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Chapter 1

INTRODUCTION

Cardiovascular disease due to atherosclerosis is still the number one cause of death 
in the Western World. Atherosclerosis is a chronic disease in which inflammation of 
the vessel wall may result in luminal narrowing due to increased plaque volume, 
causing ischemia of the target organ.1 Besides medical therapy, treatment options 
include percutaneous coronary intervention or vascular surgery. However, twenty 
percent of these patients is not eligible for revascularization. The arterial obstruction 
may be circumvented by collateral arteries that increase in size in response to 
atherosclerotic obstruction and are capable to restore blood flow distally to the 
obstructed artery. Thus, a large group of patients with atherosclerotic disease could 
benefit from pharmacological stimulation of collateral artery growth (i.e. 
arteriogenesis).2 
Besides chronic luminal narrowing, acute rupture of an atherosclerotic plaque and 
subsequent thrombus formation lead to more severe and irreversible effects when 
cardiac or brain tissue is deprived from oxygen and nutrients due to obstruction of 
a feeding artery.3 Recent studies have shown that proteins that stimulate arteriogenesis 
may aggrevate atherosclerotic plaque formation. 
Most ideally, factors should be identified which stimulate arteriogenesis without 
detrimental effects on atherosclerotic plaque progression or stability. 

Plaque stability
Protection against the acute effects of atherosclerosis consists of stabilization of 
atherosclerotic plaques which are prone to rupture. Unstable plaques are histologically 
defined as rich in atheroma with a poorly developed fibrous cap and an increased 
inflammatory state as defined by the amount of intraplaque macrophages and pro-
inflammatory cytokines.4 Furthermore they show an increased amount of intraplaque 
thrombus and a higher number of intraplaque capillaries, as compared to more stable 
plaques. The mechanisms which lead to more stable plaques are insufficiently well 
understood, although some pharmacological agents, like statins stabilize 
atherosclerotic plaques. 5-8. 

Arteriogenesis
Arteriogenesis refers to the increase in diameter of pre-existing collateral vessels 
after arterial occlusion. This physiological process shares many characteristics 
with the pathophysiological process of atherosclerosis, as these are both 
inflammation driven.1,9 
Arteriogenesis is a multifactorial process, in which increased shear stress levels lead 
to activation of the endothelium, resulting in expression of adhesion molecules. 
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Circulating monocytes adhere to these activated endothelial cells and transmigrate 
through the vascular wall. They locally provide growth factors (e.g. TGF-beta, b-FGF) 
and cytokines (e.g. MCP-1, GM-CSF), thereby stimulating the proliferation of vascular 
smooth muscle cells and endothelial cells and the recruitment of additional 
inflammatory cells. Eventually this results in an increased vessel diameter, restoring 
blood flow to the organs at risk.9-11. 

Arteriogenesis and atherosclerosis
An important issue in this context is the effect of these growth factors on 
atherosclerotic disease. For instance, MCP-1 treatment of atherosclerosis prone 
mice  (ApoE knock-out mice) resulted in an increased arteriogenic response, however, 
atherosclerotic plaque formation was severely increased as well (Figure 1).  Besides 
this increase in total plaque volume, MCP-1 treatment led to decreased smooth 
muscle content of the plaque, which potentially is associated with less stable plaques. 
These findings stressed the importance of analyzing the effects of potential 
arteriogenic therapies on atherosclerotic disease, both the contribution to total plaque 
volume as well as plaque stability characteristics. 

Signaling pathways in atherosclerosis and arteriogenesis
Of interest in atherosclerosis are cascades with stimulatory effects on fibrosis and 
smooth muscle cell proliferation thereby contributing to plaque stabilization.4 In 
arteriogenesis, pathways which are involved in cellular proliferation might significantly 
increase collateral artery growth.  

Figure 1A. ApoE knock out control mice. 1B and 1C ApoE knock-out mice treated with MCP-1 showed 
increased atherosclerotic plaque volume, as compared to the control mice.
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Different components of the vascular wall are involved in inflammatory signaling and 
were focus of our research: elements of the extracellular matrix (hyaluronic acid), 
proteins involved in adhesion of circulating cells and metabolization of the extracellular 
matrix (CD44) and growth factor (TGF-beta) and cytokine (Interferon-beta) 
signaling.
The growth factor TGF-beta is of interest as a potential candidate for collateral artery 
growth stimulation, although its effect on plaque stability is controversial.7, 12 Caution 
is warranted with growth factor therapy in stimulation of arteriogenesis due to 
potential systemic side effects, especially on plaque stability. TGF-beta has the 
potential to regulate important cellular processes that can influence the development 
and progression of atherosclerosis, such as remodeling of the extracellular matrix 
and regulation of SMC proliferation.13, 14 Its pleiotropic effects are mediated via its 
downstream transcription factors, such as SMAD-proteins, and EGR-1 14-18. The 
TGF-beta signal transduction pathway is abundantly expressed by endothelial cells 
(ECs), smooth muscle cells (SMCs), macrophages and T cells in human atherosclerotic 
and restenotic lesions, and is also rapidly upregulated during vascular injury.6, 19  

TGF-beta is involved in extracellular matrix homeostasis and inhibition of TGF-beta 
signaling in an atherosclerotic mouse model significantly inhibits collagen synthesis 
in atherosclerotic plaques, thereby reducing plaque stability.20

In arteriogenesis, the adhesion molecule CD44 contributes to effective collateral 
artery growth, although the mechanisms are not completely understood.26 The 
function of CD44 is influenced by the expression of ten alternatively spliced exons 
(v1-v10), with unknown individual roles in arteriogenesis.27 The variant exon number 
three, CD44v3 binds heparan sulphate and facilitates preservation of growth factors.28 
Thus this exon might be involved in growth factor signaling stimulating vascular 
smooth muscle cell and endothelial cell mitosis, contributing to effective development 
of collateral arteries. The extraceullular matrix component hyaluronic acid is a ligand 
of the adhesion molecule CD44 and it might influence atherosclerotic disease. It is 
known to be involved in monocyte migration and thus might stimulate the accumulation 
of inflammatory cells thereby providing plaque destabilizing effects. On the other 
hand smooth muscle cell migration and mitosis is increased upon pericellular 
accumulation of hyaluronic acid, thus demonstrating the dual effects of this molecule. 
The close entanglement of CD44 and hyaluronic acid is further demonstrated by the 
fact that CD44 is also involved in degradation of hyaluronic acid.25 Hyaluronic acid 
provides different signaling stimuli and in its full length form it is anti-inflammatory, 
whereas its degradation products stimulate inflammation.21,22

Influencing the balance in favor of the full length hyaluronic acid form might provide 
a therapeutic goal for plaque stabilization.
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Scope of this thesis
The research field of candidate pro-arteriogenic molecules should include investigation 
of the effects of these proteins on atherosclerotic disease progression and plaque 
stability, since the patient group which will benefit from pro-arteriogenic therapies 
has underlying atherosclerotic disease.  
In chapter 2 an overview is provided on the extracullar matrix component hyaluronic 
acid in atherosclerosis. Hyaluronic acid is well known for its dual actions in 
inflammation; full length hyaluronic acid negatively influences inflammatory stimuli 
whereas breakdown products of hyaluronic acid stimulate inflammation. We describe 
the differences between low molecular weight hyaluronic acid and high molecular 
weight hyaluronic acid. Low molecular weight HA promotes angiogenesis, TLR-2 
and TLR-4 stimulation and inflammatory cytokine release, whereas high molecular 
weight HA exerts opposing effects on plaque stabilization by inhibition of angiogenesis. 
Reduction of the synthesis of low molecular weight HA variants by local inhibition of 
hyaluronidase activity might provide a therapeutic target for plaque stabilization 
therapy.In chapter 3 we describe how hyaluronic acid metabolism is increased in 
atherosclerotic plaques, compared to plaques with a more stable phenotype. In 
chapter 4 we analyze the association of the growth factor TGF-beta and its 
downstream signaling pathway and plaque stability characteristics. TGF-beta is well 
known for its stimulatory effect on collateral artery development. In fact, in a pre-
clinical trial, a TGF-beta eluting stent was recently proven to be a successful pro-
arteriogenic agent.  However, the correlation of this growth factor and atherosclerotic 
plaque stability has been controversially discussed. We analyze TGF-beta and its 
co-receptor, endoglin and the downstream effector molecules SMAD2/3 and EGR-1. 
We provide evidence for a plaque stabilizing role of the growth factor and its 
downstream molecules. In Chapter 5, a recently discovered transcription factor 
Foxp1, which is stimulated by TGF-beta, was analyzed on its correlation with plaque 
stability. We show an increased expression in fibrous plaques compared to 
atheromatous plaques. In chapter 6 we analyze in detail the role of the hyaluronic 
acid receptor CD44 in arteriogenesis and we provide evidence for the involvement 
of its variably spliced region in arteriogenesis. Chapter 7 and 8 focus on the role of 
the cytokine interferon-beta in arteriogenesis. This is of interest as inhibition of a 
pro-inflammatory cytokine potentially affects plaque stability in a beneficial way. 
Thus, this molecule would be an optimal candidate for the stimulation of arteriogenesis 
without potential harmful effects of plaque stability. Chapter 7 concerns the 
investigation of differently expressed molecular pathways in patients with a well 
developed collateral artery network compared to patients with poor collaterals. Our 
results point towards the involvement of interferon-beta in the development of an 
efficient collateral artery network, thereby executing an inhibitory role in this process. 
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In chapter 8 we describe how in the absence of the interferon-beta receptor 
arteriogenesis is increased and we analyze potential mechanisms for this 
observation. 
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ABSTRACT

Purpose of review
Atherosclerosis is a chronic inflammatory disease of the vessel wall. Although it has 
become common knowledge that hyaluronic acid (HA), an important component of 
the extracellular matrix, is strongly involved in atherosclerotic disease development 
it has only recently become evident that HA, instead of being a static matrix polymer, 
is an active modulator of proliferation and inflammation of the atherosclerotic plaque. 
This review discusses the regulatory capacity of HA in atherosclerotic lesions and 
its effects on plaque stability.  

Recent Findings
The mechanisms by which HA might alter plaque stability are diverse. It regulates 
cellular migration and proliferation, lipid accumulation, and intraplaque angiogenesis. 
Smooth muscle cell migration is enhanced upon accumulation of HA, potentially 
stabilizing atherosclerotic plaques. On the other hand, HA is an important ligand for 
CD44, which stimulates inflammatory cell recruitment to lesions, leukocyte migration 
and cell proliferation in atherosclerotic plaques. Furthermore, HA forms complexes 
with low density lipoproteins, and uptake of these complexes by macrophages is 
increased compared to native LDL, indicating a more detrimental effect on 
atherosclerosis. The dynamic functional role of HA might be based on the functional 
difference between short and larger size fragments of this polymer, with either an 
inflammatory or an anti-inflammatory besides a pro-mitogenic and anti-mitogenic 
effect. Low molecular weight HA has been shown to be pro-angiogenic, whereas 
high molecular weight HA has an anti-angiogenic effect. The cause of these differential 
actions might be that HA synthesis is regulated by three different genes: HAS1, 2 
and 3 leading to different size HA products. These genes are specifically expressed 
under certain conditions, e.g. HAS1 and HAS3 are selectively induced in inflammation, 
suggesting an important role of their products in this process.  

Summary
Hyaluronic acid is an active regulatory component of atherosclerotic lesions. Further 
studies are warranted to gain more insight into the mechanisms which decide on the 
role of HA in atherosclerosis and plaque stability. 
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INTRODUCTION 

Atherosclerosis is nowadays considered as a chronic inflammatory disease of the 
vessel wall, leading to accumulation of lipids and protease activity in the vascular 
wall 1-3. Progression of the atherosclerotic disease process eventually results in 
narrowing of the artery or even plaque rupture, resulting in clinical events such as 
cerebral vascular accidents or myocardial infarction 4,5. Plaques prone to rupture, 
also referred to as unstable plaques, are characterized by a diminished smooth 
muscle cell content, a high number of inflammatory cells, a thin fibrous cap covering 
the lesion, and a large lipid pool 6. The vast majority of studies on the basic 
mechanisms of atherosclerosis have focused on the role of smooth muscle cells, 
macrophages, endothelial cells, and the extracellular component collagen. Collagen 
belongs to the fibrous proteins, which are one of the two main constituents of the 
extracellular matrix. The second class is formed by certain polysaccharides, known 
as glycosaminoglycans. Hyaluronic acid (HA) belongs to the latter class, but so far 
has received relatively little attention in the context of atherosclerosis 7. 

Experimental and morphological studies have demonstrated that both in early as 
well as late atherosclerotic lesions, HA is highly upregulated, especially in the 
proximity of proliferating and migrating smooth muscle cells 8-11. Several studies 
suggest that HA is an active regulatory component of the atherosclerotic plaque, 
which is involved in immune modulation, cellular mitosis, cellular migration and 
angiogenesis. This review discusses the different roles hyaluronic acid exerts in 
atherosclerosis and focuses on potential therapeutic targets. 

HA: Form and function 
Hyaluronic acid (hyaluronan) is a negatively charged, large linear glycosaminoglycan 
composed of the repeating disaccharide structure D-Glucuronic acid (UDP-GlcA) 
and N-acetylglucosamine  (UDP-GlcNac). Hyaluronic acid is an important component 
of the extracellular matrix 12 expressed throughout the body in many different tissues, 
such as the skin, the central nervous system, and blood vessels 13. Hyaluronic acid 
is highly hygroscopic, and thereby plays an important role in tissue hydration and 
osmotic balance 14,15. Presence of high amounts of HA can lead to tissue swelling. 
This might be of importance in the context of atherosclerosis as swelling of 
atherosclerotic tissue might lead to an increase in stenosis diameter. HA is degraded 
at a rather high level, with one third of the total body HA being turned over each day. 
In contrast to the original assumption that HA is a static extracellular matrix molecule, 
it is now generally considered to be dynamically involved in a variety of different 
biological processes, including cellular motility, proliferation and inflammation 7.  
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HA is synthesized by smooth muscle cells, endothelial cells and adventitial 
fibroblasts in the proximity of the inner membrane by Hyaluronic Acid Synthase 
(HAS) 16-18. This enzyme is closely linked to the plasma membrane with four of the 
HAS membrane domains passing through the membrane. Hence, two loops of the 
molecule are exposed to the extracellular region. The HAS gene is highly conserved 
during evolution 19,20. Hyaluronic acid is principally degraded by hyaluronidases 
(HYALs). In humans, in somatic cells, three functional isoforms have been identified: 
HYAL1, HYAL2 and HYAL3 and a sperm cell specific form, PH20 (or SPAM1) 21-23. 
Whereas HYAL1 and 2 are expressed throughout the body, HYAL3 expression in 
mammalians appears to be limited to the testis and bone marrow cells 24,25. The 
proposed model for HA degradation consists of two steps, leading to differently 
sized small HA fragments. Initially, HYAL2, the mainly membrane bound 
hyaluronidase 26, attaches to hyaluronic acid, potentially in cooperation with the 
HA-receptor CD44 27,28. HYAL2 degrades HA into small fragments of specific length 
of 20 kD, which equals approximately 50 disaccharides 29,30. After internalization, 
these fragments are further degraded in lysosomes by the acid-specific enzyme 
HYAL1 into small tetrasaccharides 21,22.  

A number of studies point towards a strong involvement of HA in cellular mitosis. 
Hyaluronan production is significantly increased in the proximity of dividing cells 
preceding cellular mitosis. During the G2/M phase, synthesis of hyaluronan is 
increased 31, and mitotic cells show an increased accumulation of hyaluronan both 
pericellularly and intracellularly 8,32. The functional role of the intracellular hyaluronan 
is unclear and it seems likely that a large part of it is destined for breakdown as the 
majority contains a lysosomal label. However, a recent study demonstrated that a 
small amount of the intracellular hyaluronan colocalizes with microtubules and the 
microtubule-associated protein, RHAMM (Receptor for Hyaluronic Acid Mediated 
Motility), at the mitotic spindle and the nucleolar area, and thus might be actively 
involved in cellular mitosis 33. Furthermore, it has been demonstrated that HA induces 
a Ras-dependent activation of the mitogen-activated protein (MAP) kinase. This 
mitogenic response of the cell after HA stimulation is at least partly transduced into 
the cell by the HA receptors CD44 and RHAMM, as blocking of these receptors 
results in a decreased mitogenic response.

Hyaluronic acid differs from other glycosaminoglycans like versican or chondroitin 
sulphate in the fact that it is neither sulphated nor covalently bound to proteins, 
although a group of proteins, the hyaladherins, can non-covalently bind to HA, 
forming a HA-protein complex. The hyaladherins consist both of receptors like CD44, 
RHAMM and Lyve-1 (Lymph endothelial vessel-1) as well as proteoglycans like 
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aggrecan, versican, neurocan and inflammation regulating proteins like TSG-6 (TNF-
stimulated gene 6 protein). Binding of these hyaladherins to HA leads to conformational 
changes of the HA polymere 34-37. A recent study showed the ternary structure of HA 
to be influenced by binding of the hyaladherins to HA, leading to helical structures, 
whose specific functional profile remains to be determined 38. Hyaluronan expression 
in atherosclerotic lesions is often associated with the ex-pression of another 
glycosaminoglycan, versican, as well as TSG-6 and its main receptor CD44. 
Hyaladherins, such as TSG-6 are thought to modulate the cellular response to 
hyaluronic acid. For example, pre-incubation of hyaluronic acid with TSG-6 increases 
the binding capacity of cell surface CD44 to hyaluronic acid and might thereby 
modulate the cellular response to hyaluronic acid, expressed in the plaque 39. 

HA is produced by three different HAS-genes 
Hyaluronic acid is synthesized by three different HA synthase (HAS) isoforms, HAS1, 
HAS2 and HAS3. The three hyaluronan synthases are encoded by genes on different 
chromosomes but nonetheless share a high level of sequence similarity. The HAS-3 
gene is approximately 57 % and 71% identical to HAS1 and HAS2 respectively [40]. 
All three HAS-proteins synthesize hyaluronic acid 19,41, although it still is unclear 
whether the HA produced by the different HAS-isoforms differs in function. In vitro 
studies demonstrated that HAS1 and 3 activity predominantly produces a HA polymer 
of approximately 2-10*5-106 Da, whereas HAS2 is involved in synthesis of HA chains 
larger than 2*106 Da 41. The three HAS isoforms all have different Km values for the 
two hyaluronic acid substrates, UDP-GlcA and UDP-GlcNAc, as was demonstrated 
by kinetic analysis. The Km value of recombinant HAS1 is higher for both UDP-
GlcNAc and UDP-GlcA compared to HAS2 and HAS3, although the Vmax values of 
the HAS-isoforms does not differ significantly in the presence of saturating 
concentrations of UDP-sugars. At cellular UDP-concentrations, the disparity in Km 
value of the different HAS isoforms might result in a lower synthetic rate of HAS1 
compared to HAS2 and HAS3. This is in line with the observed smaller HA coat 
surrounding HAS1 transfectants 41. It has been assumed that during the elongation 
of the HA-chains, parts of the chain are protruding through the plasma membrane 
42. If this is correct, quick turnover of the hyaluronic acid synthase protein might lead 
to a rapid release of HA from the plasma membrane and also result in a decreased 
size of the hyaluronic acid matrix 41. 

Interestingly, HAS-isoform expression is influenced by inflammatory stimuli and 
prostaglandins. This effect appears to be cell type dependent. It was shown that in 
synoviocytes, the HAS1 gene is the only HAS-isoform susceptible to inflammatory 
chemokines, such as Tumor Necrosis Factor-alpha (TNF-alpha) and interleukin-8 
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(IL-8), whereas the other two HAS-isoforms were not influenced by the stimulation 
of these cells 43. In a study using human fibroblasts, it has been demonstrated that 
in unstimulated cells, HAS1 expression could not be detected whereas HAS2 and 
HAS3 showed to be constitutively active. HAS2 levels were relatively low compared 
to HAS3 levels. Interleukin-1 and IL-8, as well as TNF-alpha and TGF-beta application 
resulted in increased HAS1 levels, with TGF-beta exerting the strongest effect. 
Interestingly, TGF-beta application resulted in a marked reduction in HAS3 mRNA 
levels. None of these stimuli led to an increase in HAS2 expression levels 43. On the 
other hand, a recent study using venous smooth muscle cells showed that HAS1 
gene activity was increased after stimulation with prostaglandins, whereas no effect 
of the pro-inflammatory cytokine IL-1B was observed. In contrast, IL1-B stimulation 
resulted in a significant increase in HAS3-expression levels. HAS2 expression was 
also increased after adding prostaglandins to these cells 44. HAS1 gene activity has 
been shown to be dependent of NF-kB activation 45. Several pro-inflammatory 
signaling cascades result in activation on the NF-kB transcription factors. Many pro-
inflammatory genes depend on NF-kB activation. Moreover, a wide variety of anti-
inflammatory drugs, such as NSAIDs, hydrocortisone, and leflunomide reduced 
cellular expression levels of HAS-1 46-49. These findings suggest that specific gene 
expression of the different HAS-isoforms might lead to the formation of a pro-
inflammatory cellular matrix.  

Thus, it might be of interest to analyze the correlation of HAS-isoform expression 
and plaque stability characteristics, and monocyte accumulation in human 
atherosclerotic plaques or in a (conditional) HAS-isoform knock-out model for 
atherosclerosis. One promising route of a better understanding of the functional 
differences of the HAS-genes is by the development of specific HAS  knock-out 
mice. HAS2 knock out mice die at embryonic day 10.5 50. In contrast, HAS1 and 
HAS3 knock-out animals are viable, and might be a useful tool for a better 
understanding of the role of these HAS-isoforms in different disease processes. A 
recent study already showed that vascular smooth muscle cell specific overexpression 
of HAS2 in mice with ApoE deficiency resulted in accelerated progression of 
atherosclerosis. However, overexpression of HAS2 on a neutral C57 background, 
did not initiate an atherosclerotic response 51. Whether or not this pro-atherosclerotic 
effect is HAS-isoform specific or a general result of increased hyaluronic acid levels 
in the vessel wall remains to be elucidated.  

HA and smooth muscle cells interactions 
Smooth muscle cells (SMCs) are the main component of the healthy vascular wall, 
maintaining vascular tone and production of the extracellular matrix scaffold of the 
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artery. In atherosclerotic plaques, richness in smooth muscle cell content is 
associated with plaque stability partly due to the involvement of these cells in 
collagen homeostasis by production of collagen and matrix degrading enzymes 
such as matrix metalloproteinases. Next to fibroblasts, SMCs are the primary source 
of extracellular HA. Stimulation of SMCs by growth factors such as PDGF (Platelet 
Derived Growth Factor), Transforming Growth Factor-B (TGF-beta) and Epidermal 
Growth Factor (EGF) leads to increased production of HA (molecular weight 2*105 
to 2*106 D) 18,52.  

In SMCs HAS2 is the main isoform responsible for HA synthesis. To date, little is 
known about functional differences of the three HA synthases and the regulatory 
mechanisms which stimulate their activation. However, recent studies indicate a 
specific functional profile of the different HAS-gene products. In 2006, Wilkonson et 
al. found that overexpression of the three different HAS-genes influenced smooth 
muscle cell phenotype and the characteristics of the HA-matrix. In this study, retroviral 
overexpression of the HAS- genes in rat arterial smooth muscle cells was used. The 
ECM produced by HAS-1 consisted of large intercellular cable like structures 53. 
Previous studies have provided evidence that these cable-like structures act as 
ligands for monocytes 54-56. HAS-2 transduced cells also produce intercellular cables; 
however, the network is much less dense. HAS-3 overexpression results in HA 
staining which is restricted to the cell surface and the edges of the SMCs, with no 
evidence for cable like structures. Accordingly, the ECM of HAS-1 transduced smooth 
muscle cells shows a significantly increased density of monocytes compared to the 
ECM produced by HAS-2 or HAS-3, which is comparable to non-transduced cells 
53. Hence, HAS-1 potentially is involved in the production of a pro-inflammatory 
extracellular matrix.  

Furthermore, the degradation products of HA show different functional characteristics. 
Several studies have indicated diametrically different effects of low molecular weight 
hyaluronic acid (LMW-HA) and high molecular weight hyaluronic acid (HMW-HA). 
Degradation of HA by hyaluronidases (HYALs) or reactive oxygen species can lead 
to different size HA products, which show a specific functional profile. The exact 
mechanisms which induce hyaluronidase activity are yet unknown, however a recent 
study demonstrated that HYAL activity is regulated by different growth factors, e.g. 
TGF-beta 57. The LMW-HA fragments have been shown to be involved in inflammation 
via activation of the NF-kB signaling cascade and to stimulate cellular migration. 
Binding of LMW-HA fragments to CD44 expressed by macrophages induces 
expression of several pro-inflammatory genes like Tumor Necrosis Factor-alpha, 
Insulin Growth Factor-1, Interleukin-8 and Interleukin-1B58. Interestingly, aortic injury 
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in a rat model for Non Insulin Dependent Diabetes Mellitus resulted in an increased 
expression of these hyaluronidases, which was accompanied by increased levels of 
LMW-HA, which links vascular damage to increased activity of the hyaluronidases 
resulting in a pro-inflammatory stimulus 59.  

Moreover, stimulation of smooth muscle cells with LMW-HA dose dependently 
increases proliferation, while HMW-HA exerts a dose dependent inhibitory effect on 
smooth muscle cell proliferation. These effects appear to depend on the expression 
of CD44, as the induction of proliferation by LMW-HA is significantly reduced in CD44 
deficient SMCs, as well as in cells treated with anti CD44-antibodies 60.  

Size dependent effects of HA on angiogenesis 
Intra-plaque angiogenesis has deleterious effects on plaque stability. Most of the 
newly formed vessels in the plaque are leaky and thereby promote the development 
of intraplaque thrombi, which are strongly associated with plaque instability 46. 
Numerous angiogenic growth factors have been detected in atherosclerotic plaques, 
e.g. vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) and 
are associated with plaque destabilization 61,62.  

In its native, high molecular state, HA displays anti-angiogenic effects 63,64. Although 
the exact mechanisms are unclear, high molecular weight HA inhibits endothelial cell 
proliferation, migration as well as capillary formation 64,65. In contrast, LMW-HA 
degradation fragments induced the formation of new blood vessels in the chick 
chorioallantoic membrane and in the porcine heart which was injected with LMW-HA 
fragments 66. It has been demonstrated that the LMW-HA fragments specifically 
stimulate endothelial cell proliferation, migration, collagen synthesis and sprouting 

66-72. Interestingly, absence of the HA-receptor CD44 resulted in a strong decrease 
in angiogenesis 73. This might indicate that the pro-angiogenic effect of LMW-HA is 
at least partly regulated through CD44. Furthermore, it has been demonstrated that 
small fragment HA degradation products stimulate VEGF production 74. Intra-plaque 
VEGF expression levels are strongly associated with an unstable plaque phenotype 

62. These observations suggest that intra plaque angiogenesis can be positively 
influenced by modulation of the accumulation of LMW-HA in the plaque. 

The interface of the endothelial layer and the circulation contains high 
amounts of HA 
On the luminal side, the endothelium is coated with a layer of extracellular 
polysaccharides, known as the glycocalyx. The glycocalyx is a negatively charged 
layer composed of glycoproteins such as selectins, adhesion molecules (e.g. CD44), 
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proteoglycans as well as glycosaminoglycans, which is involved in vascular 
homeostasis and inhibition of the attachment of circulating blood cells and the uptake 
of macromolecules such as LDL. After activation of adhesion molecules by 
inflammatory stimuli the endothelial surface loses its nonadhesive propensity 75-77. 
HA is the principal constituent of the endothelial glycocalyx 77. HA is not attached to 
the endothelium by a core protein, but binds to the CD44 receptor, expressed on 
endothelial cells or is attached to HAS 78,79. Based on its interactions with circulating 
inflammatory cells, the endothelial glycocalyx might be involved in the development 
of atherosclerotic lesions. Interestingly, removal of the glycocalyx using hyaluronidase 
results in an increased adhesion of leukocytes to the endothelium 76. Additionally, 
recent experimental evidence showed that the glycocalyx is vulnerable to exposure 
of cardiovascular risk factors 80. In an atherosclerotic mouse model it has been 
demonstrated that at atherosclerosis prone sites such as the aortic arch, the 
endothelial glycocalyx was significantly thinner   compared to sites with a low risk 
for atherosclerosis development 81. Furthermore, a recent study showed that in 
patients suffering from uncomplicated type 1 diabetes mellitus the endothelial 
glycocalyx size is reduced, which was associated with increased plasma levels of 
HA as well as hyaluronidase 82. These data indicate that endothelial hyaluronan 
homeostasis is critically involved in the maintenance of the endothelial glycocalyx 
and disturbances of this delicate balance might promote atherosclerotic lesion 
development. 

HA mediates inflammatory cell adhesion and migration 
After secretion, HA is capable to interact with its main receptors CD44 and RHAMM, 
expressed by e.g. SMCs, inflammatory cells and endothelial cells. Both resting as 
well as activated endothelial cells express the cell adhesion molecule CD44. However, 
after activation of the endothelium, CD44 expression is upregulated, leading to 
increased adherence of inflammatory cells. During their interaction with endothelial 
cells, HA functions as a bridging molecule, connecting the CD44 molecules which 
are expressed by the endothelial cells and circulating leukocytes 78,83-86. As 
inflammatory cell recruitment to the activated endothelium is considered to be one 
of the first steps in atherosclerosis, it seems likely that HA is already involved in the 
earliest stages of atherosclerosis. 
In later stages of atherosclerotic plaque formation, HA might impair plaque stability 
as it facilitates inflammatory cell migration, while the absence of the HA receptor, 
CD44, results in a markedly reduced atherosclerotic response. CD44 deficient mice 
which were cross bred with ApoE -/- mice showed a 50–70% reduction in aortic 
lesion size compared with CD44 heterozygote and wild-type littermates 60. 
Furthermore, the recruitment of macrophages partly depends on the expression of 
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CD44. Lack of functional CD44 resulted in 90 % fewer CD44 -/- macrophages 
detected in atherosclerotic aortic arch lesions compared to CD44 wild type 
macrophages.  Besides the involvement of HA in cellular motility and adhesion, 
hyaluronan also directly influences the inflammatory response of monocytes. Linkage 
of CD44 expressed on monocytes to LMW-HA causes the release of different pro-
inflammatory cytokines and chemokines such as IL-1B and TNF-alpha 87,88. The 
inflammatory reaction is stimulated to an even higher level by HA, as a recent study 
provided evidence that HA stimulates secretion of Granulocyte Macrophage Colony 
Stimulating Factor (GM-CSF) and stabilization of its mRNA in eosinophiles 89. Future 
studies will be necessary to provide insights into the mechanisms which eventually 
lead to this increased production of pro-inflammatory cytokines, eventually offering 
potential new therapeutic targets for atherosclerotic lesion stabilization.  

HA and innate immunity 
Recent evidence suggests that the innate immune system is highly involved in the 
progression of atherosclerosis 90-92. The functionality of the innate immune system is 
based on pattern recognizing receptors (PRRs) which display a high affinity for 
triggers of injury or danger, such as bacterial derived lipopolysaccharides or 
peptidoglycans. Besides bacterial components, these PRRs also recognize 
endogenous ligands which are released during tissue damage 93. Toll Like Receptor-4 
(TLR-4) is such a PRR which has been shown to be expressed in atherosclerotic 
lesions. Activa- tion of TLR-4 initiates a pro-inflammatory cascade leading to induction 
of NF-kB activation 94-96. A recent study has provided evidence that in endothelial 
cells, LMW-HA can induce an inflammatory reaction, mediated by TLR-4 97. Blocking 
of TLR4 by a specific antibody abolished IL-8 release by human EC after exposure 
of these cells to short fragment HA while control IgG had no effect. Hence, HA 
breakdown might serve as a signal for tissue damage resulting in an inflammatory 
cascade. Both in human and murine atherosclerotic lesions TLR-4 is expressed, 
mainly by macrophages in the shoulder region of the plaque. Cross-breeding of 
TLR-4 deficient mice with atherosclerotic prone ApoE-/- mice, resulted in significant 
decreased lesion formation compared to ApoE-/- mice 95.  

Furthermore, it has been shown that small HA-fragments interact with another TLR: 
TLR-2 98. This TLR has been identified as an important receptor for another bacterial 
wall component: peptidoglycan 99. The involvement of TLR-2 in the process of 
atherosclerosis was demonstrated using TLR-2/ApoE double knock-out mice 100. 
Similar to the TLR-4/ApoE knock outs, these mice showed a decreased plaque 
development and a reduced macrophage recruitment compared to ApoE knock-out 
mice. As low molecular weight HA can adhere to both TLR-2 and TLR-4, thereby 
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initiating a pro-inflammatory cascade of events, these observations suggest a role 
for LMW-HA in induction of TLR-induced pro-inflammatory signaling which might 
influence plaque stability negatively.  

HA and plaque erosion 
It has been estimated that plaque erosion is the underlying mechanism responsible 
for approximately 30% of all acute thrombotic events 101. Until recently, it was generally 
thought that rupture of an atherosclerotic plaque is the leading cause of sudden 
coronary death. Recent studies suggest that some acute coronary events which were 
accompanied with thrombi were not associated with plaque rupture. These plaques 
displayed characteristics which were identified as superficial erosion. Eroded plaques 
are mainly composed of SMCs and proteoglycans, such as versican and HA, with 
little inflammation and endothelial cell loss 102. The observed endothelial denudation 
might be attributed to a direct effect of HA on endothelial cell adhesion as well as 
an increase in endothelial cell apoptosis in the eroded plaques. Experimental evidence 
demonstrated a decreased potential of endothelial cells to adhere, grow and survive 
on hyaluronan substrates. Endothelial cell apoptosis might expose the superficial 
extracellular matrix components such as hyaluronic acid to circulating cells, thereby 
promoting platelet adhesion. Plaque erosion thus might be considered a process of 
chronic wound healing. In these eroded lesions the thrombus was localized at the 
most luminal side of the plaque, although there were no signs of plaque rupture. 
However, the luminal side underneath the thrombus lacked endothelial cells. In 
eroded plaques, an increased expression of proteoglycans such as hyaluronic acid 
and versican has been observed at the interface between the erosion and the vascular 
lumen 103. The exposure of circulating platelets to the extracellular proteoglycans 
might lead to increased platelet adhesion and thrombogenicity. Thus, HA and versican 
expression in these eroded lesions might be associated with an increased risk of 
acute thrombotic events. The expression of HA on the eroded lesion is considered 
to stimulate fibrin polymerization, leading to an increased thrombotic risk. As platelets 
express the HA adhesion molecule CD44, the exposure of HA to circulating platelets 
might further increase the thrombogenicity of these lesions.  

Foam cell uptake of LDL is increased by HA 
Lipid uptake by macrophages results in their transformation into foam cells. Foam 
cells can aggregate to form the atheromatous core of an atherosclerotic lesion and 
during this process, the atheromatous centers of a plaque can become a necrotic 
core, consisting of lipids, cholesterol crystals and cell debris 104. Plaques with a large 
atheromatous core are generally considered unstable. Although they originate from 
monocytes, foam cells show different functional characteristics than monocytes/
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macrophages. After their differentiation into foam cells their production of the pro-
coagulant protein tissue factor is induced as well as the synthesis of apolipoprotein 
B, and a high number of pro-inflammatory cytokines. When exposed to LDL-
complexes, intra-plaque macrophages are capable of internalization of these 
complexes, leading to a change in phenotype towards foam cells 105. Factors which 
modulate the uptake of LDL-particles by macrophages could be interesting 
therapeutic targets. In a recent study it was shown that hyaluronic acid forms 
complexes with LDL and these complexes are more rapidly internalized by 
macrophages compared to native LDL 106. Thus, hyaluronic acid might promote foam 
cell formation in the atherosclerotic lesion. However, in this study it was not assessed 
whether LMW-HA or HMW-HA affected foam cell formation differently, which might 
offer a target in the future.  

CONCLUSION AND FUTURE PERSPECTIVES 

Hyaluronic acid is involved in atherosclerotic plaque progression at many levels. 
Hyaluronic acid provides a potential target for modulation of atherosclerotic lesion 
formation, although a sharp distinction has to be made between low and high 
molecular weight HA. Whereas low molecular weight hyaluronic acid promotes 
angiogenesis, TLR-2 and TLR-4 stimulation, inflammatory cytokine release, high 
molecular weight HA exerts opposing effects on plaque stabilization by inhibition of 
angiogenesis. Reduction of the synthesis of low molecular weight HA variants by 
local inhibition of hyaluronidase activity might provide a therapeutic target for plaque 
stabilization therapy, which might prove to have additional beneficial effects on the 
endothelial glycocalyx as well. Several hyaluronidase inhibitors have been described 
e.g. heparin, aminoglycosides, salicylates, antihistamines, vitamin C and flavonoids, 
although so far no studies have been executed in which the effect of pharmacological 
inhibition of hyaluronidase activity on cardiovascular disease was evaluated 107,108.  
In eroded plaques, HA is expressed at the luminal side, which might increase platelet 
adhesion to the lesion and thereby compose a thrombogenic risk factor. Three 
different HAS genes have been identified producing differently sized high molecular 
weight HA. However, HAS-gene regulation is influenced by pro-inflammatory and 
vasodilatory stimuli, suggesting a specific functional profile of the different HAS-gene 
products. Increased expression of HAS2 in an atherosclerosis mouse model resulted 
in an aggravated atherosclerotic response. Plaque stabilization could potentially be 
positively influenced by modulation of HAS-isoform expression.  
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ABSTRACT 

Background
Hyaluronic acid is expressed in atherosclerotic lesions, but its exact role in 
atherosclerotic disease remains unknown. As degradation of hyaluronic acid by 
hyaluronidase into low molecular weight hyaluronic acid (LMW-HA) is associated 
with inflammation and Matrix Metalloproteinase (MMP)-9 activity, we hypothesized 
that hyaluronic acid metabolism is increased in plaques with unstable characteristics 
like large lipid core, high number of macrophages, MMP-9 activity, low collagen and 
smooth muscle cell content.

Materials and methods
Protein was isolated from 68 carotid artery specimens. The adjacent plaque segment 
was characterized for the histological parameters: lipid core, macrophage, collagen, 
smooth muscle cell (SMC) content and the amount of intra-plaque thrombus. 
Hyaluronidase activity, total hyaluronic acid and LMW-HA expression, the standard 
hayaluronic acid receptor CD44s and the VEGF-A binding isoform CD44v3, MMP-9 
activity and the plaque instability associated growth factor Vascular Endothial Growth 
Factor (VEGF)-A were analysed and correlated with histological characteristics. 

Results
Hyaluronidase activity, LMW-HA and CD44 expression (CD44s, CD44v3) levels were 
increased in atheromatous plaques compared with fibrous plaques. Total hyaluronic 
acid did not correlate with plaque instability. MMP-9 activity correlated with CD44s, 
hyaluronidase and LMW-HA expression. CD44v3 correlated with the angiogenic 
factor VEGF-A. In vitro stimulation of macrophages with LMW-HA increased MMP-
9 activity. 

Conclusions
We show for the first time that increased hyaluronic acid metabolism and elevated 
CD44 levels are associated with plaque destabilization potentially by increased MMP-
9 activity and stimulation of angiogenesis. 
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INTRODUCTION

Atherosclerosis is considered as a chronic inflammatory disease of the vascular 
wall1. Unstable plaques are more vulnerable to rupture and cause clinical symptoms 
such as myocardial infarction or stroke as opposed to stable plaques2–4. A typical 
histological feature of unstable plaques is the reduced extracellular matrix (ECM) 
in the cap covering the lesion4. Hyaluronic acid (HA) is an ECM disaccharide 
polymer, in full length approximately 2000 kD5. HA synthesis is stimulated by 
Transforming Growth Factor (TGF)-beta6. Besides metabolization by hyaluronidase 
enzymes (HYAL1 and HYAL2), HA is passively fragmented by reactive oxygen 
species. Full length HA is considered anti-inflammatory, while LMW-HA has pro-
inflammatory effects7.
Atherosclerotic tissues contain more HA than healthy arterial walls; however, the 
functional role of HA and its degradation products in atherosclerosis is unclear8. HA 
might affect plaque stability by facilitating inflammatory cell migration, but 
simultaneously stimulating SMC proliferation and migration9. 

CD44, a transmembrane molecule expressed by atherosclerosis relevant cell types 
such as endothelial cells, inflammatory cells and SMCs, is the main receptor for 
HA10,11. CD44 mediates adhesion of pro-inflammatory circulating cells to the 
endothelium and migration of cells through the ECM, using the HA binding capacity 
of its extracellular region12,13. CD44 might negatively influence plaque stability by 
increasing the accumulation of plaque destabilizing inflammatory cells4. CD44 
deficiency in atherosclerosis-prone mice reduced atherosclerotic lesion formation, 
which was ascribed to decreased intra-plaque macrophage accumulation14. However, 
CD44 might play a dual role, as it is also involved in HA metabolism7,15. HA degradation 
is considered as a two-step process. The membrane bound 55 kD HYAL2 binds to 
HA assisted by CD44 and cuts full length HA into fragments, followed by internalization 
and lysosomal digestion into oligosaccharides by the 72 kD lysosomal enzyme 
HYAL17. By this, the hyaluronidase enzymes provide a pro-inflammatory effect which 
may stimulate angiogenesis and MMP9 activity16–18. Moreover, CD44 is a MMP-9 
docking molecule, which retains MMP-9 proteolytic activity to the cell surface19 and 
as a stabilizer for growth factors, in particular the growth factor binding CD44v3 
isoform20. In the extracellular region of the CD44 molecule, 10 exons can be variably 
spliced (v1-v10)21. Exon v3 is unique in its capacity to bind heparan sulphate, assisting 
in preservation and presentation of growth factors, such as Vascular Endothelial 
Growth Factor (VEGF)20,22,23. 

proefschrift Pieter Bot.indd   41 09-12-2010   13:53:27



Chapter 3

42

We hypothesized that both HA metabolism and CD44 levels are elevated in unstable 
plaques, thereby modulating MMP-9 activity and angiogenesis. Therefore, expression 
of total HA, LMW-HA fragments and HA metabolism in atherosclerotic tissue samples 
was measured and correlated to histological plaque characteristics and MMP-9 
activity. We correlated protein levels of HA receptors CD44s and CD44v3 to plaque 
characteristics, growth factor expression levels (VEGF-A and angiopoietin), HA 
metabolism and MMP-9 activity. 

METHODS 

Study design 
The Athero-Express study combines a carotid endarterectomy biobank and patient 
follow-up data24. Medical ethical committees of each participating centre approved 
the study. Patients enrolled in the study signed informed consent forms. Atherosclerotic 
tissue protein samples of randomly selected patients were used. Baseline 
characteristics are depicted in Table 1. 

Table 1. Baseline characteristics

Variable n = 68

Age (year) 62·5 ± 8·5

Gender (%)

 Female 29·1

 Male 70·9

Diabetes (%) 26·7

High blood pressure (%) 76·7

Hypercholesterolemia (%) 58·1

Smoking (%) 30·2

Statin use (%) 32·6

Beta-blocker use (%) 54·6

Anticoagulant use (%) 9·3

Calcium antagonist use (%) 17·4

ACE-inhibitor use (%) 53·5

Platelet aggregation inhibitor use (%) 93·0

Symptomatic patients (%) 83·7
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Immunohistochemistry 
Of each plaque (n = 68), the culprit lesion24 was cut into 5 µm sections to analyse 
SMC content, macrophage staining, collagen content and the amount of intra-plaque 
thrombus. Stainings were classified as no, moderately or heavily stained by a trained 
technician. Each plaque was phenotypically characterized as fibrous, fibro-
atheromatous or atheromatous. This classification was based on overall appearance 
as described previously24. Total protein was isolated from the adjacent segment. 

Total HA and LMW-HA expression levels 
Intra-plaque HA expression levels were measured by ELISA (R&D Systems, Minneapolis, 
MN, USA) as described previously25. Of each patient, 20 µg of Tris-isolated protein 
was digested using proteinase K (1 : 100) overnight at 55 °C, followed by heat 
inactivation (10 min, at 95 °C). Equal volumes of supernatant were used, and optical 
density was measured using a microplate reader at 450 nm (wave length correction: 
540 nm). HA concentration was calculated by comparing optical densities to six-point 
standard curves. LMW-HA was defined as HA fragments < 100 kD26. After incubation 
with proteinase K, 100 µL of supernatant of patient samples was applied to a Microcon 
centrifugal filter device (Millipore, Billerica, MA, USA) and centrifuged (12 min, 14,000 
g). Flow through was collected and HA expression levels were measured. 

Intra-plaque hyaluronidase activity 
Hyaluronidase activity was measured as described previously27. We loaded 20 µg of 
Tris-isolated protein onto a 10% polyacrylamide gel containing HA (H1504, Sigma 
Aldrich, St Louis, MO, USA) at a concentration of 0,17 mg/mL)1. Gels were run at 
20 mA (90 min), washed (2,5% TritonX-100) for 1 h and incubated in 0,1 M formic 
acid buffer (0,03 M NaCl, pH 4,0), for 20 h at 37 °C. After washing (20% ethanol-10% 
acetic acid) for 20 min, gels were incubated with 0,5% Alcian blue in 20% ethanol-10% 
acetic acid, to stain HA. We destained using 20% ethanol-10% acetic acid for 2 h. 
Hyaluronidase activity bands were analysed using the ChemiDoc XRS system (Bio-
Rad Laboratories, Hercules, CA, USA). 

Expression levels of CD44s, CD44v3, VEGF, TGF-beta, pSMAD2 and 
Angiopoietin-1 
We used 20 µg denatured Tris-isolated protein to analyse CD44s expression. We 
used a 10% polyacrylamide gel and blotted onto an Immobilon-FL transfer membrane 
(Millipore). After 1 h blocking (TBS, 0,1% Tween-20, 5% nonfat dry milk), three times 
washing (TBS containing 0,1% Tween-20), a monoclonal mouse antibody (#3076, 
Cell Signaling) was incubated overnight (4 °C) in blocking solution (1 : 1000), followed 
by washing three times (TBS, 0,1% Tween-20 solution). Anti-mouse HRP-labelled 
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antibody (1 : 2000) (Cell Signaling) was the secondary antibody. Forty microgram 
Tris-isolated protein was used to measure CD44v3. Samples were loaded on 5% 
polyacrylamide gels and blotted on Immobilon-FL transfer membranes, followed by 
blocking with PBS-0,1% Tween-20, 3% nonfat dry milk. Rabbit- anti-human-CD44v3 
antibody (Calbiochem, 217599; Merck Chemicals Ltd., Nottingham, UK) was 
incubated overnight at 4 °C. HRP-labelled goat-anti-rabbit antibody (1 : 2000) (DAKO, 
Glostrup, Denmark) was the secondary antibody. Bands were analysed using the 
ChemiDoc XRS system (Biorad). VEGF-A and TGF-beta expression levels were 
determined using ELISA (R&D systems), and pSMAD2 levels, angiopoietin-1 and 
angiopoietin-2 levels were determined using western blot-technique, as previously 
described28,29. 

MMP-9 activity 
To determine MMP-9 activity, plaques were ground in liquid nitrogen and subsequently 
proteins were extracted with 500 µL 40 mM Tris pH 7,4 with EDTA free protease 
inhibitor cocktail (Roche, Basel, Switzerland). After sonification and centrifugation at 
4 °C, 50 µL was used to determine MMP-9 activity. MMP activity was measured 
using Biotrak activity assays RPN2634 (Amersham Biosciences, Piscataway, NJ, 
USA) according to manufacturer’s protocol30. 

THP-1 cell stimulation with LMW-HA 
LMW-HA was obtained by incubation of full length HA solution (1 mg HA/mL)1, pH 
4,0, 0,15 M NaCl) with Bovine Testicular Hyaluronidase (1,0 µL in 500 µL HA solution). 
Inactivated Bovine Testicular Hyaluronidase incubation served as control. Samples 
were centrifuged (13,000 g, 5 min) and supernatant was collected. LMW-HA of 17 
kD and High Molecular Weight HA (HMW-HA) of 680 kD were purchased (Lifecore 
Biomedicals, Chaska, MN, USA). We chose the 17 kD HA compound, as this is the 
closest to final degradation products of HYAL2 activity, being approximately 20 kD. 
THP-1 cells (American Type Culture Collection) were plated on 12-well plates and 
stimulated with PMA to induce differentiation. Cells were incubated with 50 µL HA 
degradation product (after adjusting pH to 7,4) or 50 µL PBS as control. In a second 
experiment, we added 50 µL of either 17 kD HA or 680 kD HA at 1 mg/mL)1 to the 
cells. After overnight incubation, MMP activity was determined using zymography. 
Equal amounts of supernatant (3 µL) were applied to a 10% SDS-polyacrylamid gel, 
containing 1 mg/mL gelatin. After washing (2,5% Triton), gels were incubated 
overnight at 37 °C in Brij-solution (0,05 M Tris–HCl pH 7,4; 0,01 M CaCl2, 0,05% 
Brij-35 (Sigma)). Gels were stained (25% methanol, 15% Acetic Acid, 0,1% Coomassie 
blue) for 1 h and destained for 15 min (25% methanol, 15% Acetic Acid). Bands were 
analysed using the ChemiDoc XRS system (Biorad). 
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Stimulation of CD44S+ and CD44S- Namalwa cells with LMW-HA 
Namalwa cells (ATCC, Rockville, MD, USA) were transfected with CD44s, as 
previously described31. The parental cell line, lacking CD44s expression, served as 
control to analyse if CD44s expression is required for the stimulatory effect of LMW-
HA on MMP-9 activity. Cells were cultured in RPMI 1640, supplemented with 10% 
FBS and 2% penicillin ⁄ streptomycin. In all, 50 µL of LMW-HA or an equal volume 
of PBS was added to each well, followed by overnight incubation at 37 °C. Cells 
were centrifuged (250 g, 5 min), and supernatant (3 µL) was used for MMP-9 
zymography. 

Statistical analyses 
For comparison of three groups or more, we used ANOVA-testing with post hoc 
analysis (LSD). Correlations were calculated using Spearmans’ correlation testing. 
A Student’s T-test was used to compare two groups. P-values < 0,05 were considered 
significant.

RESULTS 

HA expression and plaque phenotype 
As depicted in Figure 1a, total HA expression levels did not differ between fibrous 
and atheromatous plaques nor did the levels correlate with the amount of intra-plaque 
thrombus or collagen (data not shown). The amount of intra-plaque SMCs, which 
produce HA in the vessel wall and whose proliferation is stimulated by HA, showed 
a significant correlation with HA levels (correlation coefficient = 0,320, P = 0,008) 
(Figure 1b). As HA production by SMCs is stimulated by TGF-beta6, we tested whether 
HA expression correlated with TGF-beta levels. Total HA expression significantly 
correlated both to TGF-beta expression and TGF-signaling, indicated by the 
expression of its phosphorylated downstream transcription factor pSMAD2 (respective 
correlation coefficient 0,256, P = 0,046 and 0,287, P = 0,034 (Figure 1d and e). The 
amount of intra-plaque macrophages did not correlate with total intra-plaque HA 
content (Figure 1c). 

Hyaluronidase activity and LMW-HA are increased in atheromatous plaques 
Hyaluronidase zymography revealed two distinct bands of 55 kD and 72 kD, indicating 
the membrane bound HYAL2 (55 kD) and the lysosomal HYAL1 (72 kD) (Figure 2). 
HYAL2 activity was significantly higher in atheromatous plaques compared to fibrous 
or fibro-atheromatous plaques (Figure 3a). LMW-HA also showed increased expression 
levels in atheromatous plaques compared to more stable plaque phenotypes (i.e., 
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Figure 1. Expression of HA (n = 68) did not differ between different plaque phenotypes (a), although we 
observed higher expression levels of HA in SMC rich plaques (b). The amount of macrophages in the plaque 
did not correlate with HA expression (c). TGF-beta, which has been shown to stimulate HA production (n = 
61), as well as the active form of its transcription factor pSMAD2 (n = 55) correlated with the amount of HA 
in the plaque (d,e). Tertiles are equally divided. * = P < 0,05.

Figure 2. Using zymography, we observed two bands with hyaluronidase activity at 55 and 72 kD, most likely 
corresponding to HYAL2 and HYAL1, respectively. All lanes represent atherosclerotic protein specimens of 
different randomly chosen patients. 
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fibro-atheromatous and fibrous) (Figure 3b). While HYAL2 activity and LMW-HA 
expression correlated significantly (correlation coefficient = 0,315, P = 0,033), no 
significant correlations were found between HYAL1 activity and histological plaque 
characteristics. Medication use before surgery did not reveal any association with 
hyaluronidase activity (not shown). Acetylsalicylic acid was previously shown to 
influence sperm cell hyaluronidase activity, but we did not observe a significant 
correlation between acetylsalicylic acid and hyaluronidase activity (HYAL1 and ASA 
= 0,06, P = 0,63, correlation coefficient for HYAL2 and ASA: = 0,87, P = 0,50). 

Increased CD44s and CD44v3 expression in atheromatous lesions 
CD44s expression was significantly higher in atheromatous plaques compared to 
fibrous plaques (Figure 4a). There was no correlation with intra-plaque macrophage 
or SMC content (correlation coefficient = 0,01, P = 0,90 and -0,086, P = 0,50, 
respectively) (Figure 4b). CD44s correlated significantly with HYAL2 (correlation 
coefficient = 0,322, P = 0,035) but not with HYAL1 activity (Figure 4c) (correlation 
coefficient = 0,179, P = 0,20). Interestingly, the CD44 isoform containing exon v3 
showed a much stronger correlation with plaque instability than CD44s (correlation 
coefficient 0,359, P = 0,003, and 0,266, P = 0,05, respectively) (Figure 4d). VEGF-A 
significantly correlated with CD44v3 expression (correlation coefficient = 0,339, P = 
0,008) (Figure 4e), suggesting that CD44v3 might be involved in stabilization of VEGF 
in atherosclerotic plaques. 

Figure 3. We observed a significantly increased activity of the HA degrading enzyme of 55 kD (HYAL2) in 
atheromatous plaques compared to fibrous and fibro-atheromatous plaques (a). Accordingly, we observed 
increased expression of LMW-HA (b) in atheromatous plaques (n = 21) compared to fibro-atheromatous (n = 
21) and fibrous plaques (n = 22). Tertiles are equally divided. * = P < 0,05.
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Furthermore, CD44v3 also significantly correlated with angiopoietin-1 expression 
(correlation coefficient 0,416, P = 0,016) (Figure 4f), whereas no significant association 
between angiopoeitin-2 and CD44v3 was observed (P = 0,50), indicating an involvement 
of CD44v3 in intra-plaque angiogenesis (Figure 4g). 

CD44s, hyaluronidase activity and LMW-HA are correlated to MMP-9 activity 
CD44s, HYAL2 activity and LMW-HA correlated significantly with MMP-9 activity 
levels (CD44s correlation coefficient = 0,330, P = 0,014, HYAL2 correlation 
coefficient 0,207, P = 0,041, LMW-HA: correlation coefficient = 0,227, P = 0,048) 
(Figure 5a–c). HYAL1 also correlated with MMP-9 activity (correlation coefficient 
0,330, P = 0,004) (Figure 5d).

Figure 4. The standard form of the HA receptor, CD44s, showed a significant correlation with the overall 
plaque phenotype (n=55) (a). Interestingly, the amount of macrophages in the plaque did not correlate with 
this receptor, which is involved in macrophage migration(b). Activity of hyaluronidase of 55kD, which depends 
on CD44 for effective HA degradation, correlated with the expression of CD44(c). The growth factor binding 
isoform of CD44, CD44v3 was increasingly expressed in plaque with a more atheromatous plaque phenotype 
(n=67).(d) Consistent with the VEGF-binding capacity of this isoform, we observed a highly significant correlation 
between these proteins(e). Angiopoietin-1, a downstream effector of VEGF, was also significantly correlated 
to CD44v3 expression(f), whereas no significant correlation was observed with angiopoietin-2(g). Tertiles are 
equally divided. *=P<0,05.

proefschrift Pieter Bot.indd   48 09-12-2010   13:53:30



Hyaluronic acid metabolism in atherosclerosis

49

HYAL1 and HYAL2 lead to the production of LMW-HA, which stimulates MMP-9 
activity. In vitro stimulation of THP-1, cell-derived macrophages with HA degradation 
products resulted in significantly increased MMP-9-activity (Fig39. 6a). This was 
confirmed using commercially available HMW-HA and LMW-HA. HMW-HA (680 
kD) reduced MMP-9 activity, whereas incubation with 7 kD HA increased MMP-9 
activity (Figure 6c). Parental Namalwa cells, lacking CD44-expression and CD44-
transduced Namalwa cells, showed comparable reactions upon incubation with 
LMW-HA (Figure 6b). 

Figure 5. MMP-9 activity, which has previously been shown to be induced by LMW-HA, correlated significantly 
to LMW-HA (n = 68) (a), hyaluronidase 55 kD activity (n = 64) (b) as well as CD44s expression (n = 56) (c). 
Also activity of the 72 kD hyaluronidase, potentially involved in degradation of LMW-HA into oligosaccharides, 
was correlated to MMP-9 activity (n = 68) (d). Tertiles are equally divided. * = P < 0,05. 
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Figure 6. THP-1 cells, transduced into macrophages after PMA-stimulation, which were stimulated with low 
LMW-HA, demonstrated increased activity levels of MMP-9 using zymography. (a) Previously, it was shown 
that CD44s is not required for the signal transduction of LMW-HA into the cell. Indeed, no difference in the 
stimulatory effect of HA on MMP-9 activity was observed between Namalwa cells expressing CD44s and the 
CD44-lacking parental control Namalwa cells (b). Stimulation of THP-1 derived macrophages with either 
LMW-HA of 17 kD or HMW-HA of 680 kD led to an upregulation and down regulation of MMP-9 activity (c). 
* = P < 0,05. 
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DISCUSSION 

Previous studies showed that both HA and its receptor CD44 are expressed to a 
higher extent in atherosclerotic lesions compared to non-diseased vessels25,32. We 
were able to demonstrate increased HA metabolism and CD44 expression in 
atheromatous plaques compared to plaques with a more fibrous phenotype and 
evaluated potential mechanisms for this finding. Theoretically, these two molecules 
exert intrinsically opposing effects on plaque stability being involved in migration of 
inflammatory cells and proliferation and migration of SMCs9,10,14. A limitation of this 
study is the relative small sample size leading to relatively low-correlation coefficients 
in a very heterogeneous disease process. However, this study for the first time 
indicates that HA metabolism is a significant contributor to plaque stability 
characteristics. 

Based on its function as the primary receptor for HA and its involvement in leukocyte 
migration, CD44 might deteriorate plaque stability by increasing the intra-plaque 
level of macrophages13. However, in our study, we neither observed a significant 
correlation between CD44 and the intra-plaque macrophage content, nor between 
HA and plaque macrophage concentration. This observation underlines the concept 
that other factors than the total amount of HA influence macrophage migration, such 
as the three dimensional structure of the intra-plaque HA10,33. 
SMCs are an important source of HA, and production of HA is stimulated by growth 
factors such as TGF-beta34. Conversely, HA matrix stimulates SMC proliferation9. We 
indeed observed a significant correlation between HA expression levels in the plaque 
and the amount of SMCs. Both TGF-beta and its downstream effector pSMAD2 
significantly correlated with intra-plaque HA levels. As plaque SMCs are associated 
with stable plaque characteristics, these results might indicate a beneficial role for 
HA on plaque stability. 

Besides its involvement in macrophage migration, CD44 might influence overall 
plaque phenotype through growth factor preservation and presentation by expression 
of the variably spliced exon v3. CD44v3 decorated with heparin sulphate provides 
an attachment site for VEGF, thereby protecting VEGF from degradation and 
simultaneously facilitating presentation to its receptor20,35. Increased plaque VEGF-A 
levels are associated with plaque instability36. We observed a highly significant 
correlation between VEGF and CD44v3, whereas CD44s did not correlate with VEGF 
expression levels. Hence, CD44v3 correlated even stronger to an atheromatous 
plaque phenotype than CD44s, comparable to known plaque destabilizing factors, 
such as MMP-9-activity and intra-plaque macrophage content. This suggests a pro-
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angiogenic role for CD44v3 in atherosclerosis, which was supported by the finding 
that CD44v3 correlated with angiopoietin-1 and acts synergistically with VEGF to 
promote angiogenesis37,38. This is in agreement with small patient number study 
showing that CD44 and CD44v3 were increased in atheromatous plaques compared 
to fibrous plaques32. 

Another important mechanism by which CD44s might lead to plaque destabilization 
is by cooperating with hyaluronidase in HA degradation, leading to increased levels 
of pro-inflammatory LMW-HA. We observed a significant correlation between CD44s 
and hyaluronidase activity, supporting such a mechanism. Besides active degradation 
of HA, this polymer is also passively degraded by reactive oxygen species, which 
might have an additional effect on plaque destabilization, influencing LMW-HA levels 
besides their well-known effect on MMP-9 activity. Previously, it was demonstrated 
that acetylsalicylic acid influences hyaluronidase activity. However, we did not find 
a significant correlation between acetylsalicylic acid use and hyaluronidase activity. 
LMW-HA in vitro shows opposing effects on inflammation and angiogenesis compared 
to full length HA39,40. LMW-HA is pro-inflammatory, increases MMP-9 activity and 
stimulates angiogenesis, whereas full length HA is anti-inflammatory and suppresses 
angiogenesis41. LMW-HA expression was closely associated with MMP-9-activity, 
and MMP-9 correlated with CD44s expression and hyaluronidase activity. CD44 has 
been shown to serve as an anchor for MMP-9 showing the close entanglement of 
these proteins19. Increased levels of LMW-HA combined with decreased levels of 
HMW-HA might have an additional effect on MMP-9 activity. In vitro, we illustrated 
the interaction of LMW-HA and MMP-9, as LMW-HA increased MMP-9 activity in 
macrophages, while HMW-HA decreased MMP-9 activity. We confirmed that this 
stimulatory effect of LMW-HA is not CD44 dependent as was previously shown41. 
We conclude that intra-plaque HA degradation products and hyaluronidase activity 
are associated with vulnerable plaque characteristics, potentially by increasing MMP-
9 activity. The HA receptor CD44 might deteriorate plaque stability by the involvement 
in HA degradation and by retaining high intra-plaque growth factor levels. 
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ABSTRACT

Background and purpose
Unstable atherosclerotic plaques are characterized by increased macrophages and 
reduced smooth muscle cells (SMCs) and collagen content. Endoglin, an accessory 
transforming growth factor-β (TGFβ) receptor, is a modulator of TGFβ signaling 
recently found to be expressed on SMCs in atherosclerotic plaques. Its function in 
plaque SMCs and plaque development is unknown. Early growth response-1 (EGR-
1), a transcription factor downstream of TGFβ, stimulates SMC proliferation and 
collagen synthesis. In atherosclerotic lesions, it is mainly expressed by SMCs. 
Therefore, we studied the TGFβ, endoglin, and EGR-1 pathway in advanced 
atherosclerotic plaques in relation to plaque phenotype. 

Methods
Human carotid atherosclerotic plaques (n=103) were collected from patients 
undergoing carotid endarterectomy. Histologically, plaques were analyzed for plaque 
characteristics, ie, collagen, macrophage and SMC content, and intraplaque 
thrombus. Intraplaque endoglin, pSmad (indicative for TGFβ signaling), EGR-1, and 
TGFβ levels were analyzed using Western blots and enzyme-linked immunosorbent 
assays, respectively. 

Results
Higher endoglin and EGR-1 protein levels correlated positively with increased plaque 
collagen levels, increased smooth muscle cell content, and decreased intraplaque 
thrombi as well as TGFβ signaling (pSmad). Although EGR-1 overexpression in vitro 
stimulated collagen synthesis, inhibiting endoglin resulted in lower EGR-1 levels, 
decreased SMC proliferation, and decreased collagen content. 

Conclusions
TGFβ in human atherosclerotic plaques is active and signals through the TGFβ/Smad 
pathway. For the first time, we show a strong association between endoglin and 
EGR-1, increased collagen and SMCs expression, decreased levels of intraplaque 
thrombosis, and a stable plaque phenotype. 
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INTRODUCTION

Atherosclerosis is a chronic inflammatory response in the arterial wall.1 Stable plaques 
contain more collagen and smooth muscle cells (SMCs), whereas unstable plaques 
have more macrophages and contain a large lipid core covered with a thin fibrous 
cap.2 Unstable plaques are more likely to rupture and cause clinical symptoms, eg, 
cerebrovascular accidents or myocardial infarction.3,4 Therefore, insights into the 
mechanisms that determine plaque stability are crucial. Transforming growth factor-β 
(TGFβ) plays an important role in atherogenesis.5 TGFβ regulates important cellular 
processes influencing the development and progression of atherosclerosis such as 
remodeling of the extracellular matrix and stimulation of SMC proliferation.6 TGFβ 
transduces its signal by binding to TGFβ Type I and II serine/threonine kinase 
receptors leading to phosphorylation of Smad proteins.7 On ligand binding, the Type 
II receptor will form a complex with ALK5 phosphorylating Smad2/3 or ALK1 and 
phosphorylate Smad1/5.8 Endoglin (CD105) is an accessory transmembrane TGFβ 
receptor and a modulator of TGFβ-signaling.9–13 

In human atherosclerotic lesions, the TGFβ signaling components are detectable in 
endothelial cells, SMCs, and macrophages and rapidly upregulated during vascular 
injury.14 Although TGFβ is highly expressed in human atherosclerotic lesions, its 
contribution to lesion development and progression is still unclear.5,6,15 Inhibition of 
TGFβ signaling in an atherosclerotic mouse model significantly inhibits collagen 
synthesis in atherosclerotic plaques,16 suggesting an important role for TGFβ in 
plaque stabilization.TGFβ-induced collagen synthesis is mediated through increased 
expression of the transcription factor early growth response-1 (EGR-1).17 TGFβ-
induced pSmad2/3 directly binds to and activates the EGR-1 promoter.17 Both 
endoglin and EGR-1 are highly induced shortly after balloon catheter injury18,19 and 
are expressed by SMCs and endothelial cells in advanced atherosclerotic lesions, 
whereas expression levels in healthy arteries are low.18,20–22 

Although increased collagen production should improve plaque stabilization,19 the 
delicate balance between synthesis and degradation of collagen is more important 
than synthesis alone. Extracellular matrix metalloproteinase (MMP) inducer 
(EMMPRIN) stimulates the production of different MMPs and we have previously 
shown that the 2 isoforms are expressed in atherosclerotic lesions. Although the 58 
kD isoform is associated with MMP-9 and an unstable plaque phenotype, EMMPRIN-
45kd is associated with MMP-2 and stable plaques.23 The role of endoglin and EGR-
1 in this context and the correlation with matrix degradation and EMMPRIN expression 
yet remains unknown. In addition to their effect on collagen synthesis, TGFβ and 
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EGR-1 both stimulate SMC proliferation, although the role of TGFβ in this context is  
controversially discussed, because TGFβ is known for its capacity to inhibit cell 
growth.8,19 Interestingly, endoglin reduces the inhibitory effect of TGFβ on endothelial 
cell proliferation.13 

We therefore hypothesized that stable human atherosclerotic plaques contain 
increased expression levels of endoglin and EGR-1, which mediate the beneficial 
effects of TGFβ on plaque stability through induction of collagen synthesis and 
stimulation of SMC proliferation. 

MATERIALS AND METHODS 

Study design 
Athero-Express is a multicenter study combining a biobank of carotid endarterectomy 
material and patient follow-up data.24 The study was approved by the local medical 
ethics committees of each participating center and performed in accordance with 
institutional guidelines. Informed written consent was obtained from all patients. 
Baseline characteristics of the patients are depicted in the Table. 

Table Baseline Characteristics

Variable (n=103)

Age (yr) 70.3±0.9

Sex (%)

  Female 28.6

  Male 71.4

Diabetes (%) 30.3

High blood pressure (%) 73.6

Hyperscholesterolemia (%) 56.7

Smoking (%) 22.0

Statine use (%) 63.8

Beta-blocker use (%) 47.3

Anticoagulant use (%) 12.8

Calcium antagonist use (%) 23.7

ACE-inhibitor use (%) 51.6

Platelet aggregation inhibitor use (%) 89.5

Symptomic patients (%) 80.2
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Immunohistochemistry 
Of each patient (n=103), the culprit lesion was divided into sections of 5 µm and each 
plaque was stained for histological determination as described previously.24 The 
adjacent segment was used to isolate total protein. Atherosclerotic plaques were 
stained for endoglin (611314, BD), von Willebrand factor (A0082; Dako), SMC (A2547; 
Dako), Ki-67 (ab15580; Abcam), and EGR-1 (SC110, Clone 588; Santa Cruz 
Biotechnology) as previously described.25 Consecutive slides were stained with CD68 
and anti-SMC actin and compared with the localization of EGR-1, endoglin, and 
pSMAD2 expression.
 
Protein expression analysis 
Endoglin, EGR-1, pSmad2 (3104; Cell Signaling Technology), pSmad1/5 (9516; Cell 
Signaling Technology), and EMMPRIN (SC9753, Clone K-20; Santa Cruz 
Biotechnology) levels were determined by Western blotting.8 Twenty micrograms of 
total protein was loaded on a reduced polyacrylamide gel. Quantification of the bands 
was carried out using densitometric analysis software, Quantity One (Gel doc; Bio-
Rad). Expression levels were correlated to the expression of β-actin (CloneAC-74; 
Sigma). A reference sample was loaded on each blot allowing the comparison 
between runs. Total MMP activities were measured using the Biotrak activity assays 
RPN2631 for MMP-2 and RPN2634 for MMP-9 (Amersham Biosciences). Total TGFβ-
1 levels were measured using enzyme-linked immunosorbent assay (DB100B; R&D 
Systems), applying 20 µg of total Tripure (Boehringer Mannheim, Indianapolis, Ind) 
isolated protein (n=96). 

Effect of mRNA inhibition of endoglin on smooth muscle cell proliferation and 
transforming growth factor-β signaling 
Human aortic SMCs (HA-SMCs, CRL-1999; American Type Culture Collection) were 
cultured according to the manufacturer. HA-SMCs were infected with adenoviruses 
expressing Endoglin RNAi or LacZ control at a multiplication of infection of 250. After 
16 hours, the cells were washed and allowed to recover for 24 hours, starved 
overnight, and stimulated with TGFβ (1 ng/mL) for the indicated times. Cells were 
washed and total protein was isolated using Tripure Isolation Reagent. Endoglin, 
EGR-1, pSmad1/5, pSmad2/ pSmad3, procollagen-I (SP1.D8), and Ki-67 (Clone 
MIB-1; Dako) expression levels were studied using Western blotting as described 
previously.25 Migration was measured using a modified Boyden chamber as previously 
described.8 
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Figure 1. Double staining for EGR-1 (red) staining SMC actin (dark brown) demonstrated strong EGR-1 
expression in SMCs (A). Double staining for EGR-1 (red) and CD68 (dark brown) revealed EGR-1 staining in 
intraplaque macrophages as well, but to a lesser extent (D). Endoglin (blue) is expressed SMCs (red/brown; 
B) and to some extent by macrophages (red/brown; E). Relatively weak pSmad2 (red/brown) staining was 
observed in SMC (blue; C) and macrophages (blue; F). Arrows indicate pSMAD2 staining. 
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Early growth response-1 affects collagen and CAGA-reporter activity 
Human embryonic kidney-293 cells (CRL-1573; American Type Culture Collection) 
were cultured in DMEM supplemented with 10% FCS, 1% penicillin/streptomycin. 
At approximately 80% confluence, cells were washed twice with phosphate-buffered 
saline and 0.4 mL serum-free DMEM was added. Human embryonic kidney cells 
were transfected (Lipofectamine Plus; Invitrogen) with 0.1 µg DNA Coll1A2-luciferase 
(kindly provided by Dr Yutaka Inagaki) or 0.1 µg CAGA-Luc, an artificial pSmad3 
binding sequence reporter construct,26 in the absence or presence of different 
concentrations of an EGR-1 expression plasmid (kindly provided by Professor Dr J. 
Milbrandt).27 PGK-LacZ was added as transfection control. After 3 hours, 0.25 mL 
of 1% FCS, 1% penicillin/ streptomycin DMEM medium was added. 
Two days after transfection, cells were washed twice with phosphate-buffered saline 
and incubated at room temperature for 15 minutes in 0.2 mL of Lysis buffer (10 
mmol/L DTT, 10 mmol/L CDTA, 50% glycerol, 5% Triton X-100, 125 mmol/L Tris, pH 
7.8). Fifty microliters of lysate was transferred to a 96-well plate and 50 µL of 2X β-
Gal assay buffer (200 mmol/L sodium phosphate, pH 7.3, 2 mmol/L MgCl2, 100 
mmol/L β-mercapto, 1.33 mg/mL ONPG) was added. After 1 hour incubation, 
β-galactosidase activity was measured at 405 nm using a Microplate reader. 
Luciferase activity was determined by analyzing 10 µL of lysate with 50 µL of luciferine 
(Promega) in a Berthold Lumat LB 9507 (Berthold Technologies). 

Statistical analysis
Data are presented as mean and 95% CI. Because our data were not normally 
distributed, we used the nonparametric Mann-Whitney (for comparison of 2 
categories) or Kruskal-Wallis test (for comparison of 3 or more categories). Correlations 
were analyzed with the Spearman rank test. Student’s t test was used for the in vitro 
experiments when we compared 2 conditions. A probability value of 0.05 was 
considered significant. 

RESULTS 

Early growth response-1 and plaque composition 
EGR-1 was mainly expressed by SMCs (Figure 1A) and to a lesser extent by 
macrophages (Figure 1D). EGR-1 positively associated with a more fibrous plaque 
(Figure 2A). Plaques with a high collagen content showed significantly higher EGR-
1 levels compared with plaques with no or moderate collagen staining (Figure 2B). 
EGR-1 protein levels show significant positive correlation with intraplaque α-SMC 
actin levels (correlation coefficient: 0.280, P=0.049; Figure 2C). Plaques with positive 

proefschrift Pieter Bot.indd   63 09-12-2010   13:53:38



Chapter 4

64

proefschrift Pieter Bot.indd   64 09-12-2010   13:53:40



Increased TGF-beta signaling in stable plaques

65

SMCs/macrophages ratios showed higher EGR-1 expression when compared with 
plaques with higher macrophage content (Figure 2D). Furthermore, high EGR-1 levels 
positively correlated with low levels of the leukocyte chemoattractant interleukin-8 
(correlation coefficient=0.423, P=0.00002; Figure 2E). Interestingly, EGR-1 levels 
negatively correlated with the presence of intraplaque thrombi, indicative of unstable 
plaques (Figure 2F). Representative Western blots of our protein targets are depicted 
in Figure 2G. 

Endoglin and plaque composition 
Endoglin was expressed in some of the intraplaque vessels and SMCs within the 
lesion and to some extent by macrophages (Figures 1B and E). pSMAD expression 
was observed in SMCs, endothelial cells (not shown), and macrophages (Figures 
1C and F). However, not all endothelial cells and SMCs expressed endoglin. 
Interestingly, endoglin expression was increased in plaques with more α-SMC actin 
(R2=0.285; P=0.035; Figure 2H). Endoglin and macrophage content of the plaque 
did not correlate (P=0.280, not shown). Endoglin expression was higher in plaques 
containing high levels of collagen (Figure 2I), indicative for a stable plaque less 
prone to rupture. Furthermore, endoglin positively correlated with less thrombi in 
the plaque (Figure 2J). 

Intraplaque transforming growth factor-β signaling 
The level of phosphorylated (p)-Smad within a lesion is a measure for TGFβ signaling. 
Endoglin positively correlated with pSmad2 and pSmad3 (P=0.001 and P=0.003, 
respectively; Figure 3A–B) levels in atherosclerotic plaques but did not correlate with 
pSmad1 (correlation coefficient=0.173; P=0.24), suggesting the presence of an 
endoglin-TGFβ-Smad2/3 signaling pathway within the lesion. Furthermore, pSmad2, 
but not pSmad1, was positively associated with SMCs (R2=0.289; P=0.03). In vitro, 
TGFβ has been demonstrated to induce EGR-1 expression, which was mediated 

Figure 2. EGR-1 expression was significantly higher in fibrous plaques compared with plaques with a 
fibroatheromatous or atheromatous phenotype (*P=0.011, correlation coefficient=0.288, $P=0.003; A). Plaques 
with heavy collagen staining showed a significant higher expression of EGR-1 compared with plaques with 
no/moderate staining of collagen (B). EGR-1 levels correlated significantly to α-smooth muscle cell actin levels 
(correlation coefficient=0.288, P=0.049; C) and to a positive SMC/macrophage ratio (D). Interleukin-8 levels 
were significantly lower in plaques containing high levels of EGR-1 (E). The amount of intraplaque thrombus 
staining correlated negatively to EGR-1 levels (correlation coefficient=-0.225, $P=0.022). Endoglin and α-smooth 
muscle cell actin levels correlated significantly ($P=0.006, correlation coefficient=0.368; Figure 3H). Endoglin 
expression was increased in plaques with high amounts of collagen, which points to a potential contributory 
role for endoglin toward stabilizing atherosclerotic plaques (Figure 3I). We observed a negative association 
between endoglin expression and intraplaque thrombus (correlation coefficient=-0.277, *P=0.007; Figure 3J). 
G, Representative Western blots. $Spearman test. *Kruskal-Wallis test. 
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through pSmad2/3.17 Accordingly, TGFβ levels were associated with a significantly 
increased expression of EGR-1 (Figure 3C). In addition, EGR-1 expression was 
associated with TGFβ signaling illustrated by increased pSmad2 (correlation 
coefficient=0.464, P=0.001) as well as endoglin expression levels (correlation 
coefficient=0.363, P=0.009; Figure 3D–E) but not pSmad1 (Figure 3F). 

Figure 3. Endoglin expression strongly correlated with pSmad2 levels ($P=0.000001, correlation 
coefficient=0.640) and pSmad3 ($P=0.003, correlation coefficient=0.314; A–B). EGR-1 levels correlated 
positively to TGF  (C; $P=0.039, correlation coefficient=0.221), endoglin (D) levels ($P=0.001, correlation 
coefficient=0.346), and pSmad2 (E; $P=0.001, correlation coefficient=0.341). No significant correlation between 
EGR-1 and pSmad1 was observed (F). (G) Representative Western blots. $Spearman test. 
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Because TGFβ signaling is influenced by endoglin, we analyzed the causal interaction 
between EGR-1 and endoglin. Endoglin-RNAi expressing vascular SMC showed no 
upregulation of EGR-1 expression after TGFβ stimulation, whereas LacZ-transduced 
cells demonstrated a 1.3-fold increase (Figure 4A–B; Supplemental Figure IA, available 
online at http://stroke.ahajournals.org). Transfection of EGR-1 resulted in a dose-
dependent decrease in luciferase activity of an artificial SMAD3 luciferase reporter 
showing a possible interference of EGR-1 on TGFβ signaling (Figure 4F). 

Figure 4. H-SMCs transduced with an adenovirus expressing GFP or endoglin RNAi. Western blot analysis 
showed a clear reduction in endoglin levels (A). Stimulating the cells with 1 ng/mL TGFβ revealed an increase 
in EGR-1 (B) pSmad (C), Ki-67 (D), and EMMPRIN 45 kD (E) expression. Both Ki-67 and EMMPRIN 45 kD 
were inhibited in endoglin RNAi-expressing cells. EGR-1 overexpression resulted in dose-dependent decrease 
in a SMAD3-responsive promoter activity (F). Overexpression of EGR-1 resulted in a significantly* dose-
dependent increase in collagen1A2 promoter-driven luciferase (G). *Kruskal-Wallis test (*P 0.05). GFP indicates
green fluorescent protein.
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Figure 5. Endoglin and pSmad2 positively correlate with MMP-2 activity (A; $P=0.001, correlation 
coefficient=0.477 and $P=0.003, correlation coefficient=0.451). TGFβ and pSmad1 negatively correlate 
with MMP-9 activity ($P=0.017, respective correlation coefficients=-0.380 and -0.432; C–D). This coincided 
with significant correlation of TGFβ, pSmad2, and endoglin with EMMPRIN 45 kD ($P=0.019, correlation 
coefficient=0.374, $P=0.002, correlation coefficient=0.462 and $P=0.004, correlation coefficient=0.440), 
whereas no association between EMMPRIN 45 kD and pSmad1 was observed (not shown) or endoglin 
and EMMPRIN 58 kD ($P=0.576; E–H). EGR-1 was correlated to EMMPRIN 45 kD ($P=0.026) and not to 
EMMPRIN 58 kD ($P=0.67; Figure 6I). $Spearman test.
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Transforming growth factor-β, endoglin, early growth response-1, and matrix 
degradation 
Because EMMPRIN and MMPs are important for extracellular matrix remodeling and 
regulated by TGFβ, we analyzed EMMPRIN expression and MMP-2 and MMP-9 
activity. Interestingly, MMP-2 correlated with high endoglin and pSmad2 expression 
and we observed a trend between TGFβ and MMP-2 (Figure 5A–B). pSmad1 levels 
negatively associated with TGFβ and MMP-9 activity, (P=0.017 and P=0.014, 
respectively; Figure 5C–D). TGFβ (P=0.019), pSmad2 (P=0.027), and endoglin strongly 
associated positively with EMMPRIN 45 kD (P=0.008), which has been associated 
with a stable plaque phenotype, but not between pSmad1 and EMMPRIN 45kD 
(Figure 5E–H). pSmad1 levels were higher with decreased expression of EMMPRIN 
58 kD. Furthermore, increased EGR-1 levels were associated with a significant 
increase in EMMPRIN 45kD (Figure 5I). There was no significant association between 
TGFβ or EGR-1 with EMMPRIN 58 kD or MMP-2, nor did EGR-1 correlate with MMP-
9 levels (not shown), suggesting that TGFβ influences MMP activity through the 2 
separate cascades, ALK5/Smad2/MMP2 and ALK1/Smad1/MMP9. 

Endoglin influences smooth muscle cell proliferation and extracellular matrix  
metalloproteinase protein inducer levels in vitro 
Endoglin knockdown in SMCs using RNAi did not affect TGFβ-induced Smad1/5 
phosphorylation, but did inhibit pSmad2 (Figure 4C). On TGFβ stimulation, Ki-67 
expression was induced in LacZ-transduced cells indicating dividing cells, but not 
in endoglin knockdown cells (Figure 4D, Appendix, Supplement 1C). Furthermore, 5 
days after knockdown, there were significantly fewer SMCs (1.53e6±0.31e6 in LacZ 
versus 0.27e6±0.19e6 in RNAi; P=0.05; n=3). Furthermore, although TGFβ inhibited 
SMC migration in LacZ-transduced cells toward fetal calf serum, it was ameliorated 
in endoglin RNAi cells (45.3%±1.9 of control for LacZ versus 73.9%±3.4; P=0,05; 
n=3). Analyzing EMMPRIN 45kD levels showed that although TGFβ stimulation 
slightly increased EMMPRIN 45 kD levels, knocking-down endoglin resulted in 
severely reduced EMMPRIN 45 kD expression after TGFβ addition (Figure 4E; 
Appendix, Supplement 1B). In the absence of endoglin, TGFβ failed to induce 
procollagen I production. TGFβ stimulation caused an average 1.44-fold (±0.096) 
increase in collagen I levels in LacZ-transduced SMCs, whereas there was an average 
0.42-fold decrease in procollagen I expression in endoglin knock-down cells (data 
not shown). 

Correlation of early growth response-1 with COL1a2-promoter activity 
EGR-1 overexpression in human embryonic kidney-293 cells resulted in 2.4-fold 
increase in EGR-1 mRNA levels. Furthermore, EGR-1 transfection resulted in a 
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significant dose-dependent increase in COL1A2 promoter activity when compared 
with empty vector controls (P=0.011; Figure 4G). 

DISCUSSION 

TGFβ signaling, involving endoglin, pSmad2, and EGR-1, is associated with plaque 
stability. Besides significant correlations with a fibrous plaque phenotype and 
increased collagen levels, these factors were increased in SMC-rich plaques and 
correlated with decreased amounts of intraplaque thrombus. Previously, a small 
study reported higher TGFβ levels to be associated with a stable plaque phenotype.28 

In these stable fibrous plaques, the expression of Smad2/3 was restricted to SMCs.29 

Furthermore, TGFβ plasma levels may have prognostic significance in coronary artery 
disease. They are generally decreased in patients with coronary atherosclerosis and 
correlate inversely with the presence of myocardial ischemia.30-32 TGFβ signals 
through phosphorylation of Smad proteins. Detection of pSmads showed active 
TGFβ signaling within atherosclerotic lesions in SMC and endothelial cell. The 
correlations among endoglin, EGR-1, and pSmad2 suggests that endoglin modulates 
the TGFβ/Smad2 pathway within the plaque affecting expression of the downstream 
transcription factor EGR-1. Knocking-down endoglin expression reduces pSmad2 
and EGR-1 levels, whereas it hardly affects pSmad1/5 levels, further indicating a 
relation between endoglin and TGFβ/Smad2/EGR-1 in atherosclerotic lesions. 

TGFβ influences SMC proliferation, although its effect is not clear. TGFβ stimulates 
vascular SMC proliferation at low concentrations33 and knockdown of TGFβ stimulates 
SMC growth.34,35 SMCs from normal arteries are growth-inhibited by TGFβ in vitro; 
those derived from atherosclerotic and restenotic lesions are resistant to the 
antiproliferative effect of TGFβ.36,37 Furthermore, SMCs in stable lesions express more 
TGFβ than in unstable lesions.28 Also, SMCs within the fibrous cap differ in their 
responsiveness to TGFβ.29 In contrast to SMCs of the normal vessel wall, endoglin 
expression is readily detectable in SMCs in atherosclerotic lesions. We show that 
endoglin is easily detectable in proliferating cultured SMCs. Endoglin knockdown 
resulted in decreased proliferation. Endoglin knockdown ameliorated the TGFβ-
induced inhibition in cell migration. Therefore, we suggest that endoglin-expressing 
SMCs within the plaque are resistant to TGFβ-induced growth inhibition and 
migration. Santiago et al19 found significantly decreased SMC proliferation and 
migration after blocking EGR-1 expression. We found a positive relation among 
endoglin, SMC content of the plaque, and EGR- 1 expr expression suggesting a 
plaque-stabilizing role for endoglin and EGR-1. EGR-1 inversely correlated with 

proefschrift Pieter Bot.indd   70 09-12-2010   13:53:44



Increased TGF-beta signaling in stable plaques

71

interleukin-8 expression and macrophage content. Additionally, both EGR-1 and 
endoglin negatively correlated with intraplaque thrombi, further arguing for a stabilizing 
role of EGR-1 and endoglin in atherosclerosis. 

Furthermore, collagen-rich plaques showed significantly higher EGR-1 expression. 
In vitro experiments confirmed the involvement of EGR-1 in increasing intraplaque 
collagen levels and is coherent with previous studies showing EGR-1-induced 
collagen production in fibroblasts.17 Atherosclerotic plaque progression is a dynamic 
process with continuous remodeling of the extracellular matrix. MMPs, together 
with the inducer of MMP expression, EMMPRIN, mediate different processes within 
the atherosclerotic lesion, including matrix degradation, cell infiltration, and 
migration. TGFβ is known to modulate the extracellular matrix and was found to 
inhibit EMMPRIN expression in human uterine fibroblasts.38 We found a significant 
positive correlation between TGFβ and EMMPRIN 45 kD and a negative correlation 
between TGFβ and MMP-9, pointing toward a more stable plaque phenotype. 
Interestingly, although MMP-9 activity was associated with pSmad1, MMP-2 activity 
correlated with pSmad2. Endoglin expression correlated significantly with EMMPRIN 
expression. EMMPRIN stimulates MMP-9 in monocytes and MMP-2 in SMCs.39 
EMMPRIN 45 kD is expressed by plaque SMCs, and we previously showed that 
EMMPRIN 45 kD associated with SMC presence, MMP-2, and a fibrous plaque. 
We also observed a positive correlation between endoglin and MMP-2. TGFβ and 
pSmad1 but not endoglin inversely correlated with EMMPRIN 58 kD and MMP-9, 
both associated with inflammatory unstable plaques. Furthermore, in vitro 
downregulation of endoglin in SMCs resulted in reduced EMMPRIN 45 kD after 
TGFβ stimulation. Therefore, endoglin potentially stabilizes plaques through 
EMMPRIN 45 kD regulation, thereby modulating MMP-2 levels and matrix 
deposition. Induction of the TGFβ/ EGR-1 pathway not only enhances collagen 
synthesis, but also inhibits its degradation, resulting in an increased collagen 
deposition and thus a more stable fibrous cap. 

TGFβ appears to protect against the development of unstable atherosclerotic lesions 
by stimulating vascular SMC proliferation and modification of the extracellular matrix. 
Most of these effects appear to be mediated through the ALK5/TGFβRII pathway 
and EGR-1. Expression of EGR-1 and endoglin are important for this stabilizing effect, 
resulting in increased SMC content, more fibrous lesions with increased collagen 
contents, and fewer intraplaque thrombi. 
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CONCLUSION 

We propose a TGFβ signaling pathway in atherosclerotic plaques, in which endoglin 
modulates the downstream effects of TGFβ regulated by pSmad2/3 and increasing 
EGR-1 expression, resulting in increased collagen production, less matrix degradation, 
more SMC proliferation, and a reduction in inflammatory cells by inhibition of 
inflammatory cytokine production, in other words, in a more stable plaque phenotype. 
This nominates the TGFβ/endoglin/EGR-1 pathway as a potential new target for 
plaque stabilization therapy. 
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ABSTRACT

Objective
Atherosclerosis is an inflammatory reaction, including infiltrating circulating cells, 
especially monocytes. The regulation of monocyte differentiation into plaque-resident 
macrophages is unclear, but represents a target for anti-atherosclerotic therapies. 
Recently, the forkhead box transcription factor Foxp1 was implicated in this process. 
We studied Foxp1 expression in atherosclerotic tissue, correlated Foxp1 expression 
with plaque characteristics and identified causal relations between Foxp1 and plaque 
proteins.

Methods
116 Atherosclerotic plaques from carotid endarterectomy samples were histologically 
classified (fibrous, fibroatheromatous, atheromatous) and subjected to semi-
quantitative protein analysis. Macrophage, smooth muscle cell (SMC) content and 
amount of intraplaque thrombus were determined histologically. Foxp1 expression 
was investigated by western blotting and immunhistochemistry.  Based on this, 
Foxp1 was overexpressed in vitro to identify causal relations between Foxp1 and 
plaque proteins.

Results
Foxp1 is expressed by SMCs, macrophages, endothelial cells and T-cells within the 
plaque. High SMC and extracellular matrix content correlated with increased Foxp1 
isoform (72kD and 95kD) levels. Foxp1 72 kD expression was lower in plaques 
containing intraplaque thrombus. Foxp1 levels correlated with active intraplaque 
TGFβ signaling and in vitro stimulation of SMCs with TGFβ resulted in increased 
Foxp1 levels. The 72kD Foxp1 correlated with expression of pro-fibrotic EGR-1 and 
increased Col1A1 expression.

Conclusion
Foxp1 is expressed by different cell types in atherosclerotic lesions and is associated 
with more stable plaque characteristics and intraplaque TGFβ signaling. Foxp1 
expression in-vitro is induced by TGFβ and results in increased Col1A1 and EGR-1 
expression, providing a mechanism for the observed association with a more stable 
plaque phenotype.
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INTRODUCTION

Since the first introduction of this concept by Ross in 1973, atherosclerosis is 
uniformly conceived as an inflammatory disease of the arteries.1, 2 Inflammatory cells 
are a major component of atherosclerotic lesions and infiltration of monocytes and 
T-lymphocytes can already be observed in early lesions and fatty streaks.3 The 
maturation of infiltrating monocytes towards tissue macrophages and eventually 
lipid-containing foam cells is a critical step in plaque progression and the signaling 
events that control differentiation and survival of plaque resident macrophages are 
largely unknown. 3 However, the function and phenotype of macrophages is very 
heterogenous and dependent on the particular environment and the local exposure 
to cytokines and cell-cell-interaction. 3 

Recently, the forkhead box protein Foxp1 was implicated in the process of 
macrophage maturation and was described to regulate monocyte differentiation in 
response to integrin-engagement.4 Foxp1 was first identified by Shu et al. as a 
glutamine rich factor which is expressed during  wide variety of adult and fetal tissues 
cell types and belongs to the Foxp subfamily of the fox-transcription factors.5 
Misregulation of Foxp1 is seen in several malignant neoplasms, including prostate 
cancer and B-cell lymphomas.6 

With regards to macrophage biology, Foxp1 has been shown to impair the transition 
of monocytes towards macrophages and acts as a repressor of c-fms, which codes 
for the receptor of the differentiation stimulating growth factor M-CSF (Macrophage 
Colony Stimulating Factor). Thereby, Foxp1 might be of influence on inflammatory 
plaque characteristics.4 Besides c-fms, other downstream targets of Foxp1 however, 
have been poorly described. Recently, a binding site of Foxp1 in the Interleukin-2 
promoter region has been reported 7 although the exact effect of Foxp1 on interleukin 
expression is incompletely understood. Although some evidence is pointing towards 
a downregulatory effect of Foxp1 overexpression on specifically IL2, Bettalli et al. 
were not able to demonstrate an effect of  Foxp1 overexpression on IL-2 expression.8 
The association of interleukins and plaque stability has been described in detail, 
showing opposing correlations of the different interleukins and plaque phenotype.  
For instance, IL-10 expression is higher in stable plaques whereas IL-8 expression 
is increased in unstable lesions.9 

Of more recent data is a study demonstrating the involvement of Foxp1 in early 
post-infarct heart failure in mice as well as in advanced human heart failure, comparing 
RNA expression in tissue derived from failing to non-failing hearts.10 Because heart 
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failure is a pathological fibrotic process,11, 12 this study might provide a first indication 
that Foxp1 expression contributes to an increase in fibrosis and thus might be 
relevant as a plaque stabilizing factor in atherosclerosis. 

In this study we aimed to investigate the expression pattern of Foxp1 in different 
type atherosclerotic lesions (fibrous, fibroatheromatous or atheromatous lesions) 
obtained during carotid endarterectomy and analyzed Foxp1 expression in a several 
cell types, including macrophages, smooth muscle cells (SMC), endothelial cells and 
T-cells. As Foxp1 expression is increased in a pro-fibrotic milieu, we reasoned that 
Foxp1 expression might be increased in plaques with a fibrous phenotype and 
associated with relatively increased signaling of the pro-fibrotic growth factor TGFβ. 
We analyzed the association of Foxp1 and active intra-plaque TGFβ dependent 
signaling and investigated the possible functional mechanisms in vitro.

MATERIALS AND METHODS

Study design: the Athero-Express
The Athero-Express is a large multicenter patient study in which endarterectomy 
specimens are collected and characterized in combination with follow-up data. 
Medical ethical committees of all Dutch participating centers approved the study.13 
Each patient signed an informed consent form. Table 1 shows the baseline 
characteristics of the different patients. 

Immunohistochemistry
The culprit lesion of 116 plaques was cut into sections of 5 micrometer for histological 
analysis of plaque phenotype, the amount of intraplaque thrombus, and collagen, 
smooth muscle cells, macrophages and fat content and classified as no, moderately 
or heavily stained. As for the phenotype classification, plaques were divided into a 
fibrous, fibro-atheromatous and an atheromatous group, as described previously.13 
The adjacent segment was used for protein isolation. 
For histological evaluation of Foxp1 expression in different arterial wall layers of an 
atherosclerotic diseased vessel we used sections of atherosclerotic arteries (aortic 
bifurcation specimens)in which, after deparaffination and rehydration, endogenous 
peroxidase activity was blocked with methanol containing 0.3% peroxide. Heat-
induced antigen retrieval was performed using 10 mM Tris-HCl and 1 mM EDTA, pH 
9.0. Then sections were covered with serum-free protein block (Dako), followed by 
different primary antibodies. We stained the plaques for mouse anti-human Foxp1 
(JC12, Abcam), rabbit anti-human CD3 (SP7; Labvision, Fremont, CA), mouse anti-
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human CD68 (PGM1, Dako) and mouse anti- alpha-smooth muscle cell-actin (1A4, 
Sigma-Aldrich). As a secondary agent we used Envision+anti-rabbit (Dako) or Poly-
AP anti-mouse (Immunovision Technologies, Brisbane, USA). As chromogens we 
used DAB+ and Liquid Permanent Red Kit (both from Dako). 

Foxp1 protein expression levels
Of every patient we used 10 µg plaque protein, isolated as previously described,13 

which was reduced using 0.1 M DTT and 5 minutes of cooking.  Proteins were run 
on a 10% polyacrylamid gel. Four µl protein from cultured human monocytes (THP-
1 cells) served as  positive control. After gels were run at 30mA during 45 minutes, 
proteins were blotted on a Immobilon-FL transfer membrane (Millipore).
The membrane was blocked for 1 hour at room temperature using 3% non-fat dry 
milk in PBS containing 0.1% Tween. Afterwards, the membranes were incubated 
overnight with a rabbit polyclonal foxp1 antibody (0.15 µg/ml, ab16645, Abcam). A 
HRP-labeled goat-anti rabbit secondary antibody (P0447, Dako) was used at a 
concentration of 1 µg/ml. β-actin (clone AC-74, Sigma) expression levels were used 
to correct for the intraplaque cell number as previously described14. 

Table 1. Baseline Characteristics

Variable (n=126)

Age (yr) 64.5±8.4

Sex (%)

  Female 29.9

  Male 70.1

Diabetes (%) 16.0

High blood pressure (%) 69

Hyperscholesterolemia (%) 53.9

Smoking (%) 31.4

Statine use (%) 65.1

Beta-blocker use (%) 49.2

Anticoagulant use (%) 15.1

Calcium antagonist use (%) 23.0

ACE-inhibitor use (%) 41.3

Platelet aggregation inhibitor use (%) 95.2

Symptomic patients (%) 88.2
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Influence of the TGF co-receptor endoglin and TGF on Foxp1 expression
We cultured Human aortic SMCs (HA-SMCs, CRL-1999, American Type Culture 
Collection) according to the manufacturer. We used an adenoviral endoglin RNAi 
construct at a multiplication of infection (MOI) of 250 to inhibit endoglin expression, 
as described previously.14 Adenoviral GFP was used as a control. Cells were washed 
after 16h and allowed to recover for 24 h prior to starvation overnight before we 
stimulated with TGFβ1 (1ng/ml) for 0, 1 h or 24h. After washing twice with PBS, we 
isolated total cell protein using Tripure Isolation Reagent (Roche). Besides we 
analyzed the effect of inhibiting TGFβ signaling using the ALK5 kinase inhibitor on 
Foxp1 expression. For this the ALK5 kinase inhibitor (SB-431542) was added to the 
cell culture in a final concentration of 1µM in combination or in absence of 24 hours 
of TGFβ stimulation (0.5 ng/ml) as described previously.15 Foxp1 expression was 
analyzed using western blots as described above. 

Foxp1 in vitro overexpression and quantitative RT-PCR of downstream 
targets
Transfection of HEK-293 cells with a Foxp1 plasmid was performed as described 
previously.14 We seeded Human Embryonic Kidney (HEK) 293 cells (ATCC: CRL-
1573.) in a 12 wells plate and grown until 80 % confluency in DMEM supplemented 
with 10 % Fetal Calf Serum, 1 % Penicillin/Streptomycin. Cells were washed twice 
with PBS and we added 0.4 ml of serum free DMEM. Using Lipofectamine™ Plus  
(Invitrogen), we transfected cells with 0.4 µg Foxp1 plasmid (n=4) or an equal amount 
of GFP-vector as control (n=4). 
To provide insights into the consequences of increased expression of Foxp1 in an 
in vitro model we analyzed which downstream targets are affected. We developed 
primers directed against components of the TGFβ signaling pathway. All expression 
levels were corrected for GAPDH expression. In table 1 the different primer sequences 
are depicted. Functionality of the Foxp1 plasmid was tested analyzing Foxp1 
expression levels in Foxp1 transfected cells compared to GFP-transfected cells, 
using Foxp1 specific primers. 

Statistical Analysis
Data are presented as mean and 95% confidence interval. As our data was not-
normally distributed, we used the non-parametric Mann-Whitney (for comparison of 
two categories) or Kruskal-Wallis tests (for comparison of 3 or more categories). 
Correlations were analyzed using the Spearman-Rank Test. For the statistical analysis 
of the in vitro experiments we used a Mann-Whitney test. P-values of <0.05 were 
considered significant.
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RESULTS

Foxp1 is expressed in atherosclerotic lesions by different cell types. 
As depicted in figures 1A, B and C, we observed Foxp1 expression in different 
vascular layers of atherosclerotic lesions. Foxp1 staining was mainly restricted to 
the nucleus of cells in the intima, the media and adventitia, with most pronounced 
staining in the media.
Using double staining techniques, we indeed observed intranuclear staining of Foxp1 
in smooth muscle cells in the different vascular layers, with most of these cells 
expressing Foxp1 (Figures 1D-F). Using double staining for CD34 and Foxp1 we 
observed double staining in the majority of endothial cells (Figure 1G), which might 
indicate a stabilizing effect of Foxp1 on vascular integrity, as knock-down of Foxp1 
has been described to result in severe perivascular hemorrhage.16 Furthermore, 
although expression levels of Foxp1 have been shown to decrease after the transition 
of monocytes to macrophages4, we observed Foxp1 expression in macrophages as 
these cells double stained for Foxp1 and CD68 (Figures 1H,I). Using CD3 staining, 
we analyzed if Foxp1 is expressed by T-cell, but only a minority of T-cells in the 
atherosclerotic lesion express Foxp1 (Figures 1J,K).

Foxp1 expression is higher in fibrous plaques
In a second step we analyzed if Foxp1 expression would differ in plaques with a 
fibrous phenotype compared to an atheromatous phenotype, generally regarded as 
more unstable.2, 17 Using western blots, we observed two separate bands of Foxp1-
expression, a 95kD isoform as well as a 72 kD isoform, which showed a significant 
correlation in expression levels (p<0.001, correlation coefficient .609). For the 95kD 
Foxp1 isoform, expression was significantly higher in plaques with a fibrous 
phenotype, compared to the more atheromatous plaques (p=0.049). The expression 
of the 72kD isoform showed a non-significant increased expression in fibrous plaques 
compared to atheromatous plaques (p=0.166).  (Figures 2A,B).
Plaques containing a high smooth muscle cell content revealed significantly higher 
expression levels of both isoforms (for Foxp1, 72kD: p=0.027, correlation 
coefficient=.211, Foxp1, 95kD: p=0.026, correlation coefficient=.201) (Figures 2C,D). 
Neither the 95 kD nor the72 kD isoform of Foxp1 was significantly correlated to 
intraplaque macrophage content (p=0.199 resp. 0.278) (Figures 2E,F).
A factor with a strong association with plaque instability, the amount of intraplaque 
thrombus18-20, was negatively correlated with the 72kD isoform of Foxp1 (p=0.002), 
whereas we observed a trend towards a negative correlation of the 95 kD variant 
(p=0.106) (Figures 2G,H).
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Figure 1. The transcription factor Foxp1 shows high staining levels in the different layers of an atherosclerotic 
carotid artery (A-C). Expression was especially high in the media (1B). We observed strong staining of Foxp1 
in SMC (D-F) in all layers of the vessel wall. The majority of endothial cells was also Foxp1 positive (G). We 
observed Foxp1 staining in macrophage (H,I) and to a much lesser extent in T-cells (J,K).
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Foxp1 and TGFβ signaling.
Both the Foxp1 isoform of 95kD as well as the 72 kD isoform correlated to the 
phosphorylated TGFβ transcription factor pSMAD2 (with respectively a correlation 
coefficient: 0.500, p<0.01, and correlation coefficient: 0.609, p<0.01), indicating that 
Foxp1 might be a downstream target of TGFβ or that Foxp1 stimulates TGFβ 
expression. (Figures 3A,B). We did not find evidence for a stimulating effect of Foxp1 
overexpression on TGFβ expression levels, whereas in vitro stimulation of VSCMs 
with  TGFβ led to an upregulation of both isoforms of Foxp1 (Figures 3C,F).
To further analyze the role of Foxp1 in TGFβ signaling we analyzed the correlation 
of Foxp1 expression in the plaque and the expression of the TGFβ co-receptor 
endoglin.21, 23 The 72kD isoform of Foxp1 correlated positively to the TGFβ co-receptor 
endoglin (p<0.05), which could be due to a stimulatory effect of Foxp1 on endoglin 
expression or a downstream effect of endoglin expression on Foxp1 signaling (Figure 
3D, E). Interestingly, in the absence of endoglin using RNAi, TGFβ failed to induce 
Foxp1 expression. In vitro overexpression of Foxp1 resulted in a 3.3-fold increase in 
endoglin mRNA levels(p<0.05), suggesting a primarily modulatory effect of Foxp1 
on TGFβ signaling. (3G). Inhibition of the ALK5 receptor led to the absence of a 
stimulatory effect of TGF on Foxp1 95kD expression, while no significant effect was 
observed on Foxp1 72 kD expression (Figure 4H).
 
Foxp1 expression correlates to IL2, Il-4 and IL-10 
Interestingly, the expression level of the 95 kD band of Foxp1 correlated positively 
with three different interleukins, both the anti-inflammatory interleukins IL-4 (p=0.034, 
correlation coefficient: .202) and IL10 (p=0.026, correlation coefficient: .212) as well 
as the pro-inflammatory IL-2 (p=0.037, correlation coefficient: .199, n=110) (4A-C). 
As Foxp1 is known as a transcriptional repressor,[5] these positive associations might 
be indirect and caused by inhibition of another repressing factor. In vitro, we analyzed 
the causal effect of an increase in Foxp1 levels, which led to a 5-fold increase in IL-2 
levels (p<0.05) and a 10.2-fold increase in IL-4 (p<0.05) (Figures 4D,E). IL-10 levels 
were below detection limit. 

Foxp1 and smooth muscle cell proliferation and collagen production
Based on our finding that the expression of both Foxp1 isoforms are significantly 
higher in SMC rich lesions, we analyzed the potential mechanism for this observation. 
Foxp1 72kD correlated significantly to the transcription factor EGR-1 (correlation 
coefficient=0.292, p=0.041), which has been shown to stimulate smooth muscle cell 
proliferation as well as collagen synthesis (Figure 4F).14, 24, 25 In vitro, we demonstrated 
that increased Foxp1 levels resulted in a significant 2.5 fold increased EGR-1 
expression (p<0.05), providing evidence that Foxp1 might increase smooth muscle 
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proliferation by upregulation of EGR-1 (Figure 4G).  As smooth muscle cells are an 
important source of collagen production, and a high percentage of the smooth muscle 
cells stained for Foxp1 we analyzed if Foxp1 affect collagen production. We observed 
a 1.7-fold increase significant increase in Col1A1 mRNA levels after Foxp1 
overexpression (p=0.011) (Figure 4H). 

Figure 2. The 95 kD isoform of Foxp1 showed increased expression levels in plaques with a more fibrous 
phenotype, compared to atheromatous plaques, implying a role of Foxp1 in stabilizing atherosclerotic plaques 
(A). For the 72 kD we observed a trend towards a positive correlation with a more fibrous plaque phenotype 
(B). Both isoforms of Foxp1 were significantly correlated to the amount of smooth muscle cells in the plaque, 
whereas no significant correlation was observed with the macrophage content of the plaque (C-F). The amount 
of intraplque thrombus, which is associated with unstable plaques, showed a negative correlation with Foxp1 
(G,H). *=p<0.05.
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Figure 3. Both isoforms of Foxp1 correlated significantly with the activated form of the downstream transcription 
factor of TGFβ, phosphorylated SMAD-2 (A,B). In vitro overexpression of Foxp1 did not lead to an increase 
in TGFβ mRNA (C). We observed a significant correlation of the 72 kD Foxp1 isoform with the TGFβ co-receptor 
endoglin, providing evidence for the involvement of Foxp1 in TGFβ signaling (D,E). This was further supported 
in vitro RNAinhibition of endoglin, leading to the inability of TGFβ to increase Foxp1 expression (especially the 
72kD variant) (F). In vitro overexpression of Foxp1 suggested a positive feedback loop of Foxp1 and endoglin, 
as endoglin expression increased significantly (G). Vascular smooth muscle cells failed to increase Foxp1 95kD 
expression after TGFβ stimulation in the presence of an ALK5 kinase-inhibitor (H) *=p<0.05. Non-categorical 
data are divided into equal tertiles for graphical representation.
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DISCUSSION

To the best of our knowledge, this is the first study to demonstrate that Foxp1 is a 
transcription factor downstream of TGFβ, which is expressed by different cell types 
in atherosclerotic lesions. In atherosclerotic plaques Foxp1 was mainly expressed 
by smooth muscle cells and endothelial cells although we did also observe substantial 
staining by macrophages and to some extent by T-cells. As the staining pattern of 
this transcription factor is mainly nuclear and not cytoplasmatic, Foxp1 most likely 
also signals actively in the atherosclerotic plaque. Foxp1 expression correlated to 
active intraplaque TGFβ signaling as the levels of the activated form of the transcription 
factor downstream of TGFβ, pSMAD226 showed a highly significant correlation to 
Foxp1. In vitro, using smooth muscle cells, we were able to increase Foxp1 levels 
after addition of TGFβ, indicating a stimulatory downstream effect of this growth 
factor on Foxp1. Several lines of evidence suggest a plaque stabilizing role for TGFβ, 
although the mechanism by which TGFβ promotes plaque stability are presently 
unknown.14, 24, 27, 28We suggest that Foxp1 is in part responsible for these effects. 

Figure 4. Foxp1 95kD correlated with interleukin-2, 4 and 10 (A-C) In vitro overexpression provided evidence 
for a causal relation of Foxp1 and these interleukins, as IL-2 and IL-4 showed significantly increased mRNA 
levels, after overexpression of Foxp1.(D,E) As we observed high amounts of Foxp1 positive smooth muscle 
cells in the plaque, we analyzed if Foxp1 is associated with factors which are involved in smooth muscle 
proliferation. We observed a significant correlation of the 72kD variant and the TGFβ transcription factor EGR-
1, which increases smooth muscle cell proliferation and collagen production (F). Overexpression of Foxp1, 
resulted in increased EGR-1 levels (G).  Foxp1 overexpression resulted in increased Col1A1 mRNA levels, 
suggesting a fibrotic effect of an increase in Foxp1 level (H)  *=p<0.05.  Non-categorical data are devided into 
equal tertiles for graphical representation.
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In our carotid artery specimens we detected two isoforms of Foxp1, a 95kD and a 
72 kD variant, of which the first showed a significant increased expression in fibrous 
plaques, compared to atheromatous and fibroatheromatous phenotypes. In vitro we 
were able to demonstrate a stimulatory effect of Foxp1 overexpression on collagen-
synthesis as the expression of Col1A1 mRNA levels increased after overexpression 
of Foxp1, further implying a stabilizing effect of Foxp1 on atherosclerotic plaques. 
Recently, in the fibrotic pathological process of heart failure, Foxp1 expression was 
shown to be increased,10 which supports a fibrosis stimulating role of Foxp1. A 
significant positive correlation between the Foxp1 isoform of 72 kD and the intraplaque 
levels of the pro-fibrotic transcription factor EGR-1 provides additional evidence for 
a potential stabilizing role of Foxp1 in atherosclerosis.14, 24

A highly significant correlation of both Foxp1 isoforms and the activated form of the 
intracellular effector of TGFβ, pSMAD2 put forward the involvement of Foxp1 in the 
TGFβ signaling cascade. This could either imply that Foxp1 stimulates transcription 
of TGFβ, leading to increased phosphrylation of pSMAD2, or that Foxp1 is a 
downstream effector of TGFβ. We did however find only evidence for the first 
suggestion, as Foxp1 overexpression did not lead to increased TGFβ mRNA levels. 
Interestingly, the TGF co-receptor endoglin, known to modulate the downstream 
signal of TGFβ22, 23, 29 also significantly correlated to Foxp1 72 kD expression levels. 
We did observe a significant increased expression of both endoglin and EGR-1 levels 
after Foxp1 overexpression, which is in line with the observed associations in our 
patient material. These findings might indicate that the upregulation of EGR-1 after 
Foxp1 overexpression was not mediated via an increase in TGFβ levels, but more 
likely by a modulatory effect on TGFβ signaling by upregulation of the TGFβ co-
receptor endoglin. Interestingly, inhibition of endoglin expression using RNAi, 
abolished the stimulatory effect of TGFβ on Foxp1 expression, especially this was 
the case for the 72 kD isoform, which implies that besides a stimulatory effect of 
Foxp1 on endoglin expression, the expression of endoglin is obligatory for the 
stimulatory effect of TGFβ on Foxp1-expression. Furhtermore, using a downstream 
blocker of TGFβ signaling,  the ALK5 kinase-inhibitor, we observed decreased levels 
of Foxp1 after TGFβ stimulation compared to control cells which were only stimulated 
with TGFβ. Although Foxp1 has been described mainly as a transcriptional repressor,5, 

6 potentially it also possesses the capacity to stimulate the expression of several 
downstream targets. On the other hand, another possible explanation for our findings 
would be that Foxp1 represses an unknown target which contains inhibitory effects 
on endoglin or EGR-1 expression levels. This remains to be elucidated. As TGFβ and 
EGR-1 have been demonstrated to increase smooth muscle cell proliferation25, 26 we 
analyzed the correlation of Foxp1 and intraplaque smooth muscle cell content. We 
observed a positive association of both Foxp1 isoforms and a high smooth muscle 
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cell content. This association could be due to the involvement of Foxp1 in smooth 
muscle cell proliferation, partly mediated by its effect on EGR-1 expression. These 
data indicate that Foxp1 could stimulate intraplaque smooth muscle cell content by 
increasing smooth muscle cell proliferation by upregulation of EGR-1. 
The 72 kD Foxp1 variant was negatively correlated to the amount of intraplaque 
thrombus. Interestingly, knock-down of Foxp1 has been shown to result in severe 
perivascular hemorrhage, suggesting the involvement of Foxp1 in maintaining 
vascular integrity.16 This finding might be of interest in the context of atherosclerosis 
as an import feature of unstable plaques is intraplaque hemorrhage, which can be 
caused by vascular leakiness.18, 20

Additionally the 95 kD isoform of Foxp1 correlated positively to three different 
interleukins, IL-2, IL4 and IL10. The latter two are associated with plaque stability 
whereas the effect of IL-2 has been discussed controversially.9 Our observed 
correlation between Fopx1 and IL-2, Il-4 and IL-10 was confirmed in vitro, as Foxp1 
overexpression resulted in increased levels of IL-2 and IL-4 (IL-10 levels were below 
detection limit). This might indicate that Foxp1 also has immune modulatory effects 
in the plaque. Conversely, Wang et al demonstrated an inhibitory effect of Foxp1 
overexpression on IL-2 levels,7 whereas Bettalli et al, observed no effect on IL-2 and 
a non-significant increase in IL-4 levels.8 This might indicate that the effects of Foxp1 
on interleukin expression are cell type, context or dose dependent.30. We did however, 
not find a significant negative correlation between Foxp1 expression and macrophage 
content. Although Foxp1 has been demonstrated to inhibit the transformation from 
monocytes into macrophages4, little is known about active Foxp1 signaling once 
these cells become fully matured.  It might be that Foxp1 is still active as a transcription 
factor once these cells are transformed into active macrophages.
We conclude that the Foxp1 transcription factor is a transcription factor downstream 
of TGFβ and is associated with fibrous plaques and collagen synthesis in vitro and 
might therefore mediate part of the beneficial effects this growth factor has on plaque 
stability.
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ABSTRACT

Aims
Lack of the adhesion molecule CD44 reduces collateral artery growth (arteriogenesis) 
in a murine hindlimb model. CD44 function is influenced by expression of alternatively 
spliced exons (v1-v10), with unknown influence on arteriogenesis. Variant exon 
CD44v3 binds heparan sulphate and facilitates preservation of growth factors, so 
this exon might contribute to arteriogenesis. We hypothesized that the CD44 variably 
spliced exon region is involved in arteriogenesis, especially CD44v3.

Methods and Results
The right femoral artery of mice was ligated and tissue was processed for histological 
and qPCR analysis of CD44-isoform expression. Expression of total CD44 and 
CD44v3 mRNA following femoral artery ligation was increased, accompanied by 
increased mRNA levels of CD44-relevant splicing factors Tra2-beta1 and SRm160. 
CD44v3-expression was limited to the vessel wall of growing collateral arteries. 
Microsphere perfusion measurements, performed in mice lacking the variably spliced 
exon region (CD44s knock-in mice), in knock-in strains with specific isoform 
expression (CD44v3-10 and CD44v4-10), and in double knock-in mice (expressing 
CD44v3-10 and CD44s), showed respective perfusion restoration percentages of: 
20.1%±3.9 (CD44s mice), 26.8% ±3.8 (CD44v3 mice), 19.1%±2.5  (CD44v4-10 mice), 
and the background strain 57.3%±2.2. Combined expression of CD44v3 and CD44s 
improved perfusion restoration: 33.1%±6.3.

Conclusion
Total CD44 and CD44v3 mRNA are upregulated during arteriogenesis. Absence of 
the variably spliced exon region impairs arteriogenesis, whereas expression of 
CD44v3 results in improved arteriogenesis. Expression of CD44s and CD44v3 
provides a synergistic effect on arteriogenesis. As this combined expression still 
resulted in hampered arteriogenesis, a specific role of exon v2 in arteriogenesis 
appears likely.
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INTRODUCTION

Atherosclerotic vascular occlusive disease results in the development of a pressure 
gradient over the atherosclerotic lesion. Consequently, pre-formed arteriolar 
connections bypassing this stenosis or occlusion are recruited and triggered to 
develop into functional collateral arteries. This process is also referred to as 
arteriogenesis.1,2 In the early phases, arteriogenesis is dependent on adhesion of 
leukocytes to the activated collateral endothelium, their transmigration and 
accumulation in the perivascular tissue and their subsequent cytokine 
production.3-7

Previously, we could show that the membrane-bound molecule CD44 (Hermes-
antigen) plays an important role during arteriogenesis, as knock-out mice lacking 
this molecule showed a significantly reduced perfusion restoration after femoral artery 
occlusion.8 Arteriogenesis is a multifaceted process, involving different steps from 
adhesion to growth factor production, preservation and presentation. Several of these 
aspects are modulated by CD44.9-14 The rich functional profile of CD44 is due to 
alternative splicing of 10 variably spliced exons in the extracellular domain of CD44. 
CD44s, the standard form of CD44, is characterized by the absence of variably 
spliced exons and it is the most abundantly expressed form of CD44. Besides this 
standard form of CD44 approximately 20 different isoforms have been described so 
far, several of them being expressed in a tissue specific manner. 15-17 The variety of 
functions of the CD44 molecule, resulting from alternative splicing, requires a delicate 
regulatory mechanism. Several splicing factors which lead to inclusion of CD44 
variably spliced exons have been identified so far, such as Tra2-beta1, YBOX1, 
SRm160 and Sam68.18-21 

Due to the aforementioned tissue specific differences in CD44 isoform expression, 
there has recently been a growing interest in the specific function of the individual 
variant exons of CD44. The standard form, CD44s binds to hyaluronic acid (HA) and 
mediates cellular adhesion.22,17 The additional expression of variable exons negatively 
influences the adhesion and HA binding capacity of CD44.23,24 Exon v3 is unique in 
its ability to bind heparan sulphate (HS) side chains, to which angiogenic and 
arteriogenic growth factors, such as VEGF, FGF, HGF and EGF can bind.11,14,25 When 
bound to CD44v3, these growth factors partly are protected from degradation, 
prolonging and increasing their biological activity.26 In a previous study, we made 
the interesting observation that in mice lacking CD44, growth factor mRNA expression 
(FGF-2, PDGF-B) was significantly increased, despite a deficient functional 
arteriogenic response. This was accredited to the fact that the respective protein 
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levels were markedly reduced in collateral vessels from CD44-/- mice and the 
assumption of an increased degradation rate.8 Taking the prominent role of CD44v3 
in growth factor presentation and stabilization into account, we therefore hypothesized 
that exon v3 of CD44 is upregulated in growing collateral arteries and that the 
exclusive expression of CD44v3-containing CD44 isoforms would restore the 
attenuated arteriogenic response of CD44-/- mice. The availability of 3 different 
unique mouse strains, exclusively expressing either CD44s, CD44v4-10 or CD44v3-10 
enabled us to elucidate the role of the variably spliced exon region in general, and 
exon v3 in particular, during collateral artery growth. 

MATERIALS AND METHODS 

Animal model
All experiments were approved for by our local ethical committee. The investigation 
conforms with the Guide for the Care and Use of Laboratory Animals, published by 
the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). 12 
weeks old, male  C57BL/6J mice (n=45), CD44S (n=9), CD44v3-10 (n=9), CD44v4-10 
(n=9) and CD44v3-10-CD44s double knock-in mice (n=9) underwent unilateral ligation 
of the right femoral artery and sham operation of the left leg as described before.7 

At day 1, 3 and 7 the thigh adductor muscles of C57BL/6J mice (n=45) were harvested 
and processed for histological and quantitative PCR analysis of CD44 isoform 
expression. Perfusion measurements were performed seven days after femoral artery 
ligation.

Generation of different CD44 knock in mice 
CD44s/s, CD44v4-v10 and CD44v3-v10 knock-in mice were generated by introducing of a 
targeting vector containing a cDNA of the relevant CD44 variant into 129/Ola ES cells 
(clone 14) by electroporation, and cells were cultured and analyzed as described.27 
Germ line transmission was determined by PCR on genomic DNA. Founders were 
crossed-back with C57BL/J mice for at least 6 generations and homozygous offspring 
was obtained by a final interbreeding.  The CD44-isoform expression was under 
control of the endogenous promoter.

Immunohistochemistry
Consecutive sections of 7 µm were used to analyze location of CD44v3 expression. 
A polyclonal rabbit anti-mouse CD44v3 antibody was used at a concentration of 
1:300 and incubated for 1 hour at room temperature. After three times washing with 
PBS, Tween (0,1%) we used 100 µl of Powervision poly HRP-Anti-Rabbit IgG 
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(ImmunoLogic) as a secondary agent, followed by DAB staining during ten minutes 
after the aforementioned washing procedure. We counterstained the sections with 
haematoxylin and analyzed CD44v3 expression levels using an Olympus BX60 
microscope at 1000 times magnification.

Quantitative PCR
Primers used in this study are depicted in table 1. To confirm the identity of the 
amplified cDNA products, the PCR products were ligated into the Genejet PCR 
cloning kit vector (Fermentas) and sequenced using BigDye Terminator v3.1 Cycle 
sequencing kit (Applied Biosystems). In order to measure total expression levels of 
CD44 mRNA we targeted our primers against the standard region of the CD44 
molecule. As the variably spliced exons can be expressed in combination with 
different other variably spliced exons, we created exon specific primers. We developed 
primers targeted at exon v3 and exon v2 and measured mRNA expression levels 

Table 1. Primer sequences

Cd44S FOR:                   GCGGTCAATAGTAGGAGAAGG

CD44S REV:                  GCTGTCATACACTGGTCTGG

CD44v2 FOR:                CTGAAACACCACCAAGAGG

CD44v2 REV:                  CAGGCATCTTCGTTGTTGTATG

CD44v3 FOR:                             ACGGAGTCAAATACCAAC

CD44v3 REV:                               ATCTTCATCATCATCAATGC

From CD44v3 towards v10 FOR : TCTGGATCAGGCATTGATGA

From CD44v3 towards v10 REV: CGCAGTTGAGTGTCCAGCTA

From CD44S towards CD44v3 FOR: CCGTGATGGTACTCGCTACA

From CD44S towards CD44v3 REV: CAGCCTGTTGGGTTGGTATT

SRm160 FOR: CCGAAGAAGAACTCCACCAAG

SRm160 REV: GAACGAGATGAAGAGCACGAC

Tra2-beta1 FOR: CTCGCTCCAAGGAACACTC

Tra2-beta1 REV: AATCTCGGCTCTAAGACCTG

SAM68 FOR: AGATGACGAGGAGAATTATTTGC

SAM68 REV: TGTCTCTCATTGAACCCTTCC

YBOX1 FOR: GTGGAGTTTGATGTTGTTGAAGG

YBOX REV: TTGCTGGTAATTGCGTCGAG
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using Sybr Green real rime PCR Supermix (Biorad), according to manufacturers 
protocol. By comparison with the known quantities of the cloned PCR product using 
standard curves, we analyzed relative mRNA levels. Values were normalized against 
expression levels of the ribosomal RNA 18S.

CD44 splicing factors
In order to investigate whether CD44 relevant splicing factors were also differentially 
regulated during collateral artery growth, we developed specific primers for four 
splicing factors: Tra2-beta1, SRm160, YBOX1 and Sam68. By comparison with the 
known quantities of the cloned PCR product using standard curves we analyzed 
relative mRNA levels. Values were again normalized against expression levels of the 
ribosomal RNA 18S.

Figure 1. Three days after induction of an arteriogenic response by femoral artery ligation, we observed a 
significantly increased expression of total CD44 as well as a significant upregulation of CD44v3 and CD44v2 
(Figure 1A). Increased staining of CD44v3 was observed in the ligated hind limb compared to a sham operated 
hind limb (1B and C). * p<0.05.
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Perfusion measurements 
Microsphere perfusion measurements were performed on day 7 in transgenic mice 
lacking the CD44v3 domain (CD44s and CD44v4-10 knock-in mice), in CD44v3-10 
knock-in mice, in double knock-in mice, expressing both CD44S and CD44v3-10 as 
well as wild type controls (C57BL/6J), as previously described.7  Briefly, mice were 
anesthetized and the abdominal aorta was cannulated with a polyethylene catheter 
(inner diameter, 0.58 mm; outer diameter, 0.96 mm). After stabilization of systemic 
pressure, both hind limbs were perfused at 5 different pressures (70, 80, 90, 100 and 
110 mm Hg) with differently labeled fluorescent microspheres. Adenosine (1.0 mg/
kg/min) was continuously infused to achieve maximal vasodilatation. After sacrificing 
the animals, tissue samples from the lower limb were taken for subsequent flow 
cytometric quantification of microspheres in the tissue samples and in the flow 
reference samples and perfusion ratios of the ligated vs. the non-ligated hind limb 
were calculated.

Sequencing analysis of isoforms containing exon v3.
In order to analyze the exons which were expressed in combination with exon v3, 
we developed primers which were targeted against exon v3 and the regions 
downstream and upstream of exon v3, as shown in Supplementary data table 1 (see 
schematic representation, figure 4A). Using a forward primer targeted against the 
downstream standard region of CD44 and a reverse primer directed against exon 
v3, we investigated if exon v3 was expressed in combination with exons v1 and v2. 
Using an exon v3 specific forward primer and a reverse primer which binds to the 
upstream standard region, we were able to analyze if v3 was expressed in combination 
with exons v4,5,6,7,8,9 and 10. 

For a complete analysis of the exact exon combination in which v3 was expressed, 
we used a forward primer targeted at v2, and a reserve primer directed against the 
upstream standard region. Thus, we would be able to identify if a potential 
combination of v2 and v3 would show co-expression with other exons, or would 
be a unique isoform. 

We used a PCR-protocol with an annealing temperature of 60 degrees during 30 
seconds, and an elongation temperature of 72 degrees, during 4 minutes. PCR-
products were run on a 10% agarose gel, bands were cut out, and stored for 1 hour 
at -80 degrees. We the use of the freeze-squeezing technique we were able to harvest 
the present DNA, which was cloned using the TOPO cloning kit (Invitrogen) and 
sequenced to analyze which bands represented which variably spliced exons. 
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Statistical Analysis
Data are presented as mean ± SEM or Box-whisker plots. A Wilcoxon signed-rank 
test was used in case of non-parametric data. A Student’s t-test was used to objectify 
significant differences between groups with a normal distribution. Perfusion restoration 
values of the different mice strains were analyzed using an ANOVA-test with Bonferroni 
correction. P-values <0.05 were considered significant.

RESULTS

Growing collateral arteries express CD44v3
Expression of total CD44 and exon CD44v3 mRNA was assessed at day one, three 
and seven after femoral artery occlusion. At day three a 25-fold increase in total 
CD44 mRNA and a 13-fold increase in CD44v3 mRNA were observed using RT-PCR 
analysis (p< 0.05) (figure 1A). On day one and seven no significant differences 
between the right and left hind limb were observed (data not shown). 
Immunohistochemical staining for CD44v3 revealed that its expression was limited 
to the wall of growing collateral arteries, whereas resting vessels in the sham operated 
hind limb were only weakly stained (figure 1B,C). 

Figure 2. The expression of both CD44 relevant splicing enzymes SRm160 (A) and Tra2-beta1 (B) was 
significantly increased in the ligated hind limb compared to the sham operated hind limb. For YBOX1 we 
observed a trend towards an upregulation, but for Sam68 no relevant effect of an arteriogenic stimulus on its 
expression levels was observed. * p<0.05.
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CD44 splicing factors are upregulated during arteriogenesis
Interestingly, the increased mRNA expression of the variably spliced exon v3 was 
accompanied by a significant increase in expression levels of two CD44 splicing 
factors: Tra2-beta1 and SRm160. Both Tra2-beta1 (p=0.038) and SRm160 (p=0.008) 
mRNA expression levels showed an approximate four fold increase in the hind limb 
in which collateral arteries developed compared to the non-ligated hind limb (Figure 
2). These two splicing factors have previously been shown to stimulate the inclusion 
of CD44 exons such as v3, v4 and v5. YBOX1 showed a trend towards upregulation 
after induction of arteriogenesis (p=0.051) whereas we did not observe a significant 
upregulation of SAM68 mRNA after femoral artery occlusion.

Perfusion measurements in different CD44 isoform knock-in mice
Perfusion ratios (perfusion ligated/non-ligated hind limb) of mice lacking the 
expression of the variably spliced exon region (CD44s knock-in mice) were significantly 
reduced compared to wild type controls (C57BL6/J). CD44s knock-in mice showed 
a perfusion restoration of 20.1 % ±3.9 (Figure 3A) whereas in wild type mice perfusion 
restoration at seven days after femoral artery ligation was 57.3 %±2.2 of normal hind 
limb flow.  Mice which expressed the variably spliced exons v4 until v10 (CD44v4-10 
knock-in mice) showed a comparable significantly decreased perfusion restoration 
of 19.1% ±2.5. This deficit in perfusion restoration could be partially rescued by the 
additional knock-in of the variant exon v3 (CD44v3-10 knock-in mice), which resulted 

Figure 3. Mice solely expressing CD44 molecules deprived of the variant exon region (CD44S expressing 
mice), showed a severely hampered perfusion restoration after femoral artery ligation (3A).  Inclusion of exon 
v3 in the variably spliced exon region resulted in an increased perfusion restoration. When CD44v3-10 
expression is combined with expression of CD44s, perfusion restoration was increased to an even higher level 
(3B). * p<0.05.
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Figure 4. A schematic representation of the variably spliced region of the CD44 molecule is provided in figure 
4A. While analyzing the concomitant expression of CD44v3 with other exons, we observed two bands 
consisting of the single expression of CD44v3 as well as the combination of CD44v2 and CD44v3. For the 
higher numbered exons we again observed two bands consisting of the single expression of CD44v3 as well 
as CD44v3 combined with exon v7, the combination of v3,v4,v5 as well as the combined expression of v3 
and v10. (C) Exon v2 was mainly expressed in combination with exon v3.
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in a perfusion restoration of 26.8%±3.8 (Figure 3B), indicating a contributory role for 
the exon v3 in arteriogenesis. As perfusion restoration in these mice was still 
significantly reduced compared to wild type controls, we speculated that expression 
of the standard form, CD44s is an additional necessity for normal arteriogenesis. 
Recently, it was shown that this isoform shows the highest hyaluronic acid binding 
capacity and the  expression of the variably spliced exons negatively influences the 
binding of this essential component.24,23 Indeed, transgenic mice expressing a 
combination of CD44v3 and CD44s (CD44s/CD44v3-10 double knock-in mice) 
showed a significantly improved perfusion restoration compared to both CD44s and 
CD44v3-10 mice 33.1%±6.3 %).  (Figure 3B)

RT-PCR of exon CD44v2 expression
As the double knock-in mice, expressing both CD44s as well as CD44v3-10 still 
showed a significantly reduced perfusion restoration, compared to wild type controls, 
we hypothesized that exon v2 has an unanticipated  importance for the development 
of collateral arteries. We used exon specific primers to analyze exon v2 expression. 
Indeed, at day three after femoral artery ligation, we observed a significant 12-fold 
increase in CD44v2 expression (Figure 1A). 

Sequencing of exons expressed in combination with exon v3
To determine if exon v3 was expressed in its most common form of v3-v10 or in 
an arteriogenesis specific combination during collateral artery growth we cloned 
and sequenced the exon v3 containing CD44 isoforms, which are expressed during 
collateral artery growth. Using primers targeted against the downstream standard 
region of CD44 and exon v3 we analyzed whether exons v1 or v2 were expressed 
in combination with v3 (see Table 1, schematic representation figure 4A). We 
observed two bands, which consisted of either a combination of v3 and v2 
(approximately 400 kB) or a single v3 band, which was the main band of 150 kB, 
as depicted in figure 4B. 
Furthermore, we analyzed if exon v3 was expressed in association with exon v4 until 
v10, using a forward primer which was directed against exon v3 and a reverse primer 
targeted against the upstream constant region of CD44 (schematic representation, 
figure 4A).  This time, we observed two unique bands which were analyzed by 
repeated sequencing. The band of 250 kB consisted of single expression of exon 
v3. The second band of approximately 400kB consisted of exon v3 in combination 
with exon v7 (product size 376 kB) and both a combination of v3,v4,v5 (product size 
481 kB) as well as v3,v10 (product size 453 kB), as is shown in figure 4B. 
To elucidate if exon v2 was expressed solely with exon v3 or with the abovementioned 
combinations of exons, we used a forward primer targeted against exon v2 and a 
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reverse primer directed against the upstream standard region. We observed two 
bands, with the main band representing the combined expression of exons v2 and 
v3 and a relatively dim band of single v2 expression (Figure 4C).

DISCUSSION

This is the first study to demonstrate the importance of the variably spliced exon 
region of the CD44 molecule in collateral artery growth. We were able to show that 
mice lacking the variably spliced exon region showed severely impaired perfusion 
restoration, comparable to mice lacking CD44 in total. We observed increased mRNA-
expression of CD44 relevant splicing factors during arteriogenesis as well as increased 
inclusion of variably spliced exons of CD44, thus providing further evidence for the 
involvement of the variably spliced exons in arteriogenesis. Exon v3 is functionally 
relevant for effective collateral artery growth as we observed increased perfusion 
restoration in mice expressing exon v3 compared to mice lacking this exon, especially 
in case when expression of this exon was combined with the expression of the 
hyaluronic acid binding isoform, CD44s.  
Previously we showed that absence of the CD44 molecule severely hampers the 
adaptive growth of the collateral circulation (arteriogenesis) upon arterial occlusion, 
although it remained unclear if the variably spliced exon region of CD44 was involved 
in arteriogenesis.8 In addition to its role as an adhesion molecule mediated by the 
CD44s part, CD44 can exert several other functions. These functions depend on the 
expression of the variably spliced exons (v1-v10).22,17 Interestingly, growth factor 
protein levels in our previous study were significantly diminished in CD44-/- mice 
despite an increased mRNA expression, suggesting CD44 might play an important 
role in growth factor presentation and preservation during arteriogenesis.8 Based on 
these findings, the main focus in this study was on exon CD44v3, for its unique 
capacity to bind heparan sulphate side chains which significantly contribute to 
effective growth factor presentation and preservation.

Besides the impaired arteriogenic response in mice failing to express the variably 
spliced exon region (CD44s knock-in mice), the involvement of alternative splicing 
in arteriogenesis was supported by the observed increased mRNA expression of 
CD44 relevant splicing factors. The exact mechanisms that lead to the selective 
inclusion of different variably spliced exons have not been elucidated so far. Recently, 
a small number of proteins have been identified which are involved in CD44 splicing. 
It was shown that the CD44 splicing factors SRm160 and Tra2-beta1 have a 
stimulatory effect on the inclusion of specific CD44 exons.18,21 Knock-down of 
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SRm160 results in decreased inclusion of exons v2 and v3 besides affecting inclusion 
of other CD44 exons. Tra2-beta modulates the inclusion of exons v4 and v5, and 
works co-operatively with Y-BOX1,20 a splicing factor for which we observed a trend 
towards upregulation after femoral artery ligation. SAM68, a splicing factor mainly 
involved in inclusion of exons v2,v3,v4 and v5 was not upregulated after femoral 
artery ligation, possibly because the activity of this factor is mainly regulated by 
phosphorylation and not via transcriptional regulation.19 These results suggest that 
the upregulated splicing factors Tra2-beta1 and SRm160 might be involved in CD44 
relevant splicing during arteriogenesis. 

Furthermore, we observed increased inclusion of the variably spliced exon v3 (next 
to an expected overall increased expression of CD44), supporting our hypothesis 
that the exon v3 is functionally relevant for effective arteriogenesis. Previously this 
exon was shown to be expressed in a proliferating endothelial cell line, which was 
in contrast to resting cells.28 The functional relevance of exon CD44v3 was investigated 
using CD44v3-10 and CD44v4-10 knock-in mice. As the only difference between 
these two strains is the presence of exon v3, we expected functional restoration in 
the CD44v3-10 mice. The CD44v3-10 knock-in mice indeed demonstrated a 
significantly increased perfusion restoration after femoral artery ligation compared 
to the CD44s and CD44v4-10 knock-in mice. These CD44s and the CD44v4-10 
knock-in mice both showed perfusion ratios comparable to those observed in CD44 
knock-out mice. However, arteriogenesis was still reduced in the CD44v3-10 mice 
compared to the wild type mice of the same genetic background. 
We considered three possible explanations which might be responsible for this 
observation: 1) The expression of the other variably spliced exons besides v3, might 
interfere with the hyaluronic acid binding capacity of CD44s, as was previously 
suggested.23 2) Since the CD44v3-10 mice lack the exons v1 and v2, the fact that 
arteriogenesis remains defective might be due to an important role of either exon in 
collateral artery growth. 3) Finally, it could be speculated that specific combinations 
of exons are needed other than v3-v10, e.g. v3-v5.
To test whether the first explanation holds true, perfusion ratios following unilateral 
femoral artery ligation were measured in double knock-in mice expressing both 
the CD44s isoform as well as CD44v3-10. CD44-bound hyaluronic acid is an 
important mediator of cellular migration, which is crucial for effective enlargement 
of pre-existent collaterals. As the CD44s isoform lacking all variant exons shows 
the highest hyaluronic acid binding capacity24, we hypothesized that the additional 
expression of CD44s (besides CD44v3-10) might be vital for effective arteriogenesis. 
Interestingly, these mice did show an improved arteriogenic response compared 
to the CD44v3-10 mice. 
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Although a synergistic effect of CD44s and CD44v3-10 with respect to collateral 
artery growth was observed, the arteriogenic response in these mice was still 
considerably reduced compared to wild type control mice.  One possible explanation 
could be the missing of the exons v1 or v2 in these CD44v3-10 knock-in mice. 
Exon v1 is not expressed in humans as it contains a stop codon, therefore we 
focused on exon v2.29 Indeed, expression of exon v2 was significantly upregulated 
three days after femoral ligation in the ligated hind limb compared to the sham 
operated hind limb. Of interest is our observation that exon v2 was mainly expressed 
in combination with v3 (with limited expression of exon v2 solely), which is in line 
with the recent study showing that exon v3 is expressed either as a single exon or 
in combination with exon v2 in proliferating HUVECs, whereas this isoform is absent 
in the resting vasculature.28 This finding supports a potential functional role of exon 
v2 during arteriogenesis. So far, no studies investigated the functional characteristics 
of exon v2.

In order to further elucidate whether a specific combination of variable exons is 
obligatory for effective collateral artery growth according to the third possible 
explanation, we analyzed which exons are expressed in combination with exon v3.  
Using PCR-based sequencing, we were able to demonstrate that exon v3 is expressed 
either solely or was accompanied by expression of exon v2. Furthermore, exon v3 
was expressed in combination with exon v7, as well as in the form of CD44v3,v4,v5, 
and CD44v3,10. Exon v7 has previously been shown to be involved in inflammatory 
processes. Mice lacking this exon show a significantly reduced inflammatory response 
in a model of colitis.30 Since early arteriogenesis is an inflammatory-like process, this 
suggests that this combination might also be involved in collateral artery growth.
In summary, we provide the first evidence that the variably spliced exon region of 
CD44 is strongly involved in arteriogenesis, specifically exon v3. The combined 
expression of exons v3-v10 and CD44s results in a synergistic effect on arteriogenesis. 
During arteriogenesis exon v3 is expressed either as single v3, or as a combination 
of CD44v2,v3; CD44v3,v7; CD44v3,v4,v5 or CD44v3,v10.  These variants, combined 
with CD44s, might beneficially influence the formation of collateral arteries.  
A better understanding of the functional role of the variably spliced exon region of 
CD44 and the CD44 relevant splicing factors might lead to future strategies to 
stimulate the formation of collateral arteries by selective overexpression of CD44-
isoforms or splicing factors.
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ABSTRACT

Stimulation of collateral artery growth in patients has been hitherto unsuccessful, 
despite promising experimental approaches. Circulating monocytes are involved in 
the growth of collateral arteries, a process also referred to as arteriogenesis. Patients 
show a large heterogeneity in their natural arteriogenic response on arterial 
obstruction. We hypothesized that circulating cell transcriptomes would provide 
mechanistic insights and new therapeutic strategies to stimulate arteriogenesis. 
Collateral flow index was measured in 45 patients with single-vessel coronary artery 
disease, separating collateral responders (collateral flow index, >0.21) and 
nonresponders (collateral flow index, <0.21). Isolated monocytes were stimulated 
with lipopolysaccharide or taken into macrophage culture for 20 hours to mimic their 
phenotype during arteriogenesis. Genome-wide mRNA expression analysis revealed 
244 differentially expressed genes (adjusted P, <0.05) in stimulated monocytes. 
Interferon (IFN)-β and several IFN-related genes showed increased mRNA levels in 
3 of 4 cellular phenotypes from nonresponders. Macrophage gene expression 
correlated with stimulated monocytes, whereas resting monocytes and progenitor 
cells did not display differential gene regulation. In vitro, IFN-β dose-dependently 
inhibited smooth muscle cell proliferation. In a murine hindlimb model, perfusion 
measured 7 days after femoral artery ligation showed attenuated arteriogenesis in 
IFN-β–treated mice compared with controls (treatment versus control: 31.5±1.2% 
versus 41.9±1.9% perfusion restoration, P<0.01). In conclusion, patients with differing 
arteriogenic response as measured with collateral flow index display differential 
transcriptomes of stimulated monocytes. Nonresponders show increased expression 
of IFN-β and its downstream targets, and IFN-β attenuates proliferation of smooth 
muscle cells in vitro and hampers arteriogenesis in mice. Inhibition of IFN-β signaling 
may serve as a novel approach for the stimulation of collateral artery growth.
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INTRODUCTION 

Collateral artery growth, also termed arteriogenesis, is a natural escape mechanism 
in cases of arterial obstruction.1 It alleviates symptoms of ischemia, and the extent 
of myocardial infarction is diminished if a sufficient collateral network is present.2 

Therefore, pharmacological stimulation of arteriogenesis is of potential benefit to a 
large number of patients. Despite the large body of evidence for the feasibility of 
pharmacological stimulation of arteriogenesis in various animal models, large 
randomized clinical trials have not demonstrated beneficial effects of a proarteriogenic 
treatment in patients.3-6 Lack of knowledge on the molecular background of 
arteriogenesis in humans may explain the disappointing results of the clinical trials. 
Interestingly, a large heterogeneity exists in patients in their arteriogenic response 
on coronary obstruction.7 Hence, comparative studies of patients responding with 
either sufficient or insufficient collateral artery growth can provide insights into 
arteriogenesis in humans and may reveal new therapeutic strategies. 

Circulating cells, especially monocytes and macrophages8 but potentially also 
(endothelial) progenitor cells,9 are involved in the arteriogenic remodeling process. 
In a previous study, we showed that CD44 expression is functionally involved in 
arteriogenesis in mice and is differentially regulated on stimulated monocytes in 
patients with either a sufficiently or an insufficiently developed coronary collateral 
circulation.10 We thus hypothesized that the observed heterogeneity in arteriogenic 
response in patients could be attributed to differences in transcriptional activity of 
circulating cells. 
Therefore, in the present study, we determined full transcriptomes of resting 
monocytes, cultured macrophages, and CD34+ progenitor cells from individual 
patients with either a sufficiently or an insufficiently developed collateral circulation, 
so-called arteriogenic responders and nonresponders. 
In addition, monocytes were activated with lipopolysaccharide (LPS) to more closely 
resemble the phenotype of monocytes/macrophages during arteriogenesis. LPS is 
an agonist of the Toll-like receptor (TLR)4, and degradation products of the 
extracellular matrix produced during inflammation (such as collateral remodeling) 
have been shown to serve as endogenous ligands of TLR4.11 Furthermore, a lack of 
TLR4 significantly attenuates arteriogenesis, as has been shown recently.12 
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PATIENTS AND METHODS 

An expanded Methods section is available in the online data supplement at http://
circres.ahajournals.org. 

Patient selection
This study was approved by the institutional medical ethics committee. After giving 
informed consent, 45 white patients undergoing percutaneous coronary intervention 
for stable, high-grade, single-vessel coronary artery disease were included. Exclusion 
criteria were as follows: multivessel disease; previous myocardial infarction, cardiac 
surgery, or percutaneous coronary intervention; depressed left ventricular function; 
diabetes mellitus; neoplastic; or inflammatory disease. 

Collateral flow index
During a 1-minute balloon inflation, wedge pressure distal to the coronary occlusion 
(Pw) and aortic pressure (Pao) were determined. Collateral flow index (CFI) was 
calculated as (Pw–CVP)/(Pao–CVP). CVP was estimated to be 5 mm Hg.13 Patients 
were dichotomized into 2 groups, using a CFI cutoff of 0.21. This cutoff value has 
been validated to separate patients with ST segment elevation and angina pectoris 
during balloon occlusion from those without ischemia (Christian Seiler, Bern, 
Switzerland, personal communication). 

Isolation, culture, and gene expression analysis of circulating cells
From 5 mL of arterial blood, withdrawn before percutaneous coronary intervention, 
CD14+ monocytes were positively isolated using immunomagnetic beads. Another 
55 mL of blood underwent Ficoll separation. From the resulting mononuclear cells, 
CD34+ progenitor cells were positively isolated, whereas monocytes were negatively 
isolated for stimulation with LPS for 3 hours, or macrophage culture for 20 hours 
(Figure I in the online data supplement). Monocyte purity was ±95% by flow cytometry. 
mRNA from all 4 cell types of 42 patients was amplified and biotinylated. Samples 
were randomly hybridized to HumanRef-8 Expression bead chip arrays (Illumina), 
followed by scanning and feature extraction. 

Validation of gene array results
Gene expression of IFN-β, IFN-β, CXCL10, CXCL11, matrix metalloproteinase (MMP)-
1, MMP-10, and NAD(H):quinone oxidoreductase (NQO)1 was assessed in all 45 patients 
using RT-PCR. IFN-β and CXCL10 were measured in supernatants of stimulated 
monocytes and patient plasma using ELISA. Proliferation of human smooth muscle 
cells (SMCs) after treatment with recombinant human IFN-β was assessed in vitro. 
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Animal experiments
In a murine hindlimb ligation model, perfusion restoration after 1 week of systemic 
treatment with IFN-β was assessed as previously described.14 The IFN-β concentration 
used is comparable to dosages used in patients with multiple sclerosis.15 Furthermore, 
we assessed hindlimb tissue IFN-β protein concentrations using ELISA and assessed 
tumor necrosis factor (TNF)-α gene expression using RT-PCR analysis. 

Statistical analysis
Normalization and statistical analysis of the gene array data were carried out using 
the Limma package16 and scripts in R/Bioconductor.17 MetaCore18 was used for 
pathway analysis. Gene set enrichment analysis19 was used for analysis of enrichment 
of transcription factor binding sites in promoters of differentially expressed genes. 
Microarray data have been submitted to the Gene Expression Omnibus (GEO) under 
accession no. GSE7547. 

RESULTS

Patient characteristics of responders and nonresponders
Patients were aged 62.8±12.0 years, and CFI ranged from 0.04 to 0.57 (mean value, 
0.23±0.11). Genome-wide mRNA expression analysis was performed for 42 patients. 
Baseline characteristics were well matched between responders (n=22, CFI=0.32±0.10) 
and nonresponders (n=20, CFI=0.14±0.04) (Table 1). Nonresponders showed stronger 
ST segment elevation as a sign of ischemia during balloon coronary occlusion 
(1.88±1.40 mm versus 0.50±0.99 mm, P=0.001) and had a lower modified Rentrop 
score (0.23±0.43 versus 0.95±0.89, P=0.001). Overall, 93% of all patients had a score 
of 0 or 1 on a scale of 0 to 3. 

Gene expression analysis: resting monocytes and progenitor cells
Numbers of circulating monocytes did not differ between responders and 
nonresponders (518±116/µL versus 529±154/µL, P=0.80). Resting monocytes 
did not show consistent gene expression differences discriminative for the 2 
patient groups after correction for multiple testing (adjusted P, >0.4 for all genes). 
Analysis on the pathway level, however, showed that the epidermal growth factor 
receptor, fibroblast growth factor receptor, and insulin signaling pathways were 
differentially regulated in responders versus nonresponders. Neither numbers nor 
gene expression of CD34+ cells differed between the 2 groups (online data 
supplement). 
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Stimulated versus resting monocytes
Resting monocytes, LPS-stimulated monocytes, and macrophages showed 
distinctively different gene expression when subjected to unsupervised hierarchical 
clustering regardless of collateralization of patients. LPS stimulation and macrophage 
cell culture resulted in marked regulation of genes consistent with these stimuli, with 
changes found most significant in TLR-mediated immune response, cytokine-
mediated signaling, and cell cycle signaling. 

Table 1. Baseline characteristics

Characteristics CFI0.21 (n=22) CFI>0.21 (n=20) P

Age, years 62.9±12.0 62.6±12.2 0.93

Male sex, n (%) 15 (68.2) 14 (70) 1.0

Body mass index, kg/m2 26.54±3.20 26.67±2.82 0.89

Body surface area, m2 1.98±0.21 1.99±0.12 0.95

Hypertension, n (%) 13 (59.1) 12 (60) 1.0

Hypercholesterolemia, n (%) 11 (50) 10 (50) 1.0

Family history of CAD, n (%) 14 (63.6) 10 (50) 0.53

Present smoker, n (%) 5 (22.7) 4 (20) 1.0

Previous smoker, n (%) 10 (45.5) 10 (50) 1.0

Weeks anginal symptoms* 26 [9.75; 52] 11 [5.25; 36.5] 0.16

β-blockers, n (%) 19 (86.4) 16 (80) 0.69

Statins, n (%) 20 (90.1) 18 (90) 1.0

Aspirin, n (%) 21 (95.5) 18 (90) 0.60

Clopidogrel, n (%) 11 (50) 15 (75) 0.12

Calcium antagonists, n (%) 9 (40.9) 7 (35) 0.76

Nitrates, n (%) 12 (54.5) 11 (55) 1.0

ACE inhibitors/ARBs, n (%) 7 (31.8) 7 (35) 1.0

Diameter coronary stenosis (QCA), % 74±8 76±9 0.41

Diuretics, n (%) 3 (13.6) 3 (15) 1.0

C-reactive protein,* mg/dL 2.6 [0.73; 7.88] 1.8 [0.98; 4.70] 0.61

NT-proBNP,* µg/L 87.5 [53.75; 238] 141.5 [56.5; 623] 0.32

Glucose, mmol/L 5.76±0.81 5.77±1.0 0.96

LDL cholesterol, mg/dL 2.07±0.69 2.03±0.81 0.86

Lipoprotein A,* mg/dL 103 [39.5; 371.5] 118 [35.25; 533.5] 0.82

Peripheral blood mononuclear cells/µL 2524±786 2410±597 0.61

Responders and nonresponders did not show differences in clinical characteristics. CAD indicates coronary 
artery disease; ARB, angiotensin receptor blocker; ACE, angiotensin-converting enzyme; NT-proBNP, 
N-terminal–pro-brain natriuretic peptide; QCA, quantitative coronary angiography. *Data are expressed as 
median [first quartile; third quartile].   
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LPS-stimulated monocytes and macrophages
A comparison of LPS-stimulated monocytes from responders versus nonresponders 
showed 244 differentially expressed genes (adjusted P, <0.05). Of these, 147 genes 
showed a stronger LPS-mediated induction in monocytes from nonresponders. A 
heat map illustrating the 100 most differentially expressed genes shows stronger 
induction of 95% of the genes in nonresponders (Figure 1). 

In the cell population that was cultured to obtain a macrophage phenotype, 3 genes 
were found differentially expressed between responders and nonresponders (adjusted 
P, <0.05). However, although statistical significance was not reached at the single 

Figure 1. Heat map showing most differentially expressed genes. Significantly differentially regulated genes 
(adjusted P, <0.05) of LPS-stimulated monocyte samples from responders (n=18) and nonresponders (n=20) 
were sorted according to their fold change. The 100 genes with the largest fold change are visualized in a 
heat map, in which patients were sorted by CFI (columns). Columns range from patients with the lowest (left) 
to highest (right) CFI. Red denotes genes that are relatively higher expressed; blue, those that are relatively 
lower expre- ssed. Of note, of these 100 most differentially expressed genes, 95% show stronger induction 
in nonresponders.
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gene level, expression differences were consistent with those observed in LPS-
stimulated monocytes: 82% from the 100 most differentially expressed genes in 
LPS-stimulated monocytes showed differential expression in the same direction in 
the corresponding macrophage populations (exact binominal test P<10–10), and their 
moderated t statistics were significantly correlated (Spearman’s rank correlation=0.56, 
P<10–15) (Table 2). Such agreement was not observed between the transcriptomes 
of stimulated versus resting monocytes. 

Classification analysis
Classification analysis was performed on the LPS-stimulated transcriptome 
differences as an internal validation of the data. When using 500 splits in a training 
set of 20 patients and a validation set of 18 patients, patients in the validation set 
were classified as either responder or nonresponder with an average accuracy of 
67% (95% confidence interval: 50% to 83%; mean sensitivity: 65%; mean specificity: 

Table 2. Increased IFN-β signaling in nonresponders

Stimulated Monocytes Macrophages

Symbol Gene Fold Change Adjusted P Fold Change Adjusted P

CXCL11 Chemokine (C-X-C motif) 
ligand 11

3.184 7.85x10-7 1.186 NS

IL27 Interleukin 27 2.214 7.85x10-7 1.146 NS

NCOA7 Nuclear receptor coactivator 7 2.072 3.27x10-5 1.251 NS

IFNB1 IFN-β1 2.038 5.05x10-5 1.148 NS

AIM2 Absent in melanoma 2 2.008 4.09x10-4 1.386 NS

IFIT3 IFN-induced protein with 
tetratricopeptide repeats 3

1.976 3.13x10-2 1.717 NS

IFNG IFN-γ 1.956 4.19x10-7 1.028 NS

CXCL9 Chemokine (C-X-C motif) 
ligand 9

1.801 6.31x10-4 1.065 NS

CACNA1A Calcium channel voltage-
dependent P/Q type α 1A 
subunit

1.705 1.46x10-9 1.110 NS

IFIT5 IFN-induced protein with 
tetratricopeptide repeats 5

1.663 4.67x10-3 1.278 NS

JAK2 Janus kinase 2 (a protein 
tyrosine kinase)

1.454 2.28x10-2 1.152 NS

Among the genes showing stronger induction in nonresponders are IFN-β and a number of IFN-related 
genes. This table shows a selection of IFN-related genes, all showing significantly stronger induction in 
stimulated monocytes from nonresponders (adjusted P, <0.05). Gene expression in macrophages was 
regulated in the same direction (upregulation in nonresponders) but to a lesser extent that did not result in 
statistical significance.
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70%), as illustrated by the unsupervised clustering heat map of these classifier genes 
(Figure 2). 

Increased IFN signaling in nonresponders
Among the most strongly induced genes in stimulated monocytes from nonresponders 
were IFN-β and several IFN-related genes (Figure 3, Table 2). Also, several genes in 
the classifying set were part of the IFN pathway. Pathway analysis revealed interferon 
(IFN) signaling- and immune response-related pathways most significantly differentially 
expressed (Table 3). The 2 top ranking pathways (IFN-α/β and TIR-containing adapter 
molecule [TICAM]-1–specific signaling) belong to the MyD88-independent arm of 
the TLR signaling pathway. Closer analysis of these pathways showed stronger 
induction of the majority of genes in nonresponders, including IFN-α/β, STAT1/2, IFN 
regulatory factor 1/2, and IFN-induced factor 6. 
The antiinflammatory interleukin (IL)-10 family members IL-19, IL-20, and IL-24, as 
well as antiinflammatory SOCS-7, an inhibitor of the IFN pathway, were found 
significantly enhanced in responders. Alternative pathway analysis software packages 
confirmed these findings (data not shown). Analysis of promoter sequences of the 
corresponding genes using gene set enrichment analysis corroborated the important 
role of IFN-β, showing 52 gene sets enriched in nonresponders (adjusted P, <0.25), 
14 of which were based on IFN-related transcription factor binding motifs. 

Figure 2. Genes classifying patients as responders or nonresponders. Subjecting the genes found as classifiers 
(using independent training and validation sets) to unsupervised hierarchical clustering reveals separation of 
responders (R) (left side; n=18) and nonresponders (N) (right side; n=20) by these genes. Green displays lowly 
expressed genes, whereas red denotes highly expressed genes. All but 1 classifier gene (CBS) (top row of 
the clustering image) show stronger induction in nonresponders.
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In the macrophage population, fewer pathways were differentially expressed, but the 
IFN-α/β signaling pathway again showed stronger activation in nonresponders 
(supplemental Table XI). 

Monocytes from nonresponders display enhanced apoptosis-related gene 
activity
LPS-stimulated monocytes of nonresponders displayed increased expression of 
cytotoxic factors like perforin (FAS) and TRAIL (TNFSF10), whereas the antiapoptotic 
oxidoreductase NQO120 showed stronger induction in responders. Pathway analyses 
pointed to enhanced apoptosis in monocytes of nonresponders, where increased FASL, 
FAS receptor, CD45, and CASP7 genes was found in apoptosis-relevant pathways. 

Factors upregulated in responders
A total of 97 genes were significantly upregulated when comparing LPS-stimulated 
monocytes from responders and nonresponders. Among these was homocysteine-
metabolizing cystathionine β-synthase (CBS), which was also the only classifier gene 
with higher expression in responders (Figure 2). Differential homocysteine metabolism 
was corroborated at the pathway level. Homocysteine tended to be lower in plasma 
from responders (12.9±1.7 versus 16.5±7.9 mg/dL, P=0.09). Also, MMP-1 and MMP-
10 showed stronger induction in LPS-stimulated monocytes from responders. Of 
note, none of the growth factors reported thus far to be related to the degree of 

Figure 3. Differentially expressed genes in resting and stimulated monocytes. Bar graphs demonstrating 2-log 
average values and SDs of a selection of genes in resting monocytes and LPS-stimulated monocytes. Differences 
that are not present at baseline become apparent on stimulation. Among the genes showing stronger induction 
in nonresponders (n=20) are IFN-β and a number of IFN-related genes, whereas antioxidant IL-19 and IL-24, 
as well as MMP-1 and MMP-10, are more strongly induced in collateral responders (n=18).

proefschrift Pieter Bot.indd   122 09-12-2010   13:54:07



Interferon-beta signaling in arteriogenesis

123

coronary collateralization (placental growth factor, basic fibroblast growth factor, 
vascular endothelial growth factor, TNF-α, monocyte chemoattractant protein-1, 
transforming growth factor-β, granulocyte/macrophage colony-stimulating factor)21,22 

was found differentially expressed. 

Real-time RT-PCR
Using RT-PCR, stronger induction of genes of the IFN pathway in nonresponders 
was confirmed for all tested targets (IFN-β, IFN-β, CXCL10, CXCL11), as was stronger 
induction of MMP-1, MMP-10, and NQO1 in responders (Table 4). 

Enzyme-linked immunosorbent assay
ELISA analysis of the LPS-stimulated monocyte supernatants showed significantly 
less secretion of IFN-β in responders versus nonresponders (36.5±16.7 versus 
60.5±32.6 pg/mL, P=0.0045). IFN-β plasma levels were not detectable in the majority 
of patients from both groups (data not shown). CXCL10 as an IFN-β downstream 
target showed significantly lower levels in plasma of responders (59.5±30.8 versus 
98.1±44.1 pg/mL, P<0.01). 

SMC Proliferation
Incubation with IFN-β inhibited SMC proliferation dose dependently, as indicated by 
decreased 5-bromodeoxyuridine incorporation (Figure 4a). 

Table 3. Differentially expressed pathways between responders and nonresponders

No. Metacore Pathway Name P

1 IFN-α/β signaling pathway 4.07x10-5

2 Role of TLRs 3 and 4 in cell response: TICAM1-specific signaling pathways 1.70x10-4

3 Role of IAP-proteins in apoptosis 3.14x10-4

4 Cytoplasm/mitochondrial transport of proapoptotic proteins Bid, Bmf and Bim 9.72x10-4

5 TNFR1 signaling pathway 1.33x10-3

6 EPO-induced MAPK pathway 1.50x10-3

7 Methionine-cysteine-glutamate metabolism 2.09x10-3

8 Apoptotic TNF family pathways 3.21x10-3

9 Methionine metabolism 5.41x10-3

10 Crosstalk VEGF and angiopoietin-1 signaling 5.58x10-3

Genes found differentially expressed in stimulated monocytes between responders and nonresponders were 
subjected to pathway analysis. The most significant pathways (sorted by P) are shown here. Genes related 
to immunity or apoptosis were found overexpressed almost exclusively in nonresponders (for all significant 
differential pathways, please see supplemental Table VIII). EPO indicates erythropoietin; IAP, inhibitor of 
apoptosis; MAPK, mitogen-activated protein kinase; TNFR, TNF receptor; VEGF, vascular endothelial growth 
factor.  
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Murine Hindlimb Model of Arteriogenesis
To investigate the role of IFN-β signaling in arteriogenesis in vivo, we performed a 
perfusion study in an established hindlimb model of arteriogenesis. Systemic treatment 
with IFN-β for 7 days following unilateral femoral artery ligation led to significantly 
attenuated perfusion restoration as compared with saline-treated control group 

Table 4. Confirmation of Gene Array Results With Real-Time PCR

Array PCR

GenBank 
Accession No. Symbol

Fold 
Change P Adjusted P

Fold 
Change P

NM_002176.2 IFN-β 2.04 3.19x10-8 5.05x10-5 3.23 0.02

NM_000619.2 IFN-γ 1.96 4.07x10-11 4.19x10-7 2.58 0.02

NM_001565.1 CXCL10 2.19 9.36x10-4 0.07 3.81 0.01

NM_005409.3 CXCL11 3.18 1.52x10-10 7.85x10-7 4.36 0.02

NM_000903.2 NQO1 -1.58 0.001 0.07 -1.65 0.04

NM_002421.2 MMP1 -1.75 0.002 0.10 -3.10 0.01

NM_002425.1 MMP10 -1.58 3.63x10-4 0.04 -1.90 0.03

A positive sign in the fold changes denotes more strongly induced genes in nonresponders; a negative sign 
denotes more strongly induced genes in responders. The table shows that, when validating differentially 
regulated genes using PCR, for all targets tested, almost identical results are obtained as compared with the 
gene expression levels from the arrays.

Figure 4. Effects of IFN-β on SMC proliferation and arteriogenesis. a, Increasing concentrations of IFN-β 
inhibit SMC proliferation in vitro as shown by decreased 5-bromodeoxyuridine incorporation. b, Relative 
perfusion was assessed in mice using fluorescent microsphere infusion under maximal vasodilation 7 days 
after femoral artery ligation and daily systemic treatment with 105 IU/kg IFN-β. Perfusion ratios are expressed 
as percentage ligated vs nonligated hindlimb. IFN-β treatment (n=10) significantly attenuated perfusion 
restoration compared with PBS-treated control group (n=10).
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(31.5±1.2% [IFN-β] and 41.9±1.9% [control] perfusion-ligated versus nonligated 
hindlimb, P=0.001) (Figure 4b). We confirmed enhanced levels of IFN-β in ligated 
hindlimbs of IFN-β–treated animals compared with controls (41.9±17.6 versus 11.5±1.7 
ng/g total protein, P<0.05). Systemic treatment with IFN-β increased tissue gene 
expression of TNF-αα, indicating increased inflammation. 

DISCUSSION 

The present study demonstrates that monocytes from patients with sufficient versus 
insufficient coronary collateral artery development show distinctively different gene 
expression profiles. Stress testing by in vitro stimulation of monocytes with LPS most 
strongly revealed these differences. IFN-β and IFN-related pathways showed a 
stronger induction in 3 of 4 examined cell types in nonresponders, consistent with 
higher secretion levels of IFN-β protein. The effect of IFN-β on arteriogenesis was 
verified in a murine hindlimb model showing attenuated collateral artery growth after 
application of IFN-β. 

Clinical trials on stimulation of collateral artery growth have been hitherto 
unsuccessful.3–6 In most cases, proarteriogenic factors are identified in experimental 
models of collateral artery growth. However, there are several pitfalls involved in 
experimental explorative strategies, such as variances between species and 
comorbidities like dyslipidemia and diabetes that are seldom implemented in 
experimental models. We therefore aimed to examine the molecular mechanisms of 
arteriogenesis in humans, exploiting the heterogeneity in arteriogenic response for 
the discovery of potential proarteriogenic targets. Unlike studies comparing diseased 
and healthy populations, in the present study, all patients only differed in their 
arteriogenic response to a similar level of obstructive arterial disease. Therefore, we 
took great care to separate responders from nonresponders, calculating CFI using 
intracoronary pressure measurements23 and cautiously matching the 2 patient groups. 
CFI measurements confirmed the variation of collateralization in patients with similar 
diameters of stenosis. 

Absence of classifying differences in resting monocyte transcriptome
One of the most surprising outcomes of our study was that we were unable to detect 
a consistent difference in gene expression in resting monocytes from responders 
versus nonresponders. No single gene or gene set was able to classify patients when 
using appropriate correction for multiple testing. In a recent study, a similar analysis 
of gene expression in circulating, unstimulated monocytes from patients with coronary 
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artery disease in relation to their collateral status identified differential regulation of 
several genes using low stringency multiple-testing correction (cutoff used for array 
analysis: adjusted P, <0.32).24 Indeed, the discovered genes could only partly be 
validated in a separate group, possibly because of the restricted number of patients 
(n=16), the varying degree of underlying coronary artery disease among these 
patients, or the use of angiograms for collateral grading instead of more accurate 
invasive pressure measurements.25 

Differences in monocytic transcriptome are revealed by cellular stress testing
Once activated, circulating cells can acquire distinct functional characteristics. 
Particularly monocytes become involved in vascular (patho-)physiological processes 
on extravasation, stimulation and transformation into macrophages. They then turn 
on phenotype-specific gene expression profiles that may correlate with disease. To 
test the hypothesis that monocytes have to be stimulated ex vivo to disclose 
arteriogenesis-related differences in gene expression, we stimulated the cells with 
the TLR4 agonist LPS. Activated TLR4 was recently shown to be essential in 
arteriogenesis.12 Indeed, the differences between responders and nonresponders 
were revealed most clearly after stimulation with LPS. This approach of cellular stress 
testing may prove to be valuable also in other disease entities in which circulating 
cells are involved, such as atherosclerosis or metastatic cancer. 

IFN-β Inhibits Arteriogenesis
When comparing LPS-stimulated monocyte expression profiles from the 2 patient 
groups, no differences were found in the induction of genes that correspond to the 
MyD88-dependent pathway, generally considered as the default proinflammatory 
TLR4 response. In contrast, substantial differences were found in the expression of 
the MyD88-independent, TICAM-1–regulated, IFN-induced pathway. This pathway 
was significantly differentially expressed in stimulated monocytes, macrophages, 
and progenitor cells, suggesting imprinted differences in the activation response of 
monocytes from the 2 patient populations. Analysis of corresponding promoter 
sequences of these genes for specific transcription factor binding sites corroborated 
the role of the IFN-β pathway. Classification analysis, using multiple independent 
training and validation sets within our patient population, once again resulted in IFN-β 
and IFN-dependent genes as classifiers to separate responders from 
nonresponders. 
Given the increased IFN-β protein production we observed on nonresponder 
monocyte activation, we determined the effect of IFN-β treatment on arteriogenesis 
in a well-established mouse model to analyze whether the association of IFN-β 
signaling with poor collateral artery growth is causal. Results indeed substantiated 
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our findings from the patient study in an experimental setting. Local inflammation, 
as measured by TNF-  expression, was higher in IFN-β–treated mice. Arterial SMCs 
represent the primary target cell type of arteriogenic therapies. Our in vitro data 
indicate that IFN-β inhibits SMC proliferation. 
Conceptually, the inhibitory effect of IFN-β on arteriogenesis seems consistent with 
its documented importance in capillary sprouting (angiogenesis).26 A possible 
therapeutic approach to stimulate arteriogenesis would therefore involve inhibition 
of the IFN pathway and hence modulation of the inflammatory response of circulating 
cells. For the first time, a possible proarteriogenic therapy would thus not be 
proinflammatory but rather antiinflammatory. This is advantageous, given the 
increased risk of promoting atherosclerosis or destabilizing existing plaques that is 
shown to be associated with current proarteriogenic therapies based on 
proinflammatory agents.27 

Increased apoptotic signaling in nonresponders
Besides upregulation of the IFN axis, expression data of monocytes from 
nonresponders showed stronger induction of several apoptosis-related genes and 
pathways than responders on stimulation. Also, the oxidoreductase NQO120 showed 
stronger induction in monocytes of responders, pointing toward antiapoptotic 
properties. Reduced apoptosis is 1 of the mechanisms by which granulocyte/
macrophage colony-stimulating factor stimulates arteriogenesis.28 Furthermore, 
NQO1 is part of the protective cellular response activated on exposure to oxidative 
stress,29 which affects collateral artery growth.30 

Improved homocysteine metabolism and matrix-degrading factors in 
responders
CBS showed stronger induction in responders. CBS is known to metabolize 
homocysteine,31 and high levels of homocysteine have been described previously to 
inhibit angiogenesis in a rat model of hindlimb ischemia.32 Interestingly, plasma levels 
of homocysteine tended to be lower in responders in our study. 
Furthermore, monocytes from responders showed significant upregulation of MMPs, 
which are known to play an important role in vascular remodeling.33 

Study limitations
Although the diameter stenosis was similar in both patient groups, differences in 
microvascular resistance that were not recorded in this study could have influenced 
pressure-derived CFI measurements. The fact that no significant differences in gene 
expression could be found in resting monocytes and progenitor cells may be attributable 
to the relatively small size of the study, which makes negative conclusions difficult. 
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Moreover, monocyte stimulation may have magnified differences already present at 
baseline levels but not detectable in a small study population. The use of LPS as a 
stimulator for the more proarteriogenic phenotype of monocytes possibly resulted in 
LPS-specific changes in gene expression that are not generalizable to other stimuli. 
No independent patient cohort was included to further verify array data. Instead, we 
used a well-established internal validation technique. Also, we validated the hypothesis 
of the attenuating effect of IFN-β on arteriogenesis in the murine model. 

CONCLUSION

In the present study, cellular stress testing revealed differential monocyte gene 
expression profiles of patients with sufficient or insufficient coronary collateral 
networks. The results strongly suggest that monocytes are involved in human 
arteriogenesis. Surprisingly, the majority of differentially regulated genes was found 
to be overexpressed in collateral nonresponders, indicating that differential activity 
of antiarteriogenic pathways rather than proarteriogenic pathways is responsible for 
the heterogeneous arteriogenic response of individual patients on arterial obstruction. 
In a bedside-to-bench approach, we verified the functional impact of observational 
human data in an experimental model, providing evidence for the inhibitory effect of 
IFN-β on arteriogenesis in mice. In vitro data indicated that the antiarteriogenic effect 
of IFN-β may be mediated by its antiproliferative effect on SMCs. These data could 
lead to a shift in paradigm in the research on stimulation of arteriogenesis because 
they suggest that intervening with antiarteriogenic pathways may serve as a novel 
therapeutic approach to stimulate collateral artery growth. 
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ABSTRACT

Increased interferon (IFN)-β signaling in patients with insufficient coronary 
collateralization and an inhibitory effect of IFNβ on collateral artery growth in mice 
have been reported. The mechanisms of IFNβ-induced inhibition of arteriogenesis 
are unknown. In stimulated monocytes from patients with chronic total coronary 
artery occlusion and decreased arteriogenic response, whole genome expression 
analysis showed increased expression of IFNβ-regulated genes.
Immunohistochemically, the IFNβ receptor was localized in the vascular media of 
murine collateral arteries. Treatment of vascular smooth muscle cells (VSMC) with 
IFNβ resulted in an attenuated proliferation, cell-cycle arrest, and increased expression 
of cyclin-dependent kinase inhibitor-1A (p21). The growth inhibitory effect of IFNβ 
was attenuated by inhibition of p21 by RNA interference. IFNβ-treated THP1 
monocytes showed enhanced apoptosis. Subsequently, we tested if collateral artery 
growth can be stimulated by inhibition of IFNβ-signaling. RNA interference of the 
IFNβ receptor-1 (IFNAR1) increased VSMC proliferation, cell cycle progression, and 
reduced p21 gene expression. IFNβ signaling and FAS and TRAIL expression were 
attenuated in monocytes from IFNAR1-/- mice, indicating reduced monocyte 
apoptosis. Hindlimb perfusion restoration 1 week after femoral artery ligation was 
improved in IFNAR1-/- mice compared with wild-type mice as assessed by infusion 
of fluorescent microspheres. These results demonstrate that IFNβ inhibits collateral 
artery growth and VSMC proliferation through p21-dependent cell cycle arrest and 
induction of monocyte apoptosis. Inhibition of IFNβ stimulates VSMC proliferation 
and collateral artery growth. 
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INTRODUCTION

Collateral arteries alleviate symptoms of ischemia in patients with arterial obstructive 
disease. Circulating monocytes play an essential role in the growth of collateral 
arteries (1). We recently performed a monocyte mRNA expression study in patients 
with single vessel subtotal coronary artery stenosis. Genome-wide expression 
analysis demonstrated that increased expression of interferon (IFN)2-β as well as 
IFNβ downstream genes is associated with insufficient coronary collateral artery 
growth, suggesting a potential anti-arteriogenic effect of this glycoprotein. In a murine 
model, application of IFNβ indeed resulted in an attenuated arteriogenic response 
upon femoral artery occlusion (2). 
In the current study, we investigated gene expression profiles of stimulated monocytes 
from patients with chronic total coronary occlusions. In contrast to patients with 
subtotal occlusions as previously studied, these patients can be considered to be 
in a stable phase of collateralization in which collateral artery growth has been 
maximally triggered and has reached its plateau phase. 
The mechanisms via which IFNβ exerts its anti-arteriogenic effects are unresolved. 
It is hitherto unknown if inhibition of IFNβ signaling results in stimulation of collateral 
artery growth. Vascular smooth muscle cells (VSMC) display a high rate of proliferation 
during arteriogenesis (3). In growing arteriolar anastomoses, they change from a 
contractile toward a proliferative phenotype (4). We therefore analyzed the effects of 
IFNβ application and inhibition in in vitro models of VSMC cell cycling and proliferation 
and on monocyte apoptosis. In vivo, the effects of inhibition of IFNβ were tested in 
mice lacking the subunit 1 of the IFN /β receptor (IFNAR1-/- mice) (5). 

MATERIALS AND METHODS

Patient Study
The investigation conforms to the principles outlined in the Declaration of Helsinki 
and was approved by the institutional medical ethics committee (Ref. no. MEC 
06/186). After giving informed consent, 50 Caucasian patients were included who 
underwent percutaneous coronary intervention (PCI) of a total coronary occlusion. 
Patients were considered eligible if they had symptoms of angina pectoris for >4 
weeks and total chronic occlusion (CTO) of a coronary artery. Exclusion criteria were 
previous myocardial infarction, cardiac surgery, depressed left ventricular function, 
diabetes mellitus, neoplastic, or inflammatory disease. Invasive coronary collateral 
flow index (CFI) measurements were performed as previously described (2). Briefly, a 
0.014 inch pressure guide wire (BrightWire, Volcano, Rancho Cordova, CA) was used 
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for intracoronary pressure measurements. During a 1-min balloon inflation, the 
pressure distal to the coronary occlusion (wedge pressure, Pw) as well as aortic (Pao) 
pressure was determined. CFI was calculated as (Pw-CVP)/(Pao-CVP), where CVP 
was estimated to be 5 mmHg. 
Mononuclear cells were collected from peripheral blood by density gradient 
centrifugation. Monocytes were negatively isolated using immunomagnetic beads 
and stimulated in culture with 10 ng/ml LPS for 3 h. mRNA from monocytes from 10 
and 10 patients from the extreme ends of the spectrum (very high versus very low 
CFI and matched for age, sex, medication, and other factors that influence collateral 
artery growth), was amplified and biotinylated. Samples were randomly hybridized 
to HumanRef-8 Expression bead chip arrays (Illumina), followed by scanning and 
feature extraction, all performed at ServiceXS (Leiden, The Netherlands). Microarray 
data have been submitted to the Gene Expression Omnibus (GEO) under accession 
number GSE13290. 

Validation of gene array results
RNA from all 50 patients was reverse-transcribed into cDNA, and gene expression 
of CXCL9, CXCL10, CXCL11, CCL8, IL27, IFIT1, IL15RA, and GAPDH was assessed 
using real-time RT-PCR. 

Animal experiments
The investigation was approved by the Institutional Medical Ethics Committee (Ref. 
no. DKC 100847) and conforms to the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health (NIH Publication No. 85–23, 
revised 1996). 30 wild-type (129Sv/Ev) and 20 IFNα/β-receptor-1 knock-out (IFNAR1-/-) 
mice underwent unilateral double femoral artery ligation. Ten wild-type mice received 
daily subcutaneous injections of 105 IU/kg rmIFNβ. 

Gene and protein expression analysis of murine monocytes and hindlimb 
tissue
Three days after femoral artery ligation, blood was collected using cardiac puncture, 
and peripheral blood monocytes were isolated by density gradient centrifugation, 
taking the mononuclear cell fraction into culture for 2 h and washing away non-
adherent cells. Adhering monocytes were subsequently stimulated with 10 ng/ml 
lipopolysaccharide (LPS) for 3 h. Monocyte gene expression was assessed by real-
time RT-PCR of mm8S rRNA, mmIFNAR1, mmSTAT1, mmCXCL10, mmCXCL11, 
mmIL15, mmTNFSF10, mmFASL, mmFAS, and mmCASP7. 
Hindlimb was dissected for RNA and protein isolation. Gene expression was analyzed 
by real-time RT-PCR of the following targets: mm18SrRNA, mmIFNAR1, mmIRF3, 
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mmSTAT1, mmCXCL10, mmCXCL11 mIL15, mmTNFSF10, and p21. Protein content 
was measured spectroscopically. ELISA analysis for murine CXCL10 was performed 
from isolated protein. 

Immunohistochemical analysis of hindlimb tissue
Seven days after femoral artery ligation, hindlimb tissue was dissected, and frozen 
sections were prepared and stained with a monoclonal goat anti-mouse IFNAR1 
antibody for its localization in growing collateral arteries. VSMC were visualized with 
an antibody against α-smooth muscle actin (Sigma), nuclei stained with Hoechst 
33342 (Molecular Probes). 

Hindlimb Perfusion Measurements
Seven days after femoral artery ligation, perfusion restoration was assessed using 
fluorescent microsphere infusion under conditions of maximal vasodilation by infusion 
of adenosine in an established mouse model of arteriogenesis as previously described 
(6). Hindlimb tissue was harvested, digested, and microspheres were counted in a 
flow cytometer. Perfusion restoration was expressed as percentage perfusion ligated 
versus non-ligated hindlimb. 

In vitro analysis of monocyte apoptosis and gene expression upon ifnβ 
treatment
THP-1 monocytes (ATCC) were treated with increasing concentrations of rhIFNβ, 
and apoptosis was measured after 24 and 48 h by staining with Annexin V and 
propidium iodine (PI) antibodies and detecting the percentage of Annexin V-positive 
PI-negative cells using flow cytometry. IFNβ-stimulated THP-1 monocytes also 
underwent gene expression analysis of P0, CXCL11, p15, p21, p27, FAS, FASL, and 
TNFSF10. Similarly, freshly isolated primary human monocytes from health donors 
were stimulated with IFNβ and underwent gene expression analysis of P0, CXCL11, 
p21, and FAS as well as measurement of apoptosis. 

In vitro analysis of VSMC proliferation and gene expression
Following stimulation with IFNβ, gene expression of CXCL10 and IL15 was assessed 
in VSMC using real-time RT-PCR. Expression of STAT1 protein was assessed in 
VSMC using Western blot. Proliferation of primary human VSMC was assessed in 
vitro by determining their BrdU-uptake after stimulation with rhIFNβ, rhCXCL10, or 
rhIL15. Cell cycle analysis was performed by flow cytometric analysis of cellular DNA 
content after staining with propidium iodine. 
To investigate whether the effects of IFNβ on VSMC are depending on p21, VSMC 
were transfected with siRNA against p21. As a control, nonspecific siRNA was used. 
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Expression of p21 and IFNβ target genes were measured at gene (real-time RT-PCR) 
and protein levels (Western blot), and proliferation and cell cycle were assessed as 
above. Inhibiting IFNβ signaling in vitro, VSMCs were also transfected with siRNA 
against the IFNα/β receptor-1 (IFNAR1) or nonspecific siRNA. Down-regulation of 
IFNAR1 was assessed at mRNA (real-time RT-PCR) and protein level (Western blot). 
Proliferation and cell cycle status was assessed as described above, and gene 
expression of P0, IFNAR1, CXCL10, IL15, p15, p21, and p27 was analyzed. 

Statistical analysis
In vitro and animal data are presented as means ± S.E. of the mean. Intergroup 
comparisons were performed using Student’s t test if normally distributed. 
Comparisons between three or more groups were performed using one-way analysis 
of variance (ANOVA) and Bonferroni post-hoc correction. Dose-dependent trends 
were calculated using probit regression analysis. A p value <0.05 was considered 
statistically significant. Normalization and statistical analysis of the gene array data 
were carried out using the limma package (7) and scripts in R/Bioconductor (8). Genes 
were considered significant if the p values, adjusted for multiple testing by using 
Benjamini and Hochberg’s method (9), were <0.05. The false discovery rate was 
thereby controlled to be <5%. Gene set enrichment analysis (GSEA) (10) was used 
for analysis of differential expression of functional groups of genes and their promoters 
(c2, curated gene sets; c3, transcription factor targets, TRANSFAC version 7.4), 
employing MSigDB version 2.5. See supplemental data for a detailed description of 
the methods. 

RESULTS

Expression of IFNβ-regulated genes is increased in patients with hampered 
collateral artery growth
Whole-genome expression of LPS-stimulated monocytes from patients with CTO 
was analyzed in relation to the capacity of the coronary collateral circulation. 10 
patients with lowest CFI (0.27 ± 0.06) were compared with 10 patients with highest 
CFI (0.47 ± 0.08), who were well matched for factors potentially influencing 
collateralization (supplemental Table S1). After correcting for multiple testing, 120 
genes were found to be differentially expressed between patients with low and high 
CFI, of which 65 genes were more strongly induced in the group with a low CFI. 
Pathway analysis (GSEA) showed a highly significant enrichment of several interferon-
related pathways in patients with a low CFI (Table 1). Individual genes of these 
pathways were up-regulated (Figure 1), and analysis of their promoter sequences 
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confirmed the strong enrichment for IFNβ response elements (Table 1). GSEA core-
enrichment of the individual genes within these gene sets is shown in supplemental 
Table S2. Results of the GSEA transcriptome comparison of patients with low and 
high CFI were projected onto the LPS-induced TLR4 pathway, visualizing the 
enhanced activation of specifically the IFNβ pathway in patients with a low CFI 
(supplemental Figure S1). Real-time RT-PCR analysis of the whole patient group (n 
= 50) confirmed increased expression of IFNβ-regulated genes in stimulated 
monocytes from patients with low CFI. Negative correlations with CFI were found 
for gene expression of the IFNβ-regulated genes CXCL11, CCL8, IL27, and IL15RA 
(Table 2). Dichotomizing patients according to the median CFI detected in the whole 
group (0.37), fold-changes between low and high CFI were calculated. Individual 
gene fold-changes were low, but the consistent and coordinated up-regulation of 
the panel of IFNβ genes confirmed the GSEA pathway analysis results. 

Table 1. Gene Set Enrichment Analysis: Interferon target sets in patients with low versus high CFI

A. Interferon target gene sets

GSEA statistics

IFN target set sets (N) NES FDR % FWER %

type II 2 2.5 0 0

type I 5 2.6 0 1

I and II 2 2.1 0 7

B. Transcription Factor Binding Sites

GSEA statistics

transcription factor sets (N) NES FDR % FWER %

IRF2 1 1.8 3 11

IRF3 2 1.9 2 15

IRF1 1 1.8 7 33

IRF 1 1.7 7 40

IRF8 1 1.7 6 41

The depicted gene sets are enriched in patients with low CFI and result from two separate Gene Set Enrichment 
Analyses (GSEA) comparing the transcriptomes of patients with either low (N=10) or high (N=10) CFI. We 
used gene sets consisting of (A) 1892 curated pathways from various sources and (B) 500 transcription 
factor binding sites defined in the TRANSFAC database, version 7.4. These sets are available online at 
BROAD Institute: http://www.broad.mit.edu/gsea/msigdb/index.jsp (10). False Discovery Rate (FDR), Family 
Wise Error Rate (FWER), and normalized enrichment score (NES). See Supplemental Table 3 for a complete 
overview of publications on which these interferon target gene sets are based.
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Figure 1. Differential interferon response between patients with low and high CFI. Microarray mRNA expression 
levels of interferon related signature genes in stimulated monocytes of patients with low (gray bars) and high 
(black bars set to 1) CFI. The bar graphs compare the average relative mRNA levels of n=55 interferon-related 
genes. Note that these 55 signature genes have an elevated expression level in patients with low CFI, as 
determined by GSEA. A, gene symbol marked with an asterisk indicates the presence of an inter-species 
conserved IRF-1 or -2 motif within the promoter region of that gene as determined by GSEA or rVISTA. 
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Gene set enrichment analysis: interferon target sets in patients with low versus 
high CFI
The depicted gene sets are enriched in patients with low CFI and result from two 
separate GSEA comparing the transcriptomes of patients with either low (n = 10) or 
high (n = 10) CFI. We used gene sets consisting of (A) 1892 curated pathways from 
various sources and (B) 500 transcription factor binding sites defined in the 
TRANSFAC database, version 7.4. These sets are available online at the BROAD 
Institute (10). See supplemental Table S3 for a complete overview of publications on 
which these interferon target gene sets are based. 

Differential interferon response between patients with low and high CFI
Microarray mRNA expression levels of interferon related signature genes in stimulated 
monocytes of patients with low ( ) and high (black bars set to 1) CFI. The 
bar graphs compare the average relative mRNA levels of n = 55 interferon-related 
genes. Note that these 55 signature genes have an elevated expression level in 
patients with low CFI, as determined by GSEA. A, gene symbol marked with an 
asterisk indicates the presence of an inter-species conserved IRF-1 or -2 motif within 
the promoter region of that gene as determined by GSEA or rVISTA. 

Real-time RT-PCR from all 50 CTO patients analysis confirms the consistent 
up-regulation of a panel of IFNβ target genes in patients with low CFI
Results are depicted as fold-changes of patients with low compared to high CFI. 
Gene expression of CCL8, CXCL11, IL27, and IL15RA significantly correlated inversely 
with CFI. 

Table 2. 

Symbol Fold-change p-value for fold-
change

Correlation 
coefficient

p-value for 
correlation

CCL8 1.53 0.093 -0.371 0.010

CXCL9 1.44 0.086 -0.218 0.137

CXCL10 1.25 0.298 -0.169 0.252

CXCL11 1.45 0.020 -0.353 0.014

IL27 1.34 0.046 -0.355 0.013

IFIT1 1.37 0.055 -0.259 0.075

IL15RA 1.31 0.043 -0.353 0.014

Real-time RT-PCR from all 50 CTO patients analysis confirms the consistent upregulation of a panel of 
IFNbeta target genes in patients with low CFI. Results are depicted as fold-changes of patients with low 
compared to high CFI. Gene expression of CCL8, CXCL11, IL27 and IL15RA significantly correlated inversely 
with CFI.
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Figure 2. IFNβ induces apoptosis in THP1 monocytes in vitro. Percentage of apoptotic THP1 monocytes 
dose-dependently increased (A), with a greater effect after 48 h than after 24 h of stimulation with IFNβ. 
Increased gene expression of CXCL11 confirmed enhanced IFNβsignaling (B). TRAIL, FAS, and FASL (C–E) 
were up-regulated, supporting the anti-proliferative and pro-apoptotic effect of IFNβ on monocytes. Expression 
of cyclin-dependent kinase inhibitor 1A (p21) was found up-regulated upon IFNβstimulation (F), indicating a 
cell cycle inhibiting effect of the cytokine. p15 and p27 were not significantly differentially expressed (G, H). In 
primary human monocytes, IFNβ similarly induced apoptosis (I) and increased expression of CXCL11 (J), FAS 
(K), and p21 (L). *, p<0.05; **, p<0.01; ***, p<0.001 compared with 0 ng/ml IFNβ. 
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Ifnβ treatment induces trail and p21 in vivo
To investigate the mechanisms of IFNβ-induced inhibition of collateral artery growth, 
a murine hind limb model of femoral artery ligation was employed. In collateral-
containing hindlimb tissue from IFNβ-treated mice, gene expression of pro-apoptotic 
TNF-related apoptosis-inducing ligand (TRAIL), previously shown to mediate IFNβ-
induced apoptosis in lymphoma cells (11), and anti-proliferative IL15 (12) were 
increased compared with control group (TRAIL: 17.22 ± 2.62 versus 7.33 ± 0.93, p 
< 0.01; IL15: 38.97 ± 6.13 versus 10.29 ± 1.04, p < 0.001). IFNβ-treated mice also 
displayed enhanced expression of the cell cycle regulator cyclin-dependent kinase 
inhibitor-1A (CDKN1, p21), known to negatively regulate G1- to S-phase transition 
(59.49 ± 12.50 versus 7.37 ± 1.65, p < 0.01). 

IFNβ Induces Apoptosis of Monocytes in vitro
To analyze its effects on mononuclear cells, THP1 cells were treated with increasing 
concentrations of IFNβ. FACS analysis showed enhanced apoptosis after 24 h and 
after 48 h exposure (4.6 versus 38.1% apoptosis after 48 h stimulation with 0 versus 
100 ng/ml IFNβ, Figure 2A). Real-time RT-PCR for CXCL11 confirmed increased IFNβ 
signaling (Figure 2B). TRAIL, FAS, and FASL were found up-regulated upon stimulation 
with IFNβ, indicating cell death signaling (Figure 2, C–E). IFNβ stimulated expression 
of p21 but not p15 or p27 (Figure 2, F–H). 

IFNβ induces apoptosis in THP1 monocytes in vitro
Percentage of apoptotic THP1 monocytes dose-dependently increased ( ), with a 
greater effect after 48 h than after 24 h of stimulation with IFNβ. Increased gene 
expression of CXCL11 confirmed enhanced IFNβ signaling (B). TRAIL, FAS, and FASL 
(C–E) were up-regulated, supporting the anti-proliferative and pro-apoptotic effect 
of IFNβ on monocytes. Expression of cyclin-dependent kinase inhibitor 1A (p21) was 
found up-regulated upon IFNβ stimulation (F), indicating a cell cycle inhibiting effect 
of the cytokine. p15 and p27 were not significantly differentially expressed (G, H). In 
primary human monocytes, IFNβ similarly induced apoptosis (I) and increased 
expression of CXCL11 (J), FAS (K), and p21 (L). *, p < 0.05; **, p < 0.01; ***, p < 0.001 
compared with 0 ng/ml IFNβ. 
To confirm the effects of IFNβ on THP1 cells in primary cells, the experiments were 
repeated in freshly isolated human monocytes. Comparable to THP1 cells, IFNβ 
dose-dependently induced apoptosis after 48 h incubation (27.7% ± 5.2 versus 10.4 
± 1.2 apoptotic cells, Figure 2I) and increased gene expression of CXCL11, FAS, and 
p21 (Figure 2, J–L). 
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Figure 3. IFNβ attenuates proliferation of VSMC in vitro. Immunohistochemistry showed expression of IFNAR1 
(red) in the collateral arterial media (VSMC, green, nuclei, blue) (A). IFNβtreatment up-regulated CXCL10 and 
IL15 (B, C) at gene level and STAT1 at protein level (D). Application of either of either CXCL10 or IL15 to VSMC 
in vitro remained without an effect on proliferation, as measured by BrdU uptake (E, F). Cell cycle analysis 
showed increased cell numbers arrested in G-phase and reduced cell in S-phase after treatment with IFNβ 
(*,p<0.05 for dose-dependent trends) (G), and p21 expression was enhanced by IFNβ treatment (H). *, p<0.05; 
**, p<0.01 compared with 0 ng/ml IFNβ. 
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Ifnβ attenuates proliferation of VSMC via cell cycle arrest
Immunohistochemistry showed expression of the type I interferon-receptor IFNAR1 
in the vascular media of collateral arteries (Figure 3A). IFNβ has been shown to inhibit 
VSMC proliferation in vitro (2). As demonstrated by real-time RT-PCR, IFNβ treatment 
up-regulated gene expression of the anti-angiogenic factors CXCL10 and IL15 as 
downstream targets of IFNβ in VSMC (Figure 3, B and C). Also, STAT1 was increased 
at protein level (Figure 3D). However, application of increasing doses of recombinant 
human CXCL10 and IL15 did not affect VSMC proliferation as measured by BrdU 
incorporation (Figure 3, E and F). Instead, cell cycle analysis showed increased 
percentages of cells arrested in the G1 phase of the cell cycle after IFNβ treatment 

Figure 4. Cell cycle-inhibiting effect of IFNβ is dependent on p21. siRNA against cell-cycle inhibitor p21 dose-
dependently reduced p21 protein expression in VSMC as compared with nonspecific control-siRNA (A). p21 
protein expression is stimulated by IFNβ(compare gene expression Fig. 3H). This up-regulation is attenuated 
after preincubation with p21 siRNA (B). BrdU incorporation analysis confirmed the anti-proliferative effect of 
IFNβ, which was abrogated by pretreatment with p21 siRNA (C). Similarly, the cell cycle-arresting effect of 
IFNβ is attenuated by inhibiting p21 (D). Interestingly, p21 siRNA even increased cell cycling in the presence 
of IFNβ(enhanced numbers of cells in S phase, less in G1 phase). *, p<0.05 compared with 0 ng/ml IFNβ; #, 
p<0.05 compared with same concentration IFNβ, ctrl siRNA. 
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Figure 5. Blockade of IFNβ signaling leads to increased VSMC proliferation in vitro. Real-time RT-PCR (A) 
and Western blot (B) confirmed strongly reduced expression of IFNAR1 in VSMC transfected with siRNA 
against IFNAR1 as compared with cells transfected with nonspecific control siRNA. Proliferation was enhanced 
in VSMC in which IFNAR1 was knocked down (C). Cell cycle analysis showed increased progression to 
S-phase in siIF- NAR1-treated cells (D). IFNAR1 knockdown resulted in decreased mRNA expression of the 
cell cycle inhibitor p21 (E). *, p<0.05; **, p<0.01 compared with control siRNA. 
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(97.8 versus 66.7% for 100 versus 0 ng/ml IFNβ, Figure 3G), and p21 gene expression 
was found to be up-regulated, already at low concentrations of IFNβ (Figure 3H). 
Expression of two other cell cycle regulators p15 and p27 were not affected by IFNβ 
(data not shown). 

IFNβ attenuates proliferation of VSMC in vitro
Immunohistochemistry showed expression of IFNAR1 (red) in the collateral arterial 
media (VSMC, green, nuclei, blue) (A). IFNβ treatment up-regulated CXCL10 and 
IL15 (B, C) at gene level and STAT1 at protein level (D). Application of either of either 
CXCL10 or IL15 to VSMC in vitro remained without an effect on proliferation, as 
measured by BrdU uptake (E, F). Cell cycle analysis showed increased cell numbers 
arrested in G-phase and reduced cell in S-phase after treatment with IFNβ (*, p < 
0.05 for dose-dependent trends) (G), and p21 expression was enhanced by IFNβ 
treatment (H). *, p < 0.05; **, p < 0.01 compared with 0 ng/ml IFNβ. 

Vsmc cell cycle inhibition of ifnβ is mediated by p21
Subsequently, we tested if IFNβ-induced VSMC cell cycle inhibition was dependent 
on p21. Using RNA-interference, p21 protein expression was attenuated in VSMC 
in vitro. Whereas expression of p21 protein was induced at low concentrations of 
IFNβ (1 ng/ml), this effect was abolished by previous siRNA treatment against p21. 
BrdU incorporation experiments confirmed the anti-proliferative effect of IFNβ, which 
was abrogated by anti-p21 siRNA. Accordingly, anti-p21 treatment reversed the cell 
cycle inhibiting effect of IFNβ. See also Figure 4. 

Cell cycle-inhibiting effect of IFNβ is dependent on p21
siRNA against cell-cycle inhibitor p21 dose-dependently reduced p21 protein 
expression in VSMC as compared with nonspecific control-siRNA (A). p21 protein 
expression is stimulated by IFNβ (compare gene expression Figure 3H). This up-
regulation is attenuated after preincubation with p21 siRNA (B). BrdU incorporation 
analysis confirmed the anti-proliferative effect of IFNβ, which was abrogated by 
pretreatment with p21 siRNA (C). Similarly, the cell cycle-arresting effect of IFNβ is 
attenuated by inhibiting p21 (D). Interestingly, p21 siRNA even increased cell cycling 
in the presence of IFNβ (enhanced numbers of cells in S phase, less in G1 phase). 
*, p < 0.05 compared with 0 ng/ml IFNβ; #, p < 0.05 compared with same concentration 
IFNβ, ctrl siRNA. 

In vitro blockade of IFNβ signaling leads to increased vsmc proliferation
Having found that IFNβ attenuates VSMC proliferation via its effects on cell cycle 
regulation, we next hypothesized that inhibition of IFNβ signaling could stimulate 
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VSMC proliferation. In VSMC in vitro, IFNAR1 gene (RT-PCR) and protein expression 
(Western blot) were found down-regulated after transfection with siRNA (Figure 5, A 
and B). After 48 h of transfection, BrdU incorporation was increased in VSMC, 
indicating enhanced proliferation in these cells (Figure 5C). Cell cycle analysis 
indicated increased cell numbers in S-phase in IFNAR1 siRNA compared with control 
siRNA-transfected cells (35.8 versus 54.2%, Figure 5D). Concomitantly, p21 
expression was reduced in VSMC treated with IFNAR1 siRNA compared with 
nonspecific siRNA (Figure 5E). 

Blockade of IFNβ signaling leads to increased VSMC proliferation in vitro
Real-time RT-PCR (A) and Western blot (B) confirmed strongly reduced expression 
of IFNAR1 in VSMC transfected with siRNA against IFNAR1 as compared with cells 
transfected with nonspecific control siRNA. Proliferation was enhanced in VSMC in 
which IFNAR1 was knocked down (C). Cell cycle analysis showed increased 
progression to S-phase in siIFNAR1-treated cells (D). IFNAR1 knockdown resulted 
in decreased mRNA expression of the cell cycle inhibitor p21 (E). *, p < 0.05; **, p < 
0.01 compared with control siRNA. 

Arteriogenesis Is Increased in IFNAR1-/- Mice 
Finally, we tested whether blocking IFNβ signaling stimulates arteriogenesis in vivo. 
Using microsphere infusion at different pressure levels under conditions of maximum 
vasodilation 1 week after femoral artery ligation we calculated hindlimb perfusion 
per gram tissue. Perfusion restoration (ligated versus non-ligated hindlimb) was found 
improved in IFNAR1-/- mice compared with control group (54.3 ± 2.5% versus 38.3 
± 2.7%, p < 0.001, Figure 6). 

Figure 6. Arteriogenesis is enhanced in IFNAR1β-/-β mice. Hindlimb perfusion was assessed 1 week after 
femoral artery ligation using infusion of fluorescent microspheres under conditions of maximal vasodilation 
(n=10). Perfusion restoration, expressed as percentage ligated versus non-ligated hindlimb, was increased in 
IFNAR1-/-β compared with wild-type mice (***, p<0. 001).
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Arteriogenesis is enhanced in IFNAR1-/- mice
Hindlimb perfusion was assessed 1 week after femoral artery ligation using infusion 
of fluorescent microspheres under conditions of maximal vasodilation (n = 10). 
Perfusion restoration, expressed as percentage ligated versus non-ligated hindlimb, 
was increased in IFNAR1-/- compared with wild-type mice (***, p < 0.001). 

Figure 7. Inhibition of IFNβ- and apoptosis signaling in stimulated monocytes of IFNAR1 -/-β mice. In LPS-
stimulated monocytes from IFNAR1β/β mice, expression of IFNAR1, signaling molecule STAT1 and target 
genes CXCXL10 and CXCL11 was strongly suppressed compared with wild-type mice (A–D). TRAIL and IL15, 
both part of the IFNβsignaling cascade, were strongly down-regulated in stimulated monocytes of IFNAR1β-
/-βmice (E, F), as were apoptosis-related molecules FAS, FASL, and CASP7 (G–I). *, p<0.05; **, p<0.01; ***, 
p<0.001 compared with wild-type mice.
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Gene expression of stimulated circulating monocytes of IFNAR1-/- mice is 
comparable to patients with well-developed collateral arteries 
To mimic the activation status of monocytes in the clinical situation, murine 
circulating mononuclear cells were stimulated with LPS ex vivo. Real-time RT-PCR 
showed strongly reduced expression of IFNAR1, STAT1, CXCL10, CXCL11, TRAIL, 

Figure 8. Gene expression data of hindlimb tissue from IFNAR1β-/-β mice. In collateral-containing hindlimb 
tissue from IFNAR1β-/-β mice, gene expression of IFNβpathway components IFNAR1, IRF3, CXCL10, STAT1, 
and CXCL11 and IL15 (A–F) was down-regulated. ELISA showed decreased protein expression of 
IFNβdownstream target CXCL10 in IFNAR1β/β hindlimb tissue (G). *, p<0.05; **, p<0.01; ***, p<0.001 
compared with wild-type mice.
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and IL15 as signs of abrogated IFNβ signaling in LPS-stimulated monocytes of 
IFNAR1-/- compared with wild-type mice (Figure 7, A–F), resulting in an expression 
profile comparable to that of stimulated monocytes from patients with a good 
collateralization. Apoptosis related molecules FASL, FAS, and CASP7 were also 
found reduced (Figure 7, G–I). 

Inhibition of IFNβ- and apoptosis signaling in stimulated monocytes of IFNAR1-/- 
mice
In LPS-stimulated monocytes from IFNAR1-/- mice, expression of IFNAR1, signaling 
molecule STAT1 and target genes CXCXL10 and CXCL11 was strongly suppressed 
compared with wild-type mice (A–D). TRAIL and IL15, both part of the IFNβ signaling 
cascade, were strongly down-regulated in stimulated monocytes of IFNAR1-/- mice 
(E, F), as were apoptosis-related molecules FAS, FASL, and CASP7 (G–I). *, p < 0.05; 
**, p < 0.01; ***, p < 0.001 compared with wild-type mice. 

Reduced expression of IFNβ targets in collateral-containing hindlimb tissue of 
IFNAR1-/- mice 
Gene expression analysis of collateral-containing tissue showed reduced mRNA 
expression of the IFNβ pathway in the IFNAR1-/- mice. IRF3, CXCL10, STAT1, CXCL11, 
and IL15 were found decreased compared with control animals (Figure 8, A–F). At 
the protein level, ELISA analysis showed reduced expression of IFNβ downstream 
cytokine CXCL10 in IFNAR1-/- mice (5.2 ± 1.8 versus 54.5 ± 8.9 relative to total protein 
(Figure 8G). 

Gene expression data of hindlimb tissue from IFNAR1-/- mice
In collateral-containing hindlimb tissue from IFNAR1-/- mice, gene expression of IFNβ 
pathway components IFNAR1, IRF3, CXCL10, STAT1, and CXCL11 and IL15 (A–F) 
was down-regulated. ELISA showed decreased protein expression of IFNβ 
downstream target CXCL10 in IFNAR1-/- hindlimb tissue (G). *, p < 0.05; **, p < 0.01; 
***, p < 0.001 compared with wild-type mice. 
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DISCUSSION

IFNβ signaling was enhanced in stimulated monocytes from patients with chronic 
total coronary artery occlusion and hampered coronary collateralization. In vitro, IFNβ 
exerted a direct pro-apoptotic effect on monocytes. Proliferation analysis showed a 
p21-dependent inhibiting effect of IFNβ on VSMC, which were arrested in the G1-
phase. Knockdown of IFNAR1 had the opposite effect, resulting in an increased 
number of VSMC in the S-phase and enhanced proliferation. Finally, we report 
decreased IFNβ- and apoptosis-related gene expression as well as increased 
collateral artery growth in IFNAR1-/- mice, showing that inhibition of IFNβ signaling 
augments arteriogenesis. 

Following our earlier study on IFNβ signaling and collateral artery growth (2), we 
here confirmed increased IFNβ signaling in an independent patient population 
(Figure 1). In patients with CTO, the driving forces of arteriogenesis are less variable 
because the stenosis grade of the original coronary artery is constant (i.e. 100%). 
CFI measurements are therefore less susceptible to interindividual variations of 
coronary baseline hemodynamics. Besides, the present data demonstrate that 
increased IFNβ signaling is also found in patients with a low arteriogenic response 
despite the presence of a chronic total coronary occlusion, where collateral artery 
growth has reached a plateau phase. Despite this maximal response, a large 
number of patients remain symptomatic indicating a need for further growth of 
coronary collateral arteries. 

Subsequently, in vitro and animal experiments were employed to disclose the 
mechanisms of the anti-arteriogenic effect of IFNβ. Because the IFNβ receptor was 
detected in the vascular media, effects of its stimulation and blockade were 
investigated in VSMC in vitro (Figure 3). We report that IFNβ exerts its negative effects 
on VSMC proliferation by inducing cell cycle arrest in a p21-dependent fashion 
(Figure 4). The cell cycle regulator p21 is known as the major mediator of cell cycle 
arrest (13). Its regulation by IFNβ has previously been observed in tumor cells (14), 
and inhibition of p21 has been shown to regulate endothelial cell proliferation (15). 
Antiproliferative, pro-apoptotic effects of IFNβ are known in oncology but have not 
yet been examined in cardiovascular pathophysiology. p21-mediated cell cycle 
inhibition by IFNβ has not been described previously in VSMC (16). 
The inhibitory effect of IFNβ on endothelial cell sprouting (angiogenesis) is mediated 
by CXCL10 (17). Its influence on collateral artery growth has not been studied. Our 
data show that the anti-arteriogenic effect of IFNβ is not mediated by CXCL10, 
because IFNβ but not CXCL10 inhibited VSMC proliferation (Figure 3). 
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We reasoned that inhibition of IFNβ signaling might stimulate VSMC proliferation and 
arteriogenesis. Reduction of p21 expression and VSMC cell cycling and proliferation 
upon inhibition of IFNβ signaling showed that inhibition of cytokine signaling can 
stimulate cell growth (Figure 5). Vascular regeneration has hitherto been linked to 
increased inflammatory signaling. For the first time, we show that reduced cytokine 
signaling can also stimulate arterial growth. 

As anti-IFNβ treatment stimulated cellular proliferation in vitro, we hypothesized that 
a blockade of IFNβ signaling may boost adaptive collateral artery growth in vivo. In 
a first approach, treatment with IFNβ neutralizing antibodies showed no effect on 
perfusion restoration (data not shown). Subsequent in vitro measurements indicated 
that concentrations of ≥5,000 IU/ml of IFNβ neutralizing or anti-IFNAR1 antibody 
were necessary to accomplish a 50% blockade of IFNβ signaling. Achieving these 
concentrations in vivo would have resulted in unfeasibly high costs. We therefore 
decided to use a murine knock-out model of the interferon α/β receptor. In IFNAR1-/- 
mice, a neo-marker is inserted in Exon III, resulting in dysfunctional mRNA and a 
loss of functional receptor protein (5). Because the promoter of the IFNAR gene is 
intact, mRNA is still detectable.3 This is reflected by our real-time RT-PCR data, 
showing decreased but still existent IFNAR mRNA in monocytes from IFNAR1-/- mice. 
Interestingly, concerning the IFNβ pathway, gene expression profile of the stimulated 
murine monocytes and collateral-containing hindlimb tissue of IFNAR1-/- mice was 
comparable to that of stimulated monocytes from patients with high CFI (Figure 7). 
Both gene expression data from murine monocytes and functional assays in vitro 
indicate increased monocyte apoptosis upon simulation with IFNβ. Increased 
apoptosis signaling pathways were also found in patients with low CFI. Our data 
(Figure 2) corroborate earlier reports on IFNβ-mediated induction of apoptosis in 
monocytes from patients with multiple sclerosis (18). IFNβ has previously been 
demonstrated to induce up-regulation of surface-bound TRAIL and release of soluble 
TRAIL in human monocytes (19), and IFNβ-induced apoptosis has been reported to 
be mediated by TRAIL in lymphoma cells (11). Regulation of apoptosis by p21 through 
its caspase-mediated cleavage from cyclin-dependent kinase 2 has been described 
in endothelial cells (20). Decreased apoptosis-related gene expression in monocytes 
from IFNAR1-/- mice suggests reduced susceptibility for programmed cell death in 
these cells. 

We here show that inhibition of IFNβ signaling can stimulate cell proliferation in vitro 
and arteriogenesis in vivo. Pro-arteriogenic substances are mostly cytokines (growth 
factors, chemoattractants or colony-stimulating factors) which have pro-inflammatory 
or bone-marrow cell releasing effects, both of which potentially aggravate 
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atherosclerosis or destabilize plaques (21). Recent data suggest that IFNβ attenuates 
angiotensin II-induced atherosclerosis in ApoE-/- mice, while IFNβ alone did not have 
any effect on atherosclerosis in that study (22). Another study showed aggravation of 
atherosclerosis by myeloid type I IFN (23). These conflicting data require further study 
when considering anti-IFNβ therapy for the promotion of arteriogenesis. Therapeutic 
inhibition of interferons to promote blood vessel growth could also activate 
autoimmune processes, which are normally inhibited by IFNβ, as has been discussed 
earlier (24). 

We conclude that inhibition of IFNβ signaling might serve as an approach to stimulate 
collateral artery growth by stimulating VSMC proliferation and cell cycling. Further 
investigations of the modulation of IFNβ signaling using pharmacological inhibitors 
of IFNβ or its receptor are required in atherosclerotic models before clinical 
approaches can be envisaged. 
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SUMMARY AND CONCLUSIONS

The aim of the previous studies was to investigate the molecular mediators that are 
potential candidates to stimulate arteriogenesis without aggravation of atherosclerotic 
disease. The pathophysiological processes behind these entities share many common 
pathways and both these processes are inflammatory in its nature. Whereas increased 
inflammatory signaling in arteriogenesis provides a positive stimulus for collateral 
artery growth, in atherosclerosis increased inflammation in plaques is associated 
with destabilization of the atherosclerotic lesion.  
The process of arteriogenesis results in alternative vascular routes after development 
of a functionally important obstruction mostly due to atherosclerotic plaques. A 
growth factor with previously demonstrated stimulatory effects on arteriogenesis is 
TGF-beta. The growth factor TGF-beta was previously shown to enhance collateral 
artery growth. Recently, it was shown that stents coated with this growth factor 
provide stimulatory effects on collateral artery growth in a rabbit model of 
arteriogenesis. This makes TGF-beta a promising candidate for pro-arteriogenic 
strategies. However, the effects of TGF-beta on atherosclerosis and plaque stability 
are controversial. A detailed analysis of the association of this growth factor and its 
down stream signaling molecules demonstrated a positive correlation between the 
TGF-beta downstream transcription factors and plaque stability. This might be 
explained by increased collagen deposition due to increased EGR-1 activity by TGF-
beta.  Additionally, another TGF-beta downstream transcription factor, Foxp1, 
correlated to a more stable plaque phenotype as well. A detailed analysis of potential 
pro-arteriogenenic therapeutic candidate molecules and their effects on 
atherosclerosis provides additional information on potential side effects of growth 
factor therapy, and seems of value before starting clinical trials on growth factor 
mediated therapy. 

On the other hand, previous studies on growth factor mediated stimulation of 
collateral artery growth have not led to clinically applicable therapies. Alternative 
strategies are mandatory considering these discouraging results. Adhesion molecule 
mediated stimulation of collateral artery growth might be a sensible alternative for 
growth factor therapy. Limited studies thus far focused on this category of molecules, 
although recently CD44 was shown to be of importance for effective arteriogenesis, 
although the mechanism behind this observation were unclear. Thus, CD44 might 
be a potential candidate molecule for adhesion molecule based pro-arteriogenic 
therapy, for its involvement in adhesion of inflammatory cells besides its growth factor 
conservatory function this molecule. This latter effect is facilitated by the exon v3, 
which is involved in growth factor presentation and is crucial for effective collateral 
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artery growth as was shown. Unfortunately, both CD44 as well as CD44v3 are strongly 
correlated to a more instable plaque phenotype, which might be mediated by 
increased extracellular matrix degradation by enhanced MMP9 activity.  Future 
studies are needed investigating the potential of different CD44 isoforms to selectively 
increase collateral artery growth without negatively influencing plaque stability. 
Adhesion molecule based therapy might be a good alternative for stimulation of 
arteriogenesis by growth factors. 

Influencing the extracellular matrix in a beneficial, pro-arteriogenic way might be of 
value for new therapeutic strategies.  The two main constituents of the extracellular 
matrix of arteries are fibrous proteins, like collagen and elastin, and polysaccharides, 
which are known as glycosaminoglycans, like hyalururonic acid. In the context of 
arteriogenesis and atherosclerosis, hyaluronic acid, has received relatively little 
attention. Several studies suggest that HA is an active regulatory polymere, which 
is involved in immune modulation, cellular mitosis and angiogenesis. Especially 
fragmented degradation products of hyaluronic acid have been shown to stimulate 
angiogenesis although the influence on arteriogenesis are still unknown. 
The observed positive association between the low molecular weight degradation 
products of hyaluronic acid and plaques with an atheromatous phenotype, makes this 
molecule an unlikely candidate for future therapies. It would be of interest for future 
studies to analyze the optimal sized polymere length of hyaluronic acid which stimulates 
angiogenesis and arteriogenesis, without detrimental effects on plaque stability.

Inhibition of growth factors or cytokines negatively influencing collateral artery growth 
might be another potential therapeutic modality. The interferon-beta pathway is 
differently expressed in patient with a well developed collateral vessel network, 
compared to patients with poor collateralization which might be based on negative 
effects of the interferon-beta on collateral artery growth due to attenuated smooth 
muscle cell proliferation and p21 mediated cell-cycle arrest. Inhibition of the interferon-
signaling pathway results in increased collateral artery growth. Blocking IFNbeta-
signaling may be a novel approach to stimulate collateral artery growth by stimulating 
smooth muscle cell cycle progression and proliferation. Potential therapeutic 
modalities include the use of RNAi-therapy or antibodies directed to the interferon-
beta receptor, or to the cytokine itself,. Future studies will have to provide information 
on important safety issues concerning these therapies. Of interest is the effect of 
inhibition of this signalling pathway on atherosclerotic plaque stability. 

We conclude that TGF-beta serves as a good candidate growth factor for pro-
arteriogenenic therapeutic strategies, considering the association between the TGF-
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beta signalling pathway and a more stable plaque phenotype.  Neither CD44 nor the 
pro-angiogenenic degradation products of its ligand, hyaluronic acid, seem likely 
targets for pro-arteriogenic therapies, considering the correlation of both with an 
atheromatous plaque phenotype, with increased MMP-9 activity. To our knowledge, 
no data on the influence of inhibition of interferon-beta signalling and human 
atherosclerotic plaque stability are available and future studies on this subject are 
warranted before using this cytokine in a clinical setting for pro-arteriogenic 
therapy.
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NEDERLANDSE SAMENVATTING

Hart- en vaatzieken zijn nog altijd de nummer 1 doodsoorzaak in de Westerse Wereld, 
maar ook van toenemend belang als doodsoorzaak in de Derde Wereldlanden. Hierbij 
zijn de aan aderverkalking gerelateerde doodsoorzaken de belangrijkste. 
Dit proefschrift behelst studies naar zowel atherosclerose (oftewel aderverkalking) 
als arteriogenese (de groei van overbruggingsbloedvaten). De mechanismen die aan 
deze processen ten grondslag liggen hebben veel overeenkomsten en beide gaan 
gepaard met ontsteking van de bloedvatwand. Het resultaat van deze processen is 
echter in zekere zin tegengesteld aan elkaar. Bij arteriogenese leidt een toegenomen 
ontstekingsreactie tot stimulering van de vorming van overbruggingsbloedvaten 
(collaterale bloedvaten) en dus tot de ontwikkeling van een alternatieve 
bloedstroomroute bij een eventuele obstructie in de bloedbaan. Bij atherosclerose 
leidt ditzelfde ontstekingsmechanisme daarentegen tot destabilisatie en mogelijk tot 
het scheuren van de aderverkalkingsplaque. Op deze gescheurde plaque kan een 
bloedstolsel ontstaan dat mogelijk leidt tot een obstructie van de bloedbaan. Dit 
laatste is van groot klinisch belang, aangezien dit ernstige ziektebeelden zoals een 
hartinfarct of een herseninfarct tot gevolg kan hebben. 

Arteriogenese resulteert in de ontwikkeling van alternatieve bloedstroomroutes, nadat 
er een functioneel relevante obstructie optreedt in de bloedbaan, meestal ten gevolge 
van aderverkalkingplaques. Dit proces treedt bij een deel van de patiënten in 
onvoldoende mate op, en deze groep zal er dus belang bij hebben dat de groei van 
deze overbruggingsbloedvaten op kunstmatige wijze gestimuleerd wordt, indien ze 
getroffen zijn door een ernstige vorm van aderverkalking. Theoretisch zou dit kunnen 
door middel van bijvoorbeeld toediening van groeifactoren, hoewel de resultaten van 
klinische studies hiernaar tot nu toe teleurstellend zijn. 
‘GM-CSF’ is bijvoorbeeld een groeifactor, waarmee onze onderzoeksgroep in een 
eerdere studie (de ‘START-trial’) teleurstellende resultaten bereikte wat betreft de 
stimulering van collaterale bloedvaten bij patiënten met atherosclerotische beenvaten. 
TGF-beta is een andere groeifactor waarvan eerder is aangetoond dat deze een 
stimulerend effect heeft op arteriogenese. Een studie liet zien dat een stent die met 
deze groeifactor gecoat was een positief effect had op de vorming van collaterale 
bloedvaten, hetgeen werd aangetoond in een konijnenmodel voor arteriogenese. Dit 
is een indicatie van het potentieel van een stent als effectieve therapeutische drager 
van groeifactoren. Voordat deze stents in klinische studies gebruikt zouden kunnen 
worden, dient eerst een grondig onderzoek plaats te vinden naar potentiële 
bijwerkingen van TGF-beta. Er is bijvoorbeeld discussie over het effect van deze 
groeifactor op plaquestabiliteit. 
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Onze studies toonden aan dat er een positieve associatie is tussen TGF-beta, de 
signaleringsmoleculen ‘stroomafwaarts’ (downstream) van TGF-beta, de TGF-beta 
receptor en een stabieler plaque fenotype.  Voor deze studies maakten we gebruik 
van aderverkalkingsmateriaal dat operatief verwijderd was bij patiënten met ernstige 
atherosclerotische halsslagaders. Dit materiaal werd getypeerd als een stabiele of 
een instabiele aderverkalkingsplaque met behulp van microscopisch onderzoek 
en we isoleerden eiwitten uit de plaque. Naast TGF-beta en de bekende 
signaleringseiwitten die TGF-beta stimuleert, onderzochten we EGR-1 en Foxp1, 
en vonden dat deze beide signaleringseiwitten een positieve associatie hadden 
met een stabiele aderverkalkingsplaque. Dit maakt TGF-beta een veelbelovende 
kandidaat voor klinische studies naar pro-arteriogenese therapie, indien er geen 
andere mogelijke bijwerkingen van het middel zijn (zoals stimulering van 
haarvaatjesgroei in tumoren). 

Eerdere studies naar stimulatie van collaterale vaatgroei met behulp van groeifactoren 
hebben evenwel nog niet geleid tot klinisch toepasbare therapieën. Gezien deze 
teleurstellende resultaten is het belangrijk alternatieve strategieën te bepalen. 
Adhesiemolecuul gemedieerde stimulatie van collaterale vaatgroei kan een zinnig 
alternatief zijn voor groeifactor gerichte therapie. Adhesiemoleculen zijn eiwitten die 
een rol spelen bij het vastplakken van ontstekingscellen aan de bloedvatwand. Ze 
zijn dus van belang voor de recrutering van ontstekingscellen, die de uitrijping van 
het overbruggingsbloedvat ter plekke kunnen stimuleren. Er zijn slechts weinig 
studies gedaan naar deze categorie van moleculen, echter recent werd aangetoond 
dat het adhesiemolecuul CD44 van belang is voor effectieve collateraalvorming, 
zonder dat het mechanisme hierachter geheel duidelijk werd. Zodoende zou CD44 
een potentiële kandidaat kunnen zijn voor adhesiemolecuul gemedieerde pro-
arteriogenese therapie, gezien de betrokkenheid van het molecuul bij inflammatoire 
celadhesie en de rol die het heeft bij bescherming van groeifactoren tegen afbraak. 
Bij dit laatste effect speelt het molecuulonderdeel (exon) ‘v3’ een belangrijke rol, 
aangezien het ook betrokken is bij de groeifactor presentatie. Voor dit onderzoek 
gebruikten we een muizenmodel voor collaterale bloedvatvorming. Door een slagader 
in een muizenpootje af te binden, werd de groei van collaterale bloedvaten 
gestimuleerd. Door de groei van collaterale bloedvaten te vergelijken in muizen die 
het bewuste exon v3 misten met muizen die het wel tot expressie konden brengen, 
konden we de rol van dit exon nader analyseren. We toonden aan dat exon v3 van 
belang is bij de uitrijping van overbruggingsbloedvaten. Helaas liet een vervolgstudie 
zien dat zowel CD44 als CD44v3 beide gecorreleerd zijn met een meer instabiel 
plaque fenotype, mogelijk door hun betrokkenheid bij de afbraak van het  bindweefsel 
door het eiwit MMP-9. Toekomstige studies zijn van belang, waarin geanalyseerd 
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wordt wat de potentie is van verschillende CD44-isovormen om selectief collaterale 
vaatvorming te stimuleren, zonder de atherosclerotische plaquestabiliteit negatief te 
beïnvloeden. Stimulering van arteriogenese op basis van de beïnvloeding van 
adhesiemolecuul-expressielevels zou een interessante optie kunnen zijn in 
toekomstige studies. 

Beïnvloeding van het bindweefsel (de extracellulaire matrix) op een manier die een 
gunstige uitwerking heeft op arteriogenese zou een andere benadering kunnen zijn 
voor nieuwe therapieën. De twee belangrijkste bestanddelen van het bindweefsel in 
aderverkalkingsplaques zijn fibreuze eiwitten zoals collageen, elastine en 
suikerpolymeren (polysacchariden/glycosaminoglycanen) zoals hyaluronzuur. In de 
context van arteriogenese en atherosclerose was er tot nog toe relatief weinig 
aandacht voor hyaluronzuur. Verschillende studies toonden de regulerende werking 
van hyaluronzuur aan. Het is betrokken bij afweersysteemmodulatie, celdeling en de 
vorming van haarvaatjes (angiogenese). De laagmoleculaire varianten van dit molecuul 
hebben een stimulerende werking op angiogenese, alhoewel het effect van deze 
moleculen op arteriogenese niet bekend is. De geobserveerde associatie tussen de 
laagmoleculaire degradatieproducten van volle-lengte hyaluronzuur en een instabiel 
plaquetype maken ze evenwel ongeschikte kandidaten voor pro-arteriogenese 
therapieën. Interessant is om in toekomstige studies te analyseren wat de optimale 
lengte is van hyaluronzuur waarbij arteriogenese gestimuleerd wordt zonder negatieve 
uitwerking op atherosclerotische plaquestabiliteit.

Remming van groeifactoren of cytokines (eiwitten die onder andere een rol spelen 
bij de communicatie tussen cellen van het immuunsysteem) met een negatieve 
uitwerking op collaterale vaatgroei tenslotte zou een andere strategie kunnen vormen 
voor toekomstige pro-arteriogenese therapieën. Aangetoond werd dat het cytokine 
interferon-beta en de signaleringscascade die interferon-beta op gang brengt, 
verschillend tot expressie komen bij patiënten met een goed en slecht ontwikkeld 
collaterale bloedvatennetwerk. Hiervoor werd bloed afgenomen bij patiënten waarbij 
cellen en eiwitten werden geïsoleerd uit dit bloed. We maten de druk in een van de 
kransslagvaten van het hart voorbij een atherosclerotische vernauwing, tijdens het 
opblazen van een ballon ter plaatse van de vernauwing. De druk die dan opgebouwd 
wordt in dit bloedvat voorbij de vernauwing komt dan noodzakelijkerwijs voort uit 
bloedstroming vanuit overbruggingsbloedvaten en is dus een weerspiegeling van de 
mate waarin overbruggingsbloedvaten zijn ontwikkeld. Hierbij hadden patiënten met 
goed ontwikkelde collaterale bloedvaten een verminderde expressie van interferon-
beta en de signaleringscascade van interferon-beta. Mogelijk komt dit verschil voort 
uit het effect van interferon-beta op celdeling van de gladdespiercellen van de 
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bloedvatwand. Remming van de interferon-beta signaleringscascade resulteerde in 
het hiervoor genoemde muizenmodel voor arteriogenese in toegenomen collaterale 
vaatgroei en zou aldus in potentie een nieuwe benadering kunnen zijn om 
arteriogenese te stimuleren. Toekomstige studies moeten uitwijzen of deze benadering 
veilig is. Tevens is het van belang om in toekomstige studies vast te stellen wat het 
effect is van inhibitie van de interferon-beta signaleringscascade op 
plaquestabiliteit.

Dit proefschrift toont aan dat er verschillende veelbelovende potentiële therapeutische 
kandidaatmoleculen zijn die de groei van overbruggingsbloedvaten kunnen stimuleren. 
In toekomstige klinische studies zal hun waarde verder moeten worden bewezen en 
zal tevens moeten worden vastgesteld dat ze geen negatieve uitwerking hebben op 
de aderverkalkingsplaque-stabiliteit, de aderverkalkingshoeveelheid, evenmin als 
andere negatieve bijwerkingen.
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DANKWOORD

Jan Piek
Beste Jan. Met veel plezier heb ik mijn promotieonderzoek gedaan onder jouw leiding. 
Jij nam me aan op een onderzoeksproject waarvan de contouren geschetst waren, 
maar waar ook ruimte voor eigen creatieve invulling mogelijk was. Het project bestond 
uit een combinatie van een patiëntenstudie en daarnaast dierexperimenteel onderzoek. 
De patiëntenstudie werd in de eerste fase van mijn promotieonderzoek in een 
rudimentaire opzet opgetuigd door ons, waarna Stephan Schirmer het project verder 
gestalte heeft gegeven, en ik me verder toelegde op onderzoek op de afdeling 
Experimentele Cardiologie in Utrecht. Ik heb je leren kennen als een warme, 
geïnteresseerde promotor, die altijd klaar staat om zijn promovendi te ondersteunen.

Gerard Pasterkamp
Beste Gerard. Al spoedig na de aanvang van mijn promotie-onderzoek startte ik in 
het kader van het samenwerkingsproject tussen het AMC en het UMC in Utrecht, 
mede gefaciliteerd door de komst van Imo Hoefer.  Ik heb veel opgestoken van je 
kritische houding bij clustermeetings, presentaties en tijdens werkoverleggen. Jouw 
begeleiding spitste zich toe op het onderdeel van mijn promotieonderzoek over 
artherosclerose. Je hebt er vanaf het begin geen onduidelijkheid over laten bestaan 
dat ik als in Utrecht werkzame AMC-er volledig onderdeel was van de Utrecht-groep, 
iets wat ik zeer waardeerde.

Imo Hoefer
Imo, voor mijn promotie heb ik heel veel aan jou te danken. Jij zorgde voor de  
begeleiding van de praktische invulling van onderzoeksprojecten. Met je spreek-
woordelijke discipline zorgde je voor een stimulerend onderzoeksklimaat, waarin ik 
afgelopen jaren veel geleerd heb. Naast het serieuze deel van mijn promotie heb ik 
ook veel gezellige uren met je doorgebracht buiten de laboratoriumwerkzaamheden 
om. Dank voor je niet aflatende ondersteuning! 

Niels van Royen
Met een gedreven volhardendheid heb jij je gestort op het opzetten van een 
arteriogenese-onderzoeksgroep, zoals je die zelf in Duitsland tijdens je eigen 
promotieonderzoek had meegemaakt. In samenwerking met Imo, die je uit deze tijd 
kende, wist je een groep te vormen, met Sebastian en Stephan in de gelederen, die 
elkaar ondersteunde en motiveerde. Ik heb je leren kennen als een gepassioneerd 
onderzoeker, die grote projecten niet uit de weg gaat. Veel succes op je nieuwe 
werkplek, in het VUmc.
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De overige leden van mijn promotiecommissie, prof. dr. C. Ince, Prof. dr. E. van Bavel, 
Prof. dr. C. de Vries, Prof. dr. M. Verhaar en prof. dr. R. Goldschmeding wil ik hartelijk 
danken voor het beoordelen van mijn proefschrift en de bereidheid zitting te nemen 
in mijn promotiecommissie.

Een speciaal woord van dank gaat uit naar mijn beide paranimfen Sebastian 
Grundmann en Marc van der Zee. Ik heb jullie beiden in mijn onderzoekstijd leren 
kennen, allereerst als loyale, ondersteunende collega’s, waarna ik jullie buiten het 
werk om gelukkig ook beter heb mogen leren kennen. Ik ben vereerd om jullie als 
paranimfen aan mijn zijde te hebben staan.

Marie-Jose Goumans
Voor praktische oplossingen van problemen, die ik gaandeweg tijdens mijn 
promotieonderzoek tegenkwam, kon ik immer bij jou terecht. Door jouw kennis van 
zaken, met name tijdens het TGF-beta-project, wist je altijd een verhelderende blik 
te werpen op de resultaten, met de ‘TGF-beta-balans’ in het achterhoofd.Veel dank 
voor je optimistische kijk op fundamenteel onderzoek.

Ineke van Houwelingen
Je zal het wel vaker lezen in proefschriften: jij bent de spil van de afdeling 
experimentele cardiologie. Dank voor al je hulp en steun! 

Beste Regina en Anita, bedankt voor jullie hulp en ondersteuning. Jullie zijn een 
belangrijke motor van de afdeling.

Collega onderzoekers in het AMC en Utrecht
Mijn eerste jaar van mijn promotieonderzoek bracht ik door in de gangen naast de 
cath-kamers, waar de AMC-onderzoekers ondergebracht waren. Het was een leuk 
jaar, waarin ik veel geleerd heb, en veel andere enthousiaste onderzoekers heb leren 
kennen, waarmee ik ook buiten de werktijd en tijdens congressen veel gezellige 
avonden en dagen mee heb gehad. Bedankt Fons, Saskia, Alexander, Thomas, 
Gerlind, Jacobijne, Lilian, Gijs en alle anderen voor de warme ontvangst in het AMC.  
Alle onderzoekers die na mijn vertrek begonnen in het AMC met hun promotietraject 
wil ik via deze weg veel succes wensen in hun onderzoek en hun verdere 
cardiologische carriere. 

Experimentele cardiologie laboratorium UMC-Utrecht:
Allereerst is daar natuurlijk mijn oud kamergenoot Leo Timmers. Aangekomen op 
het GDL, na me een weg te hebben gebaand door allerlei onderzoeksattributen en 
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–spullen bleek ik een kamergenoot te hebben, die eigenlijk niets te wensen overliet, 
behalve een (voor mij zeer herkenbaar) rudimentair ontwikkeld  opruimtalent. Leo, je 
was een stimulerende en gezellige collega! Ik hoop je nog vaak te zien.
Beste Dominique, Joost, Mirjam, dank voor jullie begeleiding en ondersteunende 
adviezen! Beste Willem, Stephan, Dik, Karlijn, Anke, Piet, Daphne, Olivia, Chaylendra, 
Marjolijn, De Wouters, Rob, Ben, Sander, Fatih, Michaela, dank voor jullie 
ondersteuning, fijne lunches, tips and tricks, jullie aanwezigheid bij leuke lab-uitjes 
(met als hoogtepunt het bouwen van defensieve apparaten die menig Talibanstrijder 
het koude zweet zou doen laten uitbreken). Ik heb het altijd zeer naar mijn zin gehad 
dankzij de goede sfeer! 

Natuurlijk zijn er ook nog een aantal mensen buiten het werk om die ik wil bedanken. 
Een paar van mijn vrienden wil ik in het bijzonder danken voor hun betrokkenheid, 
maar ook voor de afleiding in drukke tijden: Peter, Arne, Tijmen, John, Jeroen en de 
oud-redacteuren van PC (Paul bedankt voor de schitterende voorkantfoto), dank dat 
jullie er waren.

Mijn familie en schoonfamilie.
Lieve pap en mam, jullie stimuleerden mij al vanaf mijn vroegste jeugd en maakten 
duidelijk dat alles mogelijk is, als je je maar met hart en ziel inzet. Heel veel dank 
hiervoor. Lieve Martijn en Mireille, jullie als broer en zus te hebben is een rijkdom. 
Jullie stonden altijd voor mij klaar en zorgden voor een erg gezellige sfeer in het gezin. 
Monique en Robbert: mooi om te zien hoe jullie je geliefde aanvullen en gelukkig 
maken! Ik ben blij dat jullie erbij zijn.
Lieve Hugo, Nienke en Joost, Annemarie en Marc. Wat heerlijk is het om opgenomen 
te worden in zo’n warme schoonfamilie, die nog completer is met de komst van 
Jasmijn en Jonas.

Lieve Janneke. Aan wie anders dan aan mijn toeverlaat, mijn steun, mijn grote liefde 
(oftewel mijn alles) zou ik dit promotieboek opdragen dan aan jou? De jaren met jou 
zijn voorbijgevlogen, het is een heerlijke tijd geweest, die me doet uitkijken naar onze 
toekomst samen. Ik hou van je.  
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CURRICULUM VITAE

Pieter (Petrus Theodorus Gerardus) Bot werd geboren op 9 februari 1977 te Hoorn 
en verhuisde al snel naar Baarn waar hij opgroeide. Na het behalen van zijn VWO-
diploma aan het Griftland college te Soest in 1995, werd hij ingeloot voor de studie 
geneeskunde aan de Vrije Universiteit. In het laatste jaar van zijn studie schreef hij 
zich in voor de studie filosofie waar hij het propedeusejaar volgde. Tijdens en na zijn 
studie deed hij enkele projecten in ontwikkelingslanden, onder andere een klinische 
stage in Soedan, een wetenschappelijk onderzoek in Suriname en een 
ontwikkelingshulpproject via de organisatie Medical Checks for Children in Nepal. 
Hij ontwikkelde een belangstelling voor schrijven tijdens zijn studie die resulteerde 
in een redacteurschap van Propria Cures, een Amsterdams literair 
studententijdschrift.

Zijn interesse voor cardiologie werd gewekt tijdens een oudste coschap in het 
Medisch Centrum Alkmaar, waarna in 2003 startte hij met zijn promotie-onderzoek 
onder leiding van prof. J.J. Piek en prof. G. Pasterkamp, met als onderzoeksgebied 
vasculaire inflammatie (arteriogenese en atherosclerose). Hierbij werkte hij nauw 
samen met Sebastian Grundmann en Stephan Schirmer en was hij betrokken bij de 
opzet van een patiëntenstudie naar genexpressie in het AMC bij patiënten met goed 
ontwikkelde en slecht ontwikkelde collaterale bloedvaten. In Utrecht richtte hij zich 
op dierexperimenteel onderzoek naar arteriogenese en bestudeerde hij 
atherosclerotische plaques ter identificatie van factoren die geassocieerd zijn met 
plaque stabiliteit.  

Op 1 april 2008 startte hij met zijn vooropleiding interne geneeskunde in het OLVG, 
te Amsterdam (opleider dr. P.H.J. Frissen, internist) en op 1 april 2010 vervolgde hij 
zijn opleiding cardiologie in het AMC, te Amsterdam (opleider dr. R.B.A. van den 
Brink, cardioloog).
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