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Introduction 

Cardiovascular disease is a common phenomenon in our society that, given time, affects a 
large part of the general population with disease burden ever increasing as we age. It remains 
the leading cause of mortality in the Western world and thereby has tremendous impact on the 
lives of individuals, as well as our society as a whole, since it is the most prevalent and 
expensive life-threatening disease that we are faced with today. The Framingham Heart Study 
has shown that the lifetime risk for individuals at age 40 was 49 percent in men and 32 percent 
in women. Even the lifetime risk of those that were free from disease at age 70 was still 35 
and 24 percent in men and women, respectively, giving some indication of the numbers of 
individuals that are affected during their lifespan 1. As a consequence of these daunting 
statistics, research efforts into elucidating the causes of cardiovascular disease and, more 
importantly, finding the potential solutions to this major health problem, have been extensive 
over the past decades. These efforts have given rise to many successful therapeutic modalities 
and, as a consequence, the rates of cardiovascular mortality have steadily declined in Western 
society. However, due to the fact that the prevalence is now increasing rapidly in developing 
countries and that the incidence of obesity and diabetes in the Western world is growing at an 
alarming rate, cardiovascular disease is expected to become the main cause of death globally 
within the next 15 years 2. Altogether, our current knowledge on the epidemiology of 
cardiovascular disease, combined with predictions on future development, indicates that the 
major challenge to decimate this disease and its deleterious consequences is ever present. The 
research described in this thesis is dedicated to obtaining a better understanding of the causes 
of cardiovascular disease and will hopefully contribute to improved prevention- and treatment 
strategies in the future. 

 
 

The cardiovascular system 

Function of the cardiovascular system 
In complex multicellular organisms, there is a constant demand of all tissues for oxygen and 
nutrients. In order for the entire organism to function properly, the metabolic requirements of 
every cell in every tissue need to be met at any given time. The cardiovascular system is 
equipped to perform this task by transportation and distribution of oxygen and nutrients by the 
blood and is thus crucial in ensuring the survival of the organism. In some pathologic 
conditions, the system may no longer be able to comply with the metabolic demands of tissues 
that are vital to the organism, resulting in functional failure or even definitive loss of these 
tissues. Ultimately, loss of these tissues may cause the organism to decease. In this thesis, 
particularly the pathological conditions resulting in the failure of blood vessels to supply their 
target tissues will be discussed. 
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Build-up of the human vasculature 
The vasculature is a continuous system that runs throughout the human body and consists of 
arteries, capillaries and veins. The arteries conduct blood that is rich in oxygen and nutrients to 
the peripheral tissues, where in the capillaries the actual exchange takes place, supplying the 
tissue with all that is required for its proper functioning. The veins then drain the blood, which 
is now low in oxygen and contains waste products produced in the various tissues, away from 
the tissues to be re-oxygenated and detoxified. As the research described in this thesis is 
mainly focused on diseases involving the larger arteries in the human body, Figure 1 shows in 
detail the composition of a large human elastic artery. These arteries consist of three layers. 
Going from the outside to the inside of the vessel wall, we first identify the adventitia, which 
mainly contains collagen and strengthens and supports the vessel wall. In this layer, the vasa 
vasorum can be found, small bloodvessels that supply the wall of the larger arteries with 
oxygen and nutrients. The next layer is the media, which is separated from the adventitia by 
the external elastic lamina and contains mainly smooth muscle cells (SMC’s), which give the 
vessel its ability to change the compliance of the vessel wall upon mechanical or biochemical 
stimuli. The SMC’s are surrounded by varying amounts of elastic fibres and collagen and 
embedded in a homogeneously distributed substance, primarily containing proteoglycans. The 

fibroblast 

elastica interna 

endothelial cells 

smooth muscle cells 

intima 

media 

adventitia 

Figure 1. Schematic representation of the arterial vessel wall. Endothelial cells constitute the inner lining of 
the blood vessel and are separated from the smooth muscle cells by extracellular matrix proteins and the 
internal elastic lamina. 
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cells themselves produce these interstitial components and they are the primary energy 
consumers within the vessel wall. The innermost layer is the intima, which consists of a single 
layer of endothelial cells and is accompanied by the underlying basal lamina throughout the 
vessel. The intima is separated from the media by the internal elastic lamina, which consists 
mainly of longitudinally oriented elastic fibres. These fibres do not form a continuous layer, 
thereby permitting the exchange of nutrients and other metabolites between the subendothelial 
space and the media. The endothelial cells form the barrier between the flowing blood and the 
underlying vessel wall and thereby have a crucial role in maintaining vessel wall homeostasis. 
The next paragraphs will elaborate on the various functions of the endothelium and describe 
some of the pathological conditions that may arise if the endothelial cells are unable to 
perform some of their essential tasks. 

 
The endothelium 

Endothelial cells are the primary mediators of vessel wall homeostasis. They form a crucial 
interface between the flowing blood and the underlying vessel wall and tissues. In specific 
conditions, it is necessary for the endothelial cells to allow transport of various substances or 
even cells across the endothelial layer. Endothelial cells have the capability to permit this 
transport in a tightly regulated fashion and thereby form a selective barrier. Over the past 
decades, it has become apparent however, that endothelial cells are not only “gate keepers” 
controlling exchange of substances and cells with the underlying tissue, but that they are also 
involved in numerous other processes. A vast amount of research has taught us that they play 
an active role in many processes involving both the blood and the vasculature and thereby are 
importantly engaged in the pathophysiology of many diseases. We now know that, in addition 
to their regulatory properties in controlling the metabolic processes of the tissues, the 
endothelium is also vital in the production and turnover of many substances that regulate 
important processes in the blood as well as in the vessel wall. These properties of endothelial 
cells  are necessary to allow proper execution of many processes, including the control of 
vasomotor tone, maintaining the fluidity of the blood, regulation of permeability and the 
formation of new bloodvessels 3. To facilitate all of these processes, endothelial cells are 
required to be highly metabolically active. The great variation in all of the processes that the 
endothelial cells control, reflects their potential to respond to the various needs of the 
underlying tissues. Endothelial cells have the unique capacity to change their properties, 
depending on the location in the vasculature or the point in time that these properties are 
required 4. An important consequence of this phenotypic heterogeneity is that the endothelium 
is also heterogeneous in its response to various pathophysiological stimuli and thus contributes 
to the focal nature of many vasculopathic disease states. It is beyond the scope of this thesis to 
discuss all the processes at length that the endothelium is involved in. In this thesis, focus will 
remain on a pathological condition of the human artery that is the major cause of 
cardiovascular disease and its clinical manifestations: atherosclerosis. This process will be 
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discussed as well as the intimate role of the endothelial cell in the initiation and progression of 
this vascular disease state. 

 
Atherosclerosis and inflammation 

The process of atherosclerosis is the prime contributor to the development of cardiovascular 
disease and its dreaded clinical manifestations.  It is a progressive disease that is characterized 
by the accumulation of lipids in the vascular wall and may take decades to become clinically 
manifest. In the past decade, it has become increasingly clear that inflammation plays a key 
role in both the initiation and progression of atherosclerosis. As early as the first decade of 
life, the first signs of the development of atherosclerosis can be observed in humans. The early 
lesions are small subendothelial accumulations of lipids, called “fatty streaks”. The presence 
of these lipids leads to an inflammatory response in the vascular wall that facilitates the 
development of atherosclerosis. As the process of atherogenesis involves lipid accumulation in 
the vessel wall, one of the major risk factors for developing atherosclerosis is elevated levels 
of certain lipid-particles in the blood, especially low-density lipoprotein (LDL) 5. Normal 
functions of lipids and proteins that LDL consists of (e.g. cholesterol and apolipoprotein B) 

include contributing to hormone 
synthesis and maintaining the integrity 
of cellular membranes. However, in the 
initiation of atherogenesis there is 
unwanted accumulation of LDL in the 
intima of the bloodvessels which 
subsequently may lead to oxidation of 
its lipid- and lipoprotein components.  
In the intima, the presence of these 
oxidized lipids (ox-LDL) may lead to 
cellular inflammatory responses in the 
vessel wall 6;7, subsequently allowing 
the process to propagate, as discussed 
below. The phase that follows the 
accumulation of oxidized lipids in the 

Figure 2. Activated endothelial cells facilitate 
the recruitment of monocytes, which differen-
tiate into macrophages. Further activation of 
these cells by ligation of the toll-like receptor 
leads to the release of chemokines and cyto-
kines that ultimately cause the inflammatory 
tissue damage that is the inception of athero-
genesis. 
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vessel wall is characteristic of atherosclerosis. As illustrated in Figure 2, this phase is 
characterized by the recruitment of leukocytes into the vessel wall. The trigger for this process 
is provided by the endothelial cells, which respond to the presence of the oxidized lipids by 
expressing a number of molecules, like Vascular Cell Adhesion Molecule-1 (VCAM-1) and E-
Selectin, surface receptors which aid in attracting leukocytes (monocytes and lymphocytes) to 
these particular areas. This process of attracting inflammatory cells, and subsequent 
infiltration into the vessel wall, is characterized by several steps. Each of these steps displays 
the expression of particular molecules by both the endothelial cell and the leukocyte that is 
crossing the endothelial barrier. The first step is the rolling of leukocytes along the arterial 
wall, which is primarily mediated by selectins, like E- and P-selectin. Studies of deficiency in 
these molecules in mouse models have demonstrated their involvement in atherosclerosis 8. 
Next, firm adhesion of the leukocyte to the endothelial barrier is mediated by VLA-4, which 
interacts with VCAM-1 on the endothelium. The role of these molecules in atherosclerosis has 
been demonstrated both in vitro and in vivo 9. Finally, the actual entry into the vascular wall, 
termed diapedesis, is triggered by Monocyte Chemoattractant  Protein-1 (MCP-1) and its 
receptor CCR2 on the leukocyte. Mice deficient in either of these molecules also display 
attenuated atherosclerosis. Once the monocytes have entered the subendothelial space, their 
differentiation and proliferation is regulated by macrophage colony stimulating factor (M-
CSF), transforming them into macrophages. The crucial role of macrophages in 
atherosclerosis is underlined by the fact that M-CSF null mice show reduced lesion formation 
10.  Through increased expression of scavenger receptors, like scavenger receptor-A (SR-A) 
and CD36, the macrophages start to take up the oxidized lipids that have accumulated in the 
intima. Other pattern-recognition receptors for innate immunity that are upregulated, like toll-
like receptors (TLRs), recognize several endogenous and microbial molecules (e.g. apoptotic 
cellfragments and bacterial endotoxins), which further induce activation of the macrophage 
that TLRs are expressed on 11;12.  In time, the macrophages become cholesterol-engorged, 
turning them into so-called “foam cells”. These foam cells characterize the early 
atherosclerotic lesion and, with their presence cause the intima to expand, give rise to the 
formation of the neointima. Other leukocytes that are attracted include T-cells, predominantly 
CD4+T-cells, that specifically recognize the disease-related antigens, like ox-LDL 13. Within 
the atherosclerotic lesion, activated T-cells differentiate into type 1 helper T (Th-1) effector 
cells and begin to secrete interferon-g (IFN-g), which further activates the resident 
macrophages, thereby significantly contributing to the inflammatory response. Following the 
influx of leukocytes and the process of foam cell formation, smooth muscle are now attracted 
to the neointima by various mediators secreted by the foam cells, like platelet-derived growth 
factor (PDGF) and transforming growth factor-b (TGF-b). These mediators activate the SMCs 
and cause them to change their quiescent state and acquire a synthetic and migratory 
phenotype. The SMCs migrate into the neointima and the collagens that they produce will 
form a fibrous cap, covering the fatty core of the plaque, which provides the plaque with a 
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degree of mechanical stability. The degree of inflammation within the plaque is an important 
determinant of its stability. Locally operating macrophages may secrete metalloproteinases 
and other proteases that break down the collagen fibrils and thereby weaken the fibrous cap 
that is stabilizing the contents of the plaque. These processes may lead to a significant 
destabilization of the plaque and consequently an increase in the risk of the most feared 
complication of atherosclerosis, namely rupture of the plaque, resulting in subsequent 
exposure of its thrombogenic contents to the bloodstream. This event will cause a potent 
activation of the clotting cascade, resulting in thrombus formation. If this thrombus becomes 
sufficiently large, it may completely obstruct the vessel lumen, causing acute deprivation of 
oxygen and nutrients in the tissue that is supplied by the vessel concerned, resulting in 
infarction of the tissue. 

 
The focal nature of atherosclerosis: shear stress and endothelial function 

Many of the risk factors, that are associated with an increased incidence of cardiovascular 
disease and the development of atherosclerosis, are well known and have been studied 
extensively. These risk factors, such as hypercholesterolemia, smoking, hypertension and 
diabetes have in common that they exert their deleterious effects systemically, throughout the 
entire human vasculature. Atherogenesis, however, does not initiate randomly. Rather, there is 
a very distinct and reproducible pattern in the human arterial tree in which atherosclerotic 
plaques are found. This implies that, next to systemic risk factors, local factors determine the 
development of atherosclerosis. An important observation on the distribution of 
atherosclerotic lesions within the vasculature was made when pathologists linked the 
development of atherosclerosis to local variations in the hemodynamic environment 14. Where 
the geometry of the arterial tree was irregular, like in bends, bifurcations and at branchpoints, 
atherosclerotic lesions were observed at a significantly higher frequency. Studies on in vivo 
flow patterns later demonstrated that the locations of the plaques were associated with a 
turbulent flow type, whereas segments of arteries in which laminar, undisturbed flow was 
observed were relatively protected from plaque development 15. Within the vessel wall, the 
forces exerted by the pressure and flow of the circulating blood importantly influence the 
biology of the endothelial cells. The dragging frictional force that the flowing blood exerts on 
the endothelial cells, termed shear stress, is a primary component of the biomechanical 
influence of flowing blood on the endothelium. It is defined as the tangential force exerted on 
a fixed surface area, and is expressed in dyne/cm2 (=0.1N/m2). The presence of shear stress is 
paramount to the biology of the vessel wall, as shown by studies that have expanded on the 
initial observation that local bloodflow-types correlate to the development of atherosclerosis. 
By reproducing flow conditions in scale human carotid bifurcation models, the biomechanical 
forces that determine plaque development were further analyzed 16. In parts of the vessel 
where turbulent flow was observed, it was shown that the shear stress exerted on the 
endothelium was lowest. Specifically at the outer wall of the bifurcation, opposite the flow 

Proefschrift JVvT 
page 16

 
Composite

Tuesday, December 02, 2008 12:55



17 

C
hapter 

divider apex, lowered shear stress was calculated to be present. Importantly, intimal 
thickening was observed to be most prominent at this specific location (Figure 3), thereby 
directly correlating the initiation of atherogenesis to a relatively decreased shear stress. The in 
vivo correlation between the development of atherosclerosis and changes in shear stress levels 
has since been described in numerous other studies. Various techniques and models have been 
used to establish the direct link between the biomechanical force of shear stress and the 
initiation of atherogenesis in humans and in animal models 17-19.  

As outlined previously, the endothelium is intimately involved in the very first steps of the 
atherosclerotic inflammatory process. The endothelial cells provide important triggers for the 
inflammatory process to initiate, particularly by expressing adhesion molecules that allow 
inflammatory cells to transmigrate to the subendothelial space. In view of the focal nature of 
atherogenesis and its relation to the biomechanical force of shear stress, it is readily 
hypothesized that lowered shear stress may influence endothelial function such that 

 1 

Introduction 

turbulent flow: 
low shear stress, 

initiation of 
atherogenesis 

laminar flow: 
high shear stress,  
healthy vessel wall 

Figure 3. Flow behavior was measured in an ex-vivo human coronary artery using a solution containing 
latex microparticles. Laminar flow in the left main coronary artery and at the inner wall of the left anterior 
descending coronary artery creates high shear stress, as calculated from measured flow rates. Disturbed 
flow is observed at the branches of the trifurcation, creating lowered shear. Increased vessel wall thickness 
is observed at these sites. Adapted from Asakura et al. Circ Res 1990;66:1045-1066. 
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atherogenesis is facilitated. Conversely, the protection from atherosclerosis that is provided by 
high shear stress is conceivably mediated by a beneficial influence of high shear on 
endothelial function. These concepts of the interplay between shear stress, endothelial function 
and atherogenesis have generated the incentive for an impressive number of studies that have 
attempted to elucidate the molecular mechanisms by which shear stress influences endothelial 
function. By using in vitro models that mimic the nature and magnitude of shear stress 
calculated to be present in vivo, researchers have studied the effects of the exposure of 
endothelial cells to shear on the function and the properties that these cells display. In these 
studies, important aspects of endothelial function and its potential influence on vascular 
homeostasis are highlighted. Indeed, it has become apparent that many basic functions of the 
endothelium are profoundly influenced by the magnitude of the exerted shear stress. 
Prominent features of the biochemical and cellular alterations, that take place in endothelial 
cells exposed to shear, are changes in cell shape and orientation. These changes take place by 
virtue of modifications to the actin cytoskeleton, allowing the endothelial cells to align in the 
direction of the flow 20, thereby reducing the dragging force of the shear that is applied to the 
cell membrane 21. These differences in cell shape have also been documented in vivo 22, 
demonstrating a possible relation between cytoskeletal rearrangement, resulting in changes in 
cell shape and the function of endothelial cells. A very important function of the endothelium, 
that is influenced by shear, is its ability to maintain the fluidity of the blood by strictly 
regulating the expression of the various antithrombotic factors. Prostacyclin was the first 
platelet aggregation inhibitor that was shown to be released from the endothelium upon 
stimulation with shear stress 23. Other prominent examples of antithrombotic factors that are 
increased by shear are tissue plasminogen activator 24 and thrombomodulin 25. Especially with 
regard to the latter, the potency of its anticoagulant properties was convincingly demonstrated 
in a murine model of endothelial-specific thrombomodulin deficiency, in which spontaneous 
and fatal thrombosis in the arterial and venous circulation was observed 26. With regard to the 
early stages in atherogenesis, shear stress influences the endothelial cell-mediated process of 
leukocyte transmigration. By influencing the expression of various chemoattractants and 
adhesion molecules, shear stress exerts an inhibitory effect on leukocyte transmigration into 
the subendothelial space. One of the most prominent mediators of the adhesion of monocytes 
to the endothelium is VCAM-1, which is increased in endothelial cells surrounding 
atherosclerotic plaques 27. Several groups have shown that shear stress is able to effectively 
downregulate the expression of VCAM-1, thereby inhibiting the adhesion of monocytes to the 
endothelium in vivo 28-30. The process of attracting monocytes to the vessel wall is importantly 
mediated by MCP-1, which is produced by the endothelium. The involvement of MCP-1 in 
early atherogenesis was demonstrated by knockout in a murine model of atherosclerosis, 
which showed significantly decreased numbers of macrophages in the aorta 31. Shear stress is 
able to decrease the levels of MCP-1 mRNA 9, thus inhibiting the attraction of monocytes to 
the vessel wall. An important physiological function of the endothelium is the regulation of 
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vascular tone. Shear stress is able to control vascular tone by regulating the release from the 
endothelium of various molecules and peptides that may have both vasodilatory and 
vasoconstrictive effects, thereby influencing blood pressure regulation profoundly. One of the 
most important mediators of the vasodilation that is observed upon exposure of the vessel wall 
to high shear stress is nitric oxide (NO). It is produced by an enzyme that is present in the 
endothelium, endothelial nitric oxide synthase (eNOS) 32;33. It has been shown that both the 
expression and the activity of this enzyme are increased by shear stress 34. Ample research into 
the role that eNOS and its product NO play in endothelial function has led to the discovery 
that NO is not only able to promote vasodilation through inhibition of smooth muscle cell 
tone, but that it also mediates other processes, such as inhibition of platelet aggregation and 
decreasing leukocyte binding to the endothelium 35. Absence of eNOS leads to hypertension, 
poor response to inflammatory stimuli and enhanced atherosclerosis as demonstrated in 
several mouse models that lack the gene encoding eNOS 36-38. Indeed, because eNOS is 
involved in these various crucial processes guarded by the endothelium, it is often considered 
to be the most important indicator of proper endothelial function 39. 

For shear stress to exert the effects on endothelial function as described above, extensive 
changes in the regulation of endothelial gene expression are required 40. To invoke all of these 
changes in gene expression, complex signal transduction pathways exist that regulate and fine-
tune the expression of the final common mediators that determine endothelial function under 
normal and inflammatory conditions. To obtain greater insight in the genesis of endothelial 
(dys)function and to ultimately try to achieve the goal of improving endothelial function in 
vascular disease states, a complete and thorough understanding of the molecular mechanisms 
by which shear-regulated signal transduction takes place is required. There are countless 
changes in signal transduction within the shear-exposed endothelial cell, taking place on many 
different levels 41. To effectively investigate the most pivotal aspects of shear-induced signal 
transduction, it seems wise to focus on pathways that lead to changes in expression of genes 
that importantly influence endothelial function in health and disease. To this end, it is 
reasoned that transcription factors, which may control the expression of multiple important 
genes, are a valuable target for research 42. As a consequence of its potential influence on the 
expression of various genes, a transcription factor may change the pattern of gene expression 
in a given situation, resulting in profound changes in cellular state and activation. Rather than 
focusing on the change of a single gene, this may provide a more comprehensive change in 
cellular behavior and may also offer the greatest chance of therapeutically influencing 
endothelial gene expression and –function in a favorable way. 

 
KLF2: a transcription factor influencing vascular development and cell fate  

Krüppel-like factors (KLFs) are DNA binding transcriptional regulators that belong to a 
distinct family of transcription factors. The nomenclature of this protein family is derived 
from the Krüppel protein in Drosophila, which was found to be responsible for altered 
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thoracic and abdominal segments in Drosophila embryos homozygous for Krüppel 43. These 
obsevations demonstrate the aptness of the name Krüppel, which is the German word for 
“cripple”. A typical characteristic of the KLFs is that they contain three Cys2/His2 zinc-
fingers, structures in which two cysteins and two histidines are tetrahedrally organized around 
a single zinc atom. Located at the extreme C-terminus of the protein, these zinc fingers are 
able to bind specific DNA sequences. In itself, the Cys2/His2 motif is the most abundant motif 
that is present in transcription factors residing in the human genome 44. However, in addition 
to the location of its zinc fingers, there are two more characteristics that make the family of 
Krüppel-like factors a unique group of transcription-factors. First, the KLFs share a highly 
conserved inter-finger space sequence 45. Second, three critical residues that are responsible 
for DNA binding specificity were identified in structural studies. These residues are thought to 
account for the ability of KLFs to bind their specific CACCC response elements 45;46. As 
conserved as their zinc-finger regions appear, the non-DNA-binding regions of the KLFs 
display a surprising amount of divergence. Activation- as well as repression domains that 
profoundly influence transcriptional activity have been identified in several family members.  

For the purpose of this thesis, and elaborate discussion on the diverse roles and functions 
of all 16 mammalian members of the family of KLFs is not warranted. For a more complete 
understanding of the roles of these proteins in development and cellular differentiation, the 
reader is referred to several comprehensive reviews 45;47. In this thesis, the focus will remain 
on the second member of the family of KLFs, KLF2, also known as lung Krüppel-like factor 
(LKLF).  

KLF2 was first cloned in 1995 48 and has since been implicated in a wide range of 
functions in several cell types. In humans, KLF2 was found to be primarily expressed in lung, 
heart, placenta, pancreas and skeletal muscle 49. Several studies aimed at characterizing the 
human KLF2 gene have increased our understanding of its structure and possible functions 
49;50. The human KLF2 gene was mapped to chromosome 19p13.1 and the entire cDNA was 
found to be contained within 3 Kb of sequence. It contains three exons, separated by two small 
introns. The coding sequence for the DNA binding zinc fingers lies within the last part of the 
second exon and first part of the third exon. Furthermore, the gene contains a CpG island that 
spans approximately 1.6 Kb, stretching from the promoter region to the end of the second 
exon. The promoter region itself contains a 75 bp stretch that is essentially identical to its 
murine counterpart, implying that transcriptional regulation may be highly conserved between 
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Figure 4. Shematic representation of the KLF2 protein with its transcriptional activation- and repression 
domains. DNA binding takes place at the indicated site of the zinc-fingers. 
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species. The deduced protein consists of 355 amino acids, with a calculated molecular mass of 
37.4 kD. With a proline-rich N-terminal activation domain and a conserved C-terminal zinc 
finger domain, it shows high homology to its murine counterpart, which had been cloned some 
time before 48. As shown schematically in Figure 4, further mechanistic studies into the 
transcriptional properties of KLF2 led to the discovery that next to the transactivation domain, 
which is located at amino acid position 1-110, KLF2 also contains a potent transcriptional 
repression domain, located between amino acids 111-267 of the protein 51.  

The impact of KLF2 on cell-specific developmental processes was demonstrated in a study 
that assessed the role of KLF2 in single positive (SP) T-cells 52. KLF2 was shown to be highly 
expressed in mature SP T-cells, but not in the more immature CD4+/CD8+ double positive 
cells. Furthermore, it was elegantly shown that T-cell Receptor (TCR)-mediated activation of 
the naïve SP T-cells led to a dramatic decrease in KLF2 mRNA and protein. T-cells that were 
deficient in KLF2 displayed a spontaneously activated phenotype and underwent apoptosis, 
demonstrating that the maintenance of T-cell quiescence is a highly active process that 
requires expression of KLF2.  These data were a first solid indication that KLF2 acts as a 
major switch in determining cellular activation and may constitute a crucial regulator that 
profoundly influences cell fate. 

To obtain a better understanding of the role of KLF2 in embryonic development, studies 
were performed to generate KLF2 knockout mice 53. The results of these studies established 
that KLF2 plays a crucial role in vascular development. KLF2 was shown to be expressed 
from embryonic day 9.5 in the developing vasculature, specifically in CD34+ endothelial cells 
of both capillaries and large vessels, not in vascular smooth muscle cells (VSMCs). Although 
vasculogenesis and angiogenesis were shown to occur normally, KLF2-/- animals died at 
embryonic day 12.5-14.5 due to severe intra-embryonic and intra-amniotic hemorrhaging. 
These bleeding complications were shown to be caused by severe defects in bloodvessel 
morphology within the embryo itself, as well as abnormalities of the umbilical vein and 
arteries. The observed defects consisted of an abnormally thin tunica media, due to failure of 
the VSMCs to organize into a compact layer, with impaired recruitment of VSMCs and 
pericytes to the vessel wall. This lack of structural support in the KLF2-/- vessels led to 
aneurysmal dilation, rupture and hemorrhaging. These data suggest that KLF2 acts as a crucial 
mediator in the communication between the endothelium and the underlying vessel wall in 
embryonic development and led to the hypothesis that in the adul, KLF2 may not only 
determine endothelial properties, but may also be important in maintaining vessel wall 
homeostasis.  

A potentially very important role for KLF2 as an influential protective factor in the 
development of atherosclerosis first became clear in microarray studies performed to further 
elucidate the molecular mechanisms that determine the atheroprotective influence of laminar 
shear stress on gene expression in human endothelial cells 54. In these studies, transcriptional 
profiling was performed on HUVEC that were exposed to prolonged shear stress as well as 
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various pro-inflammatory stimuli. These studies revealed that KLF2 was specifically induced 
by prolonged laminar shear stress and furthermore, that it was repressed by the pro-
inflammatory stimulus TNF-α. This was a first clear indication that KLF2 may function as an 
important molecular mediator that determines a transcriptional switch between the pro- and 
anti-inflammatory state of the endothelial cell. To demonstrate the potential in vivo relevance 
of these findings, the expression of KLF2 was studied in ex-vivo human vascular tissue, using 
non-radioactive in situ hybridization. It became apparent that KLF2 is specifically expressed 
in the endothelial cells and not in VSMC. Within the endothelium, a clear pattern could be 
observed correlating the expression of KLF2 to the biomechanical force of shear stress. In 
areas of the vessel where high shear was expected, the expression of KLF2 was found to be 
relatively high. In contrast, the low-shear areas that are prone to the development of 
atherosclerosis showed little or no expression of KLF2. This strongly suggested that the 
expression of this shear-induced transcription factor correlates to the protection from 
atherogenesis, which is observed in vessel segments that are exposed to high laminar shear 
stress.  

Altogether, these findings have prompted further research into the molecular mechanisms 
that determine the regulation of KLF2 expression in endothelial cells. Furthermore, focus has 
also been on identifying the direct- and indirect transcriptional targets of KLF2 to gain greater 
insight into the mechanisms by which it is able to confer specific properties to endothelial 
cells, that may allow them to protect the underlying vessel wall from inflammation and the 
initiation of atherogenesis.  

 
Aim of this thesis 

Atherogenesis initiates at sites within the arterial tree where endothelial cells become 
dysfunctional due to flow turbulence. When the endothelium is activated, in concert with 
systemic risk factors for atherosclerotic disease, this may lead to accumulation of pro-
atherogenic lipids within the vessel wall and an inflammatory response that is initiated and 
sustained by the attraction and transmigration of leukocytes. An improved understanding of 
the regulatory mechanisms that govern these processes within endothelial cells and 
monocytes/macrophages, may help to gain further insight in potential therapeutic strategies to 
prevent atherosclerosis, rather than having to deal with its sequelae. The research in this thesis 
is aimed at obtaining a better understanding of the functional role of KLF2 within these 
processes. To this end, both studies elucidating KLF2 regulation, as well as studies clarifying 
the functional effects of this transcription factor were undertaken. The role of KLF2 in two 
important cell types within atherogenesis, endothelial cells and monocytes/macrophages, is 
discussed. Results of these research efforts are described in this thesis and are intended to 
provide an improved understanding of the function of KLF2 in vascular health and disease. 
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