Janus family
of tyrosine kinase; NFκB: nuclear factor kappa B; STAT: signal transducers and
activators of transcription TNF-α: tumor necrosis factor alpha; TNFRI: TNF receptor
1; TRAF: TNFR-associated protein.
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4.1.2  CD137 and CD137 ligand
CD137 and CD137 ligand 185 belongs to the TNF family. CD137 is predominantly
expressed by T cells, regulating activation and proliferation of T cells 185 and
monocytes 186. However, expression of CD137 is not restricted to immune cells;
its expression has been demonstrated on endothelial cells and smooth muscle
cells 187-189.

The CD137 ligand is expressed and released by activated antigen presenting
cells, including macrophages, and binding to its receptor results in IL-2 and
IFN-γ production by T cells 190,191. Active MMPs are responsible for the shedding
of CD137 ligand from the surface 191. The CD137 signaling pathway is similar
to the one for TNF-α, resulting in NFκB activation (Figure 4) 192. CD137
signaling is complex because CD137 may be released as a soluble molecule 193

and bidirectional signaling through membrane bound CD137 ligand may occur
194. Bidirectional signaling has been suggested for CD134, CD40 and CD30 as
well, other members of the TNF family 195-198.

CD137 signaling is critical for CD28 co-stimulation in maintaining T-cell
activation. CD28 plays an important role in T-cell activation and the
costimulatory CD28 signal is downregulated in T cells that are repeatedly
activated, making them more susceptible to apoptosis 199-201. CD137 signaling
may enhance CD28 induced IL-2, IFN-γ and TNF-α production by T cells and
decrease IL-4 and TGF-β production 200. CD137 signaling may also stimulate
T cells independently of CD28 (Figure 5) 202. Blockade of CD137/CD137 ligand
interactions by anti CD137 ligand monoclonal antibody decreases lymphocyte
infiltration and inflammation of cardiac transplants mismatched for the major
histocompatibility complex (MHC), resulting in a delayed rejection 203. High
levels of soluble CD137 have been found in sera from patients with rheumatoid
arthritis. The concentrations of soluble CD137 correlates with disease severity
193,204. Using agonistic monoclonal anti CD137 antibody, the development of
rheumatoid arthritis was inhibited by suppressing antigen specific CD4+ T cells
205. This may provide a therapeutic opportunity to treat immune diseases.

The role of CD137 and CD137 ligand in atherosclerosis has not been
investigated despite its role in inflammation. CD137 induces ICAM expression
and promotes adherence of monocytes 194 in addition to the T cell costimulatory
functions, making CD137 an interesting candidate molecule in the atheros-
clerotic process.
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figure 5. Costimulatory interactions on activated T cells.
CD137 signaling may enhance CD28 dependent T cell activation but may stimulate T
cells independently of CD28 as well. Bidirectional signaling through CD137 ligand
may also activate antigen presenting cells. Abbreviations: APC: antigen presenting cell;
IFN-γ: interferon-gamma; ILs: interleukins; MHC: major histocompatibility complex;
TCR: T cell receptor.

4.2  IFN-γ
IFN-γ is mainly produced by activated T cells 206,207 and NK cells 208, but activated
B cells, macrophages and smooth muscle cells are also found to produce IFN-
γ 209,210, even if the latter is controversial. Production of IFN-γ is induced by IL-
12, IL-15 and IL-18, cytokines produced by activated macrophages 211-213. IFN-
γ mediates signals via binding of the IFN-γ receptor, resulting in phosphorylation
of Janus family of tyrosine kinase (JAK), followed by activation of signal
transducers and activators of transcription (STAT) 1α, which bind to specific
DNA elements and direct transcription (Figure 4) 214. The role of IFN-γ has
been widely investigated in the disease promoting processes of atherosclerosis.
The effects of this cytokine may be the result of the activation of several
molecular and cellular pathways regulating gene expression, differentiation and
growth of vascular cells. Levels of IFN-γ are increased in the atherosclerotic
vessel 32,51,215,216 and IFN-γ administration to apoE-/- mice significantly increases
lesion size, despite reduced cholesterol levels 217. Furthermore, a reduction of
atherosclerosis was observed when IFN-γ signaling was abolished in IFN-γ
receptor -/-/apoE-/- mice (Table 3) 218. Moreover, IFN-γ is involved in the activation
of macrophages and in the inhibition of smooth muscle cell proliferation 206,219,220.

4.3  IL-1β
IL-1β is an important mediator of the inflammatory response. It is involved in
a variety of activities, including cell proliferation, differentiation and apoptosis.
The protein encoded by this gene is a member of the IL-1 cytokine family,
including IL-1β, IL-1α and the IL-1 receptor antagonist (IL-1ra) 221. IL-1β is
produced as a pro-protein, which is proteolytically processed to its active form
partly by caspase-1 222,223

trigger a NFκB (Figure 4) and c-jun activation, which results in the induction
of different cytokines, such has TNF-α, IFN-γ, as well as other inflammatory
genes 224-229.
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IL-1β is expressed by macrophages, endothelial cells and smooth muscle
cells in atherosclerotic lesions 230 and may  stimulate proliferation of smooth
muscle cells 231. Both in vivo and in vitro experiments have verified the role of
IL-1β in the development of atherosclerosis 230,232. The sizes of atherosclerotic
lesions are decreased in IL-1β-/-/apoE-/- mice by approximately 30% (Table 3) 232.

table 3. Effects of different chemokines/cytokines and the receptors in atherosclerotic
lesions in cholesterol metabolism impaired mice.

Gene Lesion size References

↓ CCL2 (MCP-1) ↓ 233

↑ CCL2 (MCP-1) ↑ 234

↓ CCR2 ↑ 235-237

↓ CX3CR1 ↓ 238

↓ IL-1β ↓ 232

↓ IL-1ra ↑ 239

↓ IL-4 ↓ 240

↓ IL-6 ↑ 241

↓ IL-10 ↑ 174

↓ IL-12 ↓ 240

↓ IL-18 ↓ 242

↓ IFN-γR ↓ 218

↓ IFN-γ ↓ 217

↓ TNF-α ↓ 182

↓ M-CSF ↓ 40

↓ CD40L ↓ 243

Abbreviations used: MCP: monocyte chemoattractant protein; M-CSF: Macrophage
colony stimulating factor; IFN: interferon; IFN-γR: interferon gamma receptor;
IL: interleukin; IL-1ra: IL-1 receptor antagonist; TNF: tumor necrosis factor.

4.4  Chemokines

The chemokines are a superfamily of about 50 chemotactic cytokines divided
into four classes depending on the orientation of the conserved cysteine residues

244

28 chemokines named CCL1-28 (Table 4). In the CXC class, consisting of 16
chemokines (CXCL1-16), two cysteines are separated by any other possible
amino acid. CXCL8 (IL-8) was the first chemokine to be characterized 245.
Based on the presence or absence of a Glu-Leu-Arg amino acid motif (ELR) in
their NH2 terminus, the CXC chemokines can be further subdivided into two

in their amino acid structure  . CC chemokines are the largest class, including
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more groups 245. The presence of such ELR motif is important in the attraction
of neutrophils 245. The C class chemokine includes two known chemokines while
the CX3C class includes only one chemokine at present.

To mediate the biological activities, the chemokines bind their receptors,
which belong to the superfamily of seven-transmembrane domain G protein-
coupled receptors 246. Several signaling pathways exist upon ligand binding. In
general, this results in the release of intracellular calcium, phosphorylation of
the receptor and activation of protein kinase C (PKC) isoforms, which triggers
several signaling pathways (Figure 6) 247. The chemokine receptors are about 20
to the number and are divided into the following classes: CCR1–11, CXCR1–
6, CR1–2 and CX3CR1, depending on which ligand it binds (Table 4) 248. The
network of chemokine and chemokine receptor interaction is complex, some
ligands can bind several receptors within their subgroup and vice versa.

table 4. Chemokine ligand and chemokine receptor classes.

Chemokine ligands Chemokine receptors

CL1, CL2 CR1, CR2

CCL1-CCL28 CCR1-CCR11

CXCL1-CXCL16 CXCR1-CXCR6

CX3CL1 CX3CR1

The chemokines are not only responsible for the attraction of leukocytes 244,249,250,
but are also capable of mediating angiogenesis, migration and proliferation of
endothelial cells and smooth muscle cells 251. In general, CXC chemokines with
ELR motifs promote angiogenesis while CXC chemokines without ELR motifs
inhibit this process 251.
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figure 6. Simplified overview of chemokine signaling.
Abbreviations: PKC: Protein kinase C.

4.4.1  Chemokines in atherosclerosis
Chemokines are responsible for the attraction of leukocytes into the arterial
intima. Vascular cells (such as endothelial cells, smooth muscle cells and
macrophages) produce several chemokines during lesion formation. About 25%
of all investigated chemokines are expressed in human atherosclerotic lesions
(Table 5). Chemokine ligand and chemokine receptor expression are regulated
by a number of factors; it should be noted, however, that modified LDL itself
can regulate both chemokine ligand and receptor expression in several cell types
252-257.  The action of chemokines on atherogenesis has been extensively studied
in animal models (Table 3).

CCL2, also called MCP-1, is the most extensively studied chemokine in
atherosclerosis, where it is expressed in significant amounts in all stages and
found in macrophages, smooth muscle cells and endothelial cells 258-261. CCL2
can be induced by complement activation, cytokines or modified LDL 254,262,263

and is responsible for recruitment of monocytes and T cells accumulating in
the emerging lesion. 261,264,265 By using animals lacking CCL2 or its receptor
CCR2 crossed with apoE or the LDL receptor knockout mice, decreased
macrophage accumulation and reduced atherosclerotic lesion size have been
reported 233,235. Fractalkine (CX3CL), another chemokine, seems to play a direct
and critical role in monocyte recruitment and atherosclerotic lesion develop-
ment. ApoE knockout mice deficient in the receptor for fractalkine, CX3CR,
develop smaller lesions and the accumulation of macrophages is decreased 238.
CXCL8 (IL-8) may have a similar role as a leukocyte chemoattractant during
atherogenesis 266. Chemoattraction of mast cells may depend on CCL11
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(Eotaxin), which is upregulated by smooth muscle cells in the lesions 267. Mast
cells secrete TNF-α and proteases involved in smooth muscle cell-mediated
collagen synthesis resulting in plaque instability 268-270. Atherosclerotic lesions
also over express other chemokines that may contribute to lymphocyte
recruitment, including a trio of CXC chemokines induced by IFN-γ 271.
Furthermore, chemokines may share a close evolutionary relationship with
scavenger receptors in that chemokines generally have scavenger receptor-like
activity, i.e. binding oxLDL through their receptor-binding domain 272.

table 5. Chemokines expressed in human atherosclerosis lesions and their functioning
receptors.

Chemokine Localization Receptor References

CCL2 (MCP-1) MØ, EC, SMC CCR2 258-260

CCL5 (RANTES) EC CCR1, CCR3, CCR5 273

CCL11 (Eotaxin) SMC CCR2, CCR3, CCR5, 267

CXCR3

CCL 18 (PARC) MØ Unknown 274

CCL19 (ELC) MØ, SMC CCR7 274

CXCL8 (IL-8) MØ CXCR1, CXCR2 266

CXCL9 (MIG) MØ, EC CXCR3, CCR3 271

CXCL10 (IP-10) MØ, EC, SMC CXCR3, CCR3 271

CXCL11 (SDF-1a) MØ, EC, SMC CXCR3 275

CXCL16 (SR-PSOX) MØ, SMC CXCR6 140-142

CX3CL1 (Fractalkine) MØ, SMC CX3CR1 276

Names in parenthesis are their alternative name. Abbreviations used: EC:
endothelial cells; ELC: Epstein-Barr virus-induced molecule 1 ligand chemokine; IP:
IFN-γ inducible protein; IL: interleukin; MØ: macrophages; MCP: monocyte
chemoattractant protein; MIG: monokine induced by gamma interferon; PARC:
pulmonary and activation-regulated chemokine; RANTES: regulated upon activation,
normal T cell expressed and secreted; SDF: stromal cell-derived factor; SMC:
smooth muscle cells; SR-PSOX: scavenger receptor that binds phosphatidylserine
and oxidized lipoprotein.

4.4.2  CXCL16
CXCL16 is the latest characterized CXC chemokine and is expressed by
macrophages 140 and smooth muscle cells 142 in atherosclerotic lesions, as well
as by dendritic cells, B cells, T cells, natural killer T cells and endothelial cells
163-166. CXCL16 lacks an ELR motif and is structurally different to other members
in the CXC class chemokine family. CXCL16 has four distinct domains: a
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chemokine domain, a mucin-like stack domain, a transmembrane domain and
a cytoplasmic domain 162,165. At the structural level, CXCL16 is similar to
CX3CL1 277 in that both contain a mucin-like tail. As a chemokine, CXCL16 is
shed by a disintegrin and metalloproteinase (ADAM) 10 278,279 and attracts T
cells, NK cells and NKT cells, cells expressing the receptor CXCR6 (Figure 7)
162,165,280,281. The interaction between CXCL16 and CXCR6 is defined as a unique
receptor ligand pair 165. Chandrasekar and colleagues recently showed that
CXCL16 activates NFκB via an IKK pathway in smooth muscle cells, a process
that resulted in TNF-α production 282. The NFκB activation by CXCL16 was
found to be independent of TNF-α, which is also known to activate NFκB. In
addition, the same authors found that CXCL16 increases cell-cell adhesion
and cellular proliferation of aortic smooth muscle cells. Consequently, the
described functions of CXCL16 make it an interesting molecule in the context
of atherosclerosis.

figure 7. Simplified overview of CXCL16-CXCR6 signaling.
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Aims of the Thesis

To answer questions about the importance of CXCL16 and CD137 in relation
to atherosclerosis, a suitable cell- and human/animal model system was used in
which the experimental conditions were manipulated to test the hypothesis.
The aims of the present study were as follows:

1 To investigate the expression of CXCL16 in atherosclerotic lesions.

2 To investigate the regulation of CXCL16 in vivo in apoE knockout mice
and in vitro in monocytes/macrophages and smooth muscle cells.

3 To investigate the function of CXCL16 in macrophages and smooth muscle
cells.

4 To investigate the expression of CD137 in atherosclerotic lesions.

5 To investigate the regulation of CD137 and CD137 ligand in smooth muscle
cells and endothelial cells.

6 To investigate the function of CD137 and CD137 ligand in smooth muscle
cells.
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Results and Discussion

5  CXCL16 and atherosclerosis (papers I and II)
5.1  Expression of CXCL16

CXCL16 is defined as both a chemokine and a scavenger receptor, regulating
migration, uptake of oxLDL, adhesion and proliferation. These characteristics
make CXCL16 an interesting molecule in the development of atherosclerosis.
Real-time polymerase chain reaction (RT-PCR) and immunohistochemistry were
used to evaluate the expression of CXCL16 in atherosclerotic lesions from
humans and apoE deficient mice (paper I). Low levels of CXCL16 mRNA
expression could be detected in normal mammary arteries and veins, whereas
high levels of CXCL16 mRNA were observed in human atherosclerotic lesions.
These findings are in consistence with other studies 140. Importantly, mRNA
levels for the CXCL16 receptor, CXCR6, were increased in human lesions.
Furthermore, elevated levels of CXCL16 mRNA were detected in atherosclerotic
aortas of apoE deficient mice compared with aortas of nonatherosclerotic age-
matched C57BL/6 mice. The expression of CXCL16 increased during disease
progression indicating that CXCL16 is involved in different stages of atheros-
clerosis.

Stainings of serial sections of atherosclerotic lesions from human and mouse
with CXCL16 antibody showed the presence of CXCL16 in regions rich in
macrophages and CD4+ T cells (paper I), a finding in line with that of Minami
and colleagues 140. Expression of CXCR6 was also found in the same regions in
the lesions as for CXCL16, indicating the presence of cells able to respond to
CXCL16, since they form a unique receptor-ligand pair. The immuno-
histochemical staining revealed that CXCL16 expression was not only restricted
to macrophage rich areas in the carotid lesions. Using double-labeled immuno-
histochemistry with CXCL16 and human smooth muscle actin antibodies, we
found that CXCL16 is expressed on smooth muscle cells in human carotid
lesions (paper II). Thus, we have shown that CXCL16 is expressed on macro-
phages and smooth muscle cells in the same regions as for CXCR6 positive
cells in human atherosclerotic lesions. These results suggest that the CXCL16/
CXCR6 interaction is active in the lesion.

5.2  Regulation of CXCL16

According to computer alignments in GenBank, the assumed promoter region
of the human CXCL16 gene contains putative binding sites for IFN-γ-activated
transcription factors. This together with the coexistence of CXCL16 expressing
macrophages and T cells in atherosclerotic lesions led us to examine the effects
of the T cell cytokine, IFN-γ, on the expression of CXCL16 in macrophages in
vitro (paper I). Both mRNA and surface protein expression of CXCL16 were
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significantly induced by IFN-γ in human monocytic THP-1 cells and peripheral
blood monocytes from donors, suggesting that an IFN-γ regulatory element
exist in the promoter for CXCL16.

Since smooth muscle cells express CXCL16 in atherosclerotic lesions, we
investigated whether IFN-γ also regulate the expression of CXCL16 in these
cells as well (paper II). Furthermore, to screen for new possible regulators of
CXCL16, we investigated the effects of the proinflammatory cytokines TNF-
α, IL-12, IL-15 and IL-18 on CXCL16 protein expression. Of the cytokines
tested, IFN-γ was found to be the strongest inducer of CXCL16. Upregulation
of CXCL16 could be an important mechanism for smooth muscle cells to attract
T cells and take up oxLDL. Our finding is in agreement with Abel and
colleagues who also showed that IFN-γ induces CXCL16 in vascular cells at
mRNA level 279. To further elucidate how IFN-γ affects CXCL16 expression in
vivo, we injected IFN-γ once intraperitoneally 8 hours before euthanization to
18-week apoE deficient mice fed on standard chow (paper I). When normalizing
the CXCL16 levels for the variations of macrophage content (i.e. CD68
mRNA), IFN-γ was found to increase CXCL16 mRNA levels in the atheros-
clerotic aorta but not in the nondiseased aorta. Taken together, these results
demonstrate that CXCL16 is highly regulated by IFN-γ.

Stimulation of smooth muscle cells with IL-18 resulted in a significant
upregulation of CXCL16 in cell lysates from these cells, which could be an
indirect effect of increased IFN-γ production 210. However, in our study CXCL16
expression was not affected by IL-12 or IL-15 treatment, two other cytokines
known to induce IFN-γ expression 210,283. Studies by Tenger and colleagues
showed that administration of IL-18 to SCID/apoE knockout mice, lacking T
cells and B cells, led to 3-fold larger lesions and elevated IFN-γ levels, which
was associated with higher expressions of CXCL16. This in vivo experiment
confirms that IL-18 could induce CXCL16 expression284.

Thus, we have shown that the proatherogenic cytokine IFN-γ 215,218 strongly
stimulates CXCL16 expression in aortic lesions in vivo and in vitro in
macrophages and smooth muscle cells. These results may explain some of the
proatherogenic effects of IFN-γ.

5.3  Role of CXCL16

Because CXCL16 is known to mediate the uptake of oxLDL we investigated
whether the induction of CXCL16 by IFN-γ was associated with increased
uptake of oxLDL. In comparison with unstimulated cells, the addition of IFN-
γ increased oxLDL uptake by 47% in macrophages (paper I) and by 53% in
smooth muscle cells (paper II). The addition of CXCL16 blocking antibodies
to macrophages reduced the uptake of oxLDL to the same levels as unstimulated
cells, indicating that the uptake of oxLDL was due to the increased CXCL16
expression. A small uptake still existed that may represent the activity of other
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scavenger receptors or from unblocked CXCL16. Furthermore, IFN-γ is known
to downregulate the scavenger receptors, SR-A and CD36 in macrophages 115,154.
Consequently, the increased uptake of oxLDL in macrophages by IFN-γ would
not likely be due to these receptors. In smooth muscle cells, the increased uptake
of oxLDL after stimulation with IFN-γ could be the result of CXCL16 and
CD36, as both of these proteins were induced by IFN-γ. SR-A was expressed at
very low levels and the levels of LOX-1 tended to decrease by IFN-γ stimulation,
making it unlikely that they would contribute significantly to the uptake of
oxLDL seen after IFN-γ treatment of smooth muscle cells.

Hence, we have shown that CXCL16 is involved in the uptake of oxLDL
in macrophages and smooth muscle cells and that this uptake can be induced
by IFN-γ through upregulation of CXCL16, which may result in foam cell
formation.
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6  CD137 and atherosclerosis (papers III and IV)
6.1  Expression of CD137 and CD137 ligand

The role of CD137 signaling has mainly been studied in T cells. Recent studies
have also focused on other cell types affected by this signaling pathway, i.e. B
cells, dendritic cells and monocytes/macrophages. RT-PCR was used to evaluate
the expression of CD137 and CD137 ligand in human atherosclerotic lesions
(paper III). The CD137 mRNA was expressed 10 times higher in atherosclerotic
lesions as compared with control vessels, whereas the mRNA expression of the
CD137 ligand was not significantly changed. Immunohistochemistry was used
to investigate which celltypes in the lesions that express CD137. With the use
of monoclonal antibodies against CD137, immunohistochemical analysis could
not demonstrate any CD137 expression in non-diseased arteries. However, in
atherosclerotic lesions, endothelial cells were the main cell type to express
CD137. Previous studies have shown expression of CD137 on endothelial cells
of capillaries but not in large vessels in normal lungs 187. Furthermore, the
CD137 expression has also been shown on endothelial cells and smooth muscle
cells in tumor vessels and was found to be elevated in vessels with Takayasu’s
arteritis, a vascular inflammatory disease involving smooth muscle cell
proliferation 188,189.

The mRNA expression of CD137 and CD137 ligand was also examined in
endothelial cells and smooth muscle cells in vitro by RT-PCR and indicated a
basal expression of both genes.

6.2  Regulation of CD137 and CD137 ligand

Proinflammatory cytokines and bacterial endotoxins such as LPS are known to
regulate CD137 expression in different cell types. In this study we investigated
the effects of the proinflammatory cytokines IFN-γ, TNF-α and IL-1β and
bacterial LPS on CD137 expression on smooth muscle cells and endothelial
cells. TNF-α and LPS were the major inducers of CD137 on endothelial cells
(paper III), whereas a mix of the cytokines TNF-α, IL-1β and IFN-γ was required
for the optimal induction of CD137 on smooth muscle cells (paper IV). LPS
did however not have any effect on CD137 expression in smooth muscle cells.
We also investigated the effects of LPS on the CD137 expression in non-
atherosclerotic and atherosclerotic lesions. LPS induced CD137 but not CD137
ligand in both non-atherosclerotic vessels and carotid lesions (paper III). Taken
together, the results indicate that the LPS- and cytokine regulation of CD137
and CD137 ligand differs between cell types and probably reflects different
expressions of receptors and transcription factors. However, the precise mechanism
for this difference remains to be resolved.
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6.3  Role of CD137 and CD137 ligand

Previous studies have shown that CD137 signaling promotes proliferation and
production of cytokines by T cells, B cells and monocytes. Proliferation of
smooth muscle cells is known to play a central role in vascular remodeling
after endovascular interventions. Therefore, we investigated whether the
addition of recombinant CD137 ligand could affect the proliferation of smooth
muscle cells. Recombinant CD137 ligand administration stimulated the
proliferation of smooth muscle cells. However, CD137 is not a unique molecule
in the TNF family regarding the regulation of cell proliferation. Other members
of TNF family do also mediate cell proliferation. TNF-α, TWEAK and TRAIL
induces proliferation of human smooth muscle cells 285-287.

Furthermore, addition of recombinant CD137 ligand to cultured smooth
muscle cells resulted in increased migration. The effect of recombinant CD137
ligand on smooth muscle cell migration was similar as for PDGF, a factor known
to induce migration of vascular smooth muscle cells. Incubation with antibody
against recombinant CD137 ligand almost completely abrogated these effects.
The effects seen with CD137 are also shared by other members of the TNF
family: for example both TNF-α and TRAIL induce migration of smooth muscle
cells 286,288,289. The extracellular matrix provides structural integrity of the vessel,
but also participates in several key events, including migration and prolife-
ration of smooth muscle cells. Particularly noteworthy is that extracellular
matrix proteins are known to serve as ligands for CD137 290.

Considering the effects of CD137 ligand on migration and proliferation of
smooth muscle cells it would be of importance to study this in the context of
intimal hyperplasia. Endothelial cells and smooth muscle cells expressing
CD137 may also signal with and activate leukocytes attracted to the lesion.
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Conclusions

The identification of new genes derived from the genome project opens the
way to investigate new targets in atherosclerosis. CXCL16 is a recently identified
chemokine and scavenger receptor with characteristics related to inflammation.
In this thesis we found CXCL16 in macrophages and smooth muscle cells in
atherosclerotic lesions. We found that CXCL16 was highly regulated by IFN-γ,
a proatherogenic cytokine expressed in atherosclerotic lesions. Furthermore,
the result shows that CXCL16 mediate the uptake of oxLDL in macrophages
and possibly attract T cells to the lesion. Consequently, CXCL16 could serve
as a molecular link between lipid metabolism and immune activity in the
atherosclerotic lesion.

We have also studied the expression of CD137 in atherosclerotic lesions,
which is known to play an immunoregulatory role in other inflammatory
diseases such as autoimmune encephalomyelitis and systemic lupus erythematosus
in mice. CD137 was demonstrated on endothelial cells in atherosclerotic lesions
as well as by cultured endothelial cells and smooth muscle cells in our study.
We also found that CD137 stimulate proliferation and migration of smooth
muscle cells, events that are known to be important in vascular remodeling.
CD137 was inducible in these cells by different cytokines and LPS depending
on cell type. Our results suggest a role for CD137 in vascular inflammation
that needs further investigations.

In summary, the work in this thesis has focused on the expression, regulation
and role of CXCL16 and CD137, two genes that have not been described earlier
in the concept of atherosclerosis. The findings from this thesis demonstrate
some of the molecular mechanisms involved in vascular inflammation and may
increase our knowledge about the development of atherosclerosis.
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Future perspectives

The promoter region of CXCL16 is still not characterized. Future experiments
will include the effort to define the promoter region of CXCL16 and the factors
involved in the regulation of CXCL16. Such work may result in new
opportunities to modulate CXCL16 expression and to further evaluate its role
in inflammatory diseases such as atherosclerosis.

Several single nucleotide polymorphisms in the genes coding for CD137 and
CD137 ligand have been described. However, they have not been investigated
with respect to association with any disease. In our laboratory we are presently
investigating the role of single nucleotide polymorphisms in the CD137 and
CD137 ligand genes for their function and expression, and if they are associated
with any clinical manifestations of cardiovascular diseases.
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