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Chapter 1

Cardiovascular Disease: a brief introduction
Cardiovascular diseases (CVD) rank as the leading cause of death worldwide, taking 
an estimated 18 million lives each year. As a result of – amongst others – the global 
obesity pandemic, aging population and physical inactivity, the prevalence and 
incidence of CVD are still increasing.[1] 

The most common underlying cause of most CVD is atherosclerosis, which is 
characterized by accumulation of cells and lipids in the vessel wall leading to (partial) 
occlusion of the large-to mid-sized arteries. This can lead to insufficient blood supply 
to the tissue downstream of the occlusive atherosclerotic lesion, resulting in angina 
pectoris (chest pain) or claudicatio intermittens (leg pain). Classically, atherosclerosis 
has been viewed as a disease that is primarily driven by hypercholesterolemia, 
hypertension and tobacco use. In recent years, however, this paradigm has shifted 
and non-classical factors such as inflammation and blood hemodynamics have 
gained more attention. Indeed, atherosclerosis recently has been acknowledged as 
a chronic inflammatory disease, in which both the innate and the adaptive immune 
system play a central role.[2, 3] 

Activation of the endothelium, a monolayer of specialized cells that separate the 
lumen from the vessel wall, is the first step in development of an atherosclerotic 
plaque.[4, 5] Under physiological conditions, the endothelium functions a semi-
permeable barrier that tightly regulates extravasation of fluids, ions and circulating 
cells into the vessel wall.[5] Through the expression of different adhesion molecules, 
the endothelium can allow immune cell infiltration into the vessel wall. Crossing of 
the endothelial monolayer by leukocytes without causing vascular leakage requires 
concerted action with the endothelial cells (ECs).[6] After transendothelial migration 
of leukocytes, for example to clear invading pathogens, the endothelium should return 
to a quiescent state to prevent uncontrolled and excessive extravasation of immune 
cells into the vessel wall.[7] 

In the context of atherosclerosis, the endothelium is constantly activated which 
leads to endothelial dysfunction and retention of oxidized low-density lipoproteins 
(oxLDL) in the subendothelial layer.[5] Consequently, monocytes migrate into the 
vessel wall where they differentiate into macrophages to clear oxLDL.[8] Excessive 
oxLDL in the vessel wall triggers formation of lipid-laden foam cells, which mainly 
originate from monocytes/macrophages, but can also be derived from other cell 
types.[9] Regardless of their origin, foam cells contribute to pathological thickening 
of the intimal layer of the vessel wall, which is termed intimal hyperplasia (IH), by 
eliciting an inflammatory response that is followed by proliferation of predominantly 
VSMCs and fibroblasts.[10] These cells usually reside in the medial and adventitial 
layer of the vessel wall, but can migrate to the intima upon vascular damage. Both the 
inflammatory as well as the proliferative response can lead to hypoxia in the vessel 
wall itself as a result of increased metabolic demand.[11] This provokes intraplaque 
angiogenesis, which is the ingrowth of neovessels into the hypoxic vessel wall, 
to facilitate the increased oxygen demand. Unfortunately, these neovessels are 
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immature and therefore highly susceptible to vascular leakage, which in turn fuels 
inflammation and atherosclerotic plaque development.[12] 

Growth of the atherosclerotic plaque often limits blood flow, which results in 
hypoxia downstream of these occlusive arterial lesions. When atherosclerotic 
cardiovascular disease (such as coronary and peripheral artery disease – CAD / 
PAD) are diagnosed, the primary focus of treatment is on preventing future lesion 
growth and improving plaque stability to impede disease progression. Consequently, 
clinicians aim to address behavioral risk factors – tabacco use, unhealthy diet – 
as well as biological risk factors – hypercholesterolemia, hypertension – through a 
combination of lifestyle-advice and medical therapy.[13, 14] This, unfortunately, only 
has a modest effect in preventing (progression of) CVD. Additionally, patients with 
existing comorbidities, such as auto-immune diseases[15], chronic kidney disease[16] 
and diabetes[17] are at increased risk of developing CVD. 

To alleviate atherosclerotic disease-associated symptoms, these patients 
require (endo)vascular interventions, such as balloon angioplasty with(out) stent 
placement or bypass surgery, which aim to restore blood flow downstream of these 
occlusive lesions.[18] Another example of a vascular intervention is the creation 
of an arteriovenous fistula in patients with end-stage kidney disease. During this 
procedure, a vein is directly connected to an artery to allow sufficient blood flow for 
hemodialysis access.[19] 

The increase in CVD prevalence has resulted in a significant rise in the number of 
vascular interventions performed annually.[20] The clinical success of these vascular 
interventions depends on adaptation of the vessel wall to the altered hemodynamic 
situation. This process of post-interventional vascular remodeling, however, is often 
accompanied by maladaptation of the blood vessel which is mainly characterized 
by IH and accelerated atherosclerosis. Overall, this causes (re)stenosis after the 
intervention leading to a large number of patients requiring re-interventions.[21] This 
is associated with a decrease in quality of life for patients and high economic burden 
for society. 

The aim of this thesis is to enhance our understanding of the pathophysiological 
process that underly post-interventional vascular remodeling and to assess the 
efficacy of novel therapeutic strategies to hamper adverse vascular remodeling, 
which can ultimately be used to improve patient care. 

1
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Post-interventional vascular remodeling
Adaptation of blood vessels to altered hemodynamic forces after vascular 
interventions, as discussed in this thesis, can be divided into three different 
categories: 
1) 	 arterial remodeling, which is seen after transluminal balloon angioplasty with(out) 

stent placement or bypass surgery using an arterial graft; 
2) 	 venous remodeling, as induced after bypass surgery using a venous graft; 
3) 	 arteriovenous remodeling, as observed after creation of an arteriovenous fistula 

(AVF) for hemodialysis access. 

The improvements in clinical success of (endo)vascular interventions have been 
mainly achieved through evolution of existing treatments, such as the development 
of drug-eluting stents, rather than invention of new therapies or technological 
advances that ameliorate post-interventional vascular remodeling. As a result, we 
are currently lacking options to abrogate the maladaptive response that is observed 
after an intervention in a large number of patients. Although negative arterial, 
venous and arteriovenous remodeling each yield different clinical problems, the 
pathophysiological mechanisms that drive these phenomena are largely shared 
between them. Thrombosis and technical failure are major drivers of early failure 
following a vascular intervention, which is typically observed within in the first 
months after the procedure. Intimal hyperplasia and (accelerated) atherosclerosis 
cause mid- as well as long-term failure of vascular interventions, which occurs in 
the months or years following the intervention. The process of vascular remodeling 
is already induced during the vascular intervention: physical damage during surgery 
induces cellular damage, especially to the endothelium. Additionally, when vessels 
are harvested, the deprivation of blood flow induces ischemia. Together, the physical 
damage and ischemia serve as the first trigger for inflammation, before the vascular 
intervention is even finished.[22, 23] In this thesis, we focus on the biological 
processes that are observed as soon as the vascular intervention is completed and 
how these can be therapeutically targeted to improve surgical outcomes, which in 
the end will contribute to improved patient care. 

Hemodynamics
Upon completion of the vascular intervention, the vessel wall is exposed to 
significantly higher blood pressure which causes distension of the vessel wall. The 
altered morphology of the vessel wall results in perturbed blood flow. The changes 
in blood flow are sensed by endothelial cells that in turn also respond to these 
alterations. Depending on the type of flow, the cellular response varies. Laminar blood 
flow, as observed in physiological situations and often termed ‘stable flow’, induces 
elongation of endothelial cells and alignment of the cell body along the direction 
of the flow.[24] Moreover, a sequence of biochemical and genetic signaling events 
is triggered, including production of cytokines and small molecules that have anti-
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inflammatory and vasodilatory effects, such as nitric oxide.[25] The alterations in 
cell shape are in part mediated by activation of small RhoGTPases, which regulate 
remodeling of the actin cytoskeleton, intercellular junctions and focal adhesions.[26] 
The activation of these RhoGTPases, such as Rac1, is in turn regulated by guanine 
nucleotide exchange factors (GEFs). The importance of cell morphology is illustrated 
by RhoGEF Trio, which controls endothelial barrier functions by controlling the 
anatomical shape and junctional integrity of endothelial cells through modulation 
of RhoGTPase activity.[27] Overall, laminar blood flow yields vaso-protective effects, 
through a variety of mechanisms, that ultimately limit atherogenesis. 

Atherosclerotic plaques arise in curved or branched vascular regions, such as the 
carotid bifurcation, due to the multidirectional oscillatory flow, which is also termed 
‘disturbed flow’.[28] In contrast to laminar flow, disturbed flow promotes endothelial 
dysfunction by augmenting oxidative stress through increased production of reactive 
oxygen species.[29] Upon disturbed flow, nuclear factor-κβ (NF-κβ) signaling is 
activated with initiates endothelial inflammation by increased expression of adhesion 
molecules such as (Intercellular / Vascular Cell Adhesion Molecule – ICAM / VCAM – or 
E-selectin) as well as production of pro-inflammatory cytokines such as IL1, IL6 and 
CCL2.[30] Moreover, endothelial cell proliferation as well as apoptosis is increased.
[31] Altogether, disturbed flow generates a pro-inflammatory and proliferative 
response that drives atherogenesis.[30] 

Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding 
motif (TAZ) play a major role in regulating cellular responses to hemodynamic 
alterations.[32] Laminar flow promotes phosphorylation of YAP/TAZ, which signals 
cytosolic retention and inactivation of YAP/TAZ signaling. Upon disturbed flow, YAP/
TAZ translocates into the nucleus to promote transcriptional activation of its targets 
via interactions with e.g. transcription enhancer activator domain transcription 
factors (TEADs).[33] Activation of YAP/TAZ signaling increases endothelial 
inflammation, resulting in increased adherence of monocytes to the endothelium. 
In regions of disturbed flow, YAP/TAZ signaling mediates atherogenesis. Moreover, 
therapeutic inhibition as well as genetic deletion of YAP resulted in a reduction in 
plaque development.[32, 34] This underscores the importance of the endothelium for 
vascular homeostasis and exemplifies how loss of the endothelial barrier function can 
prompt uncontrolled infiltration of e.g. leukocytes into the vessel, which amplifies 
the initial inflammatory response to surgery and signals the onset of chronic 
inflammation in the vessel wall. 

In addition to activation of the endothelium after exposure to disturbed flow 
after an intervention, the arterial blood pressure together with the surgical damage, 
also results in (partial) de-endothelialization of the vessel wall.[35] Consequently, 
the extracellular matrix of the subendothelial layer is exposed which can lead to 
thrombosis. Together with technical failure, thrombosis is the main cause for short-
term failure.[36] 

1
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Specifically in arteriovenous remodeling, the sharp angle between the artery 
and the vein inevitably induces disturbed flow. This leads to a pro-thrombotic and 
pro-inflammatory as well as pro-atherogenic microenvironment around the site of 
the arteriovenous anastomosis. Consequently, the disturbed flow represent a major 
problem that is associated with thrombosis and adverse vascular remodeling that 
limits clinical success of arteriovenous fistulas. Several modifications of the initial 
surgical technique, including changes in fistula angles[37], artery-to-vein (A-V) 
configuration rather than vein-to-artery[38] and external support devices (such 
as VasQ[39]), have been proposed to improve hemodynamics by optimizing fistula 
geometry (partly based on computational fluid dynamics). The results from these 
studies are quite promising demonstrating a decrease in both short- as well as long-
term failure, underscoring the importance of hemodynamics in post-interventional 
vascular remodeling. 

Mechanical stress
In addition to the disturbed flow that can activate and damage the endothelium, the 
increased hydrostatic pressure and cyclic strain after surgery amplify the mechanical 
stress that is exerted on the vessel wall. Cells residing in the vascular wall can ‘sense’ 
mechanical forces and respond to these mechanical cues by altering gene expression 
and epigenetic programming, which leads to a myofibroproliferative response.[40] 
Especially in (arterio)venous remodeling, the shift from low and constant blood flow 
– as seen in the venous circulation – to high and pulsatile arterial flow results in an 
enormous increase in cyclic strain.[41] Exposure of human saphenous veins, which 
are commonly used for venous bypass surgery, to coronary mechanics ex vivo induced 
phenotypic switching of vascular smooth muscle cells (VSMCs) from a contractile 
to a synthetic phenotype.[41] Both in naïve and accelerated atherosclerosis, this 
switch has been described to actively contribute to lesion development.[42, 43] In 
human saphenous veins, this transition to synthetic VSMC phenotype was associated 
with a consistent release of thrombospondin-1, a pro-fibrotic matricellular protein 
that has chemoattractant effects fibroblasts,[41] and saphenous vein progenitor 
cells, another cell type that has recently been described to to actively contribute to 
intimal hyperplasia. Additionally, thrombospondin-1 also mediates differentiation of 
fibroblasts into myofibroblasts upon injury.[44]

In addition to phenotypic switching of VSMCs, mechanical strain also stimulates 
VSMC proliferation, release of pro-fibrotic factors such as collagen and transforming 
growth factor-β (TGF-β) and activity of metalloproteinases (MMPs), which 
overall results in extracellular matrix remodeling and a fibrotic response.[45, 46] 
Interestingly, VSMCs derived from the internal mammary artery (IMA) do not exhibit 
increased proliferation by pulsatile stretch[47], thus underlining the importance of 
mechanical stress in specifically (arterio)venous remodeling. 

Preventing maximal distension in e.g. venous grafts, could reduce mechanical 
stress and diminish the myofibroproliferative response that leads to intimal 
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hyperplasia. Small clinical trials (VEST I-IV, US, Venous External Support) have 
demonstrated a decrease in neointima formation in externally supported venous 
grafts compared to non-supported vein grafts, although this increase did not translate 
into a decrease in mid- and long-term patency.[48-51] In fact, the patency exhibits a 
non-significant trend towards decreased patency upon external support, highlighting 
the need to identify the molecular mechanisms that underly the reduction in intimal 
hyperplasia in order to target these pathways without the potential side-effects of 
a synthetic, external graft. Interestingly, preclinical evidence has suggested that 
external stenting of venous grafts prevents intimal hyperplasia by decreasing YAP-
signaling as well as VSMC proliferation and dedifferentiation.[52] The reduction in 
neointima formation by external stenting was further amplified by coating these 
external stents with rapamycin[52], a drug with potent anti-inflammatory and anti-
proliferative effects that has already long been used for drug-eluting stents for PCI, 
demonstrating that not only internal but also external coating of stents could provide 
clinical benefits.[53] 

Reendothelialization 
Introduction of the drug-eluting stent, in which an antiproliferative drug coats the 
scaffold, has led to a significant reduction of restenosis.[54] Long-term trials, however, 
have revealed that the antiproliferative drug also inhibits reendothelialization after 
the intervention.[55] Rapid reendothelialization requires proliferation of endothelial 
cells that are located proximally as well as distally of the denudated region and should 
prevent thrombosis. Additionally, venous endothelial cells can also contribute to the 
reendothelialization process.[56] 

The decreased endothelial cell proliferation in drug-eluting stents has led to an 
increase of late (>30 days) and very late (>12 months) thrombosis.[57, 58] To promote 
reendothelialization, stents coated with CD34-antibodies have been developed 
to capture circulating endothelial progenitor cells that have been demonstrated 
to orchestrate repair processes in damaged tissues.[59] Use of these stents has 
been shown to decrease the risk of thrombosis although this was also associated 
with increased target vessel revascularization, indicating higher failure, whilst 
underscoring the important role of the endothelium in post-interventional vascular 
remodeling.[60] 

Preserving the integrity of the endothelium during vein graft surgery has been 
proposed as one of the potential mechanisms to explain the increased patency 
of vein grafts harvested via the ‘no touch’ technique compared to conventional 
harvesting, which includes stripping of all tissue surrounding the vein.[61] The 
surgical damage inflicted by conventional harvesting, however, extends beyond the 
luminal endothelium, it also impacts the medial and adventitial architecture and the 
perivascular adipose tissue (PVAT).[62]

1



16

Chapter 1

Intimal hyperplasia 
The hemodynamic changes, mechanical stress and surgical damage together incite 
a myofibroproliferative response through a variety of mechanisms. Excessive 
proliferation of predominantly vascular smooth muscle cells as well as fibroblast(like) 
cells, extracellular matrix remodeling and inflammation are key factors that can drive 
intimal hyperplasia. 

Immediately after the intervention, numerous growth factors, cytokines and 
chemokines are locally excreted in the vessel wall, which altogether trigger VSMC and 
fibroblast proliferation. Vascular endothelial growth factor (VEGF), basic fibroblast 
growth factor (bFGF), platelet-derived growth factor (PDGF) and TGF-β are well 
characterized growth factors known to trigger proliferation of vascular cells. These 
cells that reside in the medial and adventitial layer of the vessel wall do not only 
proliferate, but also migrate to the intima. To facilitate their migration to the intima, 
these cells excrete matrixmetalloproteases (MMPs), which induces extracellular 
matrix remodeling through degradation of collagen and various other components 
in the vessel wall. After surgery, particularly MMP2 and MMP9 are extensively 
expressed in restenotic,[63] arteriovenous fistula[64] as well as vein graft lesions.
[65] Preventing degradation of the extracellular matrix could potentially prevent 
vascular cell migration into the intima and reduce neointima formation. Indeed, 
therapeutic inhibition of MMPs resulted in significant less intimal hyperplasia.[64, 
66, 67] Moreover, gene therapy aimed at local overexpression of tissue inhibitor of 
MMPs (TIMP) 1, 2 or 3 has been demonstrated to inhibit intimal hyperplasia formation 
in various animal models,[68-70] whilst the efficacy of gene therapy for TIMP3 is 
currently being investigated in a clinical trial (G1001147/1). 

Preventing vascular cell proliferation is also an attractive therapeutic approach 
to limit intimal hyperplasia. Expression of genes that regulate proliferation is 
controlled by E2F, a group of transcription factors that are key regulators of cell 
cycle progression.[71, 72] Using a gene therapy approach in which a decoy specifically 
binds E2F to block proliferation, resulted in decreased arterial neointima formation 
after vascular injury in rats[73] and vein graft intimal hyperplasia in rabbits.[74] Brief 
incubation of human saphenous veins with the therapeutic agent ex vivo resulted in 
excellent drug delivery[75], which was also safe and feasible in both peripheral[75] 
and coronary[76] bypass graft settings. Assessment of clinical efficacy in randomized 
trials in patients undergoing peripheral[77] and coronary[78] bypass surgery, however, 
indicated no protection from vein graft failure, demonstrating the multi-faceted 
nature of post-interventional vascular remodeling.

The proliferation of vascular smooth muscle cells is also accompanied by a 
phenotypic switch from a contractile to a mesenchymal or even fibroblast-like state, 
which has been suggested to accelerate intimal hyperplasia formation.[79] Not only 
smooth muscle cells and fibroblasts, however, contribute to intimal hyperplasia, 
also perivascular adipose tissue-derived stem cells[80], dedifferentiated endothelial 
cells and leukocytes are found in the intima.[56] In (arterio)venous remodeling, 
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there is also the additional question whether the cells residing in the vein graft, 
and specifically the intimal layer, are of venous or arterial origin. Experimental 
evidence in mice suggests that around the anastomotic regions both arterial and 
venous smooth muscle cells are the main cell type found in the neointima, whilst 
at the middle segment mainly synthetic smooth muscle cells of venous origin are 
found. Interestingly, only endothelial cells that have undergone endothelial-to-
mesenchymal transition (EndoMT) of venous origin were found in the intima, whilst 
arterial endothelial cells are the major cellular source of reendothelialization.[56] 
Despite relatively small number of dedifferentiated endothelial cells found in the 
intima, conditioned medium of these EndoMT endothelial cells had a strong inhibitory 
effect on vascular smooth muscle cell dedifferentiation in vitro,[56] which could be 
suggestive of a regulatory role of venous endothelial cells in the development of 
intimal hyperplasia. 

It is important to note cellular proliferation to a certain extent is required for 
beneficial post-interventional vascular remodeling. Not only luminal endothelial 
cells are required to proliferate to initiate reendothelialization, also VSMCs and 
fibroblasts residing in the intimal and medial need to proliferate to withstand the 
arterial blood flow. Beneficial, or outward, remodeling is characterized by moderate 
intimal hyperplasia with medial thickening whilst the lumen area is preserved – or 
even increased – to facilitate adequate blood flow. In contrast, negative, or inward, 
remodeling is characterized by excessive intimal hyperplasia and narrowing of the 
lumen, which leads to decreased blood flow. Proliferation in post-interventional 
vascular remodeling, as a result, is a delicate process with a very tight balance, that 
requires proliferation during early stages of vascular remodeling, but is often followed 
by prolonged and excessive proliferation at later stages leading to loss of patency. 

Inflammation
In the last decades, inflammation has emerged as a critical driver of atherosclerotic 
cardiovascular disease (Fig. 1). Extensive pre-clinical evidence has suggested a key 
role of inflammatory cytokines and various immune cells in atherosclerotic plaque 
development.[3] The importance of inflammation to the progression of atherosclerotic 
cardiovascular disease was highlighted in the CANTOS trial, in which a monoclonal 
antibody capturing IL-1β (canakinumab) reduced major adverse cardiovascular in 
patients with a history of myocardial infarction and elevated baseline levels of 
C-reactive protein compared to control.[81] Importantly, canakinumab did not 
affect lipid levels, but significantly decreased high-sensitive CRP, which indicates 
reduced inflammation. Furthermore, the strong inflammatory component of 
atherosclerosis was corroborated by a decreased risk of cardiovascular patients 
with chronic coronary disease upon treatment with low dose colchicine.[82] This is 
an anti-inflammatory drug that also has broad cellular effects including alteration 
of leukocyte responsiveness.[83] Together, these data establish a clear and causal 
relationship between inflammation and atherosclerotic cardiovascular disease 

1
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and underscore the therapeutic potential of anti-inflammatory therapy to reduce 
disease burden. Nevertheless, the side-effects of anti-inflammatory medication in 
general include, amongst others, increased rates of infection and leukocytopenia. 
Interestingly, these side-effects were observed for anti-IL-1β treatment, but not 
for low-dose colchicine. Moreover, the effect sizes were relatively small for both 
canakinumab and colchicine, highlighting the multi-faceted nature of atherosclerosis 
and the great diversity in disease development. This also warrants further research 
to optimize anti-inflammatory treatment to specifically target local, rather than 
systemic inflammation to prevent potential side effects and utilize its therapeutic 
potential to its fullest. 

Figure 1. Initiation of atherosclerosis. 

Pathologic activation of the endothelium results in loss of endothelial barrier function as well as 
upregulation of leukocyte adhesion molecules, altogether leading to subendothelial retention of 
lipoproteins and subsequent migration of leukocytes into the vessel wall. The inflammatory response, 
amongst others, will drive vascular smooth muscle cell migration and proliferation, thus ultimately 
initiating atherosclerotic plaque formation. [Adapted from Libby P. The changing landscape of 
atherosclerosis. Nature, 2021] 

Vascular intervention itself induces vascular damage which – together altered 
hemodynamics after the procedure – triggers local production and secretion of 
numerous growth factors, chemokines and pro-inflammatory cytokines, such as IL 
and CCL, in the vessel wall. Additionally, VSMCs and fibroblast proliferate and migrate 



19

General Introduction

to the intima, during which these cells induce extracellular matrix remodeling. The 
products that are released during the degradation process, e.g. cell and extracellular 
matrix fragments, are damage-associated molecular patterns (DAMPs), which can 
act as endogenous ligands for toll-like receptors (TLRs).[84] These membrane-bound 
receptors are key drivers of the innate immune response and are expressed on a 
variety of vascular cells, including endothelial cells, vascular smooth muscle cells and 
macrophages. After surgery, these DAMPs and other TLR-ligands (such as Tenascin-c) 
are locally expressed in the vessel wall[84] and elicit activation of nuclear factor-κB 
(NF-κB).[85] The surgical damage itself serves as the initial trigger for the (local) 
inflammatory response, which is further amplified by the matrix turnover as a result of 
hemodynamics, mechanical strain and vascular cell migration. All in all, this results in 
the excessive release of pro-inflammatory cytokines, such as tissue necrosis factor-α 
(TNF-α), interleukin-1β (IL-1β) and c-c motif chemokine ligand 2 (CCL2), which prompts 
recruitment of leukocytes into the vessel wall and yields local inflammation in the 
vessel wall after surgery.[86] 

To a certain extent, acute inflammation early after vascular interventions is 
required to a certain degree to ‘kickstart’ post-interventional vascular remodeling and 
induce outward remodeling. T he issue is that this short period of acute inflammation 
after the vascular intervention is often not resolved and transitions into long-term, 
chronic inflammation, which is associated with inward remodeling. The two phases 
of inflammation are best exemplified by the expression of TLR4 in murine vein grafts. 
TLR4 expression peaks one day after surgery (acute), followed by a period of hardly 
no TLR4 expression in the vein graft, until it surges again at later timepoints (chronic).
[84] The hyperinflammatory response to surgery distinguishes post-interventional 
vascular remodeling from, for example, native atherosclerosis. Moreover, it is a 
critical determent of long-term success: aggravating the local inflammatory in the 
vessel wall in mice by periadventitial delivery of lipopolysaccharide during surgery 
increased development of arterial restenosis.[84] In contrast, inhibiting both acute 
and chronic inflammation by systemic administration of dexamethasone (long-term) 
decreased neointima decreased neointima formation in mice in both arterial and 
venous remodeling after surgery.[87, 88] Strikingly, short-term dexamethasone (7days) 
yielded similar protection as long-term (28 days), underscoring the crucial role of early 
inflammation as a critical regulator of post-interventional vascular remodeling.[88] 
Furthermore, the potential of dexamethasone to inhibit arterial intimal hyperplasia 
was amplified when administered locally, which also accentuates the important 
distinction between systemic and local inflammation.[87] 

The release of DAMPs and pro-inflammatory cytokines induces generation of 
reactive oxygen species (ROS). The excessive production of ROS can lead to oxidative 
stress in all layers of the vessel wall and lead to cell damage, necrosis and apoptosis 
due to their direct effects on protein, lipids and DNA.[89] The damage, specifically 
to the DNA, causes cellular stress. In response to DNA damage, poly ADP-ribose 
polymerase (PARP) is activated to facilitate DNA repair by recruiting DNA repair 
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machinery to damaged DNA sites.[90] PARP-1 is the most studied nuclear enzyme.
[91] Although the role of PARP-1 is initially beneficial and allows cells to respond 
to DNA damage, excessive PARP-1 activation is associated with a wide variety of 
disease, including CVD.[92] Extensive activation of PARP induces inflammation, partly 
through activation of NF-κB and production of pro-inflammatory cytokines.[93] PARP 
activation is therefore regarded as a common mediator of the inflammatory process 
in multiple CVD.[94] 

In mice, genetic deletion of PARP1 diminished atherosclerotic lesion development 
by upregulating tissue inhibitor of metalloproteinase-2, which prevented vascular 
smooth muscle cell migration. Moreover, the infiltration of macrophages into the 
plaque was reduced.[95, 96] Additionally, when PARP-1 was therapeutically inhibited, 
neointima formation after carotid wire injury was restricted in rats, whilst also the 
infiltration of leukocytes into the vessel wall was impeded.[97] Mechanistically, the 
reduced recruitment of leukocytes after surgical injury could in part be explained 
by decreased NF-κB activation and reduction in CCL2 expression in PARP1-/- 
macrophages, which indicates an attenuated response on a cellular level to injury.[96] 

The production and secretion of CCL2 is a key driver of inflammation. CCL2, 
formerly known as monocyte chemoattractant protein-1 (MCP-1), is a chemokine 
that can mobilize monocytes from the bone marrow and attracts them to sites of 
inflammation, including inflamed blood vessels, thus amplifying the inflammatory 
response.[98] In mice that lack CCL2, or its receptor CCR2, the formation of 
atherosclerotic plaques is reduced, signaling its importance in native atherogenesis.
[99, 100] Additionally, the CCL2-CCR2 axis has been demonstrated to critically 
regulate post-interventional vascular remodeling. Pharmacological inhibition of 
CCR2 signaling reduced neointima formation after arterial wire injury in mice.[101] 
Furthermore, also adverse venous remodeling was attenuated when expression of 
CCL2 or CCR2 was inhibited through gene therapy approach.[102, 103] In patients, 
expression of CCL2 in carotid plaques corresponds with macrophage infiltration, MMP 
activity and other markers of inflammation.[98] All this evidence suggest a key role for 
CCL2 in the development and an atherosclerotic plaque and therefore, the therapeutic 
potential of CCL2 inhibition to prevent plaque progression was assessed in a clinical 
trial. Although selective CCL2 inhibition increased stent patency after percutaneous 
coronary interventions, there were no significant differences in incidence of major 
adverse cardiovascular events.[104] Overall, these studies highlight the crucial role 
of inflammation in atherogenesis and post-interventional vascular remodeling, 
whilst highlighting the need for individualized and more targeted therapy, rather than 
general immune-inhibition, to increase chances of clinical success. 

Macrophages
The inflammatory response after the intervention is orchestrated by different 
leukocyte subsets at different timepoints. During surgery, systemic CCL2 levels 
increase which mobilizes monocytes from the bone marrow.[105] After the procedure, 
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circulating monocytes will adhere to the activated or even denudated endothelium in 
response to the excretion of pro-inflammatory cytokines and upregulation of adhesion 
molecules. After extravasation, monocyte differentiate into pro-inflammatory or 
anti-inflammatory macrophages depending on the micro-environment in the vessel 
wall.[106] In the vessel wall, especially during early stages of vascular remodeling, 
pro-inflammatory macrophages represent the vast majority of leukocytes that are 
found in the vessel wall, due to the cytokine storm after surgery.[86, 107] After the 
initial inflammatory response, macrophages should become more repair associated 
and undergo phenotypic switching from a pro- towards anti-inflammatory profile. 
Pro-inflammatory macrophages, formerly known as M1 macrophages, typically 
express CD80-CD86 (costimulatory marker), CCR2 and inducible nitric oxide (iNOS), 
whilst anti-inflammatory macrophages, formerly known as M2 macrophages, are 
characterized by expression of CD206 and Arginase1.[108] 

The arrival of single cell omic techniques have revealed that the classical 
distinction between pro- (M1) and anti-inflammatory macrophages (M2) has been 
too simplistic. Different single cell transcriptomic studies have identified four main 
macrophage subsets in atherosclerotic plaques.[109-112] There are two inflammatory 
macrophage populations: one that includes macrophages expressing IL-1β, whilst 
the other population predominantly expresses TNF-α, which indicates a certain 
degree of heterogeneity in response to inflammation in the atherosclerotic plaque. 
Additionally, a resident-like macrophage population was identified that appears to 
play a role in maintaining vascular homeostasis and could therefore be regarded 
as more anti-inflammatory.[113] Interestingly, another population mainly expressed 
genes involved in lipid metabolism and cholesterol transport / efflux. These TREM2hi 
macrophages were therefore identified as candidate foam cells. Interestingly, the 
absence of pro-inflammatory gene expression challenges the concept of directly 
lipid-driven inflammation in macrophages, and is suggestive of indirect lipid-driven 
inflammation through necrosis of foam cells for example.[106] 

Above all, the single cell transcriptomic studies of the atherosclerotic plaque 
have affirmed the plasticity of this cell type. These data can be used to identify 
potential therapeutic targets to guide the transition of macrophages from a 
pro-inflammatory phenotype that promotes plaque instability and progression 
towards an anti-inflammatory and repair-associated phenotype. Additionally, this 
transition could also stimulate outward remodeling of blood vessels by facilitating 
inflammation regression after surgery. Interestingly, statin-therapy is known to exert 
anti-inflammatory effects, in addition to their cholesterol-lowering effect.[114, 115] 
Mechanistically, statins have been demonstrated to inhibit YAP as well as NF-κβ 
signaling in macrophages, but also in other cell types, which blocked excretion of pro-
inflammatory cytokines such as IL-6.[114-116] These pleiotropic effects could provide 
a rational for aggressive statin therapy after vascular interventions to restrain plaque 
inflammation. 
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Exposure of monocytes and macrophages to endogenous atherogenic stimuli, 
such as oxLDL, can lead to epigenetic and metabolic reprogramming of these cells.
[117] This can lead to a long-lasting pro-inflammatory phenotype of these cells. When 
re-exposed to a previously encountered stimulus, the inflammatory response of the 
immune system will then be amplified compared to the initial exposure.[118] This 
concept of trained immunity can significantly affect post-interventional vascular 
remodeling and induce adverse remodeling. Myocardial infarction, for example, drives 
trained immunity of monocytes, thus accelerating atherogenesis.[119] Moreover, this 
augment immune response further escalates upon re-interventions and hamper 
clinical success. Overall, this phenomenon further emphasizes the importance and 
therapeutic potential of anti-inflammatory therapy, which could guide transition 
of macrophages towards an inflammation-resolving phenotype to prevent adverse 
vascular remodeling. 

T cells
Although atherosclerotic cardiovascular diseases have classically been viewed 
to be driven by the innate immune system, it has recently become increasingly 
clear that also the adaptive immune system can contribute atherogenesis. In fact, 
single cell technologies have revealed an abundance of T cells in advanced, human 
atherosclerotic plaques. Moreover, these T cells display an activated phenotype. 
Additionally, a strong association between the number of activated T cells and 
plaque progression has been identified, which indicates an active role of the adaptive 
immune system during atherogenesis.[109, 110, 120] 

In mice, multiple T cell populations have been identified at different stages 
of plaque development, which implicates that T cells are involved in and actively 
contribute to atherosclerotic lesion development.[111] The (causal) role of T cells in 
atherogenesis and post-interventional vascular remodeling, however, remains to be 
fully understood due to the large variety of T cell subsets and opposing functions. 

Three signals are required for T cell activation: i) recognition of an antigen 
(presented by an antigen presenting cell) by the T cell receptor, ii) activation of the T 
cell by its costimulatory molecule and iii) a polarizing cytokine signal. 

Naïve T cells are precursors for all T cell subsets. These naïve T cells can be 
activated by various immune cells, for example dendritic cells, which can take 
up antigens and consequently function as an antigen presenting cells. Following 
activation of the T cells receptor and costimulation in lymphoid organs, naïve T 
cells proliferate and differentiate into effector and memory T cell subsets. Central 
memory T cells are characterized by their presence in blood and lymphoid organs, 
whilst effector-memory T cells are characterized by rapid effector function upon 
activation, production of various (inflammatory) cytokines and their rapid infiltration 
into inflamed tissue. 

Antigen presenting cells as well as T cells are commonly found in the vessel wall 
under physiologic conditions. In the context of atherosclerotic lesions, the number of 
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antigen presenting cells is greatly increased, whilst their phenotype is also distinctly 
altered.[121, 122] In addition to invading pathogens, antigen presenting cells can also 
present damage-associated molecular patterns (DAMPS), such as oxLDL, glycated 
proteins, lipids and nucleic acids, which are frequently found in plaques.[123] This 
is accompanied by expression of costimulatory molecules such as CD40, CD80 
and CD86, which are normally not expressed in healthy vessels, and leads to T cell 
activation.[124] After vascular interventions, the altered hemodynamics and surgical 
injury together induce a cytokine storm, necrosis of vascular cells and extracellular 
matrix remodeling (the products of this process can act as DAMPs). Altogether, this 
leads to a micro-environment in the vessel wall that favors T cell activation. 

The importance of T cell costimulation for both native and accelerated 
atherosclerosis is corroborated by clinical as well as preclinical evidence. For 
example, CD40+ dendritic cells have been observed in carotid plaques as well 
as stenotic atherosclerotic vein grafts,[125] whilst soluble CD40L levels closely 
associated with restenosis following PCI.[126, 127] CD40L-deficiency in CD4+ T 
cells and dendritic cells reduced atherogenesis by decreasing T cell activation and 
infiltration into the plaque.[128] Similar effects were observed for CD137, which 
binds to CD137L to induce T cell activation. In human atherosclerotic lesions, CD137 
was expressed mainly on CD8+ T cells.[129] In mice, agonistic stimulation of CD137 
aggravated atherogenesis and increased CD8+ T cell infiltration into the plaque.[129] 
In contrast, genetic silencing reduced atherogenesis.[130] Furthermore, genetic 
deletion as well as therapeutic inhibition of costimulatory receptor CD28 decreased 
arterial neointima formation in mice by diminishing leukocyte infiltration into the 
vessel wall.[131] This receptor, CD28, can be activated by expression of CD80 and 
CD86, whilst it can also be inhibited when it binds to co-inhibitor molecule cytotoxic 
t-lymphocyte antigen (CTLA)-4.[132] These inhibitory molecules, such as CTLA-4 and 
programmed death-ligand (PD-L)1, prevent T cell activation.[133]

Cancer cells often express co-inhibitory molecules to evade the immune 
recognition and subsequent clearance by immune cells. Immune checkpoint inhibitors 
(such as anti-CTLA-4 and anti-PD-L1) are therefore frequently used to induce immune 
activation in patients with cancer. The increased activation of immune cells, however, 
also profoundly affects the cardiovascular system. Clinical evidence convincingly 
demonstrates that patients with cancer receiving these immune-checkpoint 
inhibitors are at increased risk of atherosclerotic plaque progression, as evidenced 
by increased incidence of myocardial infarction, coronary revascularization and 
ischemic stroke.[134] In mice, immune checkpoint inhibition results in increased 
inflammation in native atherosclerosis,[135] whilst also driving arterial neointima 
formation.[131] Furthermore, anti-PD-L1 treatment prevented arteriovenous fistula 
maturation by inhibiting VSMC proliferation and increasing endothelial dysfunction.
[136] Moreover, anti-PD-L1 treatment also aggravated macrophage polarization 
towards an inflammatory phenotype, thus emphasizing the interplay between 
different immune cell subsets and other cell types in the vessel wall.[136] Overall, 
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these data warrant close monitoring of cardiovascular health in patients receiving 
immunotherapy. 

Intraplaque angiogenesis
Both the inflammatory as well as the myofibroproliferative response that are 
observed after surgery result in increased oxygen consumption.[137] Together with 
the progressive thickening of the vessel, which hampers oxygen diffusion, this can 
lead to plaque hypoxia, which contributes to atherogenesis. From a molecular point 
of view, the absence of oxygen prevents degradation of hypoxia-inducible factor (HIF)-
1α by prolyl hydroxylases (PHD)1, 2 and 3. As a result, HIF-1α is stabilized and can 
translocate into the nucleus.[138, 139] This results in the transcriptional activation of 
downstream targets of HIF-1α, including VEGF, which drives an angiogenic response to 
overcome hypoxia. In the atherosclerotic plaque, HIF-1α is predominantly expressed 
by macrophages, which triggers the ingrowth of neovessels into the hypoxic plaque, 
termed intraplaque angiogenesis [140-142] These neovessels, however, are immature 
and therefore susceptible to intraplaque hemorrhage. Consequently, the body’s 
physiologic response to hypoxia becomes pathologic, since intraplaque hemorrhage 
fuels plaque inflammation as a result of uncontrolled extravasation of erythrocytes 
and leukocytes.[12] Limiting intraplaque angiogenesis and intraplaque hemorrhage 
could therefore prevent plaque growth.

Upon the production and secretion of growth factors, such as VEGF and bFGF, in 
the vessel wall, neovessels usually grow into the hypoxic plaque from the adventitia. 
When VEGF is produced and secreted in the hypoxic vessel wall, it can bind to 
VEGFR2 which enhances the dimerization of VEGFR2 and increases receptor activity 
to promote intracellular (angiogenic) signaling.[143] VEGF can also bind to VEGFR1 
(which is mainly expressed on monocytes as well as macrophages) or VEGFR3 (which 
is mainly expressed on lymphatic endothelial cells), but VEGFR2 is the main receptor 
and is mostly expressed on vascular endothelial cells.[144] The VEGF gradient induces 
proliferation of endothelial cells and migration of tip cells, which are followed by stalk 
cells, to migrate towards the angiogenic stimulus.[143, 144] Multiple therapeutic 
strategies that aim to reduce VEGF-VEGFR2 signaling have been designed to decrease 
angiogenesis in cancer[145] or retinopathy.[146] 

In the context of atherosclerosis, when VEGFR2 signaling was inhibited by an 
antibody, the atherosclerotic lesion was decreased, whilst plaque stability was 
increased. Surprisingly, the number of neovessels was not reduced, whereas the 
number of extravasated was significantly decreased, indicating less intraplaque 
hemorrhage.[141] In another study that aimed to reduce atherogenesis by blocking 
bFGF-signaling, it was found that blockade of bFGF-signaling did inhibit intraplaque 
angiogenesis as well as intraplaque hemorrhage. Lesion size, however, was 
unaffected, whilst the plaque inflammation and infiltration of macrophages into the 
plaque was diminished.[147] This shows that neovascularization actively contributes 
to plaque growth and lesion instability. Moreover, it demonstrates that the quality, 
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rather than the quantity, of these neovessels determines plaque fate. Restoring the 
endothelial barrier function of intraplaque neovessels, could therefore potentially 
prevent atherosclerotic plaque growth and improve post-interventional vascular 
remodeling.

Perivascular adipose tissue (PVAT)
The endothelial cells usually grow into the hypoxic plaque from the vasa vasorum of 
the adventitia.[148] Proliferation of these endothelial cells appears to be strongly 
regulated by perivascular adipose tissue (PVAT), which surrounds both arteries and 
veins.[149] Although PVAT has long been overlooked in vascular biology, it is now 
recognized as an paracrine organ that regulates vascular function. Under physiologic 
conditions, PVAT contributes to vascular homeostasis through excretion of anti-
inflammatory cytokines and vasodilators, such as NO.[150] Dysfunctional PVAT, 
however, can instigate vascular disease by inducing release of pro-inflammatory 
and pro-angiogenic cytokines, such as CCL2.[151] 
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Figure 2. Preoperative and postoperative changes in perivascular adipose tissue (PVAT) in lean 
versus overweight/obese conditions. 

In lean individuals, PVAT acquires a brown adipose tissue (BAT)–like phenotype to mitigate the 
proinflammatory response to surgical injury. To facilitate vascular repair, NRG4 (neuregulin-4) 
expression is increased in PVAT adipocytes, which promotes transitioning of macrophages toward 
an anti-inflammatory phenotype. This is accompanied by release of anti-inflammatory cytokines and 
NO. In obese individuals, PVAT exhibits an increase in white adipocytes, elevated proinflammatory 
cytokines (IL-6 [interleukin-6], CCL2 [CC-chemokine ligand 2], TNFα [tumor necrosis factor-α], and 
leptin), and a higher presence of proinflammatory macrophages before surgery. Postoperatively, 
this inflammatory environment hampers browning of PVAT, which leads to the production of 
proinflammatory cytokines along with reactive oxygen species (ROS). This induces adverse vascular 
remodeling, which is mediated by enhanced vascular smooth muscle cell and mesenchymal stem cell 
migration and proliferation. NRG4 indicates neuregulin-4; PPAR, peroxisome proliferator–activated 
receptor; PRDM16, PR domain containing 16; and UCP1, uncoupling protein 1. [From Kruit et al. Role 
of Perivascular Adipose Tissue in Vein Remodeling. ATVB, 2025]

PVAT has a distinct phenotype that differs from other adipose depots. For 
example, in vitro cultured perivascular, but not perirenal or subcutaneous, adipocytes 
were able to induce angiogenesis via increased release of VEGF.[152] Furthermore, 
the PVAT phenotype also depends on the vascular bed that it surrounds. In general, 
arterial PVAT has a more brown adipose tissue phenotype, which is associated with 
energy dissipation and heat production. In contrast, venous PVAT has more white or 
beige adipose tissue characteristics, which is associated with energy storage.[153] 

High fat feeding triggers PVAT inflammation.[154] Transplantation of inflamed, 
as a result of high fat diet, thoracic PVAT to the carotid artery (mice do not have a lot 
of carotid PVAT) exacerbated neointima formation following surgical injury, partly 



27

General Introduction

through increased release of CCL2.[152] Furthermore, transplantation of inflamed 
PVAT destabilized atherosclerotic plaques by increasing macrophage infiltration 
and increasing vasa vasorum proliferation.[152, 155] This indicates a critical role for 
PVAT in vascular disease. Moreover, the overweight and obesity which are frequently 
observed in cardiovascular patients can lead to dysfunctional PVAT, which could 
negatively impact post-interventional vascular remodeling. (Fig. 2) 

Dietary restriction is the most effective strategy to non-invasively lose weight. 
Long-term dietary restriction, which encompasses calorie, protein and/or amino-acid 
restriction, however, is clinically not feasible to maintain for a longer period of time 
in most patients. The benefits of dietary restriction include reduced inflammation, 
improved (cardio)metabolic health and mitigation of ROS. Interestingly, these 
beneficial effects arise rapidly after initiation of the dietary intervention and could 
therefore be used to precondition patients for planned stressors such as surgical 
injury. This hypothesis was first confirmed when it was demonstrated that mice which 
were subjected to four week 30% caloric restriction (CR) or three days water only 
fasting, had decreased renal as well as hepatic damage after ischemia-reperfusion 
injury.[156] Thereafter, it was established that a one week isocaloric, protein-free 
diet yielded protection from both renal and hepatic ischemia-reperfusion injury to a 
similar extent as caloric restriction.[157] Furthermore, the protein-free diet reduced 
neointima formation in the carotid artery after creation of a focal stenosis.[157] 
Additionally, restriction of total protein, (with equal calorie intake) also improved vein 
graft remodeling, partly via reducing the inflammatory response after surgery.[158] 
Overall, these studies provide convincing evidence that short-term pre-operative 
dietary restriction can alter the host’s disadvantageous response to (vascular) 
interventions to exert protective effects. 

The benefits of dietary interventions largely depend on an increase in the 
endogenous production of hydrogen sulfide (H2S),[159] a gaseous molecule with 
vasodilatory and anti-inflammatory properties.[160] Mechanistically, dietary 
restriction activates the transsulfuration pathway which produces H2S as a 
metabolite. When the sulfur amino acids methionine and cysteine were supplemented 
to mice which were subjected to caloric restriction, the protection from hepatic 
ischemia-reperfusion injury was lost.[159] Conversely restriction of methionine and 
cysteine without affecting protein or calorie intake, which is also known as Methionine 
Restriction (MetR), induces pleiotropic benefits on cardiometabolic health.[161] These 
effects are partly mediated by metabolic alterations that also result in browning of 
various adipose depots, whereas its effect on PVAT is unknown.[162, 163] 

All in all, post-interventional vascular remodeling is complex process that requires 
tight regulation of cellular migration and proliferation. The myofibroproliferative and 
inflammatory responses that are observed after vascular interventions are necessary 
to allow adaptation of blood vessels to the new hemodynamic situation, but often 
lead to maladaptation as a result of chronic inflammation and excessive proliferation. 
The plethora of molecular pathways and cellular effectors as well as the vascular 
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bed-specific differences underscore the complexity of the process as a whole, whilst 
also providing ample opportunities for therapeutic targeting. 

Animals models of post-interventional vascular remodeling
Murine models are the preferred option to study post-interventional vascular 
remodeling, due to their rapid reproduction and ease of genetic manipulation. 
Moreover, the response to inflammation in murine models greatly mimics the human 
response.[164] Although the use of animals experiments can significantly enhance 
our understanding of disease, data should always be interpreted with caution and 
be validated in human samples when possible. 

1.	 Arterial remodeling
There are multiple models to study arterial remodeling, as observed after PCI. In 
this thesis, we have used two different murine models to study arterial intimal 
hyperplasia. In one model, we place a non-constrictive, polyethylene cuff the femoral 
artery to incite neointima formation. The surgical damage and placement of the cuff 
induce primarily vascular smooth muscle cell proliferation leading to neointima 
formation, whilst also triggering an inflammatory response that is mainly driven by 
macrophage infiltration from the lumen of the arterial wall.[165] In the other model, 
we place a 35-gauge mandrel needle longitudinally along the common carotid artery, 
which is tied with a nylon suture. The removal of the needle restores blood flow, which 
is severely restricted and disturbed by the suture creating a focal stenosis, which 
results in vascular smooth muscle cell proliferation, thus offering a simple model 
to study hemodynamically driven intimal hyperplasia.[166] Other models, which are 
not used in thesis, include femoral wire injury[167] or perivascular carotid collar 
placement.[168] 

2.	 Venous remodeling
Vein graft remodeling following bypass surgery can be studied by interpositioning a 
caval vein from a donor mouse into the arterial circulation of a recipient at the site 
of the right common carotid artery.[169] The harvest and surgical damage results in 
inflammation, whilst the arterial blood pressure causes maximal distension triggering 
a myofibroproliferative response. When using mice that are prone to develop 
hypercholesterolemia, large, human-like atherosclerotic lesions will develop that 
also harbor leaky neovessels. This model, therefore, is not only suited to study vein 
graft remodeling, but also intraplaque angiogenesis and intraplaque hemorrhage, 
which are normally not observed in native atherosclerosis.[141] 

3.	 Arteriovenous remodeling
Creation of an arteriovenous fistula by anastomosing the end of a branch of the 
external jugular vein to the side of the common carotid artery using interrupted sutures 
allows to study arteriovenous remodeling using a similar configuration (end-to-side) 
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that is used in humans.[170] Following the surgical intervention, progressive vessel 
wall thickening is observed, mimicking the remodeling that is observed in humans. 
Another model, which is not used in this thesis, connects the abdominal aorta to the 
inferior caval vein through a puncture, which also induces progressive vessel wall 
thickening but does not reflect the configuration as created in humans.[171] 

Outline of this thesis
In this thesis, we will discuss key molecular as well as cellular signaling pathways 
involved in post-interventional vascular remodeling. Furthermore, we will present 
novel therapeutic strategies to enhance efficacy of vascular interventions by 
targeting the pre-, peri- as well as post-operative period.

In chapter 2, current knowledge on the barrier function on the endothelium and 
its effect on the transendothelial migration process of leukocytes in the context 
of atherosclerosis is reviewed. We describe the central role of luminal as well as 
neovessel endothelial cells and how endothelial dysfunction serves as a trigger for 
inflammation and (accelerated) atherosclerosis. In chapter 3, we describe how the 
actin cytoskeleton regulates endothelial cell shape and junctional integrity. Moreover, 
we study the role junctional F-actin on vascular leakage in vitro and in vivo. The effects 
of increased endothelial integrity, through overexpression of RhoGEF Trio, on immune 
cell transendothelial migration are presented in chapter 4. 

The interaction between immune cells, specifically macrophages, and endothelial 
cells are investigated in chapter 5, with a particular focus on the role of hypoxic 
signaling in macrophages and its effect on neovascularization and endothelial 
integrity in venous bypass grafts. 

In chapter 6, the therapeutic potential of short-term pre-operative amino acid 
restriction to improve vein graft as well as arterial remodeling is studied. Additionally, 
we demonstrate a crucial role for the perivascular adipose tissue in transmitting the 
protective effects of our dietary intervention. 

The importance of inflammation and its contribution to vascular remodeling is 
further illustrated in chapter 7, in which the T cell immune landscape following vein 
graft surgery is examined. Furthermore, monoclonal antibodies directed at newly 
identified T cell targets are employed to assess the effect of immune modulation on 
intraplaque angiogenesis and vein graft remodeling. 

In chapter 8, we decipher the effect of a newly developed PARP-1 inhibitor to 
improve post-interventional arterial, venous as well as arteriovenous remodeling. In 
addition, we identify the cellular mechanisms through which the compound exerts its 
protective effects. At last, we delineate the effect of mechanical strain on saphenous 
vein progenitor cells and its relation to YAP-TAZ signaling in vitro in chapter 9, whilst 
also evaluating the expression of YAP over time in murine vein grafts, followed by 
assessing the therapeutic potential of an FDA-approved YAP-TAZ inhibitor to prevent 
adverse vein graft remodeling. 

1
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