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Abstract 
Vascular inflammation plays an important role in a multitude of major diseases including 
sepsis and atherosclerosis. Sepsis has been estimated to account for more than 100 000 deaths 
per year in Europe. Cardiovascular disease, of which atherosclerosis is a common 
pathological basis, is the leading cause of death in the Western world and predicted to 
become the leading cause of death globally. Inflammation plays a significant role in the 
development of atherosclerosis and aggravation of inflammation has been linked to 
precipitation of clinical manifestations such as myocardial infarction. Therefore, therapeutic 
modulation of inflammation has emerged as a potential treatment strategy in cardiovascular 
disease. 

In an effort to shed more light on the response to activation of the arterial innate immunity, 
the global transcriptional response to endotoxin in explanted human arteries was investigated 
using Affymetrix Gene Chip® arrays. Transcripts were subsequently selected for further 
studies on the basis of a combination of strong response to endotoxin and potential 
immunologic functions. The four selected molecules were studied in the context of vascular 
inflammation and atherosclerosis using cell cultures, atherosclerosis prone 
hypercholesterolemic mice and/or clinical cohorts. 

1) The conserved inhibitor of viral replication cig5/viperin was found in vascular 
inflammation and atherosclerosis. Cig5/viperin was induced by several stimuli of the innate 
immune system and detected in endothelial cells in human atherosclerotic lesions. Since 
cig5/viperin inhibits virus replication, its function in vascular inflammation may relate to 
disease-associated pathogens and play a role in the vascular innate immune defense. 
However, viperin levels in human atherosclerosis did not correlate to anti-cytomegalovirus 
antibody titers. 

2) The tumor necrosis factor superfamily (TNFSF) member CD137 was found to promote a 
pro-inflammatory phenotype of atherosclerotic lesions. CD137 was detected on T cells and 
endothelial cells, and its ligand, CD137L, on macrophages in atherosclerotic lesions. 
Activation of CD137 reduced proliferation of smooth muscle cells and upregulated adhesion 
molecules on endothelial cells in vitro. A CD137 agonist increased vascular T cell infiltration 
and immune activation in mice. CD137 mRNA levels in human atherosclerotic lesions 
correlated to transcripts associated with lesion destabilisation such as matrix 
metalloproteinases and pro-inflammatory mediators. Taken together, CD137 was associated 
with processes that are likely to make atherosclerotic lesions more prone to rupture. 

3) The TNFSF member OX40L was found in human atherosclerotic lesions, mRNA levels 
correlated with markers for T cell activation and infiltration and OX40L mRNA was 
regulated by TNF-α in endothelial cells in vitro. However, the OX40L genotype did not 
significantly influence the risk for carotid artery disease or stroke and did not alter known 
systemic risk factors for cardiovascular disease. Hence, OX40L may be involved in local 
immune activation in atherosclerotic lesions, but, although a certain OX40L genotype has 
been associated with increased risk for myocardial infarction in women, this genotype did not 
significantly influence the risk for stroke. 

4) CXCL16 was found on smooth muscle cells in human atherosclerotic lesions and shown to 
be regulated by interferon γ in smooth muscle cells in vitro. 

In summary, the investigation of the global transcriptional response to innate immune 
activation and the subsequent hypothesis-based studies suggest functions for 
immunoregulatory molecules new in the context of vascular inflammation pertaining to host 
defense and recruitment and activation of leukocytes. 
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Abbreviations 
 
ADAM a disintegrin and metalloproteinase domain 
AP activating protein 
APC antigen presenting cell 
BAFF B cell activating factor 
BAFFR BAFF receptor 
BCMA B cell maturation factor 
BiKE Biobank of Karolinska Carotid Endarterectomies 
CAD coronary artery disease 
CD cluster of differentiation 
CD40L CD40 ligand 
CD137L CD137 ligand 
cDNA complementary DNA 
cig cytomegalovirus inducible gene 
CMV cytomegalovirus 
C. pneumoniae Chlamydia pneumoniae 
CRP C-reactive protein 
CTLA cytotoxic T lymphocyte-associated 
DAMPs damage associated molecular patterns 
DD death domain 
EC endothelial cells 
e. coli Escherichia coli 
FACS fluorescence-activated cell sorting  
GENE-/- homozygous deficiency in GENE 
GITR glucocorticoid-induced TNFR-related gene 
GITRL GITR ligand 
HDL high density lipoprotein 
HGNC HUGO gene nomenclature committee 
HMG-CoA 3-hydroxy-3-methyl-glutaryl-CoA 
HPAEC human pulmonary artery endothelial cells 
HSP heat shock protein 
HUGO The Human Genome Organisation 
HUVEC human umbilical vein endothelial cells 
HVEM herpes virus entry mediator 
ICAM intercellular adhesion molecule 
Ig immunoglobulin 
IL interleukin 
iNOS inducible nitric oxide synthase 
IRF interferon regulatory factor 
JNK JUN N-terminal kinase 
kDa kilodalton 
LIGHT homologous to lymphotoxins, exhibits inducible expression, and 

competes with HSV glycoprotein D for HVEM, a receptor 
expressed by T lymphocytes 

LIGHTR  LIGHT receptor 
LDL low density lipoprotein 
LDLR low density lipoprotein receptor 
LOX-1 lectin-like oxidized-LDL receptor 1 
LPS lipopolysaccharide 
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oxLDL oxidized low density lipoprotein 
MAPK mitogen activated protein kinase 
MHC major histocompatibility complex 
MI myocardial infarction 
MMP matrix metalloproteinase 
MCP monocyte chemotactic protein 
NFκB nuclear factor kappa B 
NO nitric oxide 
OR odds ratio 
OX40L OX40 ligand 
PAMPs pathogen associated molecular patterns 
PBMC peripheral blood mononuclear cell 
PCR polymerase chain reaction 
PDGF platelet-derived growth factor 
pIC polyriboinosinic polyribocytidylic acid 
PRR pattern recognition receptors 
RA rheumatoid arthritis 
RAG recombinase activating gene 
RANK receptor activator of NF-κB 
RANKL RANK ligand 
RANTES regulated upon activation, normally T-expressed, and presumably 

secreted 
RIP receptor interacting protein 
RMA robust multiarray analysis 
RT reverse transcription 
SEM standard error of the mean 
SLE systemic lupus erythematosus 
SMC smooth muscle cells 
SNP single nucleotide polymorphism 
SR-PSOX  scavenger receptor that binds phosphatidylserine and oxidized lipids 
TACE  TNF-α converting enzyme 
TCR  T cell receptor 
THD  TNF homology domain 
TLR toll like receptor 
TNF tumor necrosis factor 
TNFRSF tumor necrosis factor receptor superfamily 
TNFSF tumor necrosis factor superfamily 
TRADD TNF receptor associated DD 
TRAF TNF receptor associated factor 
TRAIL TNF related apoptosis-inducing ligand 
VCAM vascular cell adhesion molecule 
VLA very late antigen 
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Aims 
 
The general objective of this thesis was to shed new light on the vascular 
inflammatory response by using global transcript profiling with subsequent 
characterization of select mediators. 

 

The specific objectives were to utilize human clinical cohorts, animal experiments 
and/or cell cultures to investigate 

 

• viperin expression and regulation in vascular inflammation and 
atherosclerosis, including correlation to cytomegalovirus infection in humans. 

 

• CD137 expression and regulation in human atherosclerosis and effects of a 
CD137 agonist in human vascular cells in vitro and in vivo in 
hypercholesterolemic mice. 

 

• OX40L expression in human atherosclerotic lesions and correlation of OX40L 
genotype to vascular OX40L levels, systemic risk factors for cardiovascular 
disease and the risk for symptomatic carotid artery stenosis or stroke.  

 

• CXCL16 in human atherosclerotic lesions and the in vitro regulation in human 
vascular smooth muscle cells. 

 



 

12 

 

1 Introduction 
This thesis investigates aspects of the interplay between the arterial tree and the 
immune system in vascular inflammation with special focus on certain molecular 
mechanisms in cardiovascular disease. From an explorative investigation of the 
human vascular global transcriptional response to endotoxin, hypotheses were formed 
and tested in cell culture, animal studies and clinical materials. The anti-viral protein 
viperin was studied in vascular inflammation and atherosclerosis, the tumor necrosis 
factor superfamily (TNFSF) members CD137 and OX40L characterized in 
atherosclerosis and explored in clinical materials and the scavenger receptor and 
chemokine CXCL16 was investigated in smooth muscle cells and atherosclerosis. 

1.1 The pathogenetic significance of vascular 
inflammation 

Vascular inflammatory activation plays a role in a multitude of important and 
clinically very different diseases including sepsis, atherosclerosis, vasculitis and even 
cancer. These disease groups contribute significantly to morbidity and mortality in 
the world. The increasing appreciation of the active role of the blood vessels and its 
complex interaction with immune cells and immune signaling compounds, has united 
features of disorders previously thought to be distinct (Maksimowicz-McKinnon et 
al., 2004). 

1.1.1 The blood vessel in the immune response 

Blood vessels play a central role in the inflammatory response, and physiological 
alterations of vascular function is a major characteristic of acute inflammation. 
Inflammatory mediators dilatate arteriolies and capillaries, which increases the total 
regional blood content, thereby causing redness and increased temperature. Vascular 
wall permeability is increased and plasma filtrated out into the tissue. Extravasation 
of white blood cells from the blood stream also occurs along a chemotactic gradient 
of inflammatory mediators. Leukocytes marginate and come in close contact with an 
activated endothelium, which is required for extravasation (Cotran et al., 1999). 

Chronic inflammation is a pathological condition characterized by mononuclear cell 
infiltration, tissue destruction, attempts at repair, angiogenesis and fibrosis. Chronic 
inflammation may be initiated by persistent bacterial infection, prolonged exposure to 
chemical agents, or autoimmune disorders (Cotran et al., 1999). 
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An important difference between acute and chronic inflammation is that removal of 
the stimulating agent in acute inflammation resolves inflammation, which is not the 
case in chronic inflammation. In the latter condition, leukocyte recruitment is 
maintained and local stimuli turn the physiologic response pathogenetic, as seen in 
atherosclerotic lesions. Generally speaking, acute inflammation is mediated by 
granulocytes, while chronic inflammation is mediated by mononuclear cells such as 
monocytes and lymphocytes (Cotran et al., 1999). 

Resolution of inflammation involves several processes. Pro-inflammatory cytokines 
have short half-lives, and the recruitment and stimulus of leukocytes is, in this way, 
self-limiting. In addition, active mechanisms turn off the inflammatory response, for 
example TGF-β, resolvins and protectins. These agents promote leukocyte apoptosis 
and clearance of macrophages through the lymphatics (Serhan and Savill, 2005). 

1.1.2 Sepsis 

Sepsis is an overwhelming systemic response to infection characterized by 
widespread inflammatory activation and tissue injury (Terblanche et al., 2006). The 
incidence of sepsis increased from 83 cases per 100 000 in 1979 to 240 cases per 
100 000 in year 2000 in the United States (Martin et al., 2003), an increase which 
possibly may be explained by the ageing population and the increased survival of 
patients with severe diseases. The condition is associated with a very high mortality 
ranging from 25%-70% depending on precise definition, co-morbidity and other 
factors (Terblanche et al., 2006). Severe sepsis was estimated to account for equally 
many deaths per year in the United States as myocardial infarction (MI) (Angus et al., 
2001). Overall mortailty has decreased over the last decades and the individuals that 
die from sepsis today more often suffer from several diseases and 
multiorgan failure (Martin et al., 2003). 

Current knowledge indicates that sepsis mortality usually is not attributable to the 
effects of the endotoxin or pathogen itself, but rather to the immune response by the 
host. Innate immunity activation probably plays a crucial role in this process. 
Activation of pattern recognition receptors (PRRs), such as Toll Like Receptors 
(TLRs), by microbial components and tissue debris, evokes a very complex response 
including induction of inducible Nitric Oxide Synthase (iNOS) in endothelial cells 
(EC), which results in increased production of nitric oxide (NO) and vasodilatation. 
Inflammatory cytokines produced locally and systemically contribute to disruption of 
tight junctions in the vessel wall, which allows extravasation of plasma proteins and 
fluid, potentially causing tissue oedema (Marshall, 2004). Interestingly, there is 
evidence that genetic factors may influence the mortality in sepsis (Kellum and 
Angus, 2003; Martin et al., 2003; Saleh et al., 2004), which implies that therapeutic 
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modulation of adequate targets in the host response to infection could influence 
outcome. 

Under experimental conditions, intravenous endotoxin infusion gives rise to clinical 
manifestations of systemic inflammation (Marshall, 2004) and injection or 
intravenous infusion of sufficient amounts of endotoxin results in septic shock and 
organ dysfunction (Taveira da Silva et al., 1993; Oldner et al., 1998). This effect of 
intravascular microbial toxins is plausibly attributable to activation of the 
intravascular and vessel wall immune mechanisms. 

1.1.3 Atherosclerosis 

1.1.3.1 Etiology 

Atherosclerosis is the main cause of cardiovascular disease, such as MI and stroke. It 
is the leading cause of death in the Western countries and predicted to become the 
leading cause of death world-wide (Hansson, 2005). The development of 
atherosclerosis starts early in life with a focal accumulation of lipids and 
macrophages, “fatty streaks”, in the artery walls and an asymmetric change in the 
local vascular anatomy develops progressively over several decades (Ross, 1999). 
Atherosclerosis affects large and medium size arteries focally in a somewhat site-
specific manner (VanderLaan et al., 2004), but rarely occurs in small vessels. The 
focus of atherosclerosis research was long concentrated on the effects of elevated 
serum lipids and modified lipoproteins for the development of cardiovascular disease. 
Indeed, treatment with lipid-lowering therapy has a beneficial effect and significantly 
reduces the morbidity and mortality in high-risk individuals. However, although the 
risk is reduced, the remaining mortality in spite of favorable changes of lifestyle and 
lipid-lowering treatment is considerable (#, 2002). It is yet unclear to which extent 
pharmacological effects other than the lipid-level reduction contribute to the 
beneficial effects of lipid lowering drugs. Statins, for example, possess anti-
inflammatory properties in addition to their HMG-CoA inhibitory effects. These anti-
inflammatory effects potentially contribute to the protection from disease (Jain and 
Ridker, 2005) and there may be a therapeutic gain in specifically addressing certain 
inflammatory aspects of atherosclerosis. 

The complex etiology of cardiovascular diseases also includes a genetic component. 
The relative risk of suffering from coronary artery disease (CAD) was reported to 
increase by 5-7 fold if a first-degree relative suffered from premature CAD (Slack 
and Evans, 1966). The potential power of the genetic risk for cardiovascular disease 
is very apparent in animal models (Allayee et al., 2003). Linkage studies have 
identified loci in the human genome in which certain variants increase susceptibility. 
However, the associations identified to date explain only a small fraction of the cases 
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of cardiovascular disease, as in the case of the mutation in the LDL receptor gene 
(Hobbs et al., 1986). Other genetic associations include variations in the TLR4 
(Edfeldt et al., 2004; Kiechl et al., 2002) and the TNFSF members lymphotoxin 
α (LTα) (Ozaki et al., 2002) and OX40L (Wang et al., 2005b) genes. Importantly, 
population migration studies have shown a pivotal role for environmental factors 
(Kagan et al., 1974; Nichaman et al., 1975). 

A growing body of evidence indicates that inflammation plays a decisive role in the 
development of atherosclerosis. Inflammatory cells constitute a major part of 
atherosclerotic lesions and many of the immune cells show signs of activation 
(Hansson, 2005; Jonasson et al., 1986). In MI, culprit lesions do not necessarily 
obstruct the lumen. Rather, the risk for rupture of an atherosclerotic lesion with 
subsequent formation of an obstructive thrombus is elevated in regions with a thin 
luminal cap where activated immune cells are abundant (Hansson, 2005; van der Wal 
et al., 1994). Subgroups of circulating inflammatory T cells are elevated in patients 
with acute coronary syndromes and there is evidence that the increased levels of C-
reactive protein (CRP), a systemic marker of inflammatory activity, seen in patients 
suffering from acute coronary syndromes depends on vascular inflammatory 
activation rather than myocardial ischemia (Hansson, 2005). Furthermore, serum-
levels of CRP predict the risk for vascular events such as MI in healthy individuals, 
and prophylactic treatment with acetylsalisylic acid, an inhibitor of inflammation and 
platelet aggregation, is more effective the higher the CRP level (Ridker et al., 1997). 
High systemic levels of interleukin (IL) 6 and CRP have also been reported to predict 
worse prognosis in unstable angina and myocardial infarction (Hansson, 2005), 
although the value of CRP in risk stratification is presently unclear (Blankenberg and 
Yusuf, 2006). Hypertension, an independent risk factor for cardiovascular disease, 
has pro-inflammatory effects (Hansson et al., 2006; Ross, 1999). There is also 
circumstantial evidence in the influence of systemic inflammatory diseases on the 
development of atherosclerosis. In SLE, the atherosclerotic burden is larger 
(Svenungsson et al., 2001) and patients with SLE and RA have a higher incidence of 
cardiovascular disease (Frostegard, 2005a). In addition, a range of animal studies 
support an important role for inflammation in atherogenesis and suggest possible 
pathogenetic mechanisms, since genetic deficiency in certain TLRs, adhesion 
molecules, pro-inflammatory cytokines and chemokines reduce atherosclerosis in 
mice (Hansson, 2005; Leon and Zuckerman, 2005). 

1.1.3.2 Disease development 

From the initial macrophage infiltration of the fatty streak, an increasingly complex 
inflammatory milieu develops over decades inside the remodeling vessel (Hansson, 
2005). The process is not known in full detail, and it is probable that different 
mechanisms prevail at different stages of the disease. Lipids and modified 
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lipoproteins play an important role in the initial phases of the disease. High levels of 
circulating low-density lipoprotein (LDL) in itself is a major risk factor for 
cardiovascular disease. LDL is believed to bind to the negatively charged matrix 
components and become trapped in the vascular wall and LDL can be enzymatically 
modified in the artery wall to oxidized LDL (oxLDL), which is a potent pro-
inflammatory agent (Tabas et al., 2007). Therapeutic targeting of LDL has also 
proven efficient in symptomatic disease with reduction of morbidity and mortality 
(Gould et al., 2007). 

Over time, the lesion matures and changes its characteristics. Some lesions increase 
in size but remain stable. Other lesions may at some point develop to become 
unstable and prone to rupture. In many cases, the lumen diameter is preserved by 
remodeling of the blood vessel, leaving the blood stream unobstructed (Libby and 
Theroux, 2005). Mature lesions usually consist of a core region with lipid laden 
macrophages, foam cells, extracellular lipid droplets and necrotic debris surrounded 
by a cap of smooth muscle cells (SMCs) and a collagen-rich matrix (Jonasson et al., 
1986). In addition, several types of immunocompetent cells, including dendritic cells, 
mast cells, monocytes and several T cell subsets, are found in atherosclerotic lesions. 
In the shoulder region, i e at the interface between the normal vessel and the lesion, T 
cells and macrophages are especially abundant and many of them show signs of 
activation and produce pro-inflammatory cytokines. The luminal cap of SMCs and 
matrix covered by ECs prevents contact between the blood and the contents of the 
lesions. Damages to the cap may result in platelet activation, clotting, coagulation and 
formation of an occlusive thrombus, ultimately presenting as MI or stroke (Hansson 
and Libby, 2006). Hence, processes that damage or weaken the cap will promote the 
clinical manifestations of atherosclerosis (Libby and Theroux, 2005). 

The inflammatory process in the atherosclerotic lesion exhibits a number of features 
that facilitate de-stabilization of the lesion. Macrophages are capable producers of 
matrix metalloproteinases (MMPs), which may promote decomposition of the 
collagen in the cap (Gough et al., 2006). Macrophages also produce free radicals, 
which may contribute to the modification of LDL or other tissue components and turn 
self-proteins into structures that are recognized as foreign by activating receptors of 
the immune system. In addition, they produce the proinflammatory cytokine Tumor 
Necrosis Factor (TNF)-α and chemokines (Hansson, 2005). Furthermore, the antigens 
will be taken up, processed and presented by macrophages and other antigen-
presenting cells, opening for the initiation of an adaptive immune response. In 
response to the inflammatory milieu in the atherosclerotic arterial wall, and possibly 
also to shear stress exerted by the pulsating and regionally turbulent blood-flow, ECs 
upregulate adhesion molecules such as VCAM-1 (Cybulsky and Gimbrone, 1991; 
Nakashima et al., 1998). The adhesion molecules will ligate their counter-receptors 



 

17 

on the rolling, intravasal leukocytes and increase recruitment to the vessel wall. This 
influx of leukocytes will be further promoted by the chemokines produced by 
vascular cells and immune cells in response to the inflammatory activation (Hansson 
and Libby, 2006). As a consequence, several different subsets of leukocytes will 
come in close proximity in the atherosclerotic lesion. Under these circumstances, both 
macrophages and dendritic cells can present antigens with major histocompatibility 
complex (MHC) class II proteins to T cells and support an adaptive immune 
response, further propagating the local vascular inflammation. 

Activation of T cells, the central orchestrators of the adaptive immune response, is 
critically dependent on co-stimulatory signals, which are received through, among 
others, molecules of the TNF superfamily (Croft, 2003). Several members of this 
family have been implied in atherosclerosis, for example CD40/CD40L (Schonbeck 
and Libby, 2001a), LIGHT (Lo et al., 2007) and OX40/OX40L (Ria et al., 2006; 
Wang et al., 2005b). In view of this, the signaling interplay between 
immunocompetent cells and vascular cells is of central interest in pathophysiology. 

Since it is now widely accepted that vascular inflammation not only is associated with 
the development of atherosclerotic lesions (Hansson, 2005), but also play an 
important role for lesion rupture and thrombus formation, modulation of vascular 
inflammation has become a potential therapeutic target for the prevention of clinical 
ischemia, MI and stroke (Hansson, 2005; Nakajima et al., 2002; van der Wal et al., 
1994). 

1.1.4 Vasculitides 

Vasculitis may occur in different systemic inflammatory diseases such as systemic 
lupus erythematosus (SLE), rheumatoid arthritis (RA), Sjögren’s syndrome, 
scleroderma and sarcoidosis. The current understanding is that, in most instances, the 
process is initiated and propagated not by pathogens but rather by immunoglobulins 
(Ig) and immune complexes. These molecules bind to EC and promote plasma 
leakage and production of chemokines and cytokines which lead to attraction of 
leukocytes (Guillevin and Dorner, 2007). An interesting feature of these systemic 
inflammatory diseases is that the degree of inflammatory activation measured as CRP 
levels correlates with the degree of atherosclerosis in these patients (Del Rincon et 
al., 2003). Whether the increase is attributable to the vasculitis itself, an intensified 
systemic inflammation or certain syndrome specific characteristics of the systemic 
inflammatory disease has yet not been sufficiently evaluated (Frostegard, 2005b). 

Vasculitides also occur without known concomitant disease. The pathogenetic 
mechanisms of vasculitis includes interactions between components of the vascular 
wall, cells of the immune system and circulating antibodies and complement 
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(Guillevin and Dorner, 2007). In many vasculitides, the ECs are believed to play an 
important role. They may be a target for injury and/or actively participate in the 
propagation and amplification of the local immune response (Cid, 2002). Adhesion 
molecules expressed by ECs play an important role in the recruitment of leukocytes 
and also for the development of the inflammatory milieu. The inflammatory milieu 
may stimulate SMC proliferation and/or matrix deposition, which potentially 
contributes to vessel stenosis and impaired blood flow (Guillevin and Dorner, 2007). 

1.1.5 Same, same – but different? 

The pathogenesis of the diseases discussed above is different in many respects. The 
time-course of the disease varies between hours in the case of severe sepsis to many 
decades for some aspects of atherosclerosis. The anatomical distribution spans from 
more or less the entire body in sepsis to small, focal processes in atherosclerosis. The 
initiating agents vary widely from aggressive meningococcai, capable of killing a 
previously healthy host within hours, to colonizing non-pathogenic bacteria or even 
some body constituents themselves. The successful treatments also show major 
differences. Anti-microbial therapy is a cornerstone in the treatment of bacterial 
sepsis while it has no proven effect in atherosclerosis (Grayston et al., 2005), in 
which local angioplasty or thrombolysis are effective. 

In spite of the differences, a number of treatments are effective across several of these 
diverse diseases. Statins, effective in atherosclerosis, also protect people from sepsis 
(Almog et al., 2004). Corticosteroids are effective for vasculitis, and probably has its 
justification in the treatment of sepsis, but its effect on atherosclerosis is unclear 
(Frostegard, 2005b). Anti-TNF therapy, successful in some autoimmune diseases, 
also show beneficial effects on severe sepsis outcome in selected patient groups 
(Reinhart and Karzai, 2001; Rice et al., 2006). 

A common denominator for these shared therapies is their immunomodulatory 
effects. In the local milieu of the blood vessel, in the interface between the circulating 
blood and the vascular wall, some of the pathogenetic mechanisms may be similar. 
The ECs are of central interest, since they directly interact with components of the 
circulating blood. A change in endothelial surface protein expression may activate 
immune cells and recruit leukocytes to the vessel wall (Cook-Mills and Deem, 2005). 
Further, ECs are themselves able to produce and rapidly secrete many factors with 
immunomodulatory effects, including cytokines and chemokines (Schiffrin, 1994). 
For example, TLRs and cytokine receptors on ECs may activate pro-inflammatory 
transcriptional programs when ligated by structures recognized as “foreign”. Changes 
in the EC barrier between the blood and the vessel is pivotal for the infiltration of 
immune cells and the extravasation of blood plasma rich in antibodies and 
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immunoactive proteins such as complement (Pober and Sessa, 2007). Also SMCs 
carry cytokine receptors and are able to produce cytokines and chemokines. In this 
way, the vascular wall plays an active role in the local inflammatory response. 
Therefore, an increased understanding of the molecular mechanisms that govern the 
response to “non-self” at the interface between the blood and the vascular wall, and in 
the vascular wall itself, could increase our abilities to understand the pathogenesis of 
several important diseases, ultimately enabling the development of more effective and 
selective therapy. 

1.2 An “unbiased” approach to vascular research 

Research is traditionally hypothesis-driven. This approach starts from the known and 
investigates the immediate surroundings of the known. It is, however, conceivable 
that important features of any biological phenomenon may be found in a completely 
unexpected context, far from the already known. Therefore, an unbiased approach in 
the investigation of biological processes has been advocated by some investigators. 
With the advent of techniques to explore biology on a large scale, there has been a 
discussion in the research community about the efficiency and value of hypothesis-
driven research versus industrial-scale information- and hypotheses-generating 
experiments (Allen, 2001; Gannon, 2000). Examples of such large scale efforts are 
the Wellcome Trust Case Control Consortium, which recently mapped about 500 000 
single nucleotide polymorphisms in the DNA between 14 000 cases and 3 000 
controls (§§, 2007), and the numerous available mRNA transcript profiling studies 
aiming to chart differences in the transcriptional response from all human genes 
between different conditions or stimuli. Clearly, with the tools available to date, it is a 
challenge to extract meaningful knowledge from the huge datasets produced by these 
large-scale efforts without an a priori hypothesis. However, exploratory techniques 
may be powerful tools in guiding the selection of study targets and the prioritization 
of hypotheses (Gerhold et al., 2002). 

The human genome harbors approximately 30 000 different genes, which are 
transcribed into approximately 150 000 transcripts. The transcriptome, in turn, is 
estimated to translate into approximately 1 800 000 different proteins (Jensen, 2004). 
To date, detailed knowledge about the function is lacking for a major part of these 
transcripts and proteins. Hypotheses about the pathogenesis of disease derived from 
the known dataset, therefore, exclude many potentially critical factors. A combination 
of both an exploratory hypothesis-generating approach and a hypothesis driven 
methodology would possibly be fruitful. With the development of gene arrays for 
global profiling of the mRNA expression in human samples, new possibilities to 
explore the vascular transcriptional response to inflammatory stimuli have emerged. 
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1.2.1 Gene array technology 

DNA microarray technology, “gene arrays”, makes it possible to run thousands of 
simultaneous hybridization experiments. The technology has evolved from methods 
designed to detect specific DNA fragments, such as Southern blotting (Southern, 
1975). The basic concept for gene arrays is to attach, “spot”, a large number of 
probes, usually cDNA or oligonucleotides, at a high density to a solid surface at 
precise positions. These probes are then used to investigate the specific binding of 
DNA fragments, thereby enabling identification of the presence and relative amounts 
of different DNA species in a sample (Holloway et al., 2002). A first gene expression 
profiling experiment using the microarray technique was presented in 1995 (Schena 
et al., 1995). After that, the use of the technology has virtually exploded. 

Currently, three main types of gene arrays are used: Filter arrays, spotted glass slide 
arrays and in situ synthesized oligonucleotide arrays. The main differences between 
these array types relate to the surface on which the probes rest, the properties of the 
probes and the method of attaching the probes to the solid surface. Filter arrays and 
spotted glass slide arrays with cDNA probes are possible to manufacture in academic 
laboratories, while arrays requiring in situ synthesis of oligonucleotides, such as the 
Affymetrix products, need to be manufactured in industrial scale (Holloway et al., 
2002). 

There are two main principles of binding detection in gene arrays: Two-color and 
one-color. The two-color system was designed to reduce the error due to the 
variability in microarray manufacturing and probe binding efficiency (Patterson et al., 
2006). This is achieved by simultaneous comparisons of the affinity to the probes on 
the same array of the cDNA fragments in two different samples. For example, to 
compare the mRNA expression of genes between two samples, the mRNA in the 
respective samples is first reverse-transcribed to cDNA. Then, the cDNA in the first 
sample is labeled with one fluorescent dye and the cDNA from the other labeled with 
a fluorescent dye of a distinctly different color, e g green and red. The samples are 
mixed and added to the gene array, where cDNAs corresponding to the genes of 
interest have been spotted in a known order. The cDNA in the probes and the color-
labeled samples will then hybridize. After binding, the fluorescence intensity of the 
different colors in each spot is determined by a specialized fluorescence detection 
instrument. The relative intensities of the different colors reflect the relative amounts 
of the mRNA in the samples. 

In the one-color method, only a single dye is used per array. Arrays are compared 
between each other, which makes the experimental design more flexible, since 
comparisons between groups of samples and across microarrays is facilitated 
(Patterson et al., 2006). The one-color method does, however, require that arrays are 
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manufactured in a highly reproducible way, since any technical differences in probe 
affinity potentially could be interpreted as a difference in binding and, eventually, 
erroneously as a biological difference between samples. Even though the one- and 
two-color methods have theoretical pros and cons, the current quality of 
commercially available gene arrays is sufficiently high for both systems to be useful 
in most experimental setups (Patterson et al., 2006). 

It is, however, not trivial to adequately determine the concentration of even one 
species of mRNA in a sample or to compare levels between two samples (Bor et al., 
2000; McAlinden et al., 2004). There are methodological challenges at several levels. 
First, RNA needs to be extracted from the cells of interest, preferably without any 
significant degradation and without contamination of genomic DNA, which 
potentially could interfere with later steps in the analysis. Then, the concentration of 
RNA in the extract must be determined, and the available routine methods are not 
precise, especially when the available amounts of RNA is limited (Lee and 
Schmittgen, 2006), which often is the case in human and animal studies. Therefore, 
the amount of RNA added to the next reaction step, reverse transcription (RT) to 
cDNA, will vary between samples. This potentially affects the efficiency of the RT 
reaction and adds to the error. Finally, the polymerase chain reaction (PCR) needed 
for the semi-quantitative real-time RT-PCR which measures cDNA levels, i e 
indirectly the mRNA levels of interest, may differ in efficiency due to differences in 
amount of cDNA between reactions as indicated above and to imperfections in the 
PCR machine. Because of these shortcomings, the gene expression levels need to be 
related to a transcript with a known constant level between the samples, a so-called 
house-keeping gene. However, the stability of house-keeping genes in different 
experimental setups is of constant concern and debate (Lee and Schmittgen, 2006). 
Hence, it is very hard to determine which the correct measurement of the expression 
of a certain transcript is in all situations, since the “gold standard” for gene 
expression, semi-quantitative real time RT PCR, or “TaqMan PCR”, also suffers 
considerable shortcomings as described. 

With these methodological challenges of the single gene expression level 
determination in mind, it is easily realized that validation of gene array experiments 
involving simultaneous investigation of the expression of many thousands of genes is 
a tricky assignment. Should, for example, gene expression be correlated to one 
supposedly stable house-keeping gene, to the mean expression level for all genes on 
the array or should it be related to the level of standards of known concentrations 
added to the sample before hybridization?  

A way to control for technical differences in array manufacturing, sample quality and 
hybridization efficiency between array experiments is to utilize different internal 
controls and advanced algorithms for normalization of the generated signals to a set 
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of standard genes (Irizarry et al., 2003). Although normalization, i e, determination of 
a reference level for the signal, obviously is a crucial step in gene expression analysis, 
there is yet no consensus on a “gold standard” (de Kok et al., 2005; Patterson et al., 
2006). The methods have evolved and become much more robust during recent years. 
Currently, many favor the so called Robust Multiarray Analysis (RMA) algorithm as 
the method to achieve a combination of the best precision in the measures of 
expression, consistency of fold change estimates and the sensitivity and specificity in 
detecting differential expression (Yang et al., 2006). This is the method used for all 
array experiments in this thesis, except the very first which was carried out before 
RMA emerged. 

At any rate, many basic issues concerning optimal gene array experimental design, 
data acquisition, analysis and interpretation have yet not been adequately resolved. It 
has been concerning that several groups have reported inability to reproduce results 
across laboratories and across platforms (Li et al., 2002; Tan et al., 2003). However, 
more recent and very carefully designed studies have proven that data show 
reasonable cross-platform and between-lab conformity (Dobbin et al., 2005; Irizarry 
et al., 2005) and also that one-color and two-color arrays show similar performance 
(Patterson et al., 2006). 

1.2.2 Selection of targets for further studies 

1.2.2.1 Platform evaluation 

In spite of its limitations, gene array technology offers a powerful method to explore 
differences in the transcriptional activity between defined conditions. It could 
potentially serve to extend the understanding of the vascular inflammatory activity 
believed to play a pivotal role in the 
development of cardiovascular 
pathology. 

Because of the known potential 
imperfections of these relatively new 
methods, we evaluated three 
experimental gene array platforms 
before using the data for hypothesis 
generation: In-house cDNA arrays 
printed on glass slides with a 
fluorescent two-color detection 
system, one-color Clontech filter 
arrays with spotted cDNA and 
radioactively labeled cDNA probes 

Figure 1. Resulting scan after hybridization of 
an in-house two-color cDNA array. 
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and the Affymetrix GeneChip®, a one-color system with a local core facility for 
analysis. In short, both the in-house and Clontech arrays gave reproducible 
hybridization results with a high signal-to-noise ratio (Figure 1). However, we were 
unable to verify the transcriptional response as measured with these arrays using 
TaqMan PCR (data not shown). The reason for this is unclear and could pertain to 
transcript annotation issues, imperfections in the hybridizations or measurement of 
the signals, among many things. We, therefore, abandoned these platforms and turned 
to the Affymetrix GeneChip® system and sent our RNA to the Affymetrix core 
facility at the Karolinska Institutet for analysis with the Affymetrix GeneChip® array 
(Olofsson et al., 2005). Global transcriptional data was obtained from normal and 
atherosclerotic arteries that were cultured with or without LPS (Figure 2). Data points 
deviating from the regression line indicate differentially regulated genes. Selected 
results from this analysis were reasonably well verified using TaqMan PCR (Table 1), 
which lent strength to the reliability of this system of analysis. 

 

 

 

 

Figure 2. Scatterplot of the transcriptional data from the Affymetrix gene array. Gene expression 
level with or without LPS stimulation as determined by (a) 12625 probes in a normal artery with or 
without LPS incubation and (b) 25246 probes in eight pooled atherosclerotic arteries. 
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Table 1. Fold induction (FI) of selected genes in LPS incubated atherosclerotic and normal 
arteries as evaluated with Affymetrix GeneChip® array and TaqMan PCR. Values are mean ± 
SEM. 
 
  FI, atherosclerotic FI, normal 

Gene Symbol Array TaqMan Array TaqMan 

cytomegalovirus inducible gene 5 Cig5 9.9 13 ± 5.4 11.3 100 ± 31 

interleukin 1β IL-1β 4.0 8.4 2.0 6.0 ± 0.9 

tumor necrosis factor α TNF-α 2.6 10.6 2.6 7.3 ± 1.6 

chemokine (C-C motif) ligand 2 MCP-1 1.4 4.1 ± 1.4 2.1 2.3 ± 0.3 

interleukin 8 IL-8 1.3 7.2 ± 1.3 7.6 5.8 ± 0.7 

 

 

1.2.2.2 Experiment rationale 

The starting point for immune responses is activation of the innate immune system. 
The TLR response is an important signal in the initiation of this rapid immune 
response. TLRs are expressed in human atherosclerotic lesions (Edfeldt et al., 2002). 
Alterations of TLR4 signaling change the course of several inflammation-associated 
diseases. Mutations in TLR4 are linked with endotoxin hyporesponsiveness in 
humans (Arbour et al., 2000) and TLR4-/- (TLR4 deficient) mice are resistant to 
endotoxin induced shock, but also more susceptible to certain infections (Eppig et al., 
2005). As mentioned above, polymorphisms of the TLR4 also influence the 
development of atherosclerosis and levels of circulating cytokines and soluble 
adhesion molecules in man and atherosclerosis-prone apolipoprotein E (ApoE)-/- x 
TLR4-/- double knockout mice have less atherosclerosis (Michelsen et al., 2004). 
TLR4 signaling has also been implied in vasculitis (Ma-Krupa et al., 2005) and 
systemic inflammatory disease (Andreakos et al., 2005; Sacre et al., 2007). 

Bacterial lipopolysaccharide (LPS) from escherichia coli (e. coli) is a ligand for 
TLR4 (Aderem and Ulevitch, 2000). Ligation leads to activation of several pro-
inflammatory pathways, including nuclear factor (NF) κB, interferon response factor 
(IRF) 3 and activating protein (AP) 1. LPS can be utilized as an activator of innate 
immunity under experimental conditions. Hence, exposure of arteries to LPS is a tool 
for studying innate immune activation in this tissue. 

In an effort to learn more about the vascular transcriptional response in situations of 
innate immunity activation, fresh biopsies from normal and atherosclerotic arteries 
were cultured with or without LPS and the response analyzed with the Affymetrix 
GeneChip® system (Olofsson et al., 2005). Out of the 12558 analyzed probesets on 
the array, about 50% gave a detectable signal. 276 transcripts increased and 258 
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decreased in expression in the renal artery and 283 transcripts increased and 182 
decreased in the atherosclerotic biopsy after stimulation. Thus, a measurable change 
in mRNA levels was observed in less than 10% of the probesets (Olofsson et al., 
2005). Still, this amounts to a substantial number of genes to consider. 

There is no consensus on the most beneficial approach in evaluating this type of large 
datasets, but the available options for analysis are numerous (Slonim, 2002). Gene 
array study data often include few, if any, technical or biological replicates, but a vast 
number of tested gene expression relationships. This obviously is a steep challenge in 
terms of statistical interpretation of the data. For example, if classical Bonferroni 
correction for multiple testing were carried out on a standard Affymetrix GeneChip® 
dataset, only p-values below 4x10-6 (=0.05/12500) would be considered significant. 
This would not only raise the requirements of replications tremendously, but also fail 
to identify a high number of truly regulated genes. The Bonferroni method assumes 
independent testing of variables, which really may not be true in biology where the 
expression of many genes is linked together. Less stringent analyses are probably 
beneficial in many situations and the methods for statistic evaluation of gene array 
data is an area of ongoing research (Slonim, 2002).  

1.2.2.3 Target selection 

In our first hypothesis-generating experiment, in which the vascular transcriptional 
response to innate immune activation was explored, we used quite basic approaches 
to analysis, mainly because the dataset lacks replicates. The dataset was examined in 
two ways, one unbiased, in which we looked only for the magnitude of the response, 
and one “immunopathogenesis-biased”, in which we explored families of molecules 
that we deemed interesting for vascular immune activation. These approaches were 
intended only to give hints to be further explored with subsequent traditional 
hypothesis-driven experiments. 

The first approach compared “fold induction”, that is, the relation of the expression 
level of each gene in the stimulated versus the unstimulated specimen among samples 
over the detection threshold, and that were replicated in normal and atherosclerotic 
arteries. This method showed that two cytomegalovirus (CMV) associated genes, 
cytomegalovirus inducible genes (cig) 5 and cig 49, were the most induced in the 
combined response from atherosclerotic and normal arteries (Olofsson et al., 2005).  

In the second approach, genes were first ranked in the order of fold induction. The 
dataset was then scanned for known immunomodulatory genes. Of the 50 most 
regulated genes by LPS in human arteries, 6 were associated with the TNFSF and 10 
were chemokine-associated. The TNF receptor superfamily (TNFRSF) 9, or CD137, 
and its ligand were induced both in normal and atherosclerotic arteries, and possess 
known immunomodulatory effects in inflammatory disease (Sun et al., 2002a) and 
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TNFSF4, or OX40L, is a molecule in the same family associated with an autoimmune 
disorder (Malmstrom et al., 2001). The chemokine and scavenger receptor 
CXCL16/SR-PSOX had already attracted some interest in vascular inflammation 
(Kita et al., 2001). These molecules were selected for further studies. 
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2 Pathogens in atherosclerosis 
In the arterial in vitro response to LPS, two CMV-associated genes were among the 
most upregulated as evaluated with Affymetrix GeneChip® array. The finding is 
especially interesting since CMV and other pathogens have been implicated in 
atherosclerosis. 

2.1 Infections in the pathogenesis of atherosclerosis 

The plausible connections between pathogens and cardiovascular disease aggravation 
are several. First, infections increase the systemic inflammatory response level, and 
increase the risk for cardiovascular events (Meier et al., 1998). CRP, in itself, is a 
predictor of myocardial events, has been found in human atherosclerotic lesions and 
binds to oxidized LDL. Opsonization by CRP leads to activation of complement and 
promotes inflammation (Pepys and Hirschfield, 2003). Inflammatory activation also 
influences lipid metabolism and lipid profile in a pro-atherogenic direction, including 
lower HDL levels and higher total cholesterol/HDL cholesterol ratio (Popa et al., 
2007). It is conceivable that this response could promote pathogenesis (Leinonen and 
Saikku, 2002). Second, components of pathogens found in the atherosclerotic lesions 
(Leinonen and Saikku, 2002) may elicit TLR activation and an innate immune 
response. TLRs are pattern recognition receptors that recognize conserved motifs 
(Pathogen Associated Molecular Patterns, PAMPs) from pathogens such as virus and 
bacteria. Upon ligation, the TLRs initiate an immune response. The precise 
downstream effect depends on the TLR subtype and the TLR expressing cell type and 
may include activation of the transcription factors NFκB, AP-1 and interferon 
response factor (IRF)-3, resulting in increased local chemokine and cytokine 
production and, as a consequence, subsequent recruitment and activation of other 
components of the immune system. TLRs can also be activated by host-derived 
molecules, damage associated molecular patterns (DAMPs), such as extracellular 
matrix degradation products, HSP60 and oxLDL (Frantz et al., 2007). In addition, 
oxLDL in itself has the ability to upregulate TLR4 expression (Doherty et al., 2006). 
The critical ligands for TLR activation in atherosclerosis are not fully known, but 
both clinical association studies and animal experiments infer a role for TLR in 
atherosclerosis development (Frantz et al., 2007). Third, T cell clones specific for 
microbial components have been isolated from atherosclerotic lesions (de Boer et al., 
2000; Yamazaki et al., 2004) and, hence, also an adaptive response against the 
foreign microbes can be mounted inside the atherosclerotic lesion. This immune 
activation potentially contributes both to the growth, reduced stability and 
prothrombotic properties of the plaque (Hansson and Libby, 2006). Fourth, certain 
pathogens may exert direct pathogenic effects on the vessel wall. For instance, 



 

28 

reactivation of CMV could render the lesion more unstable and the vessel more prone 
to thrombosis (Soderberg-Naucler, 2006). Considering these potential mechanisms, 
more knowledge about the microflora and the vascular response to invasion is 
certainly of interest. 

A multitude of studies have implicated pathogens, such as Helicobacter pylori, 
Chlamydia pneumoniae, herpes viruses, e g cytomegalovirus (CMV) and herpes 
simplex virus (HSV), at several stages of atherosclerosis development (Leinonen and 
Saikku, 2002). Acute infections of the respiratory tract increase the risk for 
precipitation of a MI (Meier et al., 1998) and it has been reported that certain 
antibiotics may decrease the risk for MI (Meier et al., 1999). Pathogens in 
dental/gingival disease have also been linked to atherosclerosis, and several species 
of the oral microflora have been found in coronary atheromata (Behle and Papapanou, 
2006) including remnants of C. pneumoniae (Cannon et al., 2005). Appropriate 
treatment of periodontal disease has shown a beneficial impact on surrogate markers 
for the risk of cardiovascular disease such as serum CRP and IL-6 levels. However, 
outcome studies with relevant clinical endpoints are lacking (Behle and Papapanou, 
2006).  

Furthermore, treatment with anti-microbial therapy targeting C. pneumoniae has not 
shown convincing and reproducible effects in lowering morbidity and mortality from 
cardiovascular disease (Cannon et al., 2005; Grayston et al., 2005). This does not 
necessarily completely rule out a role for these pathogens in atherosclerosis. There 
are many complicating factors, including the time frame for the pathogenic effect and 
timing of the treatment over the long period of disease development (Frantz et al., 
2007). It is further yet unclear which pathogen should be treated. It is possible that no 
single pathogen in itself is the culprit in atherosclerosis development, but that a flora 
of infectious agents may synergize and interact with other host events to create a pro-
inflammatory and pro-atherosclerotic environment (Leinonen and Saikku, 2002). 

Data on C. pneumoniae in atherosclerosis prone mice are conflicting (Burnett et al., 
2001; Caligiuri et al., 2001; Hansson, 2005). The data for murine CMV is more 
convincing, especially for transplant arteriosclerosis, and viral infections may 
influence the course not only of arteriosclerosis, but also a range of other 
inflammatory disesases (Soderberg-Naucler, 2006). 

In summary, a better understanding of the microflora and the vascular response to 
invasion would be valuable in the quest for improved specific therapy of 
cardiovascular disease. 
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2.2 CMV in atherosclerosis 

A large number of seroepidemiological studies demonstrate a correlation between 
CMV antibodies and/or CMV antibody titer level, i e a prior CMV infection, and 
cardiovascular disease (Stassen et al., 2006) while a well-controlled study failed to 
detect this link (Ridker et al., 1998). Differences between patients and controls in 
CMV DNA levels in the arterial wall have also been demonstrated. One study 
reported detectable CMV DNA in 90% of the patient samples but only in 50% of the 
controls (Hendrix et al., 1990). The finding has been reproduced, but, then again, 
other investigators have failed to verify this result (Stassen et al., 2006) and the 
importance of this discovery is unclear. 

A significant contribution of CMV to atherosclerosis has been repeatedly shown in 
animal models. Infection with CMV over a wide dose-range accelerates lesion 
formation in ApoE-/- mice. Also administration of UV-inactivated virus increased 
atherosclerosis formation considerably (Stassen et al., 2006), which suggest that viral 
replication is not needed for the atherosclerosis-accelerating effect in ApoE-/- mice. In 
addition, inactivated murine CMV promotes T cell infiltration of the atherosclerotic 
lesions (Vliegen et al., 2005). After immunization with a CMV-derived peptide, anti-
phospholipid antibodies have been detected, speaking for a possible connection 
between CMV and autoimmunity. Also, antibodies directed against the viral proteins 
UL122 and US28 have been shown to cross-react with HSP60 (Bason et al., 2003), 
further suggesting a link between autoimmunity and CMV infection. The viral protein 
US28 is a chemokine receptor responsive to monocyte chemotactic protein (MCP) 1 
and regulated upon activation, normally T-expressed, and presumably secreted 
(RANTES). US28 is especially interesting since it is expressed by CMV-infected 
SMC (Streblow et al., 1999). Such expression could potentially prime vascular SMCs 
to move against a chemotactic gradient and, in that way, influence the formation of 
the neo-intima. 

From in vitro studies, several effects of CMV are known, which potentially could 
contribute to atherosclerosis progression and disease precipitation. These include 
upregulation of scavenger receptors on SMC and increased uptake of oxLDL, 
induction of PDGF in SMC and upregulation of pro-inflammatory cytokines and 
adhesion molecules in EC (Stassen et al., 2006). All these effects are important in 
atherosclerosis development through promoting foam-cell formation, SMC 
proliferation, leukocyte recruitment and local immune activation (Hansson, 2005). 
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2.3 Viperin in atherosclerosis 

2.3.1 Properties and regulation of viperin 

Since pathogens have been implicated in atherosclerosis, it was noteworthy that we 
identified viperin as one of the most induced genes by LPS both in normal and 
atherosclerotic human arterial biopsies (Table 1 above). Relatively little is known 
about viperin. It is an intracellular, conserved protein found in diverse organisms 
including fish (Boudinot et al., 2000), rodents (Grewal et al., 2000) and primates 
(Chin and Cresswell, 2001), contains motifs associated with protein radical formation 
(Sofia et al., 2001) and cofactor biosynthesis (Rivers et al., 1993) and overexpression 
of viperin inhibits replication of human CMV in fibroblasts (Chin and Cresswell, 
2001). Viperin is normally situated in the endoplasmatic reticulum. After CMV 
infection of fibroblasts overexpressing viperin, viperin and virus co-localize, and 
transfer of virus from the endoplasmatic reticulum to the golgi apparatus is reduced 
(Chin and Cresswell, 2001). This may potentially decrease the final budding of 
tegumented particles, which takes place in the golgi apparatus (Homman-Loudiyi et 
al., 2003). Viperin strongly attenuates virulence in mice (Zhang et al., 2007b), is 
important for the host anti-HIV responses (Rivieccio et al., 2006) and possesses anti-
influenza A effects (Wang et al., 2007). 

One inhibitory mechanism of virus infection by viperin is the interaction between 
viperin and lipid rafts. Viperin binds to and inhibits farnesyl diphosphate synthase 
(FPPS), leading to disruption of rafts, which inhibits the release of certain viruses 
from the cell (Wang et al., 2007). Lipid raft integrity could also be important for 
CMV infection since integrins mediating CMV entry are situated in the rafts (Wang 
et al., 2005a). 

Viperin is induced by several stimuli known to activate innate immune mechanisms. 
Infection with different viruses upregulates viperin expression (Boudinot et al., 2000; 
Chin and Cresswell, 2001; Olofsson et al., 2005; Zhu et al., 1997), but the protein 
does not completely block the progression of infection. This may be due to unknown 
immune evasion strategies developed by the virus, which suggests a co-evolutionary 
history of viperin and CMV infections. In addition, LPS induces viperin in several 
cell-types (Boudinot et al., 2000; Olofsson et al., 2005; Severa et al., 2006), 
indicating involvement of pattern recognition receptors such as TLR4. Participation 
of TLR3 in viperin regulation has indeed been shown in astrocytes (Rivieccio et al., 
2006).  

It is striking that viperin is very powerfully induced by a range of processes 
pertaining to innate immunity in several cell-types and tissues. Results from gene-
array analysis of polyriboinosinic polyribocytidylic acid (pIC, a synthetic analogue of 
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double-stranded RNA) stimulated astrocytes overlap our results from LPS stimulated 
arteries to some extent, with viperin standing out as one of the strongest regulated 
genes (Olofsson et al., 2005; Rivieccio et al., 2006). The induction of Cig5/viperin 
mRNA is also among the strongest in Fas/FADD mediated apoptosis of vascular 
SMCs (Schaub et al., 2000). In addition, we detected viperin induction by endotoxin 
and/or virus compared with controls in all investigated specimens, including cultured 
human EC and SMC and human normal and atherosclerotic arterial biopsies. 
Furthermore, expression was higher in human and murine atherosclerotic than in 
healthy arteries (Olofsson et al., 2005). We, and others, did not detect any induction 
of viperin by TNF-α or IL-1β (Olofsson et al., 2005; Rivieccio et al., 2006; Severa et 
al., 2006), leaving the suggested TLR ligands, IFNs and Fas (CD95) as major viperin 
regulators. 

Viperin possesses antiviral properties as discussed above, but its activity against other 
pathogens has not been studied. Considering that it is induced by distinct pro-
inflammatory stimuli, including bacterial endotoxin, and the putative functions of the 
conserved motifs present in the molecule, viperin may also possess other 
antimicrobial properties (Severa et al., 2006). 

2.3.2 Viperin in atherosclerosis (Paper I) 

Since intracellular microbial agents as CMV and C. pneumoniae have been associated 
with atherosclerosis, the finding of a conserved intracellular antiviral protein with 
possible antimicrobial effects in human atherosclerotic lesions was intriguing. We 
found no expression of viperin in healthy arteries, while we detected viperin in the 
endothelium of atherosclerotic biopsies. This was consistent with the findings in 
culture, where ECs showed a 100-fold higher mRNA level after viral infection than 
did SMCs. Also in atherosclerosis-prone ApoE-/- mice, viperin was induced in 
atherosclerotic parts of the aorta compared with healthy parts. Furthermore, the 
expression in aortas from ApoE-/- mice was higher than in wild type C57BL/6 mice.  

Our study did not detect any difference in viperin expression between patients with a 
history of CMV infection, i e a positive anti-CMV IgG titer, compared with patients 
without signs of a previous CMV infection. Detectable anti-CMV IgG was, however, 
more common in the patient group than in the reference group. Among the 
investigated individuals, no patient had an active CMV infection reflected in a 
positive anti-CMV IgM titer. Levels of CMV DNA and RNA were not investigated in 
the lesions from these patients. Therefore, we can only speculate if the viperin in the 
lesions reflects a general activation of the innate immune system or is a sign of a 
specific response against the presence of a local CMV infection, possibly reactivated 
in response to the inflammatory environment in atherosclerosis (Soderberg-Naucler, 
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2006). At any rate, this finding supports the notion that viperin is induced by several 
inflammatory stimuli in addition to CMV infection. 

In conclusion, we and others have identified viperin as one of the strongly regulated 
agents in the innate immune response. We show that innate immune activation of 
human normal and atherosclerotic arteries induces viperin. Based on the current 
knowledge of viperin, the putative function in atherosclerosis and vascular 
inflammation relate to disease-associated pathogens, but its pathogenetic relevance 
remains to be determined. 
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3 The Tumor Necrosis Factor Superfamily 
An evolving therapeutic strategy for immune mediated disease is to target not the 
immune system as a whole, but rather, as narrowly as possible, the specific effector 
mechanisms responsible for disease development. Since T cells are central 
orchestrators for the adaptive immune response, these cells become interesting targets 
in this respect. In the initial studies of this thesis work, several members of the 
TNFSF were suggested to be strongly regulated by activation of the innate immunity 
in arterial biopsies (section 1.2.2.3). 

3.1 Co-stimulatory molecules 

T cells require two signals for activation, which normally are delivered by antigen 
presenting cells (APCs). First, the antigen peptide needs to be presented bound to 
major histocompatibility complex (MHC) molecules and specifically be recognized 
by the T cell receptor (TCR). Second, a co-stimulatory signal from the APC is 
needed. Co-stimulatory signals work together with the antigen recognition (the first 
signal) to activate the T cell (June et al., 1994). If T cells recognize antigen but do not 
receive co-stimulatory signals, they either go into apoptosis or enter a state of 
tolerance, anergy (Jenkins and Schwartz, 1987). Therefore, co-stimulatory signals 
determine the outcome of the T cell antigen recognition (Bluestone et al., 2006). 

The adaptive immune response is an extremely powerful resource which can be 
rapidly activated. The requirement of several simultaneous signals for initiation is, 
hence, very appropriate. Under normal circumstances, co-stimulatory signals alone do 
not result in T cell activation (Bluestone et al., 2006). However, under certain 
conditions, co-stimulation of T-cells may have dramatic effects on the host’s immune 
system, locally as well as systemically. This was very tangibly illustrated by a clinical 
trial in 2006 when the agonistic antibody TGN1412 directed toward the T cell co-
stimulatory receptor CD28 was administered to six healthy, young volunteers. Within 
hours after administration, they showed signs of an intense systemic inflammatory 
response. All treated volunteers needed support in an intensive care unit for 4-21 days 
because of multiorgan failure (Suntharalingam et al., 2006). Complications included 
lung injury, renal failure, lymphopenia, coagulopatia, tissue necrosis and more. It is 
not clear if the reaction was due only to T-cell co-stimulation or if also other cell 
types were involved in the response to the antibody. The administered solution was 
meticulously checked for contaminants, and the integrity of the antibody was closely 
scrutinized after the incident, but nothing unexpected turned up (Suntharalingam et 
al., 2006). Therefore, the response seen was probably a result of T cell activation 
without the presence of a pathogen. 
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CD28, a member of the immunoglobuline-like superfamily, is considered the main 
co-stimulatory molecule (Bluestone et al., 2006), is chiefly expressed on subsets of T 
cells, and possibly to a limited extent also on some B cells and neutrophils (Gardner, 
2006), so it is plausible that the effect was primarily T cell dependent. The activation 
resulted in what has been described as a cytokine storm. Cytokine levels, including 
TNF-α, IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10 and IL-12 were strongly elevated 
during the first 24-48 hours. Simultaneously, severe lymphopenia occurred and the 
subjects also needed coagulation factor supplement to combat factor and platelet 
consumption. 

The concept of T cell co-stimulators in the immune response has very interesting 
implications for treatment of autoimmune diseases or diseases involving T cell 
antigen recognition. In some autoimmune diseases, the antigen may not be known 
and thus hard to target, and in transplantation, the antigens are numerous (Bluestone 
et al., 2006). Directing treatment toward appropriate co-stimulators would, in these 
cases, open for a possibility to target specific adaptive immune responses toward a 
range of different antigens through interfering with only one co-stimulator pathway. 

As predicted by the concept of co-stimulation, there are a number of examples of 
successful treatment of experimental animal disease by manipulation of co-
stimulatory pathways (Anolik and Aringer, 2005; Beier et al., 2007; Foell et al., 
2003; Sun et al., 2002a; Watts, 2005) and recently, a CTLA-4-Ig (abatacept) was 
registered for treatment of RA in humans (Sharpe and Abbas, 2006). Abatacept 
targets the CD28 ligands CD80 and CD86 and prevents them from activating CD28 
co-stimulation in T cells. Successful targeting of a co-stimulatory pathway also in 
humans gives proof of concept that this truly is a possible therapeutic approach and 
certainly stimulates the interest in further exploration of the biology of the co-
stimulatory pathways. A better understanding of these biological processes and better 
tools to predict outcomes of manipulation of co-stimulation is a prerequisite for future 
development of therapies targeting this important immunological regulatory 
mechanism. 

3.2 The TNF Superfamily 

TNF-α and TNF-β (also called lymphotoxin-α) were among the first cytokines that 
were defined in the 1980s. They are the prototypical ligands in a family of ligand-
receptor pairs called the TNFSF (Smith et al., 1994). About 20 ligands and 30 
receptors have been identified (Table 2) (Aggarwal, 2003). Members of this family, 
including the corresponding receptors, are emerging as key mediators of the T cell 
response after the initial activation involving antigen recognition and CD28 signaling 
(section 3.1) (Watts, 2005). As described above, T cell responses may be very 
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powerful. Therefore, the activation is not controlled by a single event, but is the result 
of a series of cooperating regulatory events and factors. Initially, co-stimulation 
permits IL-2 production and survival of naïve T cells (Lenschow et al., 1996; Sharpe 
and Freeman, 2002). Later, T cells differentiate to effector cells, and enter a short, 
intense period of immunological activity in the lymph nodes and/or the peripheral 
tissues. A minority of these cells escape apoptosis when the initiating event subsides 
and remain as memory cells ready for a swift response if the same danger would 
occur again (Sprent and Surh, 2002). The TNFSF plays an important role in this 
regulation of T cell activation and T cell survival and co-stimulatory molecules are 
important at virtually every step of activation. 

Co-stimulatory signals may be both quantitative and qualitative. Quantitative signals 
are delivered through shared pathways intermediates with TCR signaling, while 
qualitative signals are transmitted though conduits distinct from the molecules 
downstream of the TCR (Croft, 2003). Eight receptor/ligand pairs in the TNFSF have 
emerged as molecules which especially promote activation and survival, namely 
CD137/CD137L, OX40/OX40L, herpes virus entry mediator (HVEM)/homologous 
to lymphotoxins, exhibits inducible expression, and competes with HSV glycoprotein 
D for HVEM, a receptor expressed by T lymphocytes (LIGHT), glucocorticoid-
induced TNFR-related gene (GITR)/GITRL, CD30/CD30L, CD27/CD70, B cell 
activating factor receptor (BAFFR)/BAFF and receptor activator of NF-κB 
(RANK)/RANKL (So et al., 2006). 

3.2.1 Structure of TNFSF members 

A three fold symmetry is required for the normal function of ligands and receptors in 
the TNFSF (Locksley et al., 2001). TNFSF molecules self-assemble to non-covalent 
trimers (Fesik, 2000). Some members, in addition, are dependent on oligomerization 
to become fully active (Rabu et al., 2005). 

The TNFSF ligands are homo- or heterotrimeric type II transmembrane proteins, i e 
have an intracellular N terminus and extracellular C terminus, and have a single 
transmembrane element. There are two exeptions, LTα and vascular EC-growth 
inhibitor (VEGI), which are secreted (Aggarwal, 2003). The C-terminal domain, the 
cystein-rich conserved TNF homology domain (THD), is responsible for receptor 
binding. The sequence identity between the ligand family members is approximately 
20-30%. This sequence similarity is restricted to internal parts of the molecule 
responsible for trimersation and appears in the 150 most C-terminal residues of the 
protein (Smith et al., 1994). The external surfaces of the ligand trimers, which 
determine the receptor specificities, do not show a high sequence similarity (Locksley 
et al., 2001). Ligands are synthesized as membrane-bound proteins and soluble forms 
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can be generated by proteolysis (Bodmer et al., 2002) by defined extracellular 
proteases. For example, the ADAM family protease TNF-α converting enzyme 
(TACE) acts on TNF (Black et al., 1997) and RANKL (Lum et al., 1999) while 
BAFF is probably cleaved by another family of proteases (Schneider et al., 1999). In 
this way, TNFSF ligands may occur both in membrane bound and soluble forms and 
potentially exert different functions depending on their state. For example, membrane 
bound Fas ligand (FasL) kills human T cells while soluble FasL inhibits this killing 
(Aggarwal, 2003). 

Also, the receptors appear as trimers in the cell membrane and interact as trimers in a 
trimer-trimer complex with the downstream signaling proteins, such as TRAF2 
(McWhirter et al., 1999). TNFRSF members are type I membrane proteins, and the 
conserved sequence homology is confined to the extracellular region (Smith et al., 
1994), thus suggesting differences in the intracellular signaling pathways for the 
various members. It has been inferred from the solutions of chrystal structures of 
interactions in the TNFSF that ligand binding results in receptor trimerization 
(Banner et al., 1993; Smith et al., 1994), but, since receptors may self-assemble, 
ligand binding possibly instead result in conformational changes (Chan et al., 2000; 
Locksley et al., 2001). However, some TNFSF receptors can be activated by non-
trimeric ligands, which further complicates matters (Locksley et al., 2001). In the 
same way as the ligands, membrane bound trimers may be cleaved by extracellular 
proteases and become soluble (Smith et al., 1994). Soluble CD137 may also be 
generated through alternative splicing (Goodwin et al., 1993). 

The (self-assembling) trimer configuration that has evolved for the TNFSF is 
relatively unusual, and the advantages in this case are unclear. Investigators have 
speculated that the trimer configuration could cause an exponential increase in the 
synergistic strength in binding, the avidity, of the complexes, and also that trimers 
may facilitate projection of elongated receptors upright in the cell membrane 
(Locksley et al., 2001) and, thereby, help receptor-ligand interactions. At any rate, 
members of the TNFSF interact in trimers, also in relation to the downstream 
intracellular signaling molecules, and the reason for this is yet unclear. 

3.2.2 TNFSF signaling 

TNFSF members primarily mediate apoptosis, survival, differentiation or 
proliferation through several common intracellular pathways including NF-κB, JUN 
N-terminal kinase (JNK) and phosfatidylinositol-3 kinase (PI3K) (Croft, 2003) 
(Figure 3). TNFSF members are, with few exceptions, activation induced (Vinay et 
al., 2006). 



 

37 

The TNFSF receptors divide into three main types, depending on their downstream 
intracellular signaling, namely 1) receptors interacting with death domain (DD) 
adaptor proteins, 2) receptors interacting with TNF receptor associated factors 
(TRAFs) and 3) decoy receptors lacking the ability to signal (Watts, 2005). Signaling 
is extremely rapid and specific (Locksley et al., 2001). Engagement of the DD 
associated receptors activates signals that ultimately lead to caspase activation and 
cell death. TRAF binding receptors comprise the largest subgroup, lack the DD, but 
contain short motifs that are able to recruit TRAFs (Chung et al., 2002). None of the 
receptors in the mammalian TNFSF has any enzymatic activity (Aggarwal, 2003). Six 
TRAFs have been described in mammals. TRAF2, TRAF5 and TRAF6 work as 
adaptor proteins that link the cell surface receptor to downstream kinase cascades and 
are able to activate NFκB (Aggarwal, 2003; Yeh et al., 1997). TRAF2 appears to be 
essential for JNK, but not for NF-κB activation, and TRAF5 can possibly substitute 
for TRAF2 in NFkB activation. However, without TRAF2 certain survival signals are 
lost (Yeh et al., 1997). Remarkably, TNF was unable to activate NF-κB in Ser/Thr 
kinase receptor-interacting protein (RIP) deficient cells (Kelliher et al., 1998), 
suggesting that RIP is a central mediator at least in one pathway of the TNFSF 
activation cascade (Aggarwal, 2003). Furthermore, it suggests crosstalk between 
TNFSF receptors and TLRs, where RIP also plays a central role (Meylan et al., 
2004). 

Interestingly, TNF 
simultaneously activates both 
apoptotic and anti-apoptotic 
signals. The apoptotic 
signaling pathway is not 
dependent on active protein 
synthesis, whereas the anti-
apoptotic signals are. The 
required protein synthesis is 
mediated through activation 
of NF-κB (Karin and Lin, 
2002) and, ultimately, it is 
the balance between the pro- 
and anti-apoptotic signals 
that will determine the fate of 
the cell. In response to the 
fine-tuned balance of these 
TNFSF receptor mediated 
signals, cells may go into 

Figure 3. TNF superfamily signaling in a ligand 
expressing APC (above) and a receptor expressing T 
cell (below). 
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apoptosis, survival or proliferation. Different ligand/receptor interactions within the 
TNFSF are differently tuned regarding the balance of the pro- and anti-apoptotic 
pathways that they induce. For example TRAIL and Fas activate apoptosis more 
readily while RANKL mainly provides survival signals (Aggarwal, 2003). To 
complicate matters further, NF-κB signaling may also work in a pro-apoptotic 
direction through the regulation of death inducing ligands (Aggarwal, 2003). 

Furthermore, it has been shown that TNFR1 translocates to lipid rafts after binding to 
its ligand TNF and forms a signaling complex with TNF receptor associated DD 
(TRADD), TRAF2 and RIP (Legler et al., 2003). Based on this study, it has been 
suggested that the interaction between lipid rafts and the TNF receptor complex 
determines the outcome of receptor activation, for example the switch between 
apoptosis and pro-inflammatory NF-κB activation (Aggarwal, 2003). 

Signaling within the TNFSF seems not to be confined to the unidirectional ligand to 
receptor way, but ligation of the receptor to the ligand can, in certain instances, signal 
both through the receptor and through the ligand. In this way, both the cell expressing 
the ligand and the cell carrying the receptor may be affected by the ligation. This has 
been shown for a number of members of the family, including TNF, CD137L, 
CD40L and LIGHT (Eissner et al., 2000; Eissner et al., 2004; Langstein et al., 1998; 
Sollner et al., 2007; Wan et al., 2002) (Figure 3). 
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Table 2. Nomenclature of the TNFSF. The table is compiled from information from the HUGO 
Gene Nomenclature Committee (HGNC) available at http://www.gene.ucl.ac.uk/nomenclature 
(Wright and Bruford, 2006) and the Online Mendelian Inheritance in Man resource§  
 
Symbol/name Chromosome Alternative names 
TNFRSF1A  12p13.2 TNFR1, p55-R, CD120a, TNF-R-I p55, TNF-R, TNFAR 
TNFRSF1B 1p36.3-p36.2 CD120b, p75, TNF-R, TNF-R-II, TNFR80, TNFR2,TNF-R75 
TNFRSF3 12p13 LTBR, TNFR2-RP, CD18, TNFR-RP, TNFCR, TNF-R-III 
TNFRSF4  1p36 OX40, ACT35, TXGP1L 
TNFRSF5 20q12-q13.2 p50, Bp50, CD40 
TNFRSF6  10q24.1 FAS, CD95, APO-1, APT1 
TNFRSF6B 20q13 DcR3 
TNFRSF7 12p13 Tp55, S152, CD27 
TNFRSF8 1p36 Ki-1, D1S166E, CD30 
TNFRSF9 1p36 CD137, 4-1BB, CDw137, ILA 
TNFRSF10A 8p21 DR4, Apo2, TRAILR-1  
TNFRSF10B 8p22-p21 DR5, KILLER, TRICK2A, TRAIL-R2, TRICKB  
TNFRSF10C  8p22-p21 DcR1, TRAILR3, LIT, TRID 
TNFRSF10D 8p21 DcR2, TRUNDD, TRAILR4 
TNFRSF11A 18q22.1 RANK  
TNFRSF11B  8q24 OPG, OCIF, TR1 
TNFRSF12A 16p13.3 FN14, TWEAKR, Tweak-receptor, CD266 antigen 
TNFRSF12L  DR3L  
TNFRSF13B 17p11.2 TACI 
TNFRSF13C 22q13.1-q13.31 BAFFR 
TNFRSF14 1p36.3-p36.2 HVEM, ATAR, TR2, LIGHTR, HVEA 
TNFRSF16 17q21-q22 NGFR 
TNFRSF17 16p13.1 BCM, BCMA 
TNFRSF18 1p36.3 AITR, GITR 
TNFRSF19 13q12.11-q12.3 TAJ, TRADE, TROY 
TNFRSF19L  FLJ14993, RELT 
TNFRSF21  DR6 
TNFRSF23  mSOB, TNFRH1 
TNFRSF25 1p36.3 TNFRSF-12, DR3, TRAMP, WSL-LR, DDR3, TR3, APO-3 
ectodysplasin recptor 2q11-q13 EDAR 
 
TNFSF1 6p21.3 LTA, TNFB, LT  
TNFSF2  6p21.3 TNF, TNFA, DIF  
TNFSF3 6p21.3 LTB, TNFC, p33  
TNFSF4 1q25 OX-40L, gp34, TXGP1 
TNFSF5  Xq26 CD40L, CD40LG, IMD3, HIGM1, TRAP, CD154, gp39 
TNFSF6  1q23 FasL, CD95L, APT1LG1 
TNFSF7 19p13 CD70, CD27L, CD27LG  
TNFSF8 9q33 CD30LG 
TNFSF9 19p13.3 CD137L, 4-1BB-L  
TNFSF10 3q26 TRAIL, Apo-2L, TL2 
TNFSF11 13q14 RANKL, TRANCE, OPGL, ODF 
TNFSF12 17p13.3 TWEAK, DR3LG, APO3L 
TNFSF13  APRIL 
TNFSF13b 13q32-q34 BAFF, TNFSF20 
TNFSF14  19p13.3 LIGHT, LTg, HVEM-L 
TNFSF15 9q33 TL1, VEGI 
TNFSF18 1q23 GITRL, AITRL, TL6  
ectodysplasin A Xq12-q13.1 EDA, ED1, EDA-A1 
nerve growth factor 1p13.1 NGF, NGFB 
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3.2.3 TNFSF in disease 

Since members of the TNFSF exhibit such a broad range of activities, alterations of 
the TNFSF signaling has potential implications for many diseases. Some of the 
potential conditions where TNFSF members may play a role are summarized in Table 
3. 

3.2.3.1 Regulation of immunity 

Proliferation and apoptosis are two central processes in the regulation of adaptive 
immunity. Members of the TNFSF play an active role in these rapid adjustments of 
the immune system to a changing environment through their impact on proliferation, 
apoptosis and regulators of activation (Aggarwal, 2003). Further, TNFSF take part in 
the development of secondary lymphoid organs (Walsh and Choi, 2003).  

Activated T cells express Fas and FasL and are susceptible to Fas mediated apoptosis 
(Nagata and Golstein, 1995). There are naturally occurring mutations which renders 
Fas dysfunctional in mice and gives rise to a lymphoproliferative disorder in which 
activated T cells do not undergo apoptosis (Aggarwal, 2003). Dysregulation of 
apoptosis in the adaptive immune system through malfunction of Fas-FasL 
interactions inactivates the negative selection of autoreactive immune cells and may 
cause a number of autoimmune disorders in mouse, including syndromes resembling 
human SLE and type I diabetes mellitus (Hayashi and Faustman, 2003). Patients with 
certain, unusual forms of SLE may also carry a mutation in Fas (Drappa et al., 1996) 
or FasL (Wu et al., 1996). However, it is common that lymphocytes from patients 
with diabetes mellitus type I or SLE actually are more sensitive to apoptosis (Hayashi 
and Faustman, 2003). Development of autoimmune diseases is most certainly a very 
complex process involving many more factors than apoptosis regulation. 

FasL appears to have an important role to preserve immune privileged sites, i e 
prevent destructive activation of immune mechanisms in response to inflammatory 
stimuli such as pathogenic infections. In mice, corneal cells in the eye express FasL 
and induce apoptosis in approaching immune cells through this signal (Griffith et al., 
1995).  

TNF related apoptosis-inducing ligand (TRAIL) is important for control of the 
immune system, but not primarily through delivery of apoptosis signals. Instead, 
TRAIL arrests the cell cycle in murine lymphocytes. TRAIL-blockade in vivo leads to 
exacerbation of an arthritis-like disease and increased systemic cytokine levels, a 
disorder that was salvaged by local gene transfer (Song et al., 2000). 

TNFSF members also play an important role in the host response to allograft 
transplantation, especially for their capacity to regulate CD8+ T cells. CD40/CD40L 
interactions are pivotal in alloimmune responses and Fas/FasL, CD137/CD137L 
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(section 3.2.4.3), HVEM/LIGHT (section 3.2.4.2) and OX40/OX40L (section 3.2.4.4) 
probably contribute to the rejection reaction (Adams et al., 2002).  

Cell-cell interactions are central for the regulation of the immune response, and 
interactions between ligands and receptors in the TNFSF occur between T cells, B 
cells, monocytes/macropages, dendritic cells and between immune cells and other 
cells (Aggarwal, 2003; Watts, 2005). As discussed above, T cells need co-stimulatory 
signals to become fully activated and co-stimulatory molecules may also fine-tune the 
T cell activities. Several members of the TNFSF are key co-stimulatory molecules, 
including CD137/CD137L, OX40/OX40L, HVEM/LIGHT, CD27/CD70, 
CD30/CD30L and GITR/GITRL. Furthermore, BAFF and BAFFR are very important 
for B cell function. Mice deficient in either BAFF or BAFFR lack the ability to 
develop B cells, while the B cell maturation factor (BCMA) appears to be expendable 
in this respect (Aggarwal, 2003). TNF-α and LT-α also regulate B cell proliferation 
(Adams et al., 2002; Mackay et al., 2003). Dendritic cells, too, are dependent on 
CD40 and RANKL to develop to fully competent and activated cells (Aggarwal, 
2003). 

3.2.3.2 Autoimmunity 

TNF-α is a pleiotropic molecule in the immune system. It influences immune cell 
activity in many ways including decreasing their sensitivity to glucocorticoids 
(Franchimont et al., 1999), stimulating production of reactive oxygen species 
(Kamata et al., 2005) and reducing survival (Karin and Lin, 2002). Therapy utilizing 
different variants of TNF-α blocking agents has been quite successful in the treatment 
of RA. Treatment reduces serum levels of IL-6 and other cytokines (Feldman et al., 
1998). Anti-TNF-α treatment has also been successful in Crohn’s disease, chronic 
ulcerative cholitis (Lugering et al., 2006) and psoriasis (McDevitt et al., 2002) and is 
now being considered for a range of diseases, including heart failure (Feldman and 
McTiernan, 2004), asthma (Kim and Remick, 2007), osteoporosis (Romas and 
Gillespie, 2006), pancreatitis (Malleo et al., 2007), vasculitis (Aries et al., 2007) and 
more. However, outside of the fields of rheumatology and gastroenterology, there is 
still a lot to prove before this immunotherapy could be considered for routine 
treatment. 

In patients suffering from multiple sclerosis, treatment with TNF-α antagonistic drugs 
intensifies disease (Sicotte and Voskuhl, 2001; van Oosten et al., 1996) which is also 
the case in a murine model of this disease (Selmaj and Raine, 1995). Actually, TNF-α 
antagonism exacerbates a number of autimmune disease in mice, including SLE, 
experimental allergic encephalomyelitis and diabetes mellitus type I (McDevitt et al., 
2002). The mechanisms for this are not completely clear, but changes in T cell 
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apoptosis and regulatory T cell function have been proposed to contribute to these 
effects (McDevitt et al., 2002). 

Several other TNFSF members have been associated with processes of autoimmunity, 
including CD40/CD40L (Lutgens et al., 2007), CD137/CD137L (Foell et al., 2003; 
Sun et al., 2002a; Sun et al., 2002b), OX40/OX40L (Murata et al., 2002), 
HVEM/LIGHT (Shaikh et al., 2001; Wang et al., 2001) and CD30/CD30L (Horie 
and Watanabe, 1998). The first four receptor-ligand pairs will be discussed in further 
depth below. In the case of CD40/CD40L, several clinical trials have been performed 
(Lutgens et al., 2007), with some recent success in Crohn’s disease (Kasran et al., 
2005). Furthermore, transgenic overexpression of BAFF in mice induces different 
manifestations of autoimmunity, for example disease resembling SLE and arthritis. 
This model data is, to some extent, reflected in humans, since BAFF levels are higher 
in individuals suffering from certain autoimmune diseases such as SLE, Sjögren’s 
syndrome and rheumatoid arthritis. BAFF levels also correlated positively to levels of 
autoreactive antibodies (Mackay et al., 2003).  

3.2.3.3 Infections 

The TNFSF members regulate immunity. Since one of the main tasks of the immune 
system is to protect us from harmful pathogens, it is not surprising that alterations in 
the signaling of these molecules influence the capacity to combat infections. TNF-α 
or TNFR1 deficient mice are, on one hand, protected from LPS induced endotoxic 
shock, but, on the other hand, more susceptible to a number of bacterial pathogens 
(Aggarwal, 2003; Hehlgans and Pfeffer, 2005). Treatment of patients with TNF-α 
antagonists considerably increases the risk for reactivation of a resident tuberculosis 
(Gardam et al., 2003), which was predicted from the mouse pre-clinical data. While 
animal studies have shown that reduction of the function of TNF-α, TNFR1, LTβR 
and LTα decrease the ability for the host to fight mycobacterium tuberculosis, 
LIGHT deficient mice, for example, are not more susceptible than wild type mice to 
infection with mycobacterium tuberculosis (Hehlgans and Pfeffer, 2005). This 
discrepancy within the TNFSF, although not completely surprising since the 
molecules do not completely share downstream intracellular pathways, highlights the 
prospects of differentiated and targeted therapy against specific diseases by targeting 
different members of the TNFSF with a possibility to tailor acceptable side-effects for 
different severities of disorders. 

3.2.3.4 Other disorders 

Altered signaling by members of the TNFSF has been associated with the 
development of several diseases. Inflammatory conditions such as septic shock and 
rheumatoid arthritis, briefly described in section 1.1, may partly result from 
inappropriate TNF signaling (Dinarello, 2000). A number of hereditary diseases have 
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been linked to mutations in TNFSF members (the affected member in parenthesis): 
hyper IgM syndrome (CD40L), type I autoimmune lymphoproliferative syndrome 
(Fas/FasL), TNF-R1-associated periodic fever syndrome (TNF-R1), familial 
expansile osteolysis (RANK) and different forms of cancer (Aggarwal, 2003; 
Locksley et al., 2001). 

 

Table 3. List of conditions where dysregulated signaling involving TNF superfamily members  
may play an active role (Aggarwal, 2003). 
  
AIDS Fever Rheumatoid arthritis 
Alzheimer’s disease Heart failure Septic chock 
Atherosclerosis Liver disease Systemic lupus erythematosus 
Allergic asthma Multiple sclerosis Transplant rejection 
Crohn’s disease Osteoporosis Tumorigenesis 
Diabetes Pulmonary fibrosis Tumor metastasis 
 

 

Table 4. Examples of TNFSF members associated with atherosclerosis 
 
 

Gene Association References 
TNF-α Deficient ApoE-/- mice have reduced 

atherosclerosis. 
(Branen et al., 2004) 

CD40/CD40L Affects atherosclerosis development, 
thrombosis and lesion vulnerability 

(Croce and Libby, 2007; Mach et al., 1997a; 
Mach et al., 1998; Mach et al., 1997b; Malik et 
al., 1996; Schonbeck and Libby, 2001a, b) 

OX40/OX40L Affects atherosclerosis development 
and genotype affects risk for MI 

(Ria et al., 2006; van Wanrooij et al., 2007; 
Wang et al., 2005b) 

OPG/RANK/RANKL Possible role in vascular calcification 
and lesion destabilization 

(Collin-Osdoby, 2004; Kiechl et al., 2006; 
Tsirpanlis, 2007) 

TWEAK/Fn14 Potential involvement in 
inflammation, apoptosis, lesion 
destabilization 

(Blanco-Colio et al., 2007; Kalinina et al., 2004; 
Kim et al., 2004) 

LIGHT Serum-levels correlate to disease 
severity. Involved in lipid 
metabolism. 

(Hansson, 2007; Lo et al., 2007; Scholz et al., 
2005) 

 

3.2.4 TNFSF in atherosclerosis 

Several members of the TNFSF have been implicated in different stages of 
atherosclerosis, both in animal experiments and human studies. Some known 
associations are summarized in Table 4. Given the inflammatory properties of the 
developing atherosclerotic lesion and the probable association between intensified 
inflammation and increased risk for plaque rupture, targeted immunomodulatory 
therapy which does not immunocompromise the host but reduces plaque 
inflammation would be desirable. However, no such drug has yet reached the clinic. 
Clinical trials targeting the CD40/CD40L system have been performed. Some 
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observations from these studies and three potentially therapeutically interesting 
TNFSF members are presented below. 

3.2.4.1 CD40/CD40L 

3.2.4.1.1 Expression and function 
CD40 is expressed on all mature B cells, but not plasma cells (Clark, 1990), and on 
monocytes, DC, EC and epithelial cells (van Kooten and Banchereau, 2000). CD40 
plays an essential role for T cell dependent immunoglobulin class switching, 
development of B cell memory and formation of germinal centers in mice (Castigli et 
al., 1994; Kawabe et al., 1994). Importantly, CD40 is also constitutively expressed by 
platelets and ligation by CD40L causes platelet activation (Inwald et al., 2003). The 
ligand, CD40L, is expressed on CD4+ and CD8+ T cells, but not by B cells or 
monocytes and it is upregulated by IL-4 and downregulated by IFN-γ (Gauchat et al., 
1993). CD40L appears to stimulate B cells to proliferation, adhesion and 
differentiation (DiSanto et al., 1993; Hollenbaugh et al., 1992). CD40L is also 
expressed by platelets and released upon platelet activation and triggers an 
inflammatory reaction on endothelial cells (Heeschen et al., 2003; Henn et al., 1998; 
Schonbeck et al., 1997). 

3.2.4.1.2 Implications for atherosclerosis 
Both CD40 and CD40L have been detected in human atherosclerotic lesions and 
ligation of CD40 on atherosclerosis associated cells in vitro activates functions 
related to lesion development (Mach et al., 1998; Schonbeck and Libby, 2001a). Both 
the receptor and ligand are, indeed, expressed on almost all cell types present in 
human atherosclerotic lesions (Schonbeck and Libby, 2001b). CD40 and CD40L are 
also upregulated on platelets and monocytes in smokers, in which an increased 
platelet-monocyte aggregation is seen (Harding et al., 2004). Ligation of CD40 on 
platelets leads to platelet activation and increased platelet-leukocyte adhesion, which 
may be important for recruitment of inflammatory cells to sites of thrombosis, 
inflammation and atherosclerosis (Inwald et al., 2003). The level of soluble CD40L is 
a strong predictor for the risk of MI and also predicts the potential benefit of platelet 
inhibitors in coronary syndromes (Heeschen et al., 2003; Varo et al., 2003). In animal 
models of atherosclerosis, disruption of CD40L-CD40 signaling reduces the extent of 
atherosclerosis and promotes a stable lesion phenotype, i e a fibrous plaque with low 
content of inflammatory cells (Lutgens et al., 2007; Mach et al., 1998; Schonbeck 
and Libby, 2001a). 

In view of the strong clinical and experimental data, CD40 and/or CD40L are 
interesting therapeutic targets in atherothrombotic disease. However, clinical trials 
utilizing anti-CD40L antibodies to treat a range of autoimmune diseases, including 
multiple sclerosis, Crohn’s disease and SLE nephritis have demonstrated serious, 
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undesirable side-effects (Lutgens et al., 2007). Treatment of the disease was, at least 
to some extent, successful, but trials were discontinued due to thromboembolic events 
(Boumpas et al., 2003). The effect has been explained by the role of CD40L in 
keeping thrombi stable. Inhibition of CD40L will render thrombi less stable and more 
prone to shedding emboli (Lutgens et al., 2007). However, anti-CD40 and new anti-
CD40L are in preparation and new clinical trials are emerging. Interference with the 
CD40/CD40L system in an attempt to reduce cardiovascular disease would, however, 
be very challenging since the side-effects of long-term modulation of this ligand-
receptor pair may be unpredictable and severe, as already shown for CD40L. 
Therefore, it has been proposed that downstream intermediates of CD40 would be 
better targets for therapeutic interventions (Lutgens et al., 2007). 

3.2.4.2 LIGHT 

3.2.4.2.1 Expression and function 
LIGHT binds to three receptors: herpes virus entry mediator (HVEM), lymphotoxin β 
receptor (LTβR) and the decoy receptor DcR3/TR6 (Watts, 2005). It is closely linked 
with CD137L on human chromosome 19, which indicates a possibility for related 
functions of these ligands (Collette et al., 2003). LIGHT is upregulated in activated 
CD4+ and CD8+ T cells, NK cells and monocytes (Watts, 2005). HVEM is expressed 
on resting T cells and monocytes and is downregulated by activation (Watts, 2005). 
In contrast, LTβR is not expressed on lymphoid cells, but on stromal cells of the 
lymphoid tissues, on DC and on monocytes (McCarthy et al., 2006). LTβR is of 
pivotal importance for the organization of the immune system in mice (Lo et al., 
2007). DcR3/TR6 is a secreted, soluble decoy receptor, which can mount reverse 
signaling through LIGHT (Wan et al., 2002). 

The effect by LIGHT on T cells are attributed to LIGHT/HVEM interactions, 
including bi-directional signaling, but not LIGHT/LTβR interactions since T cells 
lack LTβR (Watts, 2005). Overexpression of LIGHT in vivo results in an autoimmune 
phenotype, suggesting that LIGHT is important in T cell activation (Granger and 
Ware, 2001). 

3.2.4.2.2 Implications for atherosclerosis 
LIGHT has been found in human carotid atherosclerotic lesions and shown to induce 
MMPs (Lee et al., 2001). Oxidized LDL, known to promote atherogenesis, 
upregulates LIGHT in the THP-1 macrophage cell line at physiological 
concentrations (Scholz et al., 2005). Serum levels of LIGHT are increased in 
individuals with increasing severity of cardiovascular disease and stimulation of 
human macrophages in vitro with LIGHT upregulates scavenger receptor A, tissue 
factor and plasminogen activator inhibitor-1, potentially promoting local foam cell 
formation and thrombosis (Scholz et al., 2005). Moreover, activated platelets release 
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functional LIGHT which may interact with receptors on monocytes and ECs and 
LIGHT was found in thrombi from patients with MI (Otterdal et al., 2006). But the 
functions of LIGHT in atherosclerosis are not restricted to local modulation of the 
immune response or coagulation in the vascular wall. Overexpression of LIGHT in T 
cells inhibits hepatic lipase and, thereby, reduces lipoprotein uptake in the liver, 
ultimately raising serum lipoprotein levels (Lo et al., 2007). High lipoprotein levels 
are associated with increased cardiovascular disease. This finding suggests that 
modulation of LIGHT signaling could be a new approach to treat hyperlipidemia 
(Hansson, 2007). It is even conceivable that reduction of LIGHT signaling through 
LTβR and HVEM receptors, in addition, could dampen inflammation and potentially 
reduce the risk for clinical events of atherosclerosis. 

3.2.4.3 CD137/CD137L 

3.2.4.3.1 Expression and function 
CD137 was discovered on T cells, but expression has been found on a variety of cell-
types including DC, monocytes, activated NK cells, eosinofils and microglia (Watts, 
2005). CD137 expression is activation-dependent and NF-κB and AP-1 are involved 
in its regulation (Vinay et al., 2006).  

Both CD4+ and CD8+ T cells, Th1 as well as Th2 cells, are able to upregulate CD137. 
An example of CD137 dynamics on T cells is shown in Figure 4. The induction 
coincides with CD69 induction. CD8 cells appears to induce CD137 stronger and 
more rapidly than CD4+ T 
cells. CD137 signaling in 
DC leads to IL-6 and IL-12 
production and to IFN-γ 
induction in NK cells 
(Watts, 2005). 

The ligand, CD137L, is 
expressed on a range of 
different cells under 
inflammatory conditions, 
including activated 
macrophages, DC, B cells, 
cardiac myocytes, neurons 
and also in aortic tissue. 
Murine T cells appear not to express CD137L. Hence, activation of CD137 signaling 
in murine T cells is likely triggered in the contact between T cells and APC (Watts, 
2005). However, since CD137L is possibly expressed on human T cells (Alderson et 
al., 1994), also interactions between T cells could trigger CD137 T cell signaling. 

Figure 4. Expression dynamics of three TNFSF receptors 
on T cells after activation. Adapted from Croft, 2003. 
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Furthermore, CD137L is capable of reverse signaling. CD137 binding to its ligand on 
B cells, monocytes and macrophages, further activates these cells (Sun and Fink, 
2007). Some known pathways in CD137 signaling are outlined in Figure 3 
(Aggarwal, 2003; Croft, 2003; Lee et al., 2003; Schwarz, 2005; Sollner et al., 2007; 
Watts, 2005). Although signaling through the ligand has not been investigated to the 
extent as signaling through the receptor, several intracellular pathways appear to be 
shared between the ligand and the receptor (Sollner et al., 2007). 

Activation of human T cells with CD137L promotes differentiation of T cells to an 
effector state, results in upregulation of effector molecules and survival signals and 
primarily supports a Th1 response (Bukczynski et al., 2004; Bukczynski et al., 2003; 
Kim et al., 1998). Murine CD137L-CD137 interactions instead mostly impact T cell 
proliferation, and treatment with agonistic CD137 antibodies results in expansion of 
both CD8+ and CD4+ murine T cells. The effect is, however, considerably stronger on 
CD8+ cells (Shuford et al., 1997; Watts, 2005). In in vivo models of CD137 activation 
using a soluble ligand, the effect of receptor activation is probably a result of the 
combined CD137 effects on a number of cell types including CD137+ DC, 
macrophages, T and B cells. It is, therefore, complicated to sort out the precise 
mechanisms of in vivo CD137 activation. 

Modulation of CD137 signaling influences the disease progression and outcome in 
several murine disease models. It can help eradicate poorly immunogenic tumors, 
promote allograft rejection, exacerbate graft-versus-host disease and improve anti-
viral immunity (Kwon et al., 2002). Interestingly, CD137-/- mice are resistant to 
endotoxin induced shock, and these mice show an impaired cytokine response to a 
challenge with LPS (Vinay et al., 2004). In contrast, CD137 activation can also 
suppress an immune response and induce long-term anergy of T cells if given shortly 
after immunization (Mittler et al., 1999). In a murine model of asthma, a single 
injection of agonistic CD137 antibodies suppressed airway hyperreactivity and 
airway inflammation (Polte et al., 2006). Furthermore, injection of anti-CD137 into 
mice 1 day before infection with influenza virus resulted in 80% mortality, whereas 
administration of the CD137 agonist 1 day after infection resulted in 100% survival 
(Zhang et al., 2007a). Hence, the effect of CD137 stimulation will depend on a 
number of factors, including the type of immune response and the timing of the 
stimulus in the response. 

In situations with very strong antigenic stimulus, CD28 and CD137 may be 
redundant, and the presence of one of these receptors is sufficient for a normal T cell 
response, for example in allograft rejection (Halstead et al., 2002; Watts, 2005). In 
addition to its effects together with CD28 in the initial response, CD137 appears to 
have important effects later in the response at times when CD28 is dispensable, 
especially for development of T cell memory (Watts, 2005). 
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Interestingly, CD28- T cells accumulate in the elderly and in the chronically infected 
(Watts, 2005). Since CD137 signaling can activate and promote survival in these cells 
(Bukczynski et al., 2003), it is possible that CD137 signaling may play a more 
prominent role in effector responses in these groups of individuals (Watts, 2005). In 
support of this, CD137 signaling can compensate for defective T cell priming in 
elderly mice (Bansal-Pakala and Croft, 2002). CD137-CD137L interactions may, in 
light of this, be especially important as an immunomodulator in select patient groups 
and, therefore, an interesting potential therapeutic target. 

3.2.4.3.2 Known implications of CD137 in autoimmune disease 
Systemically delivered agonistic antibodies to CD137 have had remarkable effects on 
autoimmune disease in mice. In Fas-deficient lymphoproliferative mice, which 
exhibit an SLE like phenotype, administration of the agonistic CD137 antibody 2A to 
adult mice blocks disease (Sun et al., 2002a). The treatment led to an increase in 
CD8+ T cells and a reduction of B cells and abnormal CD4-CD8-B220+ T cells and, in 
parallel, reduced serum levels of anti-DNA IgG (Sun et al., 2002a). Also, the 
abnormal size of lymphoid organs in these mice was partly normalized and the 
treatment attenuated renal disease and prolonged survival (Sun et al., 2002a). The 
agonistic CD137 antibodies had equally remarkable effects in another SLE-like 
murine disease in lupus prone NZB x NZW F1 mice. Three injections of anti-CD137 
antibodies reversed the disease, blocked chronic progression and normalized the life-
span of the mice, probably due to reduced levels of IgG autoantibodies (Foell et al., 
2003). Furthermore, the development and course of experimental allergic 
encephalomyelitis, a murine model of multiple sclerosis, was favorably altered by 
agonistic anti-CD137 therapy (Sun et al., 2002b). These CD137 antibodies, in 
addition, block progression of established rheumatoid arthritis in a mouse model (Seo 
et al., 2004). In the chronic inflammation susceptible DBA/1 mice, the CD137 
agonist induced expansion of IFN-γ producing CD11c+CD8+ T cells, which the 
authors conclude suppress disease (Seo et al., 2004). CD137 signaling has effects on 
the course of murine autoimmune disease and exerts an impact on disease 
development without rendering the animal completely immunosuppressed. Although 
the effects of CD137 modulation in humans are largely unknown, this is a promising 
feature of a potential therapeutic target for autoimmune disease, although the timing 
of the treatment appears critical for the effect on the immune system. 

3.2.4.3.3 CD137 in atherosclerosis (Paper II) 
In light of the effects by CD137 signaling in disease outlined above and the 
identification of CD137L/CD137 in the array data set of LPS stimulated arteries 
(section 1.2.2.3), we were inclined to investigate the potential role of CD137 in 
vascular inflammation and atherosclerosis. We explored the expression and 
regulation in a human biobank (BiKE) and, in addition, included control renal arteries 
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and carotid lesion specimens from an additional set of patients. We studied the 
function of CD137 signaling in the atherosclerosis prone ApoE-/- mouse in vivo and in 
cultured human cells in vitro.  

First, we compared the CD137 mRNA expression between atherosclerotic lesions and 
control arteries, and found that levels were consistently significantly higher in lesions. 
Staining using immunofluorescence showed that a proportion of the T cells, both 
CD4+ and CD8+, expressed CD137 on their surface in atherosclerotic lesions. There 
was no staining in normal arteries. We also detected regional CD137 expression on 
ECs in some lesions. In line with this, we were able to induce CD137 expression in 
cultured normal arteries as well as in cultured HUVECs and SMCs. Hence, CD137 
was not only inducible in cells of hematopoietic origin, but also in cells in the vessel 
wall. This finding is also supported by other investigators (Broll et al., 2001; 
Drenkard et al., 2006). The next step was to investigate the potential functional 
properties of CD137 in EC and SMC. In T cells, CD137 is connected with 
proliferation and survival and can, in addition, activate NFκB and AP-1 (Croft, 2003). 
Therefore, we investigated effects on these systems in EC and SMC. NFκB activation 
in EC is known to induce adhesion molecule surface expression, which is important 
for the development of the atherosclerotic disease (Collins et al., 2000; Nageh et al., 
1997). If CD137 would activate NFκB also in EC, adhesion molecule induction 
would be a plausible result. Indeed, cultured HUVEC treated with crosslinked 
recombinant CD137L responded with a moderate but significant increase in VCAM-1 
and ICAM-1 surface expression as measured by FACS. Furthermore, SMC are 
important for lesion stability and changes in SMC composition of the vessel wall may 
alter its integrity. Based on the knowledge of CD137 in T cells, we investigated 
effects by the CD137L on SMC proliferation. These experiments show a significant 
reduction in proliferation in response to the CD137L, a response that was partially 
blunted by addition of a non-functional CD137L. To explore potential CD137 
associations in the vessel wall, we investigated the correlations between CD137 and 
known markers of cellular infiltration and inflammation in the array data-set in the 
BiKE biobank. CD137 mRNA correlated significantly to several metalloproteinases, 
HLA class II molecules, members of the T cell receptor complex, costimulatory 
factors, and leukocyte adhesion molecules. 

Having established CD137 in human tissue and showed new functional properties in 
vitro relevant to vascular inflammation, we wanted to investigate the in vivo effects of 
CD137 signaling in atherosclerosis. Therefore, we administered the agonistic CD137 
antibody 2A to ApoE-/- mice and evaluated the composition of atherosclerotic lesions 
as well as the aortic expression of a number of cytokines. Intraperitoneal injections of 
2A or an IgG2a control were given three times, at 8, 11 and 14 weeks of age, and the 
mice were sacrified at 16 weeks of age. 2A injected mice showed a significant 
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increase in T cell infiltration, predominantly CD8+, and increased expression of the 
murine MHC class II molecule I-Ab in the lesion. Furthermore, mRNA for adhesion 
molecules and cytokines were induced in the aorta compared with the IgG2a treated 
mice. Atherosclerosis was also increased in the treated mice. 

Based on the findings in this study, we propose a potential role for CD137 in vascular 
inflammation in atherosclerosis (Figure 5). 

Figure 5. Proposed model for CD137 in atherosclerosis. a) Cytokines produced by activated 
immune cells (macrophages, T cells) in the intima induce CD137 on vascular endothelial and 
SMCs. b) CD137L expressed by macrophages ligates CD137 on T cells and vascular cells, 
which results in endothelial expression of adhesion molecules (VCAM-1, ICAM-1) and c) 
recruitment of T cells and monocytes, activation of T cells and monocyte-derived 
macrophages, and reduction of smooth muscle proliferation. All these responses contribute to 
plaque inflammation and disease aggravation.  
 

3.2.4.4 OX40/OX40L 

3.2.4.4.1 Expression and function 
OX40 is preferentially expressed on CD4+ T cells, but can be expressed by CD8+ T 
cells after strong antigenic stimulation. TCR engagement is essential for OX40 
expression on T cells and CD28 synergizes to augment the expression. The T cell 
expression of OX40 in vitro peaks at about 48 hours after activation and declines 
after 72 hours. OX40 can be expressed on both Th1 and Th2 cells, possibly 
preferentially on Th2 cells, and may influence both Th1 and Th2 responses (Watts, 
2005).  

Similar to CD137, OX40 is a CD28 independent co-stimulator of T cells (Akiba et 
al., 1999). OX40 signaling enhances proliferation and cytokine production of mainly 
CD4+ T cells, but also of CD8+ T cells (Weinberg et al., 1998). OX40 signaling 
sustains anti-apoptotic Bcl-2 family members and, in this way, promotes T cell 
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survival (Rogers et al., 2001; Song et al., 2004). OX40 activation also downregulates 
the inhibitory CTLA-4 receptor in mice (Prell et al., 2003). 

In contrast to the restricted expression of OX40, OX40L can be expressed by several 
cell types, including activated B cells, dendritic cells, T cells, endothelial cells, 
macrophages (Sugamura et al., 2004), NK cells (Zingoni et al., 2004) and monocytes 
(Baba et al., 2001). TLR and CD40 signaling induce OX40L on APCs (Gramaglia et 
al., 1998; Murata et al., 2000). Peak levels of OX40 on T cells and OX40L on 
dendritic cells coincide in culture (Gramaglia et al., 1998; Murata et al., 2000). 

OX40L on dendritic cells is pivotal for T cell expansion in mice (Watts, 2005). A 
range of studies show a preferential role for OX40 in Th2, but OX40 may also be 
important for Th1 responses (Watts, 2005). It appears that OX40-OX40L signaling 
does not shift the response towards Th1 or Th2, but rather intensifies an ongoing 
immune reaction (Watts, 2005). OX40/OX40L interactions are not only important for 
T cell activation. Interaction between dendritic cell OX40L and OX40 induces the 
chemokine receptor CXCR5 in murine T cells (Walker et al., 1999). Furthermore, 
OX40L on ECs mediates T cell adhesion (Imura et al., 1996) and OX40 interaction 
with EC OX40L can stimulate production of the T cell chemokine CCL5 (Kotani et 
al., 2002). Therefore, OX40-OX40L interactions may be important for recruitment of 
T cells to sites of inflammation, in addition to its effects on T cell activation and 
proliferation. 

Animal experiments support the role for OX40 as a co-stimulatory molecule. OX40-/- 
mice have a deficient CD4+ T cell proliferatory response and unimpaired capacity for 
CD8+ T cell responses against viruses (Chen et al., 1999; Kopf et al., 1999). OX40L-/- 
mice exhibited a reduced response to alloantigens and a reduced function of antigen-
presenting cells (Murata et al., 2000). Transgenic overexpression of OX40L on 
dendritic cells and T cells, respectively, result in CD4+ T cell accumulation, with no 
effect on the CD8+ T cell population (Brocker et al., 1999; Murata et al., 2002). 
When recombinase activating gene (RAG)-1 deficient mice, which lack functional B 
and T cells, were transfected with OX40+/+ and OX40-/- T cells in equal amounts, 
OX40 carrying T cells outnumbered the OX40 negative T cells by three times 27 
days after an immunization event, speaking for a role for OX40 in long-term T cell 
survival. 

Prolonged expression of OX40 and OX40L has been observed in polymyositis 
(Tateyama et al., 2002), Crohn’s disease and ulcerative colitis (Stuber et al., 2000), 
rheumatoid arthritis (Giacomelli et al., 2001) SLE associated nephritis (Aten et al., 
2000), multiple sclerosis (Carboni et al., 2003) and skin disease (Matsumura et al., 
1997). In addition, this ligand-receptor pair is required for the development of a 
number of models of autoimmune disease in mice, including EAE, arthritis, colitis 
and diabetes (Malmstrom et al., 2001; Martin-Orozco et al., 2003; Weinberg et al., 



 

52 

1994; Yoshioka et al., 2000). Taken together, OX40-OX40L interactions have been, 
at the least, associated with autoimmune processes. 

3.2.4.4.2 Known implications of OX40-OX40L in atherosclerosis 
Given the widely accepted understanding of atherosclerosis as an inflammatory 
disease in which T cells play an important role (Hansson, 2005; Hansson and Libby, 
2006), modulators of T cell activity as OX40-OX40L are potential therapeutic targets. 
However, the recent interest for OX40-OX40L in cardiovascular disease mainly arose 
from a completely different rationale. 

Based on the knowledge of the genetic contribution to cardiovascular disease 
susceptibility, researchers tried to identify susceptibility loci in the genome in an 
effort to narrow down the number of “prime suspects”. The susceptibility to diet-
induced atherosclerosis was investigated in a number of inbred mouse strains and the 
atherosclerosis susceptibility locus 1 was identified (Paigen et al., 1985). The genes 
within this locus were studied further, and one of them, OX40L, was linked to 
atherosclerosis development in mice and a certain genotype was associated with an 
increased risk for MI in women (Wang et al., 2005b). OX40L-/- mice had significantly 
smaller atherosclerotic lesions than control mice, while the opposite was true for 
OX40L transgenic mice (Wang et al., 2005b). OX40L was also detected in lesions of 
ApoE-/- mice and the double knockout mice ApoE-/- x OX40L-/- showed reduced 
atherosclerosis (Wang et al., 2005b). The authors of the study proceeded to 
investigate polymorphisms of the OX40L gene in humans. Two patient materials, 
consisting of approximately 400 cases and controls and 1200 cases and 1600 controls 
respectively, were included. The authors found that presence of the rare allele of the 
single nucleotide polymorphism (SNP) rs3850641 in intron 1 of the OX40L gene 
significantly increased the risk for MI in women, but not in men (Wang et al., 2005b). 
A genetic variant of the receptor, OX40, has also been associated to the risk for MI in 
a population of 387 cases and matched controls (Ria et al., 2006). Furthermore, 
blocking OX40-OX40L interactions in mice reduced the size of atherosclerotic 
lesions in atherosclerosis-prone LDL-/- mice (van Wanrooij et al., 2007). Taken 
together, these studies suggest a role for OX40-OX40L in the development of MI and 
cardiovascular disease. 

3.2.4.4.3 OX40L in stroke (Paper III) 
In view of the findings concerning OX40L in murine and human vascular disease 
outlined above, we initiated a study of the role for OX40L in ischemic stroke. First, 
we aimed to characterize OX40L expression in human atherosclerosis, which has 
previously not been studied. We turned to the Biobank of Karolinska Carotid 
Endarterectomies (BiKE), which is a local biobank comprising, to date, ~350 patients 
who have undergone carotid endaterectomy due to symptomatic carotid stenosis. 
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Carotid arteries embedded for immunohistochemistry as well as DNA from white 
blood cells is available from almost all patients (some patients were excluded due to 
technical difficulties in the preparation of the specimens). Carotid artery RNA is also 
available from 138 of the patients from which also DNA was isolated (again, 
isolation of RNA from atherosclerotic human tissue is technically challenging).  

We included the patients with available RNA samples and compared the OX40L 
mRNA levels to 8 normal arteries from transplant donors that have been included in 
the biobank as controls. OX40L mRNA levels were significantly higher in patients 
than controls. OX40L protein was also present in atherosclerotic lesions, chiefly on 
macrophages and rarely on SMC. An interesting preliminary observation was that 
OX40L occasionally was expressed on vascular ECs, however only observed in vasa 
vasorum and never in luminal endothelium. Further studies are needed to validate this 
finding. To estimate the role of OX40L in the lesion, we investigated the correlations 
between OX40L mRNA levels on the one hand and mRNA levels of known markers 
for immune activity on the other. Ox40L mRNA correlated with mRNA for CD8a, a 
marker for the MHC-I restricted T cells, the T cell activation marker CD69 and the 
TNF superfamily member CD137. OX40L on ECs is known to influence T cell 
adhesion (Imura et al., 1996). Since T cells are recruited to atherosclerotic lesions 
through an activated endothelium, and OX40L levels correlated with T cell mRNA 
markers in human lesions, we wanted to investigate whether pro-inflammatory 
mediators present in atherosclerosis affect OX40L expression on ECs. In cultured 
HUVEC, OX40L was induced by TNF-α. The initial response after 6 hours of 
incubation was strong, with a more than 3-fold induction of OX40L mRNA, which 
remained elevated after prolonged TNF-α exposure. 

We were then inclined to investigate whether the MI associated minor allele of 
rs3850641 in OX40L (Wang et al., 2005b) influenced the level of OX40L in 
atherosclerotic lesions. 130 patients belonging to the BiKE cohort were genotyped 
and the OX40L mRNA levels in carotid endarterectomies were investigated. There 
was no detectable allele-specific difference in OX40L mRNA level in the lesions, 
neither among women nor in men only, or in the entire group. Furthermore, there 
were no genotype-specific associations with the levels of systemic factors known to 
be associated with atherosclerosis, such as total white blood cell count, glycosylated 
hemoglobin or serum concentrations of high-sensitivity CRP, cholesterol and 
triglycerides. We could not detect OX40L in human serum. 

To study the effect of the minor allele of rs3850641 on the risk for stroke, we 
proceeded to examine two Swedish cohorts, the SAHLSIS case-control study (Jood et 
al., 2005) and the prospective CASTRO cohort (Wiklund et al., 2005). Genotyping 
was successful for 597 cases and 597 controls in the SAHLSIS cohort and these 
individuals were included in the analysis. There was no significant difference in the 



 

54 

risk for stroke between carriers versus non-carriers of the minor allele and subgroup 
analysis did not uncover any significant effects of the allele among men. In the 
CASTRO cohort, from which 296 cases of non-hemorrhagic stroke and 692 controls 
were selected, the minor allele did not confer any significant change of risk for 
ischemic stroke. Finally, we pooled the selected patients and controls from SAHLSIS 
and CASTRO, and analyzed the risk for stroke conferred by the minor allele of 
rs3850641. No effect of the minor allele was detected in the pooled materials. 

As outlined previously, OX40L is found on many cell types (Watts, 2005), activates 
T cells when bound to its receptor OX40, induces chemokine production (Kotani et 
al., 2002) and mediates T cell adhesion to EC (Imura et al., 1996). Since these effects 
have been associated with atherosclerosis development (Hansson and Libby, 2006), it 
is plausible that OX40L could influence lesion development and stability.  

Since the rs3850641 SNP, the minor allele of which increases the risk for MI in 
women, is located in an intron (Wang et al., 2005b), it is not expected to change the 
functional properties of OX40L. Rather, it could be associated with transcription, 
either through altering the properties of an enhancer region or as a marker for a 
functional polymorphism, and, thereby, influence mRNA and protein levels. We 
were, however, unable to demonstrate any allele-specific differences in the levels of 
OX40L mRNA in atherosclerotic lesions in the 130 patients belonging to the BiKE 
sample, which argues for a systemic rather than a local effect of the genotype. 
Activation of other TNF superfamily members, e g LIGHT and one of its receptors, 
the LTβR, as well as of TNF-α and its receptor, influence systemic lipid homeostasis 
(Hansson, 2007; Lo et al., 2007). The receptors for LIGHT and OX40L, LTβR and 
OX40, signal through interactions with TRAFs and partly share intracellular 
pathways through TRAF2 and TRAF3 (Aggarwal, 2003). Based on this knowledge, 
we were inclined to investigate generalized effects of OX40L on systemic 
inflammation and lipoprotein profiles and the potential influence of the rs3850641 
genotype on such parameters. However, we could not demonstrate any association 
between OX40L genotype and systemic parameters in this study. 

As described above, no statistically significant associations were found between 
increased risk for carotid artery disease or stroke and the minor allele of the OX40L 
SNP rs3850641. Importantly, the sample size of this study does not allow for 
detection of small genetic contributions to risk. With the present study design, sample 
sizes and allele frequencies, we could confidently detect an odds ratio for stroke 
events of ≥1.25 as determined by the on-line Genetic Power Calculator provided by 
Purcell & Sham (Purcell et al., 2003). Thus, we cannot rule out that a modest increase 
in the risk for stroke was associated with the minor rs3850641 allele in these 
populations. 
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Wang et al reported a 5.9 times significantly increased risk for MI in female carriers 
of the minor rs3850641 allele (Wang et al., 2005b). In contrast, we failed to detect 
any increased risk for stroke among carriers, female or male. Obviously, MI and 
stroke are different diseases, but they share many common features in terms of the 
developing atherosclerotic lesion (Hansson, 2005; Virmani et al., 2006). However, 
stroke is to a large extent precipitated by emboli from a ruptured atherosclerotic 
lesion in a medium size artery, whereas MI frequently arises as the result of an 
occluding thrombus at the site of a ruptured atherosclerotic lesion. Furthermore, 
ulcerations and plaque hemorrhage are common in the carotid, but rare in the 
coronary arteries, possibly at least partly due to the different flow rates (Virmani et 
al., 2006). The response after angioplasty also differs between the two vascular beds 
(Badimon et al., 1998). In view of this, a local or systemic effect of the OX40L 
genotype could potentially affect carotid and cerebral arteries differently compared 
with coronary arteries. 

The identification of OX40L on macrophages, i e an antigen presenting cell, suggests 
that T cell co-stimulation through OX40-OX40L interactions takes place in the 
atherosclerotic lesion. Interestingly, we occasionally found OX40L+ ECs in the vasa 
vasorum of atherosclerotic lesions. Such expression could trigger chemokine 
expression through interactions between T cells and EC, and contribute to T cell 
adhesion and recruitment to lesions. This notion is supported by the positive 
correlations encountered in the lesions between the mRNA levels for OX40L, CD8, 
and the T cell activation marker CD69. 

In conclusion, OX40L is expressed on antigen presenting cells in human 
atherosclerotic lesions, but this study provides no evidence for an association of 
OX40L gene variation with the risk for ischemic stroke. 
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4 Chemokines in vascular disease 

4.1 Properties of chemokines 

Chemoattractants are a fairly large family of molecules that stimulate directional 
movement of cells, so called chemotaxis. Chemokines are the largest group in this 
family with 48 ligands and 20 receptors identified to date. Chemokines are relatively 
small, between 8 and 14 kDa, and classified based on their structural features. There 
are four groups of chemokines: C, CC, CXC and CX3C (Zlotnik and Yoshie, 2000). 
Their receptors are classified in four groups, XCR, CCR, CXCR and CX3CR 
according to which ligands they bind (Murphy, 2002). 

The chemokine directed regulation of cellular activities is a complex process. The 
ability of chemokines to induce cell movement is very important for control of an 
appropriate immune response and cell trafficking (Rot and von Andrian, 2004). 
Chemokines are, together with adhesion molecules, involved in the arrest, adhesion, 
activation and transmigration of chemokine-receptor expressing leukocytes from 
blood vessels into tissues (Weber, 2003). Selective homing via chemoattractant-
receptor interactions is essential for the overall organization of the human immune 
system. Local protease activation, a central feature of inflammation, can play an 
important role in the modulation of chemoattractant activity (Zabel Ba Fau - Zuniga 
et al.). Furthermore, chemokines influence granule exocytosis, gene transcription, cell 
proliferation and apoptosis (Gerard and Rollins, 2001).  

4.2 Chemokines in disease 

Most knowledge about this class of molecules in disease has been gained through the 
use of animal models (Gerard and Rollins, 2001). Multiple sclerosis is modeled in 
mouse with autoimmune encepahlomyelitis (EAE). In this model, the appearance of 
certain chemokines correlate with inflammatory lesions and onset and progression of 
disease (Godiska et al., 1995; Karpus and Kennedy, 1997). In humans, CCL2, CCL7 
and CCL8 (monocyte chemotactic protein (MCP) 1-3) have been detected in active 
MS lesions and CCL2 and CCL7 are found in lesional blood vessels (McManus et al., 
1998). Asthma is a chronic inflammatory disease with submucosal infiltration of 
leukocytes in the small airways. In murine models, CCL5 (MCP-5), CCL11 (eotaxin), 
CCL5 (RANTES) and CCL2 contribute to airway reactivity and cellular emigration 
(Gerard and Rollins, 2001). Chemokines have been detected in synovial fluid from 
joints with active RA and joint-infiltrating leukocytes can express chemokine 
receptors. In addition, chemokine antagonists decrease symptoms in animal models of 
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RA (Gerard and Rollins, 2001). Rodent models of allogeneic organ transplantation 
show early expression of CXCL2 (MIP-2) and CCL2 (MCP-1) after transplantation, 
and later other chemokines, e g CCL4 (MIP-1β) and CCL5 (RANTES), appear 
(Gerard and Rollins, 2001). 

In brief, chemokines have been implicated in a variety of inflammatory diseases. 
They may be regulated on the transcriptional level in response to tissue damage and 
infection. Also, the increased protease activity due to immune effector cell infiltration 
into inflammatory tissue may further modulate local chemokine activity. 

4.3 Chemokines in aterosclerosis 

Recruitment and activation of inflammatory cells as well as migration of vascular 
SMCs are fundamental mechanisms for atherosclerosis development (Hansson, 
2005). Chemokines play an important role in these processes. Monocytes enter the 
vascular wall already when the vascular fatty streak is formed, differentiate to 
macrophages and ingest lipids.  

In atherosclerotic arteries from ApoE-/- mice, CXCL1 initiates very late antigen 4 
(VLA-4) dependent monocyte arrest on the vascular endothelium under flow 
conditions (Huo et al., 2001) and, thereby, creates the starting point for extravasation. 
The CX3CL1 (fractalkine) chemokine has a double function as adhesion molecule 
and chemokine since it can be anchored to the membrane but also be cleaved by the 
proteases ADAM-10 and ADAM-17, become soluble and subsequently act as a 
chemokine (Umehara et al., 2004). It is found in human atherosclerotic lesions 
(Greaves et al., 2001) and CX3CL1 deficient ApoE-/- and LDLR-/- mice show regional 
decrease in atherosclerosis (Teupser et al., 2004) as do the receptor knock-out 
CX3CR1-/- x ApoE-/- mice. 

CCL2, acting mainly on monocytes/macrophages and T cells (Daly and Rollins, 
2003), is abundant in macrophage-rich human an animal atherosclerotic lesions 
(Nelken et al., 1991; Yla-Herttuala et al., 1991; Yu et al., 1992) and the expression of 
CCL3, 4 and 5 increase in murine ApoE-/- lesions with time (Lutgens et al., 2005). 
Disruption of the CCL2 gene in atherosclerosis prone LDL receptor (LDLR)-/- mice 
(LDLR-/- x CCL2-/- mice) reduces atherosclerosis burden and the number of 
macrophages in lesions (Gu et al., 1998). Overexpression of CCL2 in 
hypercholesterolemic rabbits and transfusion of monocytes with augmented CCL2 
expression to ApoE-/- mice increases atherosclerosis (Aiello et al., 1999; Namiki et 
al., 2002). Conversely, disruption of the receptor CCR2 in ApoE-/- mice (ApoE-/- x 
CCR2-/-) or transplantation of CCR2-/- bone marrow to atherosclerosis prone mice 
reduces atherosclerosis dramatically (Boring et al., 1998; Dawson et al., 1999; Guo et 
al., 2003). 
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Experiments with CXCL8 (IL-8), its receptor CXCR2 and the murine homologues 
show the same pattern as CCL2 and CCR2. Macrophage-rich areas of human and 
murine atherosclerotic lesions are rich in CXCL8 (or murine homologues) and 
CXCR2 (Boisvert et al., 1998; Wang et al., 1996). Transplantation of CXCR2-/- bone 
marrow to LDLR-/- show reduced atherosclerosis and fewer lesional macrophages 
compared to animals transplanted with CXCR2+/+ bone marrow (Boisvert et al., 
1998). Interestingly, transplantation of CXCR2-/- bone marrow also reduced serum 
cholesterol. 

T cells are common in atherosclerotic lesions and important for disease development 
(Hansson and Libby, 2006). IFN-γ regulates the expression of CXCL9, CXCL10 and 
CXCL11. These chemokines act on the CXCR3 receptors, which are expressed by T 
cells in atheroslcerotic lesions (Mach et al., 1999). CXCL10-/- x ApoE-/- mice have 
less T cell accumulation in lesions and reduced lesion size (Heller et al., 2006). The 
receptor knock-out CXCR3-/- x ApoE-/- mice congruently exhibit reduced T cell 
infiltration and atherosclerosis (Veillard et al., 2005). 

SMC play an important role for the development and integrity of the atherosclerotic 
lesion, and chemokines may act also on this cell type. Several types of molecules are 
needed to act in concert for SMCs to migrate in the vessel wall, including matrix 
metalloproteases (Newby, 2006), integrins (Sajid and Stouffer, 2002), extracellular 
matrix proteins (Black et al., 1997) and chemokines. Activated platelets, which would 
make contact with an injured vessel surface, can increase SMC CCL2 production 
(Massberg et al., 2003). Also, CX3CL1 and CX3CR1 are expressed in human 
atherosclerotic lesions (Wong et al., 2002) and CX3CL1 is chemotactic for SMC in 
vitro (Lucas et al., 2003). Furthermore, CX3CL1 deficiency protects against intimal 
hyperplasia after vascular injury (Liu et al., 2006). 

A special form of arteriosclerosis is the so called “transplant arteriosclerosis “, which 
is seen in the vessels of transplanted organs. It has some unique features contrasting 
with atherosclerosis in general, for example concentric intimal SMC proliferation and 
uniform perivascular inflammatory cell infiltration, especially T cells and 
macrophages (Gerard and Rollins, 2001). The host reaction to allogeneic 
transplantation may include increased vascular chemokine levels, and, hence, 
recruitment of leukocytes (Gerard and Rollins, 2001). It has been proposed that the 
SMC hyperplasia of this special form of arteriosclerosis is directly IFN-γ driven 
(Tellides et al., 2000) and that the IFN-γ would be produced by CXCR3+ activated T 
cells, NK cells or macrophages. Hence, CXCR3 antagonism is a potential therapeutic 
target in transplant arteriosclerosis (Gerard and Rollins, 2001).  

Clearly, chemokines are actively regulated in the blood vessel in response to damage 
and infections and animal studies demonstrate an important role in recruitment of 
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inflammatory cells and disease development. In light of this, chemokines remain as 
potential therapeutic targets in vascular inflammatory disease (Barlic and Murphy, 
2007; Sheikine and Hansson, 2006). 

4.4 CXCL16 in atherosclerosis (Paper IV) 

CXCL16 can function as a chemokine, a scavenger receptor that binds 
phosphatidylserine and oxidized lipids (SR-PSOX) and an adhesion molecule. The 
chemokine CXCL16 binds to and activates CXCR6 (also called BONZO, STRL33 
and TYMSTR) and mediates T cell migration in vitro. CXCL16 exists in membrane 
bound and soluble forms. The membrane bound form functions as a scavenger 
receptor, but is not structurally homologous to other scavenger receptors. It binds and 
mediates internalization of oxidatively modified LDL, but not native LDL. In APCs, 
CXCL16 also mediates adhesion and phagocytosis of bacteria (Shimaoka et al., 
2003). In addition, CXCL16 on dendritic cells can function as an adhesion molecule 
interacting with CXCR6 on T cells (Shimaoka et al., 2004). Soluble CXCL16 is 
generated by proteolytic cleavage by ADAM-10 or ADAM-17 (Sheikine and 
Hansson, 2006). ADAM-10 mediates constitutive and inducible shedding, while 
ADAM-17 seems to mediate inducible shedding (Abel et al., 2004; Gough et al., 
2004; Hundhausen et al., 2007; Ludwig et al., 2005). 

CXCL16 is expressed in many cell-types, including macrophages (Shimaoka et al., 
2000), dendritic cells (Shimaoka et al., 2004), B cells (Wilbanks et al., 2001), T cells 
(Shashkin et al., 2003), SMC and EC (Abel et al., 2004). The receptor, CXCR6, is 
expressed on T cells (Matloubian et al., 2000; Wilbanks et al., 2001), SMCs 
(Chandrasekar et al., 2004), DCs (Ignatius et al., 2000), B cells (Sharron et al., 2000), 
macrophages (Galkina et al., 2007) and NKT cells (Sharron et al., 2000) and 
CXCL16 may potentially be chemotactic for these cell types. A capacity for CXCL16 
– CXCR6 interactions to facilitate migration of certain leukocyte subsets to sites of 
inflammation has been suggested (Kim et al., 2001). 

The three functions of CXCL16 make it interesting in vascular inflammatory diseases 
such as atherosclerosis, since all three processes are important for disease 
development. CXCL16 and CXCR6 protein have been detected in atherosclerotic 
lesions, but not in healthy arteries under normal conditions (Minami et al., 2001; 
Wuttge et al., 2004). Levels of CXCL16 mRNA increase with age in aortas from 
ApoE-/- mice (Wuttge et al., 2004) and high-fat diet in LDL-/- mice increases CXCL16 
levels in atherosclerotic lesions (Aslanian and Charo, 2006). 

Administration of the atherosclerosis associated cytokines IFN-γ or IL-18 to ApoE-/- 
mice in vivo increases CXCL16 expression in lesions (Tenger et al., 2005; Wuttge et 
al., 2004). Furthermore, blocking CXCL16 with anti-CXCL16 antibodies reduced the 
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uptake of oxLDL in human PBMCs in vitro (Wuttge et al., 2004). Given the 
functional properties of the molecule and these data, it is conceivable that CXCL16 
and CXCR6 activation promote atherosclerosis development. However, studies of 
mice deficient in CXCL16 or CXCR6 reveal a complicated image of the effects of 
this ligand-receptor pair. Unexpectedly, LDL-/- x CXCL16-/- double knock-out mouse 
have more atherosclerosis than do LDL-/- mice (Aslanian and Charo, 2006), but, as 
expected, macrophages from LDL-/- x CXCL16-/- mice take up less oxLDL (Aslanian 
and Charo, 2006). ApoE-/- mice deficient in functional CXCR6 (ApoE-/- x 
CXCR6GFP/GFP mice) show moderately reduced atherosclerosis compared to ApoE-/- 
mice (Galkina et al., 2007). Furthermore, aortas in CXCR6 deficient mice have lower 
IFN-γ levels, and labeled splenocytes deficient in functional CXCR6 showed reduced 
homing to the aortas of ApoE-/- mice after adoptive transfer (Galkina et al., 2007). 
These data speak for an atheroprotective effect of CXCL16 and an atherogenic effect 
of CXCR6. However, these studies were carried out in different animal models, 
which make them hard to interpret together. In addition, the effects of CXCL16 
scavenger receptor function may potentially be atheroprotective and overshadow the 
possible atherogenic properties it has as a chemokine and adhesion molecule. 
Moreover, CXCL16 stimulates proliferation of cultured SMC (Chandrasekar et al., 
2004) and EC (Zhuge et al., 2005). For SMCs, this effect, if valid in vivo, would 
probably favor stabilization of atheroslcerotic lesions. The effect of EC proliferation 
is more uncertain, since it potentially could promote neoangiogenesis in lesions, but 
also better endothelial coverage of the vascular endothelial surface, the net effect of 
which is unclear for disease development. 

A polymorphism of CXCL16 has been connected with the severity of coronary artery 
stenosis (Lundberg et al., 2005) and several studies tried to correlate the plasma level 
of CXCL16 to cardiovascular events in humans. Two studies show that CXCL16 
levels are lower in patients with angina than in controls (Mitsuoka et al., 2006; 
Sheikine et al., 2006) while one study showed increased CXCL16 levels in patients 
(Lehrke et al., 2007). Thus, CXCL16 serum levels can not be unequivocally 
interpreted at the moment. 

We found the expression of CXCL16 in SMC (Abel et al., 2004; Hofnagel et al., 
2002) intriguing and wanted to evaluate the possible implications of this finding 
further. We examined human atherosclerotic lesions with double label 
immunohistochemistry and demonstrated CXCL16 expression in lesional SMCs. 
When human aortic SMCs were cultured in the presence of endotoxin or different 
pro-inflammatory cytokines, CXCL16 was strongly induced. LPS, TNF-α, IL-12 and 
IL-15 increased cell-bound and soluble CXCL16 in the same order of magnitude. 
IFN-γ and IL-18 were the strongest inducers of CXCL16. Stimulation with IFN-γ 
resulted in a similar induction of cell-bound and soluble CXCL16, while incubation 
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of aortic SMC with IL-18 resulted in a very strong induction of cell-bound CXCL16, 
but only a small increase in soluble CXCL16. This suggests that stimulation with IL-
18 does not lead to activation of extracellular proteases to the same degree as do 
stimulation with IFN-γ, possibly indicating different roles for SMC in lesions in 
different cytokine environments. Soluble CXCL16 is potentially chemotactic for 
immune cells and SMCs in the lesion. We speculate that SMC produced CXCL16 
could create a positive feed-back loop causing increased inflammation and increased 
local SMC recruitment and that this effect is less pronounced during stimulation with 
IL-18 compared with IFN-γ. 

We also show that the SMC surface expression of CXCL16 increases after exposure 
to IFN-γ. This stimulation resulted in a 50% increase in uptake of color-labeled 
oxLDL into SMC. Since the lectin-like oxidized-LDL receptor 1 (LOX-1) was 
downregulated, CXCL16, SR-A and CD36 remain to account for the increased 
oxLDL uptake. We cannot conclude which scavenger receptor is most important for 
the effect on uptake from this study. However, CXCL16 mRNA was more abundant 
than CD36 and SR-A mRNA, suggesting cellular production of larger quantities of 
CXCL16 compared with CD36 and SR-A. 

The triple functions of CXCL16 makes it complicated to understand its effect in 
disease. The cellular composition of the tissue and the local inflammatory 
environment appear to possess the capacity to quickly shift between the different 
functions of CXCL16. The identification of CXCL16 in human atherosclerosis and 
demonstration of its putative importance in the SMC uptake of oxLDL underscores 
the need for further studies to determine its potential as a therapeutic target in human 
atherosclerosis. 
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5 Summary 
The studies of viperin, CD137, OX40L and CXCL16 resulted from an investigation of 
the global transcriptional response of human arterial biopsies to endotoxin, an activator of 
the innate immunity. 

The conserved inhibitor of viral replication cig5/viperin was found in vascular 
inflammation and atherosclerosis. Cig5/viperin was induced by innate immune activation. 
EC induced cig5/viperin in response to viral infection, and viperin was detected in EC in 
human atherosclerotic lesions (Paper I). Since cig5/viperin is known to reduce CMV 
replication, its function in vascular inflammation may relate to disease-associated 
pathogens and pertain to the vascular innate immunity. 

An efficient immune response in the blood vessel needs to recruit and stimulate 
phagocytes and other immune cells to help the local defense. CD137, OX40L and 
CXCL16 may contribute to this. CD137 and OX40L were expressed on ECs in human 
atherosclerosis (Paper II & III) and induced by TNF-α in EC in vitro. Ligation of EC-
bound CD137 by recombinant CD137L increased surface expression of adhesion 
molecules (Paper II), which are important for immune cell extravasation. Since OX40L is 
known to mediate T cell adhesion to EC, OX40L potentially contributes to T cell 
recruitment. Soluble CXCL16 is a known T cell chemokine, and endotoxin and pro-
inflammatory cytokines significantly increased SMC production of soluble CXCL16 
(Paper IV). Hence, these molecules may promote immune cell recruitment in vascular 
inflammation.  

Furthermore, activation of recruited immune cells is important for host defense, but also 
plays a detrimental role by promoting tissue destruction in chronic inflammation. CD137 
and OX40L can also contribute to this. CD137L on macrophages in lesions possibly 
binds to CD137 on T cells or EC and operates in support of inflammation (Paper II). 
OX40L on macrophages (Paper III), when ligated by OX40, may, in the same way, 
potentially activate macrophages and T cells through bi-directional signaling. These 
notions were supported by the increased T cell infiltration and the increased levels of 
MHC class II molecules found in murine atherosclerotic lesions and the augmented 
vascular levels of pro-inflammatory cytokines found after treatment with a CD137 
agonist (Paper II). CXCL16, in its function as a scavenger receptor, potentially clears 
tissue from foreign antigens through cellular uptake and, thereby, could reduce 
inflammation, e g through oxLDL uptake in SMC in atherosclerosis (Paper IV). 

The effects on immune cell recruitment and activation exerted by CD137, OX40L and 
CXCL16 potentially promote an unstable lesion. In addition, activation of CD137 on 
vascular SMC in vitro reduced proliferation (Paper II), possibly further contributing to 
lesion destabilization. A genetic variant of OX40L is known to increase the risk for MI in 
women through an unknown mechanism, but that genetic variant did not influence the 
risk for stroke and did not influence systemic risk factors (Paper III). 

In summary, the investigation in this thesis of the global transcriptional response to 
innate immune activation and the subsequent hypothesis-based studies suggest functions 
for immunoregulatory molecules new in the context of vascular inflammation. 
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6 Perspectives 
Cig5/Viperin 
The cytomegalovirus responsive gene viperin would not have been associated with 
atherosclerosis and the innate immune response in the vascular wall were it not for 
the gene arrays. We now know that viperin is highly regulated in vascular 
inflammation, but we need to understand more about its function: Does it protect 
from microbes in atherosclerosis? Do physiological levels of viperin really inhibit 
virus replication? Does it have other anti-microbial properties? Microbes are only 
partly successful in developing counter-measures to anti-microbial proteins of the 
human microbial defense (Kraus and Peschel, 2006). Therefore, these proteins, 
including viperin, may provide valuable insights concerning potentially successful 
properties of antimicrobial treatment strategies. To address the questions above, short 
inhibitory RNA (siRNA) could be utilized to knock-down cig5/viperin in cultured 
ECs and monitor progression of CMV infection. Also, the binding to virus and exact 
mechanism of infection inhibition need more in-depth in vitro studies. Since 
cig5/viperin is conserved between species and zebrafish carry an 80% homologue to 
human Cig5/viperin, basic in vivo biological functions could be investigated in this 
species, where knock-down studies are more readily performed, before moving to 
more complicated model systems such as genetically modified mice. 

CD137 
CD137 activation in atherosclerosis appears to promote a more pro-inflammatory 
phenotype and lesion destabilization. This makes CD137 modulating therapy 
interesting, in which blocking of CD137 could support lesion stabilization. Co-
stimulation by specific receptors takes place under a defined time-period in the 
immune response, and it may be possible to interfere in specific signaling without 
severely immunocompromising the host. Hence, identification of suitable co-
stimulators for treatment of chronic inflammation is a plausible therapeutic option. It 
would now be important to investigate the effects of loss of CD137 function in 
atherosclerosis prone animals, for example in the compound strains CD137-/- x  
ApoE-/- and CD137L-/- x ApoE-/-. Furthermore, the potential influence by CD137+ EC 
and SMC on immune responses needs to be further evaluated both in vitro and in 
vivo. 

OX40L 
Since the notion of OX40L involvement in cardiovascular disease concerns MI, 
efforts should be focused on understanding the mechanism behind the effect. Which 
is the function of OX40L in atherosclerosis and how does the MI associated SNP 
alter this function? Why is the effect restricted to women? Is the effect local or 
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systemic? Are the findings in mouse relevant in man? In vitro studies of cells from 
individuals with the different genotypes together with very large an well-
characterized cohort studies powered to detect also very small gender specific 
differences in risk, could give more information about the pathogenetic mechanisms 
and relevance of this molecule. 

CXCL16 
The data on CXCL16 in vascular inflammation and atherosclerosis are inconclusive. 
Does it promote or reduce inflammation in atherosclerosis? siRNA mediated gene 
silencing could shed more light on CXCL16 effects in vascular cells, as could in vitro 
studies of cells from wild type and CXCL16-/- mice. 
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7 Conclusions 
 
 
 
 

• Vascular cig5/viperin is regulated by innate immunity. The anti-viral 
protein viperin was induced by activation of vascular innate immunity and 
detected in EC in human atherosclerosis and in murine atherosclerosis. 
Viperin levels in human atherosclerosis did not correlate to anti-CMV 
antibody titers (Figure 6a). 

 
• CD137 promotes a pro-inflammatory phenotype of atherosclerotic 

lesions. The TNFSF member CD137 was detected on T cells and EC and 
CD137L on macrophages in atherosclerotic lesions. Activation reduced 
proliferation of SMC and induced adhesion molecules in EC in vitro. A 
CD137 agonist increased vascular T cell infiltration and immune activation in 
mice (Figure 6b). 

 
• OX40L is expressed on several cell types in atherosclerotic lesions, but 

the OX40L genotype does not influence the risk for stroke. The MI 
associated TNFSF member OX40L was detected on EC (in which it was 
induced by TNF-α), SMC and macrophages in atherosclerotic lesions, but the 
OX40L genotype did not influence levels of OX40L or systemic 
atherosclerosis associated risk factors (Figure 6c). 

 
• CXCL16 is expressed on smooth muscle cells in human atherosclerotic 

lesions. The chemokine and scavenger receptor CXCL16 was detected on 
SMC in human atherosclerosis and regulated by IFN-γ in SMC in vitro. 
(Figure 6d) 
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