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The efficacy of regenerative medicine applications such as implanted tissue engineered 

constructs, relies on a functional, circulatory vascular system to provide sufficient nutrient and 

oxygen to the organ cells. This vascular system is very complex with multiple cell types that 

interact with the surrounding tissue including the extracellular matrix (ECM), and responds to 

prevalent biomechanical forces. In this thesis we studied vascular cell interactions with their 

ECM environment in vascular development, regeneration, and response to renal and 

cardiovascular disease. Current vascular studies that focus on vascular cell interactions or 

vascular interaction with their environment use simplified culture models or animal models. 

However, these in vitro and in vivo models are often limited in their ability to mimic the 

complexity of the vasculature or limited in human relevance, respectively [1-3]. A better 

understanding of EC/pericyte interaction and vascular cell/ECM interactions in development 

and disease conditions is essential to develop more advanced in vitro vessel-on-a-chip 

models that more fully mimic the human vasculature in anatomy and response to human 

diseases. This combined with the identification of critical pathways in vascular regulation and 

regeneration, will provide novel leads for vascular regenerative strategies.  

In this chapter, we will first discuss the basic function and structure of blood vessels, focusing 

on the interaction of the endothelial cells (ECs) and the surrounding environment, in particular 

mural cells and the vascular basement membrane, and the different molecular mechanisms 

that are involved in vascular growth and regeneration. In particular, we will focus on the 

vascular circulatory network in development and the contribution of different vascular 

components to warrant vascular stability in health and disease, including kidney disease and 

diastolic heart failure. We discuss how critical steps in these regulatory mechanisms could 

provide interesting leads for the development of new therapies that aim at protecting or 

restoring the (micro)vasculature, or could be translated into new strategies for regenerative 

purposes. We will also discuss how our in-depth understanding of the (micro)vascular 

compartment can and has been successfully implemented in the development of more 

advanced vessel-on-a-chip devices.  

 
Understanding the basic function and structure of blood vessels 
The majority of tissues in the body rely on blood vessels to supply the cells with oxygen, 

nutrients and removal of waste products to meet their metabolic demand. Blood vessels are 

located in a range of 100 to 200 µm from the individual cells allowing optimal oxygen diffusion 

[4]. In addition, blood vessels offer a pathway for circulating cells to conduct immune 

surveillance throughout the body. During embryogenic development as well as during adult 

life, the vascular system is required to remain highly dynamic to cope with changes in the 
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human body as tissues continue to adapt during development as well as in pathological 

conditions such as scarring and tumor formation during adult life.  

The extensive vascular circulatory network consists of arteries, capillaries and veins. Three 

histological regions can be identified, each with distinct characteristics. Starting from the 

lumen, the tunica intima contains a layer endothelial cells (ECs) supported by a basement 

membrane (BM) (or basal lamina) [5]. Perivascular cell, so-called pericytes, provide additional 

support and strength to the endothelium. The tunica media contains smooth muscle cells 

(SMC) and elastic ECM components. This layer is more organized in larger arteries, matching 

its specific function. The outer layer, tunica adventitia, contains mainly ECM components. In 

large arteries, this also contains the vaso vasorum, a network of blood vessels, which supplies 

the vascular wall with oxygen and nutrients [6]. Arteries that feed the heart contain more elastic 

membranes to cope with the high mechanical forces derived from high local blood pressures 

compared to the more muscular arteries, which main function is rapid regulation of blood 

(re)distribution over the vascular tree [5]. Bifurcations from the main arteries such as the 

femoralis or carotid branch off into vessels with a smaller diameter and less elastic and 

muscular layers, which include arterioles and precapillary arterioles that precede a dense 

network of capillaries. This microvascular bed lacks SMC but are supported instead by 

pericytes. The small diameter (<10 µm [7]) and the absence of multiple elastic and muscular 

layers allows diffusion of oxygen and nutrients to the surrounding tissue. The endothelium 

forms a continuous layer of ECs that provides a tight (endothelial) barrier composed of densely 

packed interacting cell-junction proteins that provides the connection between individual ECs. 

This barrier is maintained by pericytes that provide essential biological signals to the 

endothelium and together with the ECs create a suitable ECM environment to preserve vessel 

stability. Fluids and small solutes are able to pass through via this endothelial barrier via the 

cell junctions (paracellular permeability) and is actively adapted to changing conditions [8,9]. 

Similarly circulating cells can transmigrate by loosening EC contacts and interact with these 

junction proteins for para-vascular immune surveillance and repair [10]. In contrast, macro 

molecules (e.g. lipids) pass through the endothelial barrier by transcytosis, a process that 

requires receptor binding and trafficking of these molecules in vesicles across the endothelium 

(transcellular permeability) [11]. The endothelium in more specialized tissue such as the 

kidney and liver contains fenestrae and sinusoids, respectively. These intracellular pores 

enable the more efficient exchange of endocrine solutes and water [12]. Transition from 

capillaries into post-capillary venules and veins is marked with a gradual return of the tunica 

media and tunica adventitia. Veins in the lower limbs of the body contains additional uni-

directional valves to prevent the accumulation of blood due to the low blood flow [5].  
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The general structure of vessel segments in the vascular tree is thus composed of (1) a layer 

of ECs, (2) supporting mural cells (either pericytes or SMC) and (3) additional ECM 

components. Due to the essential functions performed by blood vessels in the human body, 

the biological pathways that control vascular response in both health and disease has been 

widely studied.  

 

Key molecular mechanisms of vascular development 
New blood vessels develop through two different process, vasculogenesis and angiogenesis. 

De novo blood vessel formation by vasculogenesis is mostly restricted to embryonic 

development. Mesodermal derived endothelial precursor cells (angioblasts) are activated 

upon stimulation by the two main drivers of this process; fibroblast growth factor (FGF) and 

vascular endothelial growth factor (VEGF) [13,14] and form blood islands in collaborations 

with hematopoietic cells. The fusion of multiple blood islands results in a primary capillary 

plexus, a pre-mature de novo blood vessel [15]. Hypoxia driven angiogenesis then continues 

to drive the development of a circulatory vascular bed from this primary vascular plexus. Unlike 

vasculogenesis, angiogenesis occurs both during embryonic development and adulthood, 

with tissue adaptation and remodeling, wound healing and pathological conditions such as 

tumor formation as exemplary conditions in which angiogenesis is activated in the adult state 

[16]. The process can be divided in intussusceptive and sprouting angiogenesis [17,18]. 

Intussusceptive angiogenesis was first observed in 1986 [19], and is characterized by 

transluminal pillars that fuse together to form new blood vessels [18]. Changes in 

hemodynamic forces directly affect this process [18]. The observation of sprouting 

angiogenesis was first described in tumor development [4,20,21], and the process is defined 

by the formation of neovessels by the phenotypical adaptation of quiescent ECs into tip and 

stalk cells. Although complex interactions between pericytes and ECs also occur in 

vasculogenesis [22], the multiple steps during sprouting angiogenesis are better studied and 

provide a good understanding of the complex, molecular interactions that are required to 

achieve the balance between ECs, pericytes and ECM proteins, necessary for neovessel 

stabilization.  

During the sprouting process, previously quiescent blood vessels sense secreted factors such 

as VEGF and FGF secreted by the surrounding hypoxic tissue. In response, ECs become 

activated and secrete angiopoietin 2 (Angpt2) and matrix metalloproteinases (MMPs). 

Pericytes detach from the ECs in response to Angpt2 and the BM is degraded by the MMPs 

[23,24]. The surrounding ECM environment is further remodeled by MMPs, releasing ECM 

bound pro-angiogenic factors. Endothelial junctions such as vascular endothelial cadherin 

(VE-cadherin) are rearranged as a direct result of the VEGF and Notch signaling pathway to 
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permit migration away from the pre-existing endothelial monolayer [25]. One EC is selected 

as tip cell and leads the sprout towards the gradient of pro-angiogenic factors via integrin 

binding to the ECM [26]. Proliferating ECs behind this tip cell, so-called stalk cells, elongate 

and form a lumen which remains connected to the circulatory vasculature [17,24]. This is 

followed by blood perfusion and initiation of the biomechanical response mechanisms that aid 

vascular maturation. In contrast, non-perfused vessels lacking this stimulus fail to maturate 

and eventually regress [17,27]. Signaling molecules such as platelet derived growth factor B 

(PDGFB), transforming growth factor β (TGFβ), Notch and Angpt1 promote pericyte coverage 

of ECs and aid the maturation of the newly formed vessel. The introduction of blood flow and 

pericyte coverage both stimulate junction formation between ECs and trigger vascular barrier 

maturation in neovessels [17,24,28]. For example, pericyte derived Angpt1 activates the 

endothelial tyrosine kinase receptor (Tie2). Via PI3K and Akt, Rac1 GTPase is stimulated. 

This leads to deactivation of RhoA GTPase and accumulation of VE-cadherin, increasing the 

endothelial barrier function [28]. 

Notch, VEGF, Angpt, TGFβ, PDGFB and Wnt signaling pathways orchestrate the 

communication between tip and stalk cell and EC and pericyte. Interaction between these 

pathways are pivotal for angiogenesis [24]. For example, Notch ligand DLL4 downregulates 

VEGF receptor 2 (VEGFR2) but upregulates VEGFR1 (or FLT1) in stalk cells. FLT1 act as 

VEGF decoy receptor which makes stalk cells less sensitive to sprouting while preserving 

their capacity for proliferation, elongation and lumen formation [29]. Angpt1 and -2 are both 

ligands of the Tie2 receptor and act as a signaling pathway with a dual function: Angpt1 

stimulates ECs quiescence and pericytes coverage and is thus considered anti-angiogenic 

whereas Angpt2 antagonizes this function and therefore stimulates angiogenesis [23].  

In vivo studies greatly contributed to further unraveling the pivotal role of various signaling 

pathways in angiogenesis. Endothelial specific PDGFB null mice demonstrated the 

importance of the PDGF signaling pathway and the essential role of pericytes in capillary 

stabilization. In PDGFB null mice, newly formed sprouts were unstable and prone to 

regression and showed microvascular leakage resulting in severe vascular defects in retina, 

placenta and heart [30,31]. Additionally, both general and endothelial specific Notch1 

deficiency in mice results in embryonic lethality marked by vascular defects in the placenta 

and yolk sac [32,33]. Notch1 deficient ECs form a primary capillary plexus but fail to induce 

the formation of a mature vascular network [33]. Mouse knockout models of TGFβ [34], TGFβ 

receptor ALK5 [35] and TGFβ downstream factor Smad5 [36] showed similar vascular defects 

and are embryonically lethal.  

Among the various signaling pathways orchestrating vascular development and growth, 

signaling of the Wnt pathways in ECs has been demonstrated to be crucial [37]. With a total 
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of 18 Wnt ligands, 10 Frizzled (Fzd) receptors and multiple co-receptors, this signaling 

pathway plays a prominent role in embryonic development [38-40]. Wnt ligands bind to 

transmembrane receptor Fzd, initiating β-catenin dependent (canonical) or β-catenin 

independent (non-canonical) intracellular signaling. Upon activation of Fzd receptor, 

intracellular Dishevelled (DVL) is phosphorylated, followed by either canonical β-catenin 

stabilization, or non-canonical Wnt/Ca2+ activation and Wnt/Planar cell polarity (PCP) 

signaling [41]. Several studies illustrated the pivotal role of Wnt signaling in angiogenesis. 

Fzd4 knockout mice showed severe vascular defects in the retina hampering the blood retina 

barrier integrity [42,43]. Furthermore, Fzd4 plays a role in arterial formation and organization 

via the non-canonical Wnt/PCP pathway, but its contribution is restricted to smaller arteries 

and do not affect large arteries [44]. Similar, Fzd7 deficient mice show vascular defects in the 

retina [45]. Fzd7 activated canonical Wnt pathway controls the Notch pathway during 

postnatal angiogenesis [45]. In contrast, deletion of murine Fzd5 results in embryonic lethality 

after 10.75 days due to vascular defects in the yolk sac and placenta [46]. A conditional 

knockout murine model using Sox2-cre to overcome in utero lethality, illustrates a key role of 

Fzd5 in eye development [47]. Furthermore, Fzd5 plays a role in zebrafish eye development 

via the canonical Wnt11/β-catenin signaling [48]. In contrast, Fzd5 does not seem to regulate 

the Wnt/β-catenin pathway in murine eye development, suggesting a species dependent 

function [49]. Activation of the non-canonical Protein Kinase C (PKC) pathway by Fzd5/Wnt5a 

suggest that the same Fzd receptor can activate different Wnt pathways [49,50]. Recent 

literature identified multiple variants of Fzd5 involved in ocular coloboma [51], an ocular 

malformation that is caused by defects during embryogenesis [52]. Fzd5 involvement in 

vascular and ocular defects in embryogenesis in combination with evidence for Fzd5 mediated 

endothelial growth [46], suggest that Fzd5 can be an important regulator of angiogenesis. The 

exact type of Wnt signaling pathway and molecular actions involved requires in depth 

evaluation. In this thesis, we investigated the mechanisms behind the pro-angiogenic role of 

Fzd5 (Chapter 2).  

 
Key mechanisms that define vascular stability 
Vascular stability is determined by the state of the endothelial barrier [53], EC/pericyte 

interaction and the ECM composition of the BM laid down by this interaction which provide 

biological cues to the endothelium to maintain this barrier. Cardiovascular diseases can affect 

vascular stability by pathological remodeling of these vascular components and by obstructing 

these pathways. In this chapter we delve deeper in the pathways involved in endothelial barrier 

establishment and maintenance, EC/pericyte interactions and the contribution of ECM to 

vascular stability.  
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Mechanisms that define endothelial barrier function 

Microvascular leakage is a major vascular complication and is mainly the consequence of 

impaired pericyte coverage. Matured, quiescent endothelium acquires and maintains a barrier 

function between the blood circulation and surrounding tissue. Distinct vascular barriers in 

specific tissues such as the brain, retina and placenta are marked by a high prevalence of 

pericytes supporting the ECs [54]. Pericyte deficient mice illustrated the essential role of 

pericytes in blood-brain-barrier (BBB) integrity during embryogenesis and the active regulation 

of the BBB by this cell type [55,56]. The majority of vascular barrier research focused on the 

BBB acknowledges the essential role of adherens junctions (AJ), gap junctions (GJ) and tight 

junctions (TJ) between ECs. Connexin 43 (Cx43) is a GJ present between ECs, which is also 

present in peg and socket connections between ECs and pericytes and is responsible for 

para-cellular communication [57]. CX43 deficient mice and mice with diabetes-induced 

inhibition of CX43 expression exhibit acellular capillaries and vascular cell apoptosis in the 

retina [58]. TJs may consist of multiple adhesive proteins including claudin, occludin and 

junctional adhesion molecules, and are intracellularly-linked to the actin cytoskeleton via 

zonula occludens (ZO-1, -2, -3). AJ proteins such as Neural-cadherin (N-cadherin) and VE-

cadherin are essential in barrier integrity regulation and communication, with N-cadherin being 

a main factor in pericyte/EC interaction that is abundantly present in peg and socket 

connections [59]. Several factors, including VEGF, induce VE-cadherin phosphorylation and 

increase vascular permeability. VE-cadherin also interacts with the cytoskeleton and regulates 

cell polarity. Recent years, endothelial genes cingulin like 1 (CGNL1) and CKLF like MARVEL 

transmembrane domain containing 3 and -4 (CMTM3 and -4) demonstrated a regulatory role 

in angiogenesis [60-62]. These molecules mediate vascular barrier integrity and vascular 

sprouting via VE-cadherin stabilization and VE-cadherin turnover [60-62]. 

The endothelial barrier is partially altered during leukocyte diapedesis in response to 

inflammation. Circulating immune cells first encounter the endothelium upon inflammatory 

activation [10]. Activated ECs in inflamed tissue increase expression of selectins (P- and E-

selectin) and adhesion molecules (ICAM and VCAM) in response to pro-inflammatory factors 

such as tumor necrosis factor α (TNFα) [63]. Ligands such as VLA4 and LFA1 on the leukocyte 

surface adhere to the endothelium, resulting in leukocyte rolling and crawling to endothelial 

exit sites. These exit sites are located between ECs, and are marked by the opening of 

endothelial junctions (including VE-cadherin) in response to activation by leucocytes. 

Endothelial adhesion molecules cluster at these exit sites and aid in leukocyte diapedesis. As 

a result, leukocytes can transmigrate the endothelial and cross the pericyte and BM layer to 

enter the inflamed tissue [10]. 

 



Chapter 1 

14 

Pathways of pericyte and endothelial cell interaction  

A common regulator in the previously discussed vascular functions are pericytes. Pericytes 

are first discovered in 1873 by Benjamin Rouget, and were labelled pericytes by Zimmerman 

according to their perivascular location [64,65]. Over the last 40 years, researchers slowly 

elucidated the origin of pericytes and their role regarding the vasculature. The pericyte is 

defined as a cell embedded within the vascular BM [66]. Multiple molecular markers can be 

used to identify this cell type, but the majority of markers are also expressed by SMCs and 

fibroblasts. Although some markers such as PDGFRβ and NG2 are commonly used, a 

pericyte specific marker does not exists and the combined use of identification markers with 

the perivascular location is still considered the most optimal way to identify this cell type [54]. 

Anatomically, pericytes wrap their cell bodies perpendicularly around the endothelium. Since 

pericytes contain a lot of cytoplasm, one pericyte can cover and interact with multiple ECs 

although this is tissue specific. For example in skeletal muscle, a single pericyte can be in 

contact and support up to 100 ECs, whereas pericytes in the brain or retina are more 

abundantly present, and multiple pericytes can cover one capillary in a ratio of 1:1-3 (pericyte: 

EC) [54,67]. Overall pericyte density correlates positively with barrier formation, EC turnover, 

and blood pressure [54,67]. In addition to their critical role in vascular development and 

vascular barrier maintenance by stimulating EC junctions, additional functions can be 

assigned to this cell type. For example, although leukocyte diapedesis is mostly described as 

a complex interaction between leukocytes and EC, pericytes can also aid in this process 

[68,69]. NG2 positive pericytes can attract circulating leukocytes via ICAM1 and 

chemoattractant MIF in response to inflammatory cues [69]. Furthermore, similarly to SMC 

and other cells of the mesenchymal lineage, pericytes have the ability to contract via proteins 

such as desmin and vimentin. In combination with the pericyte’s perpendicular orientation 

around blood vessels and their presence at locations of transition from arterioles to capillaries, 

these findings indicate that pericytes can act as important regulator of microvascular flow by 

operating as pre-capillary sphincters [66,70-72].  

Multiple studies have so far indicated that pericyte dysfunction plays a major role in the onset 

and progression of vascular related diseases. For example, studies have demonstrated a role 

for pericytes in renal capillary rarefaction and proximal tubule injury [73]. At the same time, 

pericytes have also been identified as a putative pool of mesenchymal stem cells (MSCs) [74] 

and may be used as therapeutic strategy in regenerative medicine. The field of pericyte 

research is rapidly evolving, and in recent years, new discoveries have greatly improved our 

understanding of the role of pericytes in disease onset and progression as well as deepened 

our perception of their therapeutic potential. In Chapter 3, the contribution of pericytes in 

health and disease are reviewed. Chapter 3 emphasizes the role of pericytes in diabetic 
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retinopathy and the loss of pericyte/EC crosstalk in the breakdown of the BBB. Furthermore, 

we explore pericyte dysfunction as a driver of fibrosis with emphasize on chronic kidney 

disease (CKD). We also discuss pericyte use in future cell-based regenerative strategies. 

Combined, chapter 3 lists our current knowledge about this versatile cell type, offering a more 

in-depth understanding of pericytes and their potential.  

 

Both pericytes and endothelium are essential in angiogenesis and capillary homeostasis, and 

a well-orchestrated cross talk between these two cell types is vital for neovessel growth and 

survival. To elucidate their interaction, Chapter 4 describes the adaptation in the pericyte 

transcriptome in absence or presence of microvascular ECs. Transcriptomic analysis of 

pericytes in presence or absence of microvascular endothelium demonstrate pericyte 

upregulation of Gli1 mRNA compared to pericytes co-cultured with microvascular ECs [75]. 

Gli1 positive pericytes are described to detach from renal capillaries after acute kidney injury, 

resulting is loss of vascular support by these pericytes resulting in capillary rarefaction [73]. 

Furthermore, Gli1 positive MSCs play a role in bone marrow fibrosis, suggesting a pivotal role 

of hedgehog Gli1 signaling in fibrosis [76]. Since pericytes cultured in the presence of ECs 

express less Gli1 mRNA in our transcriptome analysis, these findings imply that pericytes in 

close contact with ECs are more mature associate Gli1 expression to a more progenitor like 

pericyte population [75].  

 
Contribution of the extracellular matrix on the stability of the (micro)vasculature and impact of 

cardiovascular disease 

The ECM is secreted by all cells and provides tissue strength and support for cell anchorage. 

It consists of 2 forms; (i) BM and (ii) interstitial matrix [77,78]. The BM separates endothelium 

and epithelial cells from stroma and is produced by all cell types involved. Interstitial matrix is 

primarily produced by stromal cells and is less compact and more porous compared to the 

BM [79]. ECM can be divided in multiple subclasses; (i) glycoproteins, (ii) proteoglycans 

(including glycosaminoglycans; GAGs) and (iii) more fibrous proteins like collagens and 

elastin. ECM binding proteins such as ECM regulators and secreted factors are key for ECM 

homeostasis and are therefore also classified as ECM proteins [80-83]. Cells can both use 

the ECM as a migration barrier or as a migration track and provide anchorage points for cell 

type specific integrins, contributing to the physical stability of cells and tissues [79]. A fully 

functional ECM also contains biochemical properties. ECM fibers act as a growth factor and 

chemokine reservoir by binding, for example, TGFβ. Cell secreted TGFβ binds to latent 

transforming growth factor binding proteins (LTBPs) and latency associated peptide (LAP), 

creating a larger protein complex which requires disruption for TGFβ activation [84]. Multiple 
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ECM components are involved in the bioavailability and storage of TGFβ including LTBPs, 

fibrillins (FBNs) and elastin microfibril interface proteins (EMILINs), emphasizing the complex, 

highly orchestrated and dynamic function of the ECM. 

ECM also directly influence cell behavior as seen in blood vessel formation. During normal 

blood vessel homeostasis, ECs and pericytes are embedded in laminin rich BM. After BM 

disruption in response to pro-angiogenic signal, ECs are exposed to the collagen type I rich 

interstitial matrix. Microvascular ECs cultured on collagen type I ECM showed increased Src 

and Rho activity leading to disrupted VE-cadherin junctions and increased stress fibers 

resulting in morphological adaptation of ECs such as network formation [85,86]. Pericyte 

recruitment to the new capillary sprouts leads to secretion and local accumulation of ECM 

components including laminin isoforms [87]. After the BM is established, maturation of the 

newly formed vessels occurs and ECs shift their phenotype away from active sprouting and 

angiogenesis towards quiescence and barrier function maintenance. Microvascular ECs 

cultured on laminin-111 ECM do not activate Src and Rho and trigger no morphological 

adaptation in ECs [85], highlighting the important role of different ECM proteins in blood vessel 

homeostasis [86].  

Integrin binding to ECM substrates in ECs triggers recruitment of multi-protein complexes 

under the membrane called focal adhesions (FA) consisting of paxillin, vinculin and talin. The 

precise composition of these integrins and FA complexes, is highly variable and dependent 

on the type of ECM. FAs are attached to actin fibers and signal to the nucleus via activated 

Rho GTPases. This is a classic example of outside-in signaling, a cascade of actions from 

integrins via downstream kinases and actin cytoskeleton to the nucleus. Vice versa, inside-

out signaling occurs when intracellular signals are transmitted to the outside of the cells and 

influence the affinity of integrins resulting in regulation of integrin adhesion [88].  

 

Using integrin signaling, cells are able to sense the different forces in the ECM and tissue and 

respond accordingly to the mechanical ques, a process known as mechano-sensing. ECM 

stiffness can regulate cell fate on gene expression regulatory level. For example, different 

ECM elasticities can direct MSC differentiation toward different lineages [89]. Epithelial cells 

and SMC cultured on ECM coated acrylamide gels with different elastic moduli, have an 

increased cyclin D expression, suggesting a role of matrix stiffness in cell proliferation [90]. 

Furthermore, SMC increase FA formation and actin stress fibers when cultured on stiff 

matrices, suggesting that ECM properties can influence e.g. SMC cell migration by affecting 

Rho GTPase mediated contractility [91].  

Although only a few examples were highlighted, the influence of the complex and dynamic 

ECM on vascular cell migration, proliferation, adhesion and fate in embryonic development is 
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widely acknowledged. The importance of this ECM vascular cell interaction is further 

highlighted in developmental disorders and progressive fibrosis where the balance of ECM 

composition is shifted towards a pathological phenotype.  

 

For example, elastic protein FBN1 is widely distributed in the human embryo [92]. Point 

mutations in FBN1 results in Marfan syndrome (MFS), an inherited disorder of connective 

tissue [93]. Mice studies with a heterozygous FBN1 mutations showed accelerated vascular 

ageing and leads to aortic manifestations resembling MFS [94]. Elastic protein EMILIN1 

contains a specific domain for integrin adhesion and is therefore important for cell-ECM 

interaction [95]. EMILIN1 deficient mice demonstrate aortic valve abnormalities and structural 

and functional defects in the lymph vasculature [96,97]. Proteomic analysis of aortic valves 

from EMILIN1 deficient aged mice further showed a decrease in LTBP3 and fibulin 5 levels, 

both proteins known to interact with TGFβ [98]. These data suggest that EMILIN1-TGFβ 

interactions influence multiple ECM proteins and protein network and may contribute to aortic 

valve disease progression. 

In this thesis we demonstrate that elastic proteins EMILIN1 and FBN1 are prominent proteins 

in both renal and vascular tissue during development. Chapter 5 (kidney) and Chapter 6 

(renal arteries) provide a human ECM catalogue of proteins in a quiescent, mature state 

versus an active, development state and investigate their roles in renal epithelial and EC fate 

[99,100]. 

Previous examples demonstrate the delicate balance in vascular cell response that is defined 

by the ECM composition and elucidates the critical function of specific ECM proteins. In 

disease conditions where ECM turnover is affected, excess deposition and accumulation of 

ECM proteins, leads to progressive fibrosis and could lead to loss of organ function. Focusing 

on only cardiac and renal fibrosis, different subtypes can be identified. Cardiac fibrosis can be 

divided in three classes based on their etiology; i) reactive, interstitial fibrosis, ii) replacement 

or scarring fibrosis, and iii) infiltrative interstitial fibrosis [101]. Renal fibrosis can be divided in 

three types, including tubulointerstitial, glomerulosclerosis and the vasculature fibrosis 

[102,103]. During fibrosis, activated myofibroblasts mainly secrete collagen type I and III, two 

fibrillar collagen types that are abundantly present in interstitial tissue [77]. The origin of 

myofibroblasts is not clear since multiple studies identified different cell types as 

myofibroblasts source. Mack et al. provided an overview of myofibroblast sources and their 

contribution to renal fibrosis [104]. They demonstrated, using lineage tracing experiments, that 

resident fibroblast and pericyte contribute to the majority of myofibroblasts [104-106]. As 

described earlier, Gli1+ pericytes also contribute to renal and bone marrow fibrosis [73,76]. 

Myofibroblasts can also emerge from ECs via endothelial to mesenchymal transition 
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(EndoMT) in both renal and cardiac fibrosis [107,108]. This suggests that there is not one 

specific myofibroblast progenitor cell, possibly due to a large variations in local triggers that 

could induce fibrosis. Indeed, the list of fibrotic triggers is extensive and the composition of 

these depends on each specific disease etiology. However, members of the TGFβ superfamily 

have often shown to take central stage, including in cardiac and renal fibrosis, as critical 

molecular regulators of e.g. myofibroblast activation [109-111].  

The ECM of the basement membrane experiences constant remodeling of its fibrous network. 

As observed in angiogenesis, breakdown of the interstitial ECM by MMPs is essential for tip 

cell migration. MMPs and their antagonists, the tissue inhibitors of metalloproteinases (TIMP), 

are the main proteases responsible for ECM turnover [112]. Multiple MMPs are identified and 

can be subdivided in multiple classes, including membrane bound MMPs, gelatinases and 

collagenases, all responsible for degradation of specific ECM substrates. Since fibrosis is 

seen as the disbalance between ECM deposition (collagen type I accumulation) and ECM 

degradation (MMP activity), it has been hypothesized that MMP levels should be low in pro-

fibrotic conditions. However, MMPs have been observed to be highly expressed in multiple 

forms of fibrosis, postulating a key role in its pathophysiology [113]. MMPs have both a 

stimulatory and inhibiting role in fibrogenesis [114]. This can be further elucidated by the 

fibrotic response observed in for example, myocardial infarction (MI). In the immediate 

response to the ischemic myocardium, the ECM is degraded and fiber cross-linking is 

reduced. The degraded ECM allows infiltration of inflammatory cell, which also produce MMPs 

[112,115]. This results in proliferation and maturation of (myo)fibroblasts and the subsequent 

excess accumulation of ECM proteins [112]. Although MMPs and TIMPs are tightly regulated 

at the site of proteolytic targets [116] and local protein levels may deviate from the 

concentrations at a systemic level, MMP and TIMP plasma protein levels are widely used as 

biomarkers for cardiac and renal fibrosis progression. TIMP1 plasma levels have shown to be 

predictive of left ventricle (LV) dysfunction [117]. Multiple TIMPs and MMPs are described 

useful fibrotic biomarkers in patients with heart failure [112,118-120], lung fibrosis [113,121] 

and CKD [122]. However, systemic MMP and TIMP plasma levels may fail to resemble the 

physical, dynamic levels in the affected tissue. In line with other cardiac pathologies, left 

ventricle diastolic dysfunction (LVDD) is characterized with progressive fibrosis, suggesting a 

prominent role for MMPs and TIMPs. The pathophysiology of LVDD and the relation with heart 

failure with preserved ejection fraction (HFpEF) will be further elucidated in the next 

paragraph. Since LVDD and HFpEF are increasingly recognized as a major cardiac pathology, 

MMP and TIMP dynamics could provide a potential prognostic tool. In Chapter 7 we 

conducted a meta-analysis to investigate cardiac MMP and TIMP levels in different LVDD and 

HFpEF animals models. This systematic review provides a critical overview of the published 
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data concerning cardiac ECM dynamics and can be further used to critically evaluate MMPs 

and TIMPs as prognostic markers for diastolic dysfunction. 

 
Impact of heart failure with preserved ejection fraction on the stability of the cardiac 

vasculature 

LVDD is the result of impaired relaxation of the LV and increased chamber stiffness [123]. 

LVDD can remain latent or be accompanied by heart failure (HF) symptoms and result in heart 

failure with preserved ejection fraction (HFpEF) [124]. Worldwide, there are 26 million HF 

patients defining HF as a global pandemic [125]. Approximately 5.8 million HF patients are 

registered in America and these numbers will increase to an estimated 8.4 million HF patients 

in 2030 [126]. The prevalence of HFpEF is around 50% of all HF patients [127-129], with a 

two-times higher prevalence in women [130,131]. The current paradigm of HFpEF, as stated 

by Paulus and Tschöpe, describes HFpEF as a systemic disease with multiple co-morbidities 

leading to diastolic dysfunction and renal dysfunction with microvascular dysfunction playing 

a central role [132]. A combination of metabolic co-morbidities, such as obesity, and 

hypertension affect both the heart and kidney and are considered causative factors in the so-

called cardio-renal metabolic syndrome (CRMS) [133]. These co-morbidities contribute to a 

systemic pro-inflammatory state resulting in chronic inflamed coronary microvascular 

endothelium, and microvascular dysfunction [134]. This subsequently results in reduced 

endothelial derived nitric oxide bioavailability and protein kinase G (PKG) activity in 

cardiomyocytes. Low PKG levels lead to cardiac hypertrophy due to hypo-phosphorylated titin 

in cardiomyocytes. Increase in stiffness in cardiomyocytes and interstitial fibrosis further 

contribute to diastolic LV stiffness, dysfunction and subsequently heart failure development 

[132]. Moreover, CKD plays a key role in the development of HFpEF [135,136]. Renal 

dysfunction leads to an activated systemic inflammatory state via a disbalance in circulating 

factors including uremic toxins [137]. This also leads to microvascular dysfunction and 

subsequent cardiomyocyte stiffening and interstitial fibrosis, underlining the important renal-

cardiac connection in heart failure [135]. 

The distinct pathophysiological differences between HFpEF and heart failure with reduced 

ejection fraction (HFrEF) require a different therapeutic approach [138]. Known therapeutic 

strategies such as angiotensin-converting enzyme inhibitors and β-blockers that are beneficial 

for HFrEF patients fail to be efficient for HFpEF patients [139], who are currently only treated 

for their underlying co-morbidities. A better understanding of cell-cell and cell-ECM interaction 

in HFpEF patients would aid in improving potential diagnostic and therapeutic strategies. 

Animal models provide an ideal alternative for adequately controlled studies focusing on 

(multiple) co-morbidities associated with HFpEF provided that they are well validated. Animal 
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models should mimic clinical relevant characteristics and preferably develop HFpEF 

spontaneously without surgical interventions. In chapter 8 we present a rodent model of 

CRMS sharing characteristics with human HFpEF patients. These obese diabetic Zucker 

fatty/Spontaneously hypertensive (ZSF1) rats have multiple metabolic risk factors and can be 

studied during early onset of the disease as well as disease progression. Furthermore, ZSF1 

rats demonstrate renal and cardiac microvascular fibrotic responses. Further studies using 

this ZSF1 obese rat model will enhance our understanding of CRMS/HFpEF disease onset 

and progression. 

 

Current vascular clinical applications 
Intervention in angiogenic pathways can be used as a strategy to restrain the progression of 

several types of diseases in which excessive vascularization contribute the pathogenesis. 

There are important advances made over the last decades in anti-angiogenic therapies 

targeting mainly cancer and ocular disease [140]. Whereas anti-angiogenic therapeutics 

targeting of the VEGF pathway have shown in multiple studies to repress abnormal tumor 

angiogenesis, the use of more sophisticated combination therapies are more recently 

investigated to shift the abnormal tumor vasculature to a more normalized vascular bed to 

improve the targeting of cancer cells [141,142]. On the hand, the use of pro-angiogenic factors 

in clinical trials were applied in the late 90’s of the last century. Most applications focused on 

the use of FGF2 and VEGF as a therapy to reduce loss of cardiac microvasculature at infarct 

border sites to alleviate damage by myocardial ischemia and restore perfusion in coronary 

artery disease [143-147]. Recently the Angpt-Tie pathway emerged as a promising vascular 

therapy target in diverse pathologies. Several compounds that target Angpt2 or Tie2 by 

inhibiting their function have already used in clinical phase I and II trials and show promising 

results [148]. Although the use of Angpt1 protein as a drug target seems to be effective in 

preclinical trials, clinical use of Angpt1 mimetics needs more investigation [148]. Current 

development of drugs targeting the Angpt-Tie pathway mainly focused on inhibiting the 

function of Angpt2. However, as the balance in Angpt2/Angpt1 ratio greatly impact vascular 

stability, targeting the Angpt1-Tie2 pathway has also been suggested to be a relevant strategy 

for vascular restoration after (ischemic) disease [148]. Despite these developments, 

identification of new therapeutic targets could further advance these efforts. 

 

Although pharmaceutical induction of in situ vascular restoration of the compromised vascular 

bed is highly feasible for the microvasculature, in situ restoration is far more difficult to achieve 

for macrovessels. For patients with CAD or CKD patients that require vascular access for 

hemodialysis, macrovascular replacement by surgery using either fully synthetic polymer 
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based scaffold grafts or by scaffold grafts that are either cellularized ex vivo or in situ (also 

known as tissue engineered vascular grafts (TEVGs), are considered a more feasible 

approach. In recent years, great progress has been made in creating complex TEVGs due to 

the recent innovations in the field of tissue engineering and regenerative medicine [149,150]. 

On the other hand, acellular synthetic scaffold that are biofunctionalized with vascular cell-

derived ECM from Humacyte showed promising results in clinical trials to improve vascular 

access for hemodialysis patients [151] and peripheral arterial disease [152]. Moreover, in situ 

endogenous vascular tissue formation in bioabsorbable scaffold grafts was observed in 

clinical trials two years after implantation [153]. Compared to the in situ approach of implanting 

bare scaffolds for local cell recruitment, TEVGs has its limitations regarding the use of 

additional cells and growth factors in addition to the time consuming process of ex vivo tissue 

culture [154]. Nevertheless, it provides a more controlled environment to guide the growth and 

morphology of the generated vascular tissue. For both the in situ and ex vivo cellularization 

approach, a more in depth understanding of the required ECM environment, is critical for 

successful vascular tissue growth. 

 

Advanced human microvasculature models based on incorporation of multiple 
vascular compartments and flow perfusion 
The molecular mechanisms that regulate vascular behavior are extremely complex. To 

improve the translation of in vitro and in vivo findings towards clinical implementation, this 

complexity needs to be incorporated in the study design. Animal models offer a complete 

vascular circulation that can be combined with (systematic) disease conditions, but often lack 

the direct relevance to the human condition that is provided by the study of human cells. 

Currently, many research groups focus on designing assays that mimic the complex human 

vasculature in vitro to study vascular biology in both healthy and diseased conditions. In 

contrast to traditional 2D cell culture, microfluidic approaches and on-a-chip models offer the 

possibility to study the vascular response to flow-induced mechanical stimulation. Novel 

technologies and applications of material such as soft lithography and bioprinting have 

facilitated the development of such perfused in vitro models. To mimic the native complex 

microvascular bed and increase vascular stability in these systems, pericytes are critical to 

incorporate. Multiple studies confirmed the beneficial role of pericytes in reducing the vascular 

permeability using several advanced vascular microfluidic models. In particular, 

spatiotemporal quantification or observations of dextran diffusion support the constructive role 

of pericyte in endothelial barrier function and thus (micro)vascular stability [155-159]. 

Moreover, the BM should be incorporated to provide biochemical and biomechanical vascular 

stabilizing cues to the cells. This can be achieved by using ECM based hydrogels loaded with 
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vital BM components or by creating an environment to induce BM secretion by the 

incorporated vascular cells. For the latter, co-culture of both ECs and mural cells in vascular 

microfluidic models have shown to already contribute to the production of BM proteins such 

as collagen type IV and laminin [156,160]. For the majority of vascular microfluidic device 

collagen type I gel is used to support their vascular structures, with differences in approaches 

in which the channel fully is completely encased by collagen [157,160,161] or is partially in 

contact with collagen, with the rest of the endothelium growing on top of a plastic or an elastic 

surface [155,156,162].  

In addition to BM stimulation, perfusion of the artificial blood vessel(s) is also important for 

many critical vascular regulatory mechanisms, such as e.g. pathways that stimulate 

strengthening of cell-cell junction and thus improves the vascular barrier property [163,164]. 

The effect of biomechanical cues provided to the vascular cells, including as shear stress, 

strain, (ECM) stiffness and the effect of geometry can all be assessed using microfluidic 

models [165]. Perfusion of an artificial endothelial channel also allows circulating cells to 

interact with the vascular wall. For example, many previous studies used vascular microfluidic 

devices to study cancer metastasis or leukocyte transmigration across the vascular wall in 

response to inflammation [166-171].  

The infinite possibility in further adapting microfluidic design can be used to mimic (part of) 

complex tissues to study their interaction with the vasculature, thus creating vascularized 

organ-on-a-chip models. For example, structures such as the BBB can be studied using 

microfluidics as well as complex vascular interactions with organ cells, such as the interaction 

between epithelial cells from the intestine or kidney and the vasculature [162,172-174]. 

Production of microfluidic devices for high throughput studies have resulted in successful 

companies such as AIM Biotech and Mimetas [155,167]. However, although many studies 

successfully created interesting models for vasculature/vascularized organ-on-a-chip 

solutions, many of these still fail to fully capture the high complexity of the native situation. In 

particular, the design of a vascular model that can incorporate the correct dimensions, 

mechanical cues and ECM components in combination with culturing multiple vascular cell 

types has thus far remained a considerable challenge. In chapter 9 we describe the design 

and validation of a novel human vascular microfluidic device that attempt to create a more 

advanced perfused vessel on a chip device. The easily fabricated device offer live fluorescent 

cell imaging over time, and offers multiple endothelial neovessels on one chip with pericytes 

support in a full 3D ECM matrix that can be subjected to hemodynamic stimulation with 

circulating immune cells. This unique in house developed system shall provide a useful 

platform to study vascular response to e.g. inflammation and pathological changes in 

mechanical cues in a highly controlled manner.  
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Figure 1. Schematic overview of the vasculature and the chapters described in this thesis.  
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Thesis outline 
Regenerative applications such as tissue engineering rely on a functional, circulatory vascular 

system to provide sufficient nutrient and oxygen to cells. However, the vasculature is a very 

complex system with multiple cell types that interact with the surrounding tissue, and responds 

to prevalent biomechanical forces and the ECM (Figure 1). The aim of this thesis is to study 
vascular cell interactions with their environment, in particular the ECM, in development, 
regeneration, and response to disease. A better understanding of EC/pericyte interaction 

and vascular cell/ECM interactions in development, health and disease is essential to develop 

better in vitro models that mimic the vasculature for human vessel-on-a-chip studies and will 

provide new leads for vascular regenerative strategies. Chapter 1 introduced some of the 

complex mechanisms of ECs and pericytes interaction and touched upon the essential role of 

ECM, the contribution of microvascular dysfunction in disease and provided a brief 

introduction into human in vitro vascular models. 

 

In Chapter 2, we further describe the pro-angiogenic role of FZD5. This endothelial receptor 

of the Wnt pathway is involved in endothelial tubule formation, cell cycle progression and 

migration. Endothelial loss of FZD5 results in transcription of Angpt2 and VEGFR1 via 

PKC/Ets. 

 

In Chapter 3 and 4 the important roles of pericytes in health and disease are examined. 

Chapter 3 touches upon the different functions of pericytes in supporting the microvasculature 

and the multipotent role in both normal homeostasis and vascular diseases. Furthermore, we 

elaborate on the use of pericytes as therapeutic target in future cell-based regenerative 

strategies. In Chapter 4, differences in the transcriptome of pericytes cultured in presence 

and absence of microvascular ECs are analyzed. This transcriptome study reveals the major 

impact of ECs on pericytes, regulating proliferation, maturation and repression of ECM 

production. 

 

In Chapter 5 and 6 we compare the proteome of fetal and mature renal ECM. In Chapter 5, 

samples of healthy human kidney are enriched for ECM proteins and analyzed using LC-

MS/MS. Enriched in developing kidneys, EMILIN1 is identified as an important regulator of 

renal epithelial cell adhesion via a unique in vitro assay to assess secreted cell-derived ECM. 

In Chapter 6, using a comparable approach, EMILIN1 and FBN1 are enriched in renal arteries 

during development and transcriptomic analysis in ECs cultured on EMILIN1 and FBN1 

deficient ECM reveals a potential role of these elastic proteins in the endothelial regenerative 

response. 
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Chapter 7 describe ECM regulators MMP and TIMP in animal models of diastolic dysfunction. 

Using a systematic approach, multiple studies of animal diastolic dysfunction with 

accompanied cardiac fibrosis are reviewed and analyzed for MMP and TIMP levels as 

dynamic regulators of the ECM. 

 

In Chapter 8, the microvascular fibrotic responses in a rat model of HFpEF is described. 

These ZSF1 obese rats share characteristics with the human cardio-renal metabolic 

syndrome, a major driver behind HFpEF progression. Both the cardiac and renal 

microvasculature are hampered in ZSF1 obese rats, 

 

Chapter 9 describes the design and validation of a novel vascular microfluidic device that 

mimics the complex vasculature. This in vitro model enables the co-culture of multiple vascular 

cells types in a 3D ECM environment while being perfused. The flexibility of this model allows 

research of specific cell-cell and cell-ECM interactions in a complex in vitro system.  

 

To conclude, in Chapter 10, we discuss the findings described in this thesis and elaborate on 

implementing these finding for future regenerative strategies and in vitro models.  
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Abstract 
Formation of a functional vascular system is essential and its formation is a highly regulated 

process initiated during embryogenesis, which continues to play important roles throughout 

life in both health and disease. In previous studies, Fzd5 was shown to be critically involved 

in this process and here we investigated the molecular mechanism by which endothelial loss 

of this receptor attenuates angiogenesis. 

Using short interference RNA mediated loss of function assays, the function and mechanism 

of signaling via Fzd5 was studied in human endothelial cells (ECs). Our findings indicate that 

Fzd5 signaling promotes neovessel formation in vitro in a collagen matrix based 3D co-culture 

of primary vascular cells. Silencing of Fzd5 reduced EC proliferation, as a result of G0/G1 cell 

cycle arrest, and decreased cell migration. Furthermore, Fzd5 knockdown resulted in 

enhanced expression of the factors Angpt2 and VEGFR1, which are mainly known for their 

destabilizing effects on the vasculature. In Fzd5 silenced ECs, Angpt2 and VEGFR1 

upregulation was induced by enhanced PKC signaling, without the involvement of canonical 

Wnt signaling, non-canonical Wnt/Ca2+ mediated activation of NFAT, and non-canonical 

Wnt/PCP mediated activation of JNK. We demonstrated that PKC induced transcription of 

Angpt2 and VEGFR1 involved the transcription factor Ets1. 

The current study demonstrates a pro-angiogenic role of Fzd5, which was shown to be 

involved in endothelial tubule formation, cell cycle progression and migration, and partly does 

so by repression of PKC/Ets1 mediated transcription of VEGFR1 and Angt2. 
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Introduction 
New formation of blood vessels from pre-existing vessels, a process called angiogenesis, is 

a critical step in embryogenesis and continues to play important roles throughout life in both 

health and disease [1]. It is a dynamic process that is tightly regulated by a diverse range of 

signal transduction cascades and imbalances in these pathways can be a causative or a 

progressive factor in many diseases [2].  

Multiple studies suggest an important role for endothelial signal transduction via Frizzled (Fzd) 

receptors in angiogenesis [3-5]. The Fzd receptors belong to a family of 10 transmembrane 

receptors (Fzd1-10), which can initiate Fzd/Wnt canonical and non-canonical signaling upon 

binding with one of the 19 soluble Wnt ligands. Canonical Wnt signaling depends on Fzd 

receptor and LRP 5/6 co-activation, initiating Disheveled (DVL) to stabilize β-catenin, followed 

by β-catenin-mediated transcriptional regulation [6-8]. In contrast, non-canonical Wnt 

signaling also involves Dvl, but proceeds via Wnt/Ca2+ mediated-activation of Nuclear factor 

of activated T-cells (NFAT) or Wnt/Planar Cell Polarity (PCP) mediated activation of c-JUN N-

terminal Kinase (JNK) [6]. A potential link between Fzd5 and angiogenesis was previously 

demonstrated in Fzd5 full knockout mice [5]. Fzd5 silencing induced in utero death at 

approximately E10.5, which was associated with vascular defects in the placenta and yolk 

sac. Furthermore, isolated endothelial cells (ECs) from Fzd5 deficient mice showed a 

reduction in cell proliferation, which is crucial for neo vessel formation. These findings suggest 

that Fzd5 can be an important regulator of angiogenesis. However, the exact type of 

endothelial Fzd5/Wnt signaling and the downstream molecular mechanism causal to the poor 

vascular phenotype in absence of this receptor requires further in depth evaluation. 

Here we studied the angiogenic potential of Fzd5 and investigated the signaling pathways that 

are mediated by Fzd5/Wnt signaling in human ECs. Our findings indicate that Wnt5a, which 

is endogenously expressed in ECs, binds and signals via Fzd5, but in absence of this receptor 

triggers a poor angiogenic phenotype via an alternative signaling route. We demonstrated that 

Fzd5 is essential for neovessel formation in vitro in a collagen matrix based 3D co-culture of 

primary human vascular cells. Silencing of Fzd5 reduced EC proliferation as a result of G0/G1 

cell cycle arrest and decreased cell migration capacity. Furthermore, Fzd5 knockdown 

resulted in enhanced expression of the factors Angiopoietin 2 (Angpt2) and Fms Related 

Tyrosine Kinase 1 (VEGFR1), which are mainly known for their destabilizing effects on the 

vasculature [9-11]. In Fzd5 silenced ECs, Angpt2 and VEGFR1 upregulation was induced by 

enhanced Protein Kinase C (PKC) signaling, without the involvement of canonical Wnt 

signaling, non-canonical Wnt/Ca2+ mediated activation of NFAT, and non-canonical Wnt/PCP 

mediated activation of JNK. Further downstream, PKC induced transcription of Angpt2 and 

VEGFR1 involved the transcription factor Protein C-Ets-1 (Ets1), as knockdown of both Fzd5 
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and Ets1 resulted in a marked repression of Angpt2 and VEGFR1 expression levels. In 

addition, silencing of Ets1 partially restored the impaired endothelial tubule formation capacity 

of Fzd5 silenced ECs. 

 
Methods 

Cell culture 

Human Umbilical Vein Endothelial Cells (HUVECs; Lonza) and Human Brain Vascular 

Pericytes (Sciencell) were cultured on gelatin coated plates in EGM-2 medium (EBM-2 

medium supplemented with EGM-2 bullet kit; Lonza, and 100U/ml penicillin/streptomycin; 

Lonza) and DMEM (supplemented with 100U/ml penicillin/streptomycin; Lonza, and 10% 

FCS; Lonza) respectively, in 5% CO2 at 37 ˚C. The experiments were performed with cells at 

passage 3-5. Lentivirus green fluorescent protein (GFP) transduced HUVECs and lentivirus 

discosoma sp. red fluorescent protein (dsRED) transduced pericytes were used at passage 

5-7. HUVECs and GFP-labeled HUVECs were used from 6 different batches derived from 

pooled donors. Pericytes and dsRED-labeled pericytes were used from 8 different batches 

derived from single donors. Fzd5, Ets1, and Wnt5a knockdown in HUVECs was achieved by 

cell transfection of a pool containing 4 targeting short interference RNA (siRNA) sequences, 

whereas PKC isoforms where knocked down with individual siRNA strands (Dharmacon), all 

in a final concentration of 100nM. Control cells were either untreated or transfected with a pool 

of 4 non-targeting siRNA sequences (Dharmacon) in a final concentration of 100nM. Target 

sequences are listed in Table 1. Inhibition of GSK3β, NFAT, JNK, and PKC activation was 

achieved with 20µM LiCl (Sigma), 1µM Cyclosporine A (CsA; Sigma), 20µM SP600125 

(Sigma), and 5, 10 and 20nM staurosporine (CST) respectively. Phosphatase activity was 

inhibited with 50nM Calyculin A. Free Ca2+ induced activation of NFAT-mediated transcription 

was achieved with 10µM A23187. In experiments involving a serum starvation step, the cells 

were cultured for 24 hours in EBM-2. 

 

Quantitative PCR and Western blot analysis 

Total RNA was isolated using RNA mini kit (Bioline) and reversed transcribed into cDNA using 

iScript cDNA synthesis kit (Bioline). Gene expression was assessed by qPCR using SensiFast 

SYBR & Fluorecein kit (Bioline) and primers as listed in Table 2. Expression levels are relative 

to the housekeeping gene β-actin. For assessment of protein levels, cells were lysed in cold 

NP-40 lysis buffer (150 mM NaCl, 1.0% NP-40, 50 mM Tris, pH 8.0) 
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Table 1. siRNA sequences used in cell culture. 

Target gene Target sequence 
Non-targeting UGGUUUACAUGUCGACUAA 
 UGGUUUACAUGUUGUGUGA 
 UGGUUUACAUGUUUUCUGA 
 UGGUUUACAUGUUUUCCUA 
Fzd5 GCAUUGUGGUGGCCUGCUA 
 GCACAUGCCCAACCAGUUC 
 AAAUCACGGUGCCCAUGUG 
 GAUCCGCAUCGGCAUCUUC 
Ets1 AUAGAGAGCUACGAUAGUU 
 GAAAUGAUGUCUCAAGCAU 
 GUGAAACCAUAUCAAGUUA 
 CAGAAUGACUACUUUGCUA 
Wnt5a GCCAAGGGCUCCUACGAGA 
 GUUCAGAUGUCAGAAGUAU 
 CAUCAAAGAAUGCCAGUAU 
 GAAACUGUGCCACUUGUAU 
PKCα UAAGGAACCACAAGCAGUA 
PKCδ CCAUGUAUCCUGAGUGGAA 
PKCε GUGGAGACCUCAUGUUUCA 
PKCη GCACCUGUGUCGUCCAUAA 

 

supplemented with 1 mM β-glycerolphosphate, 1 mM PMSF, 10 mM NaF, 1 mM NaOV, and 

protease inhibitor cocktail (Roche). Total protein concentration was quantified by Pierce® BCA 

Protein Assay Kit (Thermo Scientific) as a loading control. Lysates were denaturated in 

Laemmli buffer (60 mM Tris pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% 

bromophenol blue) at 90°C for 5 min followed by electrophoresis on a 10% SDS-page gel 

(Biorad). Subsequently, proteins were transferred to a nitrocellulose membrane (Pierce) and 

incubated for 1 hour in PBS with 5% non-fat milk, followed by incubation with rabbit anti-Fzd5 

(Milipore), goat anti-β-actin (Abcam), rabbit anti-β-catenin, anti-non-phospho β-catenin and 

phospho-β-catenin (CST, validated in Supplemental Figure 3A), rabbit anti-Angpt2 (Abcam), 

rabbit anti-JNK and phospho-JNK (CST, validated in Supplemental Figure 4C), rabbit anti-

JUN and phospho-JUN (CST, validated in Supplemental Figure 4C), rabbit anti-Wnt5a (CST) 

rabbit anti-Dvl2 (CST) according to manufacturer’s description. Protein bands were visualized 

with the Li-Cor detection system (Westburg). Levels of secreted VEGFR1 in cultured medium 

were assessed 72 hours post transfection using a VEGFR1 ELISA kit (R&D systems). 
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Table 2. Primer sequences used for (q)PCR. 

Gene Sense primer sequence Antisense primer sequence 

Fzd1 GCCCTCCTACCTCAACTACCA ACTGACCAAATGCCAATCCA 

Fzd2 GCTTCCACCTTCTTCACTGTC GCAGCCCTCCTTCTTGGT 

Fzd3 CTTCCCTGTCGTAGGCTGTGT GGGCTCCTTCAGTTGGTTCT 

Fzd4 ATGAACTGACTGGCTTGTGCT TGTCTTTGTCCCATCCTTTTG 

Fzd5 TACCCAGCCTGTCGCTAAAC AAAACCGTCCAAAGATAAACTGC 

Fzd6 GCGGAGTGAAGGAAGGATTAG TGAACAAGCAGAGATGTGGAA 

Fzd7 CGCCTCTGTTCGTCTACCTCT CTTGGTGCCGTCGTGTTT 

Fzd8 GCCTATGGTGAGCGTGTCC CTGGCTGAAAAAGGGGTTGT 

Fzd9 CTGGTGCTGGGCAGTAGTTT GCCAGAAGTCCATGTTGAGG 

Fzd10 CCTTCATCCTCTCGGGCTTC AGGCGTTCGTAAAAGTAGCAG 

Wnt1 CAACAGCAGTGGCCGATGGTGG CGGCCTGCCTCGTTGTTGTGAAG 

Wnt2 GTCATGAACCAGGATGGCACA TGTGTGCACATCCAGAGCTTC 

Wnt2b AAGATGGTGCCAACTTCACCG CTGCCTTCTTGGGGGCTTTGC 

Wnt3 GAGAGCCTCCCCGTCCACAG CTGCCAGGAGTGTATTCGCATC 

Wnt3a CAGGAACTACGTGGAGATCATG CCATCCCACCAAACTCGATGTC 

Wnt4 GCTCTGACAACATCGCCTAC CTTCTCTCCCGCACATCC 

Wnt5a GACCTGGTCTACATCGACCCC GCAGCACCAGTGGAACTTGCA 

Wnt5b TGAAGGAGAAGTACGACAGC CTCTTGAACTGGTTGTAGCC 

Wnt6 TTATGGACCCTACCAGCAT ATGTCCTGTTGCAGGATG 

Wnt7a GCCGTTCACGTGGAGCCTGTGCGTGC AGCATCCTGCCAGGGAGCCCGCAGCT 

Wnt7b GATTCGGCCGCTGGAACTGCTC TGGCCCACCTCGCGGAACTTAG 

Wnt8a CTGGTCAGTGAACAATTTCC GTAGCACTTCTCAGCCTGTT 

Wnt8b GTCTTTTCACCTGTGTCCTC AGGCTGCAGTTTCTAGTCAG 

Wnt10a CTGTTCTTCCTACTGCTGCT ACACACACCTCCATCTGC 

Wnt10b GCACCACAGCGCCATCCTCAAG GGGGTCTCGCTCACAGAAGTCAGGA 

Wnt11 CACTGAACCAGACGCAACAC CCTCTCTCCAGGTCAAGCAAA 

Wnt14 ACAAGTATGAGACGGCACTC AGAAGCTAGGCGAGTCATC 

Wnt15 TGAAACTGCGCTATGACTC GTGAGTCCTCCATGTACACC 

Wnt16 GAGAGATGGAACTGCATGAT GATGGGGAAATCTAGGAACT 

Axin2 TTGAATGAAGAAGAGGAGTGGA TCGGGAAATGAGGTAGAGACA 

Ccnd1 GTCCATGCGGAAGATCGTCG TCTCCTTCATCTTAGAGGCCACG 

C-myc CACAGCAAACCTCCTCACAG CGCCTCTTGACATTCTCCTC 

Angpt1 GCTGAACGGTCACACAGAGA CTTTCCCCCTCAAAGAAAGC 

Angpt2 TTATCACAGCACCAGCAAGC TTCGCGAGAACAAATGTGAG 

VEGFa AAGGAGGAGGGCAGAATCAT ATCTGCATGGTGATGTTGGA 

VEGFR2 AGCGATGGCCTCTTCTGTAA ACACGACTCCATGTTGGTCA 

VEGFR1 TGTCAATGTGAAACCCCAGA GTCACACCTTGCTCCGGAAT 

DSCR1 GAGGACGCATTCCAAATCAT AGTCCCAAATGTCCTTGTGC 
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3D analysis of endothelial tubule formation 

Twenty-four hours post siRNA transfection, GFP-labeled HUVECs were harvested and 

suspended with non-transfected dsRED-labeled pericytes in collagen as previously described 

by Stratman and colleagues [12]. In summary, HUVECs and pericytes were mixed in a 5:1 

ratio in EBM-2 supplemented with Ascorbic Acid, Fibroblast Growth Factor, and 2% FCS from 

the EGM-2 bullet kit. Additionally, C-X-C motif chemokine 12, Interleukin 3, and Stem Cell 

Factor were added in a concentration of 800ng/ml (R&D systems). The cell mixture was 

suspended in bovine collagen (Gibco) with a final concentration of 2mg/ml and pipetted in a 

96 wells plate. One hour of incubation in 5% CO2 at 37 ˚C was followed by the addition of 100 

µl of the adjusted EBM-2 medium on the collagen gels. The addition of recombinant human 

Angpt2 and VEGFR1 (R&D systems) was done 24 hours post seeding in the collagen matrix, 

both in a final concentration of 1000ng/ml. Forty-eight hours and 120 hours post seeding, 

these co-cultures were imaged by fluorescence microscopy, followed by analysis of the 

number of junctions, the number of tubules, and the tubule length using AngioSys. At least 3 

technical replicates were averaged per condition per independent replicate. 

 

Migration assay 

Twenty-four hours post siRNA transfection, HUVECs were plated at a density of 0.5 x 105 

cells/well in an OrisTM Universal Cell migration Assembly Kit (Platypus Technologies) derived 

96 well plate with cell seeding stoppers. Twenty-four hours post sub culturing, the cell stoppers 

were removed and cells were allowed to migrate into the cell free region for 16 hours in 5% 

CO2 at 37 ˚C. Subsequently, the cells were washed in PBS and stained by Calcein-AM 

followed by visualization using fluorescence microscopy. Wells in which cell seeding stoppers 

were not removed were used as a negative control. Results were analyzed by Clemex. At 

least 3 technical replicates were averaged per condition per independent replicate. 

 

 

 

TF TACTTGGCACGGGTCTTCTC TGTCCGAGGTTTGTCTCCA 

Ets1 GGAGCAGCCAGTCATCTTTC GGTCCCGCACATAGTCCTT 

PKCα CGACTGGGAAAAACTGGAGA ACTGGGGGTTGACATACGAG 

PKCδ ATTGCCGACTTTGGGATGT TGAAGAAGGGGTGGATTTTG 

PKCε AAGCCACCCTTCAAACCAC GGCATCAGGTCTTCACCAAA 

PKCη TCCCACACAAGTTCAGCATC CCCAATCCCATTTCCTTCTT 

MMP1 GATTCGGGGAGAAGTGATGTT CGGGTAGAAGGGATTTGTG 

β-actin TCCCTGGAGAAGAGCTACGA AGCACTGTGTTGGCGTACAG 
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Intracellular immunofluorescent staining 

Forty-eight hours post siRNA transfection, HUVECs were seeded on gelatin coated glass 

coverslips in 12 wells plates at a density of 0.5 x 105 cells/well (sub-confluent) and 3.5 x 105 

cells/well (confluent). Subsequently, cells adhered for 24 hours followed by fixation for 15 min 

in 4% paraformaldehyde and blocking for 60 min in PBS with 5% bovine serum albumin 

(Sigma) and 0.3% Triton X-100 (Sigma). After blocking, coverslips were placed on droplets 

PBS with 1% BSA and 0.3% Triton X-100 containing rabbit anti-β-catenin antibody (CST) for 

16 hours in a humidified environment at 4°C. Thereafter, coverslips were incubated on PBS 

with 1% BSA and 0.3% Triton X-100 containing an Alexa Fluor 594-labeled secondary 

antibody (Invitrogen) and phalloidin-rhodamin (Invitrogen) for 1 hour at room temperature, 

finally followed by mounting the stained coverslips on vectashield with DAPI (Brunschwig). 

Coverslips were imaged by confocal microscopy. 

 

Proliferation, cell cycle assay and apoptosis 

Twenty-four hours post siRNA transfection, HUVECs were seeded in 6 wells plates at a 

density of 0.5 x 105 cells/well. To study the effect of Fzd5 knockdown on proliferation, HUVECs 

were harvested 24 hours, 48 hours, and 72 hours post sub culturing and counted by flow 

cytometry. For analysis of cell cycle progression, cells were harvested 48h post sub culturing 

and fixated in 70% ethanol for 60 minutes on ice. Subsequently, cells were stained with PI 

and treated with RNAse (Sigma) for 30 minutes at 37 ˚C and analyzed by flow cytometry. 

Apoptosis was studied 72 hours after transfection using an in situ cell death detection kit 

(Roche) as described by manufacturer on 4% PFA fixated cells. 

 

Wnt5a adenovirus preparation, transduction and stimulation 

Recombinant adenoviruses were produced using the Gateway pAd/CMV/V5DEST vector and 

ViraPowerTM Adenoviral Expression System (Invitrogen), according to manufacturer’s 

instructions. Briefly, the Wnt5a expression cassette was cloned from the pENTRTM 221 Wnt5a 

entry vector (Invitrogen) into pAd/CMV/V5-DEST expression vector (Invitrogen) via the LR-

reaction II (Invitrogen). After verification by DNA sequencing, the pAd/CMV plasmids were 

linearized by Pac1 restriction and subsequently transfected with Lipofectamine 2000 

(Invitrogen) in 293A cells. Infected cells were harvested by the time 80% of the cells detached 

from plates followed by isolation of viral particles from crude viral lysate. HeLa cells were used 

to produce Wnt5a (or dsRED, referred to as adSHAM) by transduction with a calculated 5 viral 

particles per cell. Forty-eight hours post transduction, HeLa cells were cultured for 24 hours 

on EBM-2, which eventually was used to stimulate serum-starved endothelium for 3 hours. 
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Statistical analysis 

For each experiment, N represents the number of independent replicates. Statistical analysis 

was performed by GraphPad Prism using one-way ANOVA followed by post hoc Tukey’s test, 

unless stated otherwise. Results are expressed as mean ± SEM. Significance was assigned 

when P<0.05 (two-tailed).  
 
Results 
Fzd5 siRNA induces a specific knockdown of endothelial Fzd5  

The function of Fzd5 was studied in vitro using siRNA mediated silencing in HUVECs, which 

were shown to express all Fzd receptors other than Fzd10 (Supplemental Figure 1A), and 

Wnt2b, 3, 4, 5a, and 11 (Supplemental Figure 1B). Both qPCR and Western blot analysis 

confirmed a significant loss of Fzd5 expression in cells treated with an siRNA pool specific for 

Fzd5, compared to untreated control cells and cells treated with a pool of non-targeting siRNA, 

referred to as siSHAM (Supplemental Figure 1C,D). Although Fzd receptors share highly 

similar domains, knockdown of Fzd5 was specific. None of the other Fzd receptors were 

differentially expressed after treatment with Fzd5 siRNA, other than Fzd5 (Supplemental 

Figure 1C).  

 

Wnt5a signals via endothelial Fzd5 

Previous studies listed Wnt5a and Secreted Frizzled-Related Protein 2 (SFRP2) as most likely 

candidates to activate Fzd5-mediated signaling in ECs [13-15]. In contrast to SFRP2 [16], 

Wnt5a is endogenously expressed by HUVECs (Supplemental Figure 1B). To address the 

potential signal capacities of this endogenously expressed Wnt5a as ligand for Fzd5, HeLa 

cells were transduced with an adenoviral overexpression plasmid for Wnt5a to produce 

cultured medium containing high levels of this Wnt ligand. HeLa cells were selected for this 

purpose over HUVECs as these cells were shown to have a more refined machinery to 

produce and secrete functional Wnt5a than HUVECs, as illustrated by enhanced mRNA 

expression of Wntless (WLS) and Porcupine (PORCN) (data not shown). Transduction with 

this overexpression vector (adWnt5a) led to a significant upregulation of Wnt5a compared to 

dsRED control transduced cells (adSHAM) (Figure 1A). To assess whether Fzd5 was involved 

in transducing the signal of Wnt5a, cultured medium from transduced HeLa cells was applied 

to serum starved HUVECs after which Dvl activation was monitored. Western blot analysis 

showed that Wnt5a strongly induced Dvl phosphorylation in untreated or non-targeting siRNA 

treated HUVECs, however this effect was blocked in absence of Fzd5 (Figure 1B), confirming 

the importance of endothelial Fzd5 in transducing Wnt5a signaling. 
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Figure 1. Wnt5a induced Fzd5-mediated DVL activation in HUVECs. (A) Representative Western blot 

of adenoviral-based Wnt5a overexpression in HeLa cells, 72 hours post transduction. N=4. (B) 
Representative Western blot of Dvl and phosphorylated Dvl in HUVECs after 3 hours stimulation with 

cultured medium (CM) from HeLa cells overexpressing dsRED or Wnt5a, 72 hours post siRNA 

transfection in HUVECs. N=6 

 

Fzd5 expression is essential for endothelial proliferation, migration, and tubule formation 

The angiogenic capacities of these Fzd5 silenced HUVECs were evaluated in a well-validated 

in vitro 3D angiogenesis assay developed for studying formation of micro-capillary structures 

[12]. In this assay, HUVECs with GFP marker expression and dsRED-labeled pericytes 

directly interact in a collagen type I matrix environment, resulting in EC sprouting, tubule 

formation, and neovessel stabilization as a result of perivascular recruitment of pericytes. At 

day 5 post-seeding, well-defined, micro-capillaries with pericyte coverage can be observed. 

Imaging and quantification of the vascular structures was conducted at day 2 and 5. 

Endothelial knockdown of Fzd5 strongly impaired endothelial tubule formation (Figure 2A). 

Quantification revealed a significant reduction in the total tubule length, the number of 

endothelial junctions, and the number of endothelial tubules, both after 2 and 5 days (Figure 

2B). To get a better insight in the causative factor for this poor vascular phenotype, the 

migration and proliferation capacities of Fzd5 silenced ECs were studied. A plug-in migration 

assay was performed to analyze the effects of Fzd5 knockdown on endothelial mobility. 

Knockdown of Fzd5 significantly inhibited the migration of ECs towards the open cell-devoid 

area compared to untreated and non-targeting siRNA treated ECs (Figure 3A,B). In addition, 

knockdown of Fzd5 significantly reduced cell numbers compared to control and siSHAM 

condition (Figure 3C). To clarify whether this was a result of impaired cell proliferation or 

increased apoptosis, cell cycle progression was analyzed in a cell-cycle assay in which total 

DNA was stained with PI, followed by flow cytometry. A strong increase of cells in the G0/G1 

phase of the cell-cycle was observed after knockdown of Fzd5, indicative of a cell cycle arrest 

(Figure 3D,E). For apoptosis analysis, a terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) based detection staining was used. Although seeded in similar densities, 

Fzd5 knockdown led to a significant reduction of nuclei per image field. 
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Figure 2. Fzd5 expression is crucial for vascular formation in vitro. (A) Representative fluorescent 

microscope images of GFP-labeled HUVECs (green) in co-culture with dsRED-labeled pericytes (red) in 
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◄a 3D collagen matrix during vascular formation. Shown are the results at day 2 and 5 of non-transfected 

control, siSHAM, and siFzd5 conditions. Scale bar in the left columns represents 1mm. Scale bar in the 

right columns represents 350 µm. (B) Bar graphs show the quantified results of the co-culture assay. 

Shown are the total tubule length, and the number of endothelial junctions and tubules relative to the 

control conditions, both after 2 days and 5 days. N=4, *P<0.05 compared to control and siSHAM condition. 
 

Figure 3. Endothelial knockdown of Fzd5 significantly inhibited EC migration and proliferation, 
but had no effect on apoptosis. (A) Representative fluorescent microscope images of Calcein-AM 

labeled HUVECs (green) in a plug-stopper based migration assay. Shown are the results of 16 hours of 

migration of non-transfected control, siSHAM, and siFzd5 conditions. Scale bar represents 500 µm. Open 

migration areas produced by the plug-stopper before initiation of the assay are indicated by dotted lines. 

(B) Bar graph shows the quantified results of migration assay. Shown are the percentages of surface area 

within the dotted circle covered by HUVECs after 16 hours of migration. N=4, *P<0.05 compared to control 

and siSHAM condition. (C) ECs expansion at 24 hours, 48 hours, and 72 hours post seeding in similar 

densities, as quantified by flow cytometry. N=3, *P<0.05 compared to control and siSHAM condition (two-

way ANOVA followed by Bonferroni post hoc test). (D) Representative histogram of flow cytometric 

analysis of PI based DNA staining showing the distribution of cells over the cell-cycle in the different 

groups at 48 hours post transfection. (E) Quantified results of cell-cycle analysis. Percentage of cells in 

G0/G1 phase is shown. N=3, *P<0.05 compared to control and siSHAM condition. (F) Quantified results 

of TUNEL staining. Percentage TUNEL positive cells of total number of cell is shown, 72 hours post-



2

Endothelial loss of Fzd5 stimulates transcription of Angpt2 and VEGFR1 

47 

◄transfection of control, siSHAM, and siFzd5 conditions. N=3, no significance. (G) Representative 

fluorescent microscope images of DAPI bases nuclei staining in HUVECs (blue, upper row) and TUNEL 

staining of the same cells (red, lower row). Positive control was treated with DNAse solution. Scale bar 

represents 200 µm. 

 

However, the relative number of TUNEL positive nuclei in the Fzd5 knockdown condition was 

similar when compared to control and siSHAM condition, showing that the reduction of ECs 

in the Fzd5 knockdown condition is not related to increased apoptosis (Figure 3F,G). 

 

Loss of Fzd5 does not interfere with endogenous canonical Wnt signaling 

To further dissect the molecular mechanism of endothelial Fzd5 signaling in angiogenesis, 

known Fzd/Wnt signaling pathways were studied. Downstream Fzd signaling occurs via the 

canonical Wnt signaling pathway, also known as the Wnt/β-catenin pathway, or by the less 

well described non-canonical Wnt signaling pathways. Activation of canonical Wnt signaling 

is characterized by an accumulation of cytoplasmic β-catenin, eventually resulting in nuclear 

translocation and subsequent expression of β-catenin dependent target genes. To evaluate 

the effect of Fzd5 knockdown on the canonical Wnt signaling pathway, total levels of β-

catenin, as well as phospho-β-catenin (ser33/37/thr41) and non phospho-β-catenin (active) 

were examined 24h, 48h and 72h post transfection by Western blot. Ser33/37/thr41 

phosphorylation is induced by GSK3β and primes β-catenin for subsequent degradation, and 

could be indicative for a reduced activity of canonical Wnt signaling. Total β-catenin, as well 

as non phospho-β-catenin (active) levels were unaffected by Fzd5 silencing, and no phospho-

β-catenin (ser33/37/thr41) was observed in all conditions (Figure 4A,B), even though the 

antibody was capable of detecting GSK3β-induced β-catenin phosphorylation (Figure 4C). 

Furthermore, expression levels of previously described endothelial target genes of β-catenin 

were studied using qPCR, but no differences were observed in the expression of Axin2, Ccnd1 

and C-myc after knockdown of Fzd5 (Figure 4D). An immunofluorescent staining, validated to 

detect cellular distribution of β-catenin (Supplemental Figure 3B), was also performed on 

transfected ECs, as stable total levels of β-catenin found by Western blot did not deviate 

between cytoplasmic- or nuclear localized β- catenin. In line with the other experiments 

focusing on β-catenin-mediated signaling, no differences in β-catenin localization were 

observed after knockdown of Fzd5, both in confluent and sub confluent cells (Figure 4E and 

4F, respectively). 
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Figure 4. Fzd5 knockdown did not affect the canonical Wnt signaling pathway in ECs. (A) 
Representative Western blot result of total levels of β-catenin, non phospho-β-catenin, phospho-β-catenin 

(ser33/37/thr41), and β-actin loading control, at different time points post-transfection. (B) Quantified 

results of β-catenin Western blot. Shown are β-catenin levels relative to β-actin loading control. N=3, no 

significance. (C) Western blot result of total levels of β-catenin and phospho-β-catenin in response to 

treatment with the phosphatase inhibitor Calyculin A (50nM) with and without a 30 minute pre-treatment 

of the GSK3β inhibitor LiCl (20mM). (D) QPCR analysis of the mRNA expression levels of β-catenin target 

genes Axin2, Cyclin D1 (Ccnd1) and C-myc in the different conditions 72 hours post transfection. N=4, no 

significance. (E) Immunofluorescent staining β-catenin (green), F-actin (red), and DAPI (blue) in confluent 

and sub-confluent (F) HUVECs after knockdown of Fzd5. N=3. 
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Fzd5 knockdown induces the expression of several (anti-) angiogenic factors 

To further elucidate the anti-angiogenic phenotype observed after Fzd5 knockdown, 

expression levels of several important regulators of angiogenesis were analyzed. In contrast 

to what was previously reported [17], our findings in HUVECs indicate that expression of  

Figure 5. Fzd5 knockdown led to increased expression of vascular regression associated genes 
VEGFR1 and Angpt2. (A) QPCR results of expression levels of Angpt2 and VEGFR1 in the different 

conditions 72 hours post transfection. N=11, *P<0.05 compared to control and siSHAM condition. (B) 
Representative Western blot results of Angpt2 expression levels in the different conditions 72 hours post 

transfection. N=3. (C) Enzyme-linked immuno sorbent assay based quantification of secreted VEGFR1 

levels in cultured endothelial medium 72h post transfection. N=8, *P<0.05 compared to control and 

siSHAM condition. (D) Representative fluorescent microscope images of GFP-labeled HUVECs (green) 

in co-culture with dsRED-labeled pericytes (red) in a 3D collagen matrix during vascular formation. Shown 

are the results at day 5 of an untreated control, and after stimulation with PBS, Angpt2 (1000 ng/ml), 

VEGFR1 (1000 ng/ml), and Angpt2 + VEGFR1 (1000 ng/ml both). Scale bar in the upper row represent 

1mm, in the bottom row 350 µm. (E) Bar graphs show the quantified results of the co-culture assay. Shown 

are the total tubule length, and the number of endothelial junctions and tubules after 5 days. N=4, *P<0.05 

compared to control and siSHAM condition.  
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tissue factor (TF) is not positively regulated by Fzd5 signaling, as Fzd5 knockdown did not 

attenuate TF expression. In fact, TF was slightly upregulated in Fzd5 silenced HUVECs 

compared to untreated control cells, yet was statistically equal to non-targeting siRNA treated 

HUVECs (Supplemental Figure 2). Interestingly, Vascular Endothelial Growth Factor A 

(VEGFA) decoy receptor VEGFR1, and the vascular destabilizing factor Angpt2 were 

significantly upregulated at both mRNA and protein level in HUVECs treated with Fzd5 siRNA 

when compared to untreated or non-targeting siRNA treated HUVECs (Figure 5A-C). 

Expression levels of VEGF receptor 2, VEGFA, as well as Angpt1 remained unaffected in 

absence of Fzd5 (Supplemental Figure 2). In line with previous findings of Lobov et al., 

combined addition of VEGFR1 and Angpt2 in the 3D co-culture system completely attenuated 

endothelial tubule formation (Figure 5D,E) [9].  

Knockdown of a Fzd receptor could not only attenuate signal transduction, but due to impaired 

inhibitory crosstalk between the individual pathways, or via alternative receptor binding by the 

Wnt ligand could also have a stimulatory effect [18,19]. Since Fzd5 knockdown had no effect 

on the canonical Wnt signaling pathway, the described non-canonical Wnt/Ca2+ and PCP 

pathways were studied for their potential role in the upregulation of Angpt2 and VEGFR1. 

Activation of the Wnt/Ca2+ pathway could induce VEGFR1 and Angpt2 transcription, as 

stimulation of the Wnt/Ca2+ pathway leads to free Ca2+-induced activation of Calcineurin, 

which in turn could promote NFAT-mediated transcription by dephosphorylating NFAT [6]. The 

mRNA expression level of Down Syndrome Critical Region 1 (DSCR1) was evaluated to 

assess the potential link between Fzd5 knockdown and NFAT activation, as DSCR1 is a 

profound target gene of NFAT, involved in a feedback loop to fine-tune NFAT-mediated 

transcription [20,21]. However, no correlation between endothelial knockdown of Fzd5 and 

DSCR1 upregulation was observed (Figure 6A). The involvement of NFAT-mediated 

transcription was also evaluated by pharmacological inhibition of the Wnt/Ca2+ signaling 

cascade using the Calcineurin inhibitor Cyclosporine A (CsA). The effectiveness of CsA (1 

µM) was confirmed by its ability to inhibit calcium ionophore (A23187) induced transcription of 

DSCR1 as a result of free Ca2+-mediated NFAT activation in ECs (Figure 6A). In line with the 

absence of DSCR1 upregulation in the Fzd5 knockdown condition, the upregulation of 

VEGFR1 and Angpt2 could not be linked to an increase of NFAT-mediated transcription in the 

Fzd5 knockdown condition, as CsA stimulation failed to reduce Angpt2 and VEGFR1 

upregulation in Fzd5 silenced cells (Figure 6B). Besides activation of the Wnt/Ca2+ pathway, 

the PCP pathway could also stimulate the expression of VEGFR1 and Angpt2 via activation 

of the Wnt/PCP signaling cascade linked to downstream JNK-induced transcriptional 

activation of c-JUN [22,23]. Activation of JNK/c-JUN-mediated transcription involves  
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Figure 6. Fzd5 knockdown led to increased expression of vascular regression associated genes 
VEGFR1 and Angpt2, independent of the non-canonical Wnt/Ca2+ and PCP pathways. (A) QPCR 

results of NFAT target gene Dscr1 in the different conditions 72 hours post transfection and in response 

to ionophore A23187 (10 µM) induced Ca2+ flux, with and without NFAT inhibitor Cyclosporin A (CsA) (1 

µM). N=5, *P<0.05 compared to control and siSHAM condition, and DMSO treated and CsA + A23187 

treated ECs respectively. (B) Angpt2 and VEGFR1 mRNA expression levels in HUVECs in response to 

CsA, supplemented 48 hours post transfection. N=4, *P<0.05 compared to control and siSHAM condition 

(two-way ANOVA followed by Bonferroni post hoc test). (C) Representative Western blot of total JNK, 

phospho-JNK, and β-actin levels at different time points post-transfection. (D) Quantified results of JNK 

and phospho-JNK Western blot. Shown are individual (phospho) JNK isoform (p46 and p54) levels relative 

to β-actin loading control. N=6, *P<0.05 compared to control and siSHAM condition within 1 time 

comparison (24, 48 or 72 hours). (E) Western blot of total JNK, phospho-JNK, and β-actin levels in 

response to different concentrations of JNK inhibitor SP600125 after 1 hour. (F) QPCR analysis showing 

the effect of SP600125, supplemented 48 hours post transfection, on VEGFR1 and Angpt2 mRNA levels 

in the different conditions. N=4, *P<0.05 compared to control and siSHAM condition, #P<0.05 as indicated 

in graph (two-way ANOVA followed by Bonferroni post hoc test). 
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phosphorylation of JNK, which was slightly increased both 48h and 72h post transfection 

(Figure 6C,D). JNK-mediated phosphorylation of c-JUN however was not observed 

(Supplemental Figure 4A,B). Since JNK is a kinase with a broad spectrum of downstream 

substrates [24], the JNK inhibitor SP600125 was used to block activation of JNK to define 

whether the enhanced phosphorylation of JNK played a role in the upregulation of VEGFR1 

and Angpt2. The effectiveness of SP600125 (20 µM) was confirmed by its ability to inhibit JNK 

phosphorylation in ECs (Figure 6E). Treatment of HUVECs with SP600125 did not diminish 

Fzd5 silencing-induced upregulation of VEGFR1 and Angpt2 (Figure 6F). In contrast, 

SP600125 treatment rather induced a general upregulation of Angpt2, indicating that 

activation of JNK was not causally related to the Fzd5 knockdown-mediated upregulation of 

both genes.  

 

Angpt2 and VEGFR1 upregulation is mediated via PKC and Ets1 

Previously it was demonstrated that Wnt signal transduction could also involve PKC [25-27]. 

PKCs are part of a kinase family with a diverse range of potential downstream targets. To 

verify whether Fzd5 knockdown-induced upregulation of VEGFR1 and Angpt2 depended on 

activation of PKC, HUVECs were treated with the PKC inhibitor Staurosporine in the 

concentration range of 5 nM to 20 nM, as not all different PKC family members are equally 

inhibited at similar concentrations. Interestingly, both Angpt2 and VEGFR1 overexpression 

induced by Fzd5 knockdown was dose dependently reduced by PKC inhibition compared to 

control and siSHAM condition (Supplemental Figure 5A). Since HUVECs express multiple 

PKC isoforms [28,29], PKC expression was knocked down by siRNA to interrogate which 

isoform mediated the observed upregulation of Angpt2 and VEGFR1. Individual PKC isoform 

knockdown only had a minor effect on the Fzd5 knockdown-induced overexpression of the 

anti-angiogenic factors, whereas combined knockdown of the novel PKCs (nPKCs) 

completely attenuated the upregulation of Angpt2 and VEGFR1 (Figure 7A, Supplemental 

Figure 5B).  

PKC signaling can induce elevated synthesis of the transcription factor Ets1 [30,31], which 

has binding sites in the promoter regions of both Angpt2 and VEGFR1 [32,33]. Ets1 was 

significantly upregulated in absence of Fzd5, which was orchestrated by PKC (Supplemental 

Figure 5C). Involvement of Ets1 in transcriptional regulation of Angpt2 and VEGFR1 was 

evaluated in the Fzd5 knockdown condition using a double knockdown of both Fzd5 and Ets1. 

Knockdown of Ets1 alone had no effect on the expression of VEGFR1 and Angpt2 compared 

to control and siSHAM condition, indicating no active transcription regulation of these two 

genes by Ets1 in control conditions. However, knockdown of Ets1 in Fzd5-silenced HUVECs 

fully inhibited upregulation of Angpt2 and partially inhibited the upregulation of VEGFR1  
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Figure 7. Fzd5 knockdown induced upregulation of Angpt2 and VEGFR1 expression is mediated 
via enhanced PKC and Ets1 signaling. (A) QPCR results showing expression levels of Angpt2 and 

VEGFR1 in HUVECs after knockdown of Fzd5 alone, in combination with different PKC isoforms, and in 

combination with all novel PKC isoforms (PKCδ,ε,η), 48 hours post transfection. N=4, *P<0.05 compared 

to control and siSHAM condition, #P<0.05 as indicated in graph. (B) QPCR results of Angpt2 and VEGFR1 

expression in HUVECs, 72 hours post transfection, with and without knockdown of transcription factor 

Ets1, a downstream target of PKC. N=4, *P<0.05 compared to control and siSHAM condition, #P<0.05 

as indicated in graph. (C) Representative fluorescent microscope images of GFP-labeled HUVECs 
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◄(green) in co-culture with dsRED-labeled pericytes (red) in a 3D collagen matrix during vascular 

formation. Shown are the results at day 5 of non-transfected control, siSHAM, siFzd5, siEts1 and the 

combined knockdown of Fzd5 and Ets1. Scale bar in the upper row represent 1 mm, in the bottom row 

350 µm. (D) Bar graphs show the quantified results of the co-culture assay. Shown are the total tubule 

length, and the number of endothelial junctions and tubules after 5 days. N=6, *P<0.05 compared to 

control and siSHAM condition, #P<0.05 as indicated in graph. 

 

when compared to Fzd5-silenced controls (Figure 7B). The involvement of Ets1-induced 

transcription was further substantiated by a similar Ets1 dependent upregulation of Matrix 

metalloproteinase 1 (MMP1), a verified endothelial target gene of Ets1 (Supplemental Figure 

6A,B) [34]. To evaluate if the anti-angiogenic phenotype of Fzd5 silencing observed in the 3D 

angiogenesis co-culture assay was mediated via this pathway, Ets1 was silenced in GFP-

labeled HUVECs. Analysis of the 3D co-culture results demonstrated that inhibition of Ets1 in 

the Fzd5 knockdown condition partly rescued the Fzd5 knockdown mediated reduction of 

endothelial tubule formation (Figure 7C-D).  
 
Discussion 

The main findings of the current study are: (1) Endothelial Fzd5 expression is essential for 

vascular formation, as shown in a 3D co-culture assay. (2) Fzd5 silencing inhibits EC 

proliferation and migration. (3) Endothelial loss of Fzd5 expression does not interfere with 

endogenous canonical Wnt signaling. (4) Fzd5 knockdown leads to increased expression of 

vascular regression associated factors VEGFR1 and Angpt2, independent of both the non-

canonical Wnt/Ca2+-mediated activation of NFAT and PCP-mediated activation JNK. (5) 

Inhibition of nPKC signaling, as well as knockdown of the PKC target Ets1 suppressed the 

upregulation of VEGFR1 and Angpt2 in absence of Fzd5. The Ets1 knockdown intervention 

also partially rescued the Fzd5 knockdown-induced inhibitory effect on new vessel formation. 

 

Previously it was reported that Fzd5 is indispensable for murine embryogenesis [5]. Fzd5 

knockout embryos died in utero from severe defects in yolk sac and placenta vascularization. 

Using trophoblast specific Fzd5 knockout mice, Lu and co-workers reported that the observed 

phenotype in the Fzd5 full knockout placenta was partly initiated by a defect in chorionic 

branching morphogenesis [35]. As defective branching morphogenesis of the chorion of these 

mice resulted in a smaller placental labyrinth layer compared to wild-type littermates, it 

remained difficult to distinguish whether the placental defects observed in the Fzd5 full 

knockout mice were indeed vascular related, or the outcome of proportional growth limitations 

resulting from the reduced villous volume. In our study, we demonstrated that endothelial 
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knockdown of Fzd5 in vitro leads to a severe reduction in vascular tubule formation in a 3D 

co-culture model, thereby providing evidence for the direct role of Fzd5 in new vessel growth. 

 

The most detailed described Fzd/Wnt signaling cascade is the canonical or ß-catenin 

dependent pathway. Without stimulation of the canonical pathway, ß-catenin is degraded by 

a destruction complex consisting of Axin, Glycogen Synthase Kinase 3ß, Adenomatous 

Polyposis Coli, and Casein Kinase 1α. Upon binding of Wnt ligands to a Fzd receptor in the 

presence of the co-receptor Lrp5 or Lrp6, a conformation change in Lrp extracts Axin away 

from the destruction complex, leading to an increase in intracellular ß-catenin levels. When 

translocated into the nucleus, ß-catenin binds to the TCF/Lef complex and promotes the 

expression of ß-catenin target genes [6-8]. Knockdown of a Fzd receptor could both have an 

inhibiting effect on this pathway, due to a reduction in receptors capable of transducing a 

signal for downstream signaling cascade activation, and an activating effect, either due to 

impaired inhibitory crosstalk between the individual pathways or via alternative receptor 

binding by the Wnt ligand [18-19]. Involvement of Fzd5 in this canonical pathway appears to 

be tissue dependent. Steinhart et al. recently demonstrated that canonical Wnt signaling via 

Fzd5 was involved in pancreatic tumor growth and Caricasole et al. reported enhanced ß-

catenin mediated signaling upon Wnt7a interaction with both Fzd5 and Lrp6 in the rat 

pheochromocytoma cell line PC12 [36,37]. In the mouse optic vesicle however, no evidence 

suggest that Fzd5 activates or suppresses canonical Wnt signaling [38,39]. Our analysis of 

endogenous canonical Fzd/Wnt signaling suggests that Fzd5 is not involved in Wnt ß-catenin 

signaling in ECs. 

 

In contrast to the ß-catenin target genes, expression levels of Angpt2 and VEGFR1 were 

significantly upregulated in HUVECs with suppressed Fzd5 expression. Angpt2 on itself is 

known to have a positive effect on neovessel formation, as it is involved in pericyte detachment 

and destabilization of the endothelium to potentiate the actions of pro-angiogenic factors 

[40,41]. However, in absence of VEGFA, or in the presence of an increased expression of 

VEGFR1, a decoy receptor for VEGFA, Angpt2 is known to induce vascular regression [9-11]. 

Both Angpt2 and VEGFR1 are potential downstream target genes of the non-canonical 

Fzd/Wnt signaling pathways. Upon stimulation of the Fzd/Wnt/Ca2+ pathway, activation of 

phospholipase C leads to cleavage of the membrane component PIP2 into DAG and IP3. 

When IP3 binds its receptor on the endoplasmic reticulum, Ca2+ is released in the cytosol, 

activating the transcription factor NFAT via Calcineurin [6]. In recent studies, VEGFR1 and 

Angpt2 were shown to be transcriptional targets of NFAT [42,43]. Like Angpt2 and VEGFR1, 

the endogenous NFAT inhibitor DSCR1 is also a verified target of the transcription factor 
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NFAT [20,21], yet our data showed that the expression level of DSCR1 remained stable after 

knockdown of Fzd5. More important, our experiments demonstrated that inhibition of NFAT 

activation with CsA after endothelial knockdown of Fzd5 did not inhibit the upregulation of 

Angpt2 and VEGFR1, suggesting that it was unlikely that the enhanced transcription of these 

anti-angiogenic factors was mediated by enhanced activity of NFAT. Alternatively, stimulation 

of the Fzd/Wnt/PCP pathway could also induce the transcription of VEGFR1 and Angpt2 via 

GTPase mediated activation of JNK, which eventually activates c-JUN based transcription [6]. 

Multiple studies provided evidence for transcriptional regulation of VEGFR1 and Angpt2 either 

by c-JUN alone, or by the transcription complex AP-1 involving c-JUN [22,23]. Our data 

indicated that Fzd5 knockdown led to an increase in JNK phosphorylation, but no increase in 

c-JUN phosphorylation was observed. In addition, inhibition of JNK activity with SP600125 

ruled out the involvement of the PCP-JNK signal transduction axis as causal factor for the 

enhanced expression of vascular regression associated factors Angpt2 and VEGFR1 in ECs 

with Fzd5 knockdown, as upregulation of these factors remained evident. In future studies 

however, it remains of interest to further dissect the relevance of this altered JNK signaling in 

absence of Fzd5. 

 

Multiple reports have previously suggested a role for PKC involvement in Fzd/Wnt signaling 

[25-27]. Staurosporine, as well as siRNA-mediated knockdown of nPKCs inhibited the 

upregulation of Angpt2 and VEGFR1 in HUVECs with suppressed expression of Fzd5, 

indicating the involvement of PKC signaling in the transcriptional regulation of these genes in 

Fzd5 silenced ECs. The promoter regions of both Angpt2 and VEGFR1 contain binding sites 

of the transcription factor Ets1 [32,33], which was shown by our data to be PKC dependently 

upregulated in absence of Fzd5. Our results demonstrate the involvement of enhanced Ets1 

mediated transcription of these two genes in Fzd5 silenced ECs, as Ets1 knockdown resulted 

in a marked repression of Angpt2 and VEGFR1 expression levels. Another validated 

endothelial target of PKC/Ets1-mediated transcription MMP1, which like Angpt2 and VEGFR1 

was previously shown to be involved in vascular regression [34], was also upregulated via 

Ets1 in absence of Fzd5. The involvement of Ets1 was further validated using the 3D co-

culture model, in which Ets1 knockdown in Fzd5 silenced ECs partially rescued the inhibitory 

effect on new vessel formation that was observed in Fzd5 silenced conditions. These results 

indicate a repressing function on PKC/Ets1 signaling by Fzd5 in ECs, leading to reduced 

expression of vascular regression associated factors Angpt2 and VEGFR1.  

 

In this study the effect of Fzd5 knockdown on the different Fzd/Wnt signaling routes was 

studied without the addition of exogenous Wnt factors. HUVECs secrete Wnt factors 
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themselves, amongst which the typical canonical factor Wnt3 and non-canonical factor Wnt5a. 

Knockdown of endothelial Fzd5 led to functional defects, as well as differential expression of 

important genes in the angiogenic process, indicating that lack of Fzd5 interferes with 

endogenous Fzd/Wnt signaling. The nature of this endogenous signaling in absence of Fzd5 

was shaped by the finding that combined knockdown of Fzd5 and endogenous Wnt5a 

significantly suppressed Angpt2 and VEGFR1 upregulation (Supplemental Figure 7).  

 
 

Figure 8. Schematic representation 
of the proposed model of signaling 
via Fzd5 in ECs. Our data provide 

evidence for a new proposed model of 

signaling in ECs in absence of Fzd5 in 

which knockdown of this receptor 

provokes its ligand Wnt5a to signal via 

an alternative receptor, thereby 

triggering the activation of nPKC/Ets1-

mediated transcription of vascular 

regression associated factors, 

amongst which VEGFR1 and Angpt2. 

 

 

 

 

 
 

It was previously demonstrated that Wnt factors induce signaling via a variety of Fzd and non-

Fzd receptors, and that binding selectivity is receptor context dependent [13,44]. As 

suppression of endogenous Wnt5a signaling partially rescued the Fzd5 knockdown induced 

upregulation of Angpt2 and VEGFR1, our data suggest that endothelial knockdown of Fzd5 

provokes its ligand Wnt5a to signal via an alternative receptor, thereby triggering the activation 

of the observed PKC/Ets1-mediated transcription (Figure 8). Although our experiments 

demonstrate that this alternative signaling route via PKC and Ets1 plays an important role in 

the poor angiogenic phenotype in absence of Fzd5, the relative contribution of suppressed 

Fzd5 signaling itself to this phenomenon is yet to be determined. Future studies should also 

aim to identify the unknown alternative Wnt5a receptor. 
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The aim of this study was to explore the involvement of Fzd5 in vascular and perivascular 

biology, which might eventually serve as a foundation for future therapeutic strategies, e.g. in 

modulating tumor vasculature. A recent genome-wide CRISPR-Cas9 study demonstrated that 

Fzd5 is a potential druggable target in specific subtypes of pancreatic tumors [36]. Signaling 

via Fzd5 in these tumor cells was shown to be crucial in β-catenin mediated proliferation and 

treatment of these pancreatic adenocarcinoma cells with Fzd5 antibodies led to inhibited cell 

growth, both in vitro and in xenograft models in vivo. Although these pancreatic 

adenocarcinoma tumors are not excessively vascularized, they were previously shown to 

depend on angiogenesis for growth [45,46]. Our data demonstrate the importance of Fzd5 in 

ECs during angiogenesis and might imply that targeting the Fzd5 in these types of tumors not 

only affects the pancreatic adenocarcinoma cells, but could in addition potentially result in 

beneficial suppression of tumor vascularization. 

 

In conclusion, the current study provides evidence for an important role of endothelial Fzd5 in 

angiogenesis, thereby providing novel insights in the molecular mechanism causal to the poor 

angiogenic phenotype in absence of this receptor. 
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Supplemental Data 
 

 
 

Supplemental Figure 1. Fzd5 siRNA induced a significant and specific knockdown of Fzd5. (A) 
PCR results showing expression levels of Fzd receptors in HUVECs. N=3 (#1-3 indicate these replicates). 

(B) PCR results showing expression levels of Wnt ligands in HUVECs. N=3 (#1-3 indicate these 

replicates). (C) QPCR results of expression levels of all Fzd receptors expressed in HUVECs (Fzd1-9) in 

the different conditions 20 hours post transfection. N=7, *P<0.05 compared to control and siSHAM 

condition. (D) Representative Western blot of Fzd5 and β-actin levels 72 hours post transfection. N=5. 
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Supplemental Figure 2. Effect of Fzd5 knockdown on important angiogenic regulators. qPCR 

results showing expression levels of VEGFR2, VEGFA, Angpt1 and TF in the different conditions 72 hours 

post transfection. N=5, #P<0.05 compared to untreated control condition. 

 

 

 

 
Supplemental Figure 3. Positive control experiments for β-catenin Western blot and 
immunofluorescent staining. (A) Representative Western blot of total β-catenin, non-phospho β-

catenin, and β-actin levels in HUVECs after 30 min stimulation with DMSO or different concentrations of 

the phosphatase inhibitor Calyculin A (positive control for verification of phosphorylation status). (B) 
Representative immunofluorescent staining of β-catenin (green) in HUVECs after stimulation with PBS or 

recombinant Wnt3a. Scale bars represent 100 µm and 25 µm. 
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Supplemental Figure 4. Fzd5 knockdown did not affect c-JUN phosphorylation. (A) Representative 

Western blot of total c-JUN, phospho c-JUN and β-actin levels at different time points post-transfection. 

(B) Quantified results of c-JUN and phospho c-JUN Western blot. Shown are (phospho) c-JUN levels 

relative to β-actin loading control. N=3, no significance. (C) Representative Western blot of total JNK, 

phospho JNK, total c-JUN, phospho c-JUN and β-actin levels in HUVECs after 30 min stimulation with 

DMSO or different concentrations of the phosphatase inhibitor Calyculin A (positive control for verification 

of phosphorylation status). 
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Supplemental Figure 5. Upregulation of Angpt2 and VEGFR1 in HUVECs with suppressed Fzd5 
expression via novel PKC signaling. (A) QPCR results of Angpt2 and VEGFR1 in response to treatment 

to PKC inhibitor staurosporine (0-20nM), supplemented 48 hours post transfection to the different 

conditions. N=4, *P<0.05 compared to control and siSHAM condition within comparable conditions (two-

way ANOVA followed by Bonferroni post hoc test). (B) QPCR results showing expression levels of 

conventional PKC isoform PKCα, novel PKC isoforms PKCδ, PKCε, and PKCη, Fzd5, and transcription 

factor Ets1 (C) in HUVECs after knockdown of Fzd5 alone, in combination with different PKC isoforms, 

and in combination with all novel PKC isoforms (PKCδ,ε,η), 48 hours post transfection. N=4, *P<0.05 

compared to control and siSHAM condition, #P<0.05 as indicated in graph. 
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Supplemental Figure 6. Fzd5 and Ets1 knockdown validation and Ets1 dependent MMP1 
expression in absence of Fzd5. qPCR results showing expression levels of Fzd5 and Ets1 (A), and Ets1 

target gene MMP1 (B) in HUVECs after knockdown of Fzd5, Ets1, and in a combined knockdown of Fzd5 

and Ets1, 72 hours post transfection. N=4, *P<0.05 compared to control and siSHAM condition, #P<0.05 

as indicated in graph. 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 7. Endogenous endothelial Wnt5a expression triggers Angpt2 and VEGFR1 
upregulation in absence of Fzd5. qPCR results showing expression levels of Angpt2, VEGFR1, Fzd5 

and Wnt5a in HUVECs after knockdown of Fzd5 alone or in combination with Wnt5a, 72 hours post 

transfection. N=11, *P<0.05 compared to control and siSHAM condition, #P<0.05 as indicated in graph. 
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Abstract 
Pericytes are perivascular cells that can be distinguished from vascular smooth muscle cells 

by their specific morphology and expression of distinct molecular markers. Found in the 

microvascular beds distributed throughout the body, they are well-known for their regulation 

of a healthy vasculature. In this review, we examine the mechanism of pericyte support to 

vasomotion, and the known pathways that regulate pericyte response in angiogenesis and 

neovascular stabilization. We will also discuss the role of pericytes in vascular basement 

membrane and endothelial barrier function regulation.  

In contrast, recent findings have indicated that pericyte dysfunction, characterized by changes 

in pericyte contractility or pericyte loss of microvascular coverage, plays an important role in 

onset and progression of vascular-related and fibrogenic diseases. From a therapeutic point 

of view, pericytes have recently been identified as a putative pool of endogenous 

mesenchymal stem cells that could be activated in response to tissue injury to contribute to 

the regenerative process on multiple levels. We will discuss the mechanisms via which 

pericytes are involved in disease onset and development in a number of pathophysiological 

conditions, as well as present the evidence that support a role for multipotent pericytes in 

tissue regeneration. The emerging field of pericyte research will not only contribute to the 

identification of new drug targets in pericyte dysfunction associated diseases, but may also 

boost the use of this cell type in future cell-based regenerative strategies. 
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Introduction 
In 1873, Charles Rouget discovered a new cell type with a distinct perivascular morphology 

that wraps itself around blood capillaries [1]. Initially called Rouget cells and later renamed 

pericytes [2] they were formally described as cells with a prominent nucleus and limited 

cytoplasm. Pericytes are attached to the long axis of capillaries, embracing endothelial cells 

(ECs). Just like vascular smooth muscle cells (VSMCs) pericytes are called mural cells 

because of their perivascular basal membrane embedded position. In this review we discuss 

the biology of pericytes. We will summarize the markers that are currently used to identify 

pericyte cells, and we will discuss their basic physiological function. Furthermore the review 

will address the role of pericytes in diseases such as diabetic retinopathy and chronic kidney 

disease. In addition, we will also discuss the putative use of multipotent pericytes as 

therapeutic mediators in regenerative medicine.  

 

Pericyte characteristics 
Based on their perivascular position in the microvasculature, pericytes have often been 

considered the microvascular counterparts of VSMCs. Indeed, these two cell types are 

thought to be derived from the same lineage. Pericytes are found in the pre-capillary, capillary 

and post-capillary bed of many organs. However, coverage by pericytes is more extensive in 

post-capillary venules than in capillaries [3]. Similar to VSMCs, pericytes contain contractile 

filaments composed of vimentin and alpha-smooth muscle actin (αSMA), and are capable of 

vasomotion regulation. However, there are also a number of features that are more distinctive 

for pericytes rather than VSMCs. For example, pericytes can be primarily distinguished from 

VSMCs by their specific perivascular morphology. VSMCs typically maintain elongated and 

flattened nuclei. They also position themselves in a perpendicular fashion along the whole 

length of the vessel, encircling the whole endothelial surface. Layers of VSMCs are usually 

more dense and flat in the arterioles compared to the pre-capillary arterioles [4]. In contrast, 

pericytes are attached to the longitudinal axis of the capillaries. They typically maintain a 

rounded nuclear structure, and embrace the endothelial surface with multiple extensions.  

Pericytes are also differently distributed over the vascular tree as compared to VSMCs. 

Pericytes are mainly localized in the microvasculature where they cover pre-capillary 

arterioles, capillaries, post-capillary venules, and collecting venules in a single layer of cells 

[5,6]. In contrast, in larger blood vessels that are exposed to high levels of hemodynamic 

stress, multiple dense layers of VSMCs and elastic fibers cover the endothelial tubule [7]. 

However, this distinction in distribution of pericytes and VSMCs is not absolute. In-between 

mural cell phenotypes that share characteristics with both pericytes and VSMCs have also 

been described in the coverage of medium to small sized blood vessels [8].  
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Compared to VSMCs, pericytes are typically embedded in a basal membrane (BM) that is 

seamlessly merged with the BM of the ECs [9]. This shared BM encompasses the majority of 

the pericyte-endothelial interface. Distinct places where the BM is interrupted. provide direct 

contact points between the two cell types. Connections that are created between pericytes 

and ECs are described as peg-and-socket structures. In these structures the pericytes form 

recognizable cytoplasmatic elongations (the so-called pegs) that are inserted in the 

invaginations of the endothelial membrane (the sockets). Peg-and-socket contacts are highly 

enriched in Connexin 43 mediated gap and (N-cadherin-based) adherence junctions [10]. 

Another regular type of pericyte-endothelial contact is the adhesion plaque. This structure also 

forms at sites where the BM is interrupted. Adhesion plaques anchor pericytes to the ECs via 

a matrix of fibronectin microfilament bundles that is connected to the cell’s actin cytoskeleton 

via integrins [10]. It has been postulated that the direct transmission of biological and 

mechanical signals between pericytes and ECs predominantly takes place at these contact 

sites [6,9,10]. For example, Connexin 43 gap junctions in peg-and-socket contacts allow the 

exchange of ions and small molecules, whereas the adhesion plaques support transmission 

of contractile forces from pericytes to ECs [10,11]. Vice versa, shear stress forces can be 

transmitted from the endothelium to the underlying layer of pericytes. It has to be noted that 

although BM embedding is a regular feature of pericytes, it remains unclear to what extent 

mature pericytes are embedded in the BM. Several studies have reported incomplete or 

absent BM microvascular coverage [11]. The lack of a distinct BM surrounding immature blood 

vessels in embryonic or pathologic conditions where the BM is still being synthesized or has 

a high turnover rate, makes it impossible to apply these structural criteria in a generalizing 

manner. Luckily, in addition to their characteristic morphological and structural features, 

pericytes can also be identified by distinct molecular markers. 

 

Pericyte identification markers 

Increased interest in pericyte research has sparked the search for reliable specific markers 

for pericyte identification. Several reviews have composed comprehensive lists of markers 

that have previously been evaluated. We refer to these for a more extensive overview on this 

subject [6,11]. Here we will discuss the pericyte markers that have been most commonly used. 

A short summary of which markers for mural cells are currently used in the field and in which 

type of vascular structures marker expression can be detected is provided in Table 1.  

Membrane bound markers for pericytes include platelet-derived growth factor receptor β 

(PDGFRβ), CD146, aminopeptidase A and N (CD13), endoglin, and neuron-glial 2 (NG2) 

[3,12-14]. Common cytosolic markers for pericyte identification include αSMA, non-muscle 

myosin, desmin, vimentin, and nestin.  
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Table 1. Cytosolic and membrane bound markers for the identification of mural cells. 
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Remarks References 

Cytosolic markers 

Alpha-smooth 
muscle actin 
(αSMA) 

+ + + - + Most frequently used and best 

characterized. Also a marker for 

VSMCs.  

[3, 12-14, 18] 

Non-muscle 
myosin 

+ - - + + Present in relatively high 

concentration in capillary 

pericytes, absent in VSMCs. 

[3, 12-14] 

Tropomyosin ? + - + + Part of the actin cytoskeleton. [3, 12-14, 

129] 

Desmin  + + + + + Useful marker in tissues other 

than skeletal muscle and heart 

tissue. Expressed on 

intermediate filament proteins in 

pericytes that are in direct contact 

with underlying endothelium. Also 

expressed by VSMCs. 

[3, 4, 12, 14, 

25, 87, 130] 

Vimentin + + + + + Component of intermediate 

filaments. 

[4, 18] 

Nestin + + + + + An intermediate filament protein 

that is expressed mostly in nerve 

cells during early stages of 

development. In adulthood 

replaced by tissue specific 

intermediate filaments in mural 

cells.  

[3, 12-14, 

131] 

Regulator of G 
protein 
signaling 5 
(RGS5) 

+ + + + + Tested in PDGFRβ - or PDGFβ 

deficient mice. Marker for 

developing pericytes independent 

of PDGFβ signaling. 

[4, 17] 

Membrane bound markers 

Platelet-derived 
growth factor 
receptor β 
(PDGFRβ) 

+ + + + + Expressed by developing 

pericytes and precursor 

pericytes. Also a tyrosine kinase 

receptor important for pericyte 

function.  

[13, 14, 24]  
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CD146 + + + + + Transmembrane glycoprotein. EC 

antigen also expressed at the 

surface of pericytes and in larger 

blood vessel types. 

[13, 14] 

Aminopeptidase 
A and N (CD13) 

+ + + + + Type II membrane zinc 

dependent metalloproteases.  

[4, 131, 132] 

Endoglin 
(CD105) 

? + + + + TGFβ1 co-receptor required for 

angiogenesis. Also a marker for 

ECs.  

[3, 13-15, 87] 

Neuron-glial 2 
(NG2) 

+ + + + - Broadly expressed in pericyte 

population, expressed during 

vascular morphogenesis. Also 

expressed by larger blood vessel 

types, and by oligodendrocytes. 

[3, 13, 14 15, 

87] 

 

A new cytosolic marker that appears to be promising for specific pericyte detection is regulator 

of G protein signaling 5 (RGS5) [4,15]. RGS5 acts as a GTPase activating protein. RGS5 is 

postulated to play a role in proliferation and recruitment of VSMCs and pericytes during 

vascular maturation, vessel adaptation and wound healing [16]. RGS5 expression was 

detected in pericytes and VSMCs in large arteries and veins. It has been reported by Bondjers 

et al. that RGS5 expression is down regulated in PDGFβ knockout mouse embryos in 

comparison to wild types. This correlates with the typical phenotype of these knockout animals 

who have been shown to lack pericytes coverage of their vasculature [17]. Although a wide 

range of markers is currently available for pericyte detection, studies have still been hampered 

by the great heterogeneity in expression of pericyte markers. The use of a single target for 

pericyte identification has often led to misinterpretations. Marker expression is highly 

dependent on the type of tissue, and is often affected by local pericyte function and the 

pathogenic state of the organ. For example, pericytes that cover normal capillaries typically 

express desmin but not αSMA, whereas pericytes that cover venules are positive for both [12-

14]. In contrast, mid-capillary pericytes supporting the blood-brain barrier and blood-retina 

barrier strongly express αSMA and myosin [3,18,19].  

Pericyte marker expression also appears to be highly dynamic. For example, although 

capillary pericytes are mostly αSMA- pericytes, αSMA expression in capillary pericytes can 

be induced by endothelin-1 via receptor A (ETA) and B (ETB) signaling following traumatic 

brain injury. In contrast ETA antagonists are responsible for a decrease of αSMA+ pericytes 

[20]. The αSMA expression levels correlate with the increase or decrease in vasoconstriction 

of the arteriole and capillary respectively. This suggests that αSMA expression is related to 

the role of pericytes in blood flow regulation in capillaries [20]. It has been postulated that 
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αSMA expression in capillaries is involved in the control of blood flow whereas mid-capillaries 

(αSMA negative) are non-contractile [5,21].  

Further evidence for active regulation of pericyte marker expression is provided by studies of 

the transforming growth factor β (TGFβ) response of pericytes. Researchers demonstrated a 

causal relation between the differentiation to αSMA+, NG2+ and desmin+ pericytes and the 

release of TGFβ by ECs. When TGFβ release by ECs is inhibited, the differentiation of 

PDGFRβ+ perivascular cells into αSMA+ pericytes is decreased, but not the differentiation 

into NG2+ and desmin+ pericytes. Desmin+ pericytes are not induced in absence of ECs, 

indicating that the differentiation to desmin+ pericytes is dependent on cross-signaling 

between ECs and PDGFRβ+ perivascular cells [3,22]. These data suggest that marker 

expression levels are also indicative of pericyte maturity. Hughes et al. observed that during 

postnatal retinal vascular development, αSMA is expressed in VSMCs during early 

development and remains expressed in both mature VSMCs and mature pericytes. In 

contrast, juvenile pericytes do not express αSMA, but mainly express NG2 and desmin [23].  

For vascular research focused on arterial biology and vascular growth, NG2 expression has 

often been considered as a more suitable pericyte marker than αSMA+. NG2 expression is 

restricted to arteriolar and capillary perivascular cells during vasculogenesis and angiogenesis 

[15,24]. The marker been reported to be absent on venular pericytes [3]. However, NG2 

detection was successfully used together with αSMA to help distinguish three main subsets 

of human pericytes; identifying the capillary (NG2+ αSMA-), venule (NG2- αSMA+) and 

arteriole (NG2+ αSMA+) pericyte subsets [13,14,25]. Although expression level of αSMA 

varies between different tissues and pericyte activation status, it is important to note that the 

level of pericyte αSMA always remains intermediate between ECs and VSMC. Thus αSMA is 

still a suitable marker for pericyte detection and analysis when used in the right conditions or 

in combination of additional pericyte markers [21]. For example, Crisan and co-workers have 

successfully studied human pericytes defined as PDGFRβ+ CD146+ CD34- CD56- CD45- 

cells with various expression levels of NG2 and αSMA to help differentiate between pericyte 

subsets and activation state [13,14,25].  

 

Pericyte function 
As previously discussed, the morphology, biology, and density of pericytes vary greatly 

between different sites of the systemic vasculature. The ratio of pericytes/ECs ranges from 

1:100 in the human skeletal muscles, to up to 1:3 and 1:1 as observed in the central nervous 

system and the retina, respectively [26]. Pericyte density appears to relate to organ function 

and correlates with the stringency of endothelial barrier function and rate of endothelial 

turnover. Tissues with the slowest EC turnover coincide with larger pericyte coverage. 
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Pericyte density also appear to relate to orthostatic blood pressure; e.g. larger pericyte 

coverage was observed in the lower body parts [4,27]. The highest pericyte coverage can be 

measured in the retina, and is possibly linked to tight endothelial barrier regulation [26,28]. 

Theoretically, higher pericyte numbers are needed in capillaries with high blood pressure 

levels to regulate the compensatory vasomotion response of the vascular wall [4,26]. Thus, 

density differences of pericytes appear to be associated with their distinct roles in endothelial 

barrier function, angiogenic response, and blood flow regulation in the microvasculature. We 

will discuss the different functions that have been attributed to pericytes in recent studies in 

the next section.  

 

Contribution of pericytes to endothelial barrier function 

Recent findings have revealed an important role for pericytes in endothelial barrier 

development and maintenance of integrity. Vascular permeability is highly diverse over the 

entire vascular tree and is tissue-specific. The most stringent endothelial barriers are found in 

the vasculature of the central nervous system (CNS), which include the retina. Here, the 

vascular bed forms the blood-brain-barrier (BBB). The BBB is a functional idiom representing 

the impermeability of the endothelial barrier to passive transport of circulatory cells, proteins 

and compounds. Like the BBB, the vascular endothelial barrier in the rest of the vasculature 

is mainly formed by direct cell-cell contact. The basal membrane does not contribute as a 

functional barrier against small molecule diffusion. Here we will further focus on the 

contribution of pericytes to the BBB, as most studies published so far on this subject are 

conducted in BBB models.  

In the CNS, pericytes can be found in complex structures composed of microglia cells, 

neurons, ECs, and astrocyte endfeet that together form the so-called functional neurovascular 

unit (NVU) [29] (Figure 1). Although the role of astrocytes in BBB regulation in these NVUs is 

well documented, the involvement of NVU pericytes has also been reported. Daneman et al. 

showed that pericyte recruitment is necessary for BBB formation during embryogenesis a 

week before astrocytes are recruited. They also demonstrated that pericyte coverage was a 

determinant factor in vascular permeability [30]. Further in vivo evidence that support the 

involvement of pericytes in BBB was reported by Bell and co-workers. They showed that loss 

of pericyte coverage was correlated with BBB breakdown and accumulation of toxic serum 

proteins and macro-molecules in the adult brain [31]. Pericytes were further shown in vitro to 

regulate the BBB at the level of endothelial junctions. In pericyte co-cultures with ECs, the 

presence of pericytes increased the trans-endothelial electrical resistance. This is indicative 

of more robust cell-cell junction contacts in the endothelial monolayer [32-33].  



3

Pericyte function in health and disease 

77 

Transport of molecules across the BBB is firmly regulated by tight junctions (TJ) and active 

transporter pathways [34], both vital for homeostasis regulation of the brain [34,35]. TJ 

complexes between the ECs consist of occludin, claudin, junctional adhesion molecules 

(JAM), and scaffold zonula occludens proteins [34]. Besides TJ, adherent junctions and gap 

junctions have also been shown to play an important role in the maintenance of the BBB [34] 

(Figure 1). In PDGFRβ+/- and homozygous mice with hypomorphic alleles of PDGFRβ that 

renders these animals pericyte deficient, TJ and adherent junction proteins were affected. 

Endothelial cell levels of TJ proteins like claudin-5, occludin, and zonula occludens-1, and 

levels of adherent junction protein like cadherin were shown to be significantly reduced in the 

microvasculature of the CNS. This coincided with BBB breakdown and vascular regression 

[31].  

The exact mechanism via which pericytes can regulate the endothelial barrier remains to be 

further investigated. Several in vitro studies have indicated that paracrine signaling between 

pericytes and ECs mediated by TGFβ and angiopoietin 1 (Angpt1) contribute to endothelial 

barrier maintenance [36,37]. In addition, it has been reported that Wnt and hedgehog ligands 

secreted by pericytes could contribute to endothelial barrier formation. The Wnt ligands Wnt7a 

and Wnt7b can bind to the endothelial membrane receptor Frizzled 4 (Fzd4) and co-receptor 

LRP5/6, which leads to β-catenin accumulation and translocation to the nucleus. β-catenin 

induction of claudin-3 expression subsequently improves junction complex formation [38,39] 

(Figure 1). Furthermore, in vivo inactivation of these Wnt ligands, inhibition of the Fzd4 

receptor or injection of inhibitors of Wnt/Fzd interactions results in vascular defects and BBB 

breakdown in the CNS but not in non-neuronal tissues [40]. Taken together, these studies 

point towards an essential role for pericytes in (BBB related) endothelial barrier function 

regulation. 

 

Angiogenesis  

Pericytes play an active role in new blood vessel formation and stabilization. The process of 

angiogenesis, which includes vascular sprouting, endothelial intussusception, and EC 

bridging or a combination of these processes, is complex and tightly regulated by multiple 

molecular pathways [41]. In Figure 2, the contribution of pericytes to the process of vascular 

sprouting is summarized. During the initial phase of vascular sprouting, angiogenic factors 

stimulate ECs to degrade the BM via secretion of matrix metalloproteinases (MMPs). 

Pericytes, when activated, can produce several MMPs like MMP2, MMP3 and MMP9 to 

support EC migration in the surrounding extracellular matrix (ECM) following a gradient of 

chemotactic factors [41]. Angpt2 driven detachment of pericyte from the ECs and degradation 

of the BM results in loosening of the EC junctions. 
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Figure 1. Contribution of pericytes to the BBB. In the CNS, pericytes can be found in complex 

structures composed of microglia cells, neurons, ECs, and astrocyte endfeet that together form the 

functional NVU. Pericytes recruitment and coverage is crucial for BBB formation and permeability, 

respectively. Like vascular endothelial barriers in the rest of the vasculature, the BBB is mainly formed by 

direct cell-cell contact composed by tight and adherent junction complexes between the ECs. By 

communicating with ECs via paracrine factors, like TGFβ and Angpt1, pericytes regulate BBB at the level 

of endothelial junctions, promoting the formation of tight junction and adherent junction complexes. Direct 

regulation of cell-junctions by pericytes has been demonstrated for Wnt ligands (Wnt7a and Wnt7b). 

These ligands are secreted by pericytes and bind to receptor Fzd4 and co-receptor LRP5/6 on ECs, which 

activates the accumulation of β-catenin, followed by β-catenin nuclear translocation. In the nucleus, β-

catenin starts the transcription of target genes including claudin-3, subsequently improving junction 

complex formation.  

 

EC detachment from the pre-existing vessel is led by so-called endothelial tip cells. These 

become activated by angiogenic factor stimulation and migrate outward into the ECM area 

[41]. Neighboring ECs in the vessel wall follow the tip cell to form stalk cells. These cells 

elongate the newly formed vascular sprout by cell proliferation. During this process, the vessel 

segment with stalk cells will also undergo active lumen formation [41]. Newly formed blood 

vessels are highly unstable with limited endothelial barrier integrity, and require further 
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maturation to prevent vascular rarefaction (disintegration of blood vessel). The ECs release 

chemokines, such as PDGFβ to recruit pericytes in order to initiate this vascular stabilization 

process [3,9]. Receptors for these ligands (such as PDGFRβ) are widely expressed on the 

surface of pericytes and drive the chemotactic response. The recruited pericytes are derived 

from cells that differentiate from surrounding mesenchymal precursors or are migrated from 

the mural wall of adjacent vessels [9]. Song et al. showed that PDGFRβ+ pericytes can also 

be recruited from the bone marrow in adult mice [22]. This pericyte coverage first contributes 

to the stability of new vessels by creating the BM in cooperation with ECs. Evidence for this 

is supplied by In vitro findings, in which co-culture of pericytes with ECs was shown to 

significantly increase the secretion of important BM components by pericytes and endothelial 

cells compared to monoculture conditions [42]. For a more detailed report on role of pericytes 

in BM turnover, please see further chapters. Recruited pericytes also release paracrine factors 

like TGFβ and Angpt1 that promote endothelial maturation and endothelial barrier formation 

[4,10,36,37]: TGFβ and Angpt1 secretion from the supporting pericytes suppresses EC growth 

and migratory response, resulting in a blood perfused and quiescent vessel [5,10]. Vice versa, 

TGFβ secreted by ECs triggers the TGFβ receptor 2 in pericytes, which inhibits pericyte 

proliferation and stimulates the production of contractile and ECM proteins [10]. Moreover, 

this signaling pathway facilitates pericyte attachment by upregulation of N-cadherin through 

Notch signaling [10]. The importance of PDGFβ signaling in pericyte recruitment and 

subsequent contribution to vascular stability is well demonstrated in vivo by Hellström et al.  

They showed that lack of pericyte support and prominent endothelial hyperplasia are 

prominent features in PDGFβ and PDGFRβ knockout mice [43]. 

 

Contractile function 

Whereas VSMCs are important for vasodilatation and vasoconstriction in larger vessels, 

pericytes regulate the vascular diameter in the capillaries. A summary of contractile regulation 

of blood vessels by pericytes is presented in Figure 3. Subcellular structural pericyte marker 

proteins like αSMA, desmin, and vimentin contribute to the actin filament bundles located near 

the EC side, regulating cell contractility [44]. Pericytes located at the transition of arterioles to 

capillaries express a high concentration of contractile proteins, which suggests they might be 

acting as pre-capillary sphincters [5]. In addition, vasomotion response in pericytes can also 

contributes to increase of vessel wall stiffness, which serves to compensate for the elevated 

blood pressure levels. This process is partly mediated by calpain-induced remodeling of 

cytoskeletal proteins like talin, which increases the stiffness of the subcellular contractile 

structures of these perivascular cells [45].  
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Figure 2. Pericytes in vascular sprouting. Pericytes play an active role in new blood vessel formation. 
(A) Before angiogenesis, pericytes are attached to the long axis of capillaries, embracing ECs. (B) During 

the initial phase of vascular sprouting, angiogenic factors stimulate ECs to degrade the BM via secretion 

of MMPs. Meanwhile, activated pericytes also produce several MMPs, including MMP2, MMP3 and 

MMP9, to support EC migration in the surrounding ECM. Angpt2 contributes to the detachment of 

pericytes from ECs. Detached EC from the pre-existing vessel is led by so-called endothelial tip cells, 

which become activated by stimulation of angiogenic factors. Neighboring EC follow the tip cell to form 

stalk cells, which elongate the newly formed vascular sprout by cell proliferation. C) Since newly formed 

blood vessels are highly unstable with limited endothelial barrier integrity, ECs release chemokines, like 

PDGFβ, to recruit pericytes and initiate the vascular stabilization process. Recruited pericytes further 

promote endothelial maturation and endothelial barrier formation by releasing paracrine factors, like 

Angpt1 and TGFβ, to suppress EC growth and migratory response. Vice versa, TGFβ secreted by ECs 

binds to TGFβ receptor 2 in pericytes, which inhibits pericyte proliferation and stimulates the production 

of contractile and BM/ECM proteins.  

 

Various vasoactive circulatory ligands can influence the vessel diameter via activation of 

pericyte cell-surface receptors. Histamine, serotonin, angiotensin 2, endothelin-1, and α2-

adrenoceptors produce vasoconstriction. In contrast, nitric oxide, cholinergic agonists, and α2-

adrenoceptors produce vasodilation [46]. Like in VSMCs, the signal transduction pathways 

that are activated by these vasoactive ligands all converge to a rise in intracellular calcium, 

which initiates calcium-calmodulin mediated contraction. Hyperoxic conditions have also been 
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shown to induce pericyte contraction, whereas higher levels of carbon dioxide trigger pericyte 

relaxation [47,48]. These data are consistent with the concept that pericyte contractility plays 

a role in the regulation of the blood flow in the microvasculature. 

 

 
Figure 3. Vasomotion regulation by pericytes. Pericytes regulate the vascular diameter in the 

capillaries. In addition, pericytes located at the transition of arterioles to capillaries express a high 

concentration of contractile proteins, which suggests they might be acting as pre-capillary sphincters. 

Various vasoactive circulatory ligands can influence the vessel diameter via activation of pericyte cell-

surface receptors. Histamine, serotonin, angiotensin 2, endothelin-1 and adrenergic agonists are known 

to be potent vasoconstrictors, whereas nitric oxide, CO2, and cholinergic agonists act as vasodilators.  

 

Basement membrane formation 

The basement membrane (BM) is defined as a thin, interwoven sheet of ECM located in blood 

vessels. It lies underneath the endothelium, and encases the pericytes, separating tissue 

compartments and facilitating vascular tubule stabilization [49] (Figure 4). It is mainly 

composed of the structural components laminin, collagen type IV, fibronectin and the proteins 

perlecan and nidogen 1 and 2 [50]. Laminin is essential for the organization and scaffolding 

of the BM. Type IV collagen enhances membrane stability and is one of the most important 

proteins for structural integrity of small vessels [29]. During the formation of the BM, both 

laminin and collagen type IV independently create three-dimensional networks that overlap 

and interact. BM-specific heparin sulphate proteoglycan, perlecan, and nidogen have a 

bridging function between the two networks. They bind to both laminin and collagen type IV 

structures and interact with each other, thus stabilizing the BM network [49].  

Cell attachment to the BM occurs via cell surface glycolipids and transmembrane receptors 

binding to laminins [29]. While the composition of BM often remains similar between different 

types of tissues, the ratio between the components vary. Site-specific isoforms or other unique 

components can create structural and functional differences between BMs, which affect the 

dynamic interaction with the surrounding matrix or cellular ligands [49]. Concerning the latter, 

the BM is known to supply biological signals to vascular cells to regulate cell proliferation, 
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migration and differentiation. The BM itself has a high binding capacity and affinity for secreted 

growth factors as a result of the glycosylated nature of its components [49]. This may not only 

affect proliferation and activation of the attached vascular cells, but also provides a depot of 

chemotaxtic factors that may influence perivascular immune surveillance [49]. 

Although the BM is vital for physiological vascular function, degradation of the BM is 

sometimes required. BM degradation is an important initial step for sprouting tip cells that are 

invading the surrounding tissue during angiogenesis. The BM can also increase or decrease 

in thickness after receiving stress stimuli or in certain pathological conditions [29,51]. In 

response to changes in the signals supplied by the BM, migratory pericytes can stimulate ECs 

to produce MMPs. In fact, both pericytes and ECs are known to produce high amounts of 

MMPs during vascular expansion. BM components like collagen type IV and fibronectin can 

be proteolyzed by pericyte or EC release of MMP2 and MMP9. Release of MMP2 by pericytes 

and ECs can also cleave laminin [29]. The breakdown and alteration of BM leads to a 

decrease of EC anchorage, affecting the endothelial barrier function. It also facilitates the 

release of matrix-sequestered angiogenic factors [29].  

 
 

Figure 4. The role of pericytes in basement membrane regulation. The basement membrane is a thin, 

interwoven sheet of ECM surrounding blood vessels that provides an anchorage structure for the 

endothelium while encasing the pericytes. (A) It is mainly composed of the structural components laminin, 
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◄collagen type IV, fibronectin and the proteins perlecan and nidogen 1 and 2. (B) During angiogenesis 

as shown previously, BM degradation is an important initial step for sprouting tip cells that are invading 

the surrounding tissue. BM also supplies biological signals, which induce the MMPs production from ECs 

and pericytes. Released MMP2 and MMP9 actively breakdown BM components, like collagen type IV and 

fibronectin. This results in a decrease of EC anchorage, negatively affecting the endothelial barrier 

function. In contrast, during neovascular stabilization, recruited pericytes assemble along the EC tube 

abluminal surface, and produce TIMP3 and ADAM15. This inhibit further sprouting by protecting EC 

tubules from MMP1 and MMP10 dependent regression, thus stabilizing the newly deposited vascular BM. 

In addition, cross-talk between ECs and pericytes during neovessel stabilization as mediated by Wnt, 

TGFβ, and Angpt1 signaling stimulates production of BM components by both ECs and pericytes, 

contributing to BM assembly. 

 

Previous studies have shown that both EC and pericytes are required for the formation of the 

BM. Whereas ECs have the ability to synthesize most of components of the BM, there is a 

lack of BM assembly when pericyte contact is absent [50]. Pericyte contact with ECs enhances 

the production and deposition of most BM proteins, including fibronectin, nidogen-1, perlecan 

and several laminin isoforms. Moreover, ECM binding integrins are also upregulated in 

pericytes-EC co-cultures compared to EC mono-cultures [42,50]. 

Pericytes have also been shown to synthesize tissue inhibitor of metalloproteinase (TIMP)3 

and disintegrin and metallopeptidase domain 15 (ADAM-15) when they assemble along the 

EC tube abluminal surface. TIMP3 and ADAM-15 inhibit further sprouting by protecting EC 

tubules from MMP1 and MMP10 dependent regression, thus stabilizing the newly deposited 

vascular BM. TIMP2, synthesized by ECs when interacting with pericytes, suppresses 

angiogenesis by binding to the α3β1 integrin. This leads to dephosphorylation of pro-

angiogenic receptor tyrosine kinases [50]. TIMP3 also binds vascular laminin isoforms in the 

BM, which is important during EC-pericyte co-assembly [50]. Thus, pericytes plays an 

important role in the creation and degradation of the BM.  

 

Multipotency of vascular pericytes 
Mesenchymal stem cells (MSCs) contribute to the body’s regenerative capacity, as they are 

capable of differentiating into different types of functional cells. MSCs can be derived from 

bone marrow, umbilical cord blood (CBMSCs), adipose tissue and other tissues [52]. The 

morphological characteristics and surface markers of CBMSCs are similar to the bone-marrow 

derived MSC, although they differ in expression levels of CD44 and CD105 [52]. Furthermore, 

it has been reported that CBMSCs also express the pericyte markers CD146, NG2 and 

PDGFRβ and are negative for CD34 and CD45 [52].  

Recently, the multipotency seen in MSCs has also been ascribed to vascular pericytes. Not 

only do pericytes exhibit surface markers of MSCs (CD44, CD73, CD90 and CD105) [13,25], 



Chapter 3 

84 

they also sustain similar differentiation capacities that are characteristic of the MSC phenotype 

[13]. Crisan et al. isolated human pericytes based on a combination of surface markers 

(CD146, NG2 and PDGFRβ) from multiple organs. They demonstrated that these cells, 

irrespective of the tissue of origin, (i) were skeletal myogenic, (ii) exhibited adipogenic, 

osteogenic and chondrogenic potential in vitro, and (iii) formed calcified tissue in vivo [13]. 

The chondrogenic and adipogenic potentials of pericytes were also reported in the study of 

Farrington-Rock et al. They showed that pericytes could fully differentiate into chondrocytes 

and are embedded in an ECM of sulphated proteoglycans and type II collagens when cultured 

in a chondrogenic medium [53]. When cultured in an adipogenic medium, the pericytes 

differentiated into adipocytes [53]. More evidence for the myogenic potential of pericytes was 

provided by Dellavalle and co-workers, who isolated pericytes from human skeletal muscle 

and transplanted these in dystrophic immunodeficient mice [54]. These pericyte-derived cells 

generated numerous myofibers and expressed human mini-dystrophin, providing proof that 

pericytes could act as myogenic precursors [54]. Finally, it has also been reported that during 

skin tissue regeneration, early differentiating pericytes can enhance the intrinsically low tissue-

regenerative capacity of human epidermal cells independently of angiogenesis [55].  

Other MSC-like behavior of pericytes was described in a study conducted by Davidoff and co-

workers [56]. Previously it was demonstrated that nestin, aminopeptidase N and 

aminopeptidase A, are in situ markers that are commonly expressed by pericytes of the adult 

mouse brain. Nestin was used in the study of Davidoff to further characterize the progenitor 

cells of Leydig cells [56]. Leydig cells are responsible for testosterone production in testis, but 

are known to be derived from progenitors that resemble stem cells of the nervous system. 

Davidoff and co-workers demonstrated that during the tissue regenerative response that was 

induced by chemo-ablation, the progenitors of Leydig cells were predominantly derived from 

the perivascular pool of pericytes and VSMCs [56]. Other studies have described a pericyte-

like cell population that form spontaneously in embryoid bodies that are cultivated from human 

pluripotent stem cells. These CD73+ CD90+ CD105+ CD31- multipotent precursors express 

the pericyte markers CD146, NG2 and PDGFRβ but not αSMA. In mature tissues, mesangial 

cells (the specialized pericytes in the kidney glomeruli) have been acknowledged to represent 

a glomerular MSC niche. These cells display pluripotency and can be reprogrammed to form 

pluripotent stem cells [57]. Together, these studies support the concept that a part of the MSC 

population find their origin in a subset of perivascular pericyte-like cells [13]. 

As previously discussed, a relatively small subset of pericytes in microvessels express most 

pericyte markers but not αSMA. Considering that one of the main tasks of this cell type is the 

active regulation of vasomotion by contractile function, the absence of αSMA in this particular 

pericyte subset appears unusual. It has been proposed that these αSMA negative cells could 
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represent a primitive element in the pericyte hierarchy, supporting the idea of a specialized 

subset within the pericyte pool with enhanced progenitor cell potential [52]. Although the exact 

hierarchical positioning of the pluripotent pericytes in the ancestry of MSCs is still a subject to 

debate, the presence of multipotency within the pericyte pool has been increasingly 

acknowledged by the scientific community. This led to the proposition made by Caplan and 

co-workers, that perhaps all MSCs are pericytes, although not all pericytes are MSCs [58].  

It is postulated that perivascular located MSCs are able to function as a vascular pericyte and 

can be released from their position on the microvessel in response to injury. The well-

documented regenerative contribution of MSCs following tissue injury includes (i) limiting 

tissue damage by inhibition of apoptosis, (ii) active reduction in scarring response, and (iii) 

stimulation of angiogenesis and mitosis of tissue-specific progenitor cells. Fittingly, initial 

studies that assessed the regenerative capacity of pericytes demonstrated similar contribution 

of this cell type to injury limitation and tissue healing (See discussion below in “Pericytes as 

therapeutic agents”). MSCs can also be activated to secrete immunomodulatory agents that 

inhibit the proliferative response of lymphocytes to limit chronic inflammation. In addition, 

transplantation studies using the MSCs have shown that this cell type stays relatively hidden 

from the recipient’s immune system. Ex vivo cultured naïve MSCs only have limited major 

histocompatibility complex class I expression and show no expression of co-stimulatory 

molecules that are both required for antigen presentation. Based on these qualities, MSCs 

have also been employed in regenerative therapy for their immunosuppressive properties to 

limit low grade inflammation [58].  

Like MSCs, pericytes have been shown to contribute to immune modulation [59]. Several 

researchers have proposed that pericytes may act as putative precursor cells of macrophage-

like cells [59]. Evidence that support this concept is supplied by studies that demonstrate that 

pericytes are capable of phagocytic activities by taking up small molecules by pinocytosis. In 

this way they contribute to removal of neurotoxic particles from the extracellular fluid 

compartment as part of the BBB. Furthermore, pericytes express different receptors with a 

wide ligand binding range. They also express Fc receptors for antibody-antigen complex 

formation, and class I and II major histocompatibility complex molecules for antigen 

presentation [59,60]. Additional studies are required to further explore this fascinating potential 

of pericytes in immune regulation.  

 

Pericytes in vascular and fibrotic disease 
As pericytes are an abundant cell type in the microvasculature, pericytes dysfunction can 

contribute to broad range of vascular related diseases. We will discuss the most well described 

pathological relations below.  
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Loss of EC-pericyte crosstalk in diabetic retinopathy  

The contribution of pericyte dysfunction in diabetic retinopathy (DR) is well documented. DR 

is a common complication of diabetes mellitus. It is characterized by severe deterioration of 

the retinal microvasculature. This leads to a lack of vascular perfusion, increased permeability 

of the capillaries, pathological proliferation of retinal vessels, and eventually leading to 

blindness [61]. DR can be divided into the non-proliferative and proliferative phase [10,61]. In 

the initial non-proliferative phase, vessels suffer from micro-aneurysms and hemorrhaging, 

vessel destabilization, macular edema, BM thickening and vascular regression [62]. In 

contrast, the proliferative phase is characterized by extensive proliferation of abnormal 

vessels that are prone to rupture. This could ultimately lead to severe hemorrhaging and 

retinal detachment [10]. The exact stimulus that triggers the switch between non-proliferative 

and proliferative remains elusive. Previous findings suggest that vascular regression in the 

non-proliferative phase produces hypoxic conditions that drive the excessive growth response 

of the vasculature in the phase [10,61].  

Although DR is mainly recognized as a disease initiated by a decline in function of ECs, it has 

been well-documented in animal studies that the pathogenic process starts with the loss of 

pericytes [61]. In vivo data have shown that the early disappearance of pericytes is quickly 

followed by the loss of ECs and capillary network collapse, leading to reduced blood flow in 

the retina. It has been postulated that this initial loss of pericytes is Angpt2 driven [63]. In 

contrast, Angpt1 has been associated with EC survival and stabilization of the vascular cell 

phenotype, thus introducing vessel homeostasis. Angpt2 can antagonize the effect of Angpt1 

and even promote vessel regression when additional stimulation by VEGFA signaling is 

lacking. In normal conditions, the level of Angpt2 secreted by ECs is repressed by the binding 

of a transcription regulatory complex to a glucose sensitive GC box in the Angpt2 promoter 

[63,64]. In diabetic conditions, hyperglycemia inhibits this complex. Thus the glucose sensitive 

GC box in the Angpt2 promoter can induce the transcription of Angpt2 [63,64]. Indeed it has 

been reported that Angpt2 is 30-fold upregulated in the retina of diabetic rats. It is correlated 

with higher levels of pro-angiogenic and pro-fibrotic factors, such as MMP2, MMP9, VEGF, 

erythropoietin and TGFβ1 [65,66]. Treatment with Angpt1 in a DR rat model reduces 

endothelial injury and endothelial barrier breakdown in the retina in both new and established 

forms of the disease [67]. Evidence for involvement of Angpt2 in DR is also provided by studies 

in a transgenic mouse model in which human Angpt2 was overexpressed in the retina. These 

studies demonstrated that in non-diabetic conditions the transgenic animals spontaneously 

developed a degree of retinopathy that was very similar to the early phase of the disease in 

diabetic mice [68]. This predisposition to retinopathy was linked to the deleterious effects of 

high Angpt2 levels on retinal pericytes. Reduced pericyte coverage of the retinal vasculature 
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and a decrease in vascular density were discovered in these Angpt2 transgenic mice [69]. 

Other studies have supplied additional evidence and have shed light on the possible working 

mechanism by which Angpt-Tie2 may affect pericytes in DR: Angpt2 has been shown in vivo 

to mediate pericyte detachment and migration during DR onset [70]. In vitro, pericyte 

proliferation and survival was diminished by exposure to high glucose, but these adverse 

effects could be partially reversed by Angpt1 stimulation. In contrast, Angpt2 exposure 

significantly aggravated cell apoptosis [71].  

PDGFβ/PDGFRβ signaling also appears to play an important role in the pericyte-mediated 

pathogenesis of DR. Loss of PDGFβ-mediated survival of vascular cells has been associated 

with hyperglycemia mediated vascular pathologies. Studies in PDGFβ full knockout mice 

report that PDGFβ deficiency causes severe pericyte depletion in the retinal capillaries during 

postnatal development [72]. Geraldes et al. identified a possible link between hyperglycemia 

and pericyte apoptosis that is mediated via the PDGFRβ signaling pathway [73]. High glucose 

levels activates PKCδ/p38α MAPK signaling, which induces expression of SHP-1. This protein 

tyrosine phosphatase mediates dephosphorylation of the PDGFRβ. This interferes with the 

downstream receptor signaling that mediates this vital survival signal, thus inducing pericyte 

apoptosis [73]. The importance of this interference pathway in DR was clearly demonstrated 

by studies in Prkcd (PKCδ) knockout mice. Results showed that PKCδ deficiency protected 

these animals against diabetes induced loss of PDGFRβ-signaling and prevented capillary 

network collapse in the retina [73]. These identified mechanisms in DR may provide an 

indication of how pericyte-linked patho-physiological processes in other disease conditions 

are mediated.  

 

Loss of EC-pericyte crosstalk in BBB breakdown in CNS 

Loss of pericyte coverage of the capillaries results in unstable vessels that cause the “classic” 

symptoms of the non-proliferative phase in DR and eventually leads to vasoregression. The 

various processes via which this loss of pericyte-EC contact contributes to the progression of 

other types of vascular disease have been further explored in studies that describe the role of 

the BBB in the CNS.  

Several animal studies have already demonstrated that loss of pericyte coverage triggers the 

breakdown of the BBB and diminishes endothelial barrier function [31,74]. Pericytes contribute 

to a functional BBB by the release of high levels of Angpt1 and TGFβ1 [36,37]. Angpt1 derived 

from pericytes induces occludin expression in ECs via Tie2 receptor signaling [37]. Low 

occludin production in ECs is associated with less TJ formation and causes increased 

permeability [75]. Although some experiments provide evidence that occludin is not essential 

for TJ formation, decreased occludin levels are clearly shown to lead to BBB dysfunction in 
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disease [76]. Thus, a decline in TJ proteins as a result of a drop in pericyte-derived Angpt1 

levels may contribute to the loss of BBB in several CNS diseases in which the contribution to 

disease via loss of pericyte-vascular contacts have been previously established. In line with 

this hypothesis, studies in the pathogenesis of stroke, multiple sclerosis, cerebral infection, 

epilepsy, Parkinson’s disease and Alzheimer’s disease have all identified defects in 

endothelial TJ assembly [38]. 

Furthermore, Dohgu et al. demonstrated that BBB function could also be directly regulated via 

pericyte derived TGFβ1 [36]. Transwell co-cultures of murine brain capillary ECs and rat brain 

derived pericytes results in less accumulation of soluble rhodamine marker in ECs compared 

to monocultures of ECs. This reflects increased activity of p-glycoprotein (P-gp) efflux pumps, 

which are widely distributed in the CNS vasculature and are vital for BBB homeostasis [34]. 

TGFβ1 stimulation of endothelial monolayers similarly increased P-gp pump activity. In 

contrast a TGFβ1 antagonist or TGFβ1 antibody could block the observed beneficial effect of 

pericyte co-culture. Based on these findings, the authors proposed that TGFβ1 signaling 

through MAPK increases the expression of TJ proteins and P-gp efflux in ECs, hence 

improving the BBB function [36]. In contrast, Shen et al. reported that TGFβ1 increases the 

paracellular permeability in brain derived ECs by enhancing tyrosine phosphorylation of VE-

cadherin and claudin-5 [77]. Thus, the role of pericyte-derived TGFβ1 remains to be further 

elucidated in order to fully understand the exact contribution of this signaling pathway to the 

BBB in health and disease.  

Dysfunction in pericyte contractility in response to an ischemic event in the brain 

microvasculature has also been reported to contribute to vascular disease progression. 

Yemischi et al. demonstrated in a mouse brain ischemia-reperfusion model that pericytes 

supporting the capillary network remained contracted despite the reflow of the occluded artery 

[78]. This is mediated by a rise in reactive oxygen species, which interacts with ion transport 

molecules. It alters intracellular Ca2+ levels that results in permanent contraction by calcium-

activated phosphorylation of contractile proteins in pericytes [78,79]. Furthermore, Dore-Duffy 

et al. showed upregulation of endothelin-1 after traumatic brain injury [20]. This resulted in an 

upregulation of αSMA positive pericytes and a reduction of the vessel diameter due to pericyte 

contraction.  

 

Pericyte dysfunction driven mechanisms of fibrosis – focus on chronic kidney disease 

Recent studies have also identified a possible role for pericyte dysfunction in the onset of 

fibrosis, a chronic and progressive pathological process characterized by the deposition of 

collagen and other ECM components [80]. Fibrosis develops in response to tissue injury and 

is coincided with local chronic inflammation, leading to scar tissue formation. Following cell 
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damage, tissue repair takes place in two distinct phases. In the regenerative phase, injured 

cells are replaced by cells of the same type. This helps to sustain the original function of the 

affected organ. In contrast, during the following fibroplasia phase, damaged parenchymal 

tissue is replaced by connective tissue. This beneficial wound healing process becomes 

pathogenic when it is not fully controlled [80]. Excessive accumulation of ECM proteins results 

in disordered tissue organization and could further progress into organ failure [80]. It is 

generally accepted that myofibroblasts are the main regulatory cell type, responsible for the 

deposition of a fibrotic matrix. Myofibroblasts are characterized by the αSMA marker, the 

secretion of ECM proteins (mainly collagen type I and fibronectin), and high cell contractility. 

Myofibroblasts appear in spaces between functional cell clusters of the organ in response to 

fibrogenic stimuli [80,81]. Researchers from different fields have focused on unravelling the 

origin of myofibroblasts. Control of this putative progenitor population would allow the 

development of therapeutic strategies to target fibrosis in a broad range of diseases. Thus far, 

a number of cell types have been identified as candidates for the myofibroblast precursor cell, 

including epithelial and ECs undergoing epithelial-mesenchymal transition (EMT) and 

endothelial-mesenchymal transition (EndMT) [4].  

Focusing on the kidney, Lin et al. have discovered a link between pericytes and kidney fibrosis 

[82]. Using transgenic mice expressing enhanced green fluorescent protein under the 

regulation of the coll1α1 promoter, they demonstrated that pericytes are the major source of 

collagen producing myofibroblasts in kidney fibrosis [82]. In addition, cell-fate tracing 

experiments in vivo using a Cre reporter system for heritable labeling of epithelial cells or renal 

stromal cells was previously conducted in a murine unilateral ureteric obstruction and an 

ischemia-reperfusion model [83]. The findings from that study provide evidence that renal 

myofibroblasts are not derived from EMT of epithelial cells. Instead, it suggests a pericyte 

origin for renal myofibroblasts [83]. Furthermore, Chen et al. demonstrated that PDGF 

receptor signaling is involved in pericyte differentiation into myofibroblasts [84]. 

Schrimpf et al. demonstrated that a disintegrin and metalloproteinase with thrombospondin 

motifs 1 (ADAMTS1) and TIMP3 levels are increased and decreased respectively during 

pericyte-myofibroblast transition [85]. ADAMTS1 is important in BM degradation whereas 

TIMP3 is the inhibitor of ADAMTS1. Degradation of BM by ADAMTS1 results in detachment 

of pericytes from the capillaries leading to subsequent vascular destabilization [85]. 

Furthermore, ADAMTS1 promotes growth of unstable vessels by VEGFR2 signaling due to a 

switch in VEGF isoform production. It has been postulated that ADAMTS1 blockade is 

beneficial for the kidney by attenuating pericyte detachment after injury, thereby promoting 

vessel stability and reducing fibrosis [85].  
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Renal pericytes align with the peritubular capillaries in the interstitium and play a vital role in 

the regulation of the vasa recta and medullary blood flow [86]. This contributes to the fine-

tuning of the active re-absorption of solutes and water in the glomerular filtrate. Upon kidney 

injury, activated pericytes tend to detach from the capillaries of the peritubular vasculature and 

migrate into the interstitial space. There they proliferate and deposit ECM components [87]. 

The disappearance of pericytes from the vascular wall also leads to microvascular regression. 

Pericyte detachment thus may have a double impact on the progression of fibrosis. First of all 

by active transition into myofibroblasts, which leads to increased collagen type I deposition. 

Secondly, by inducing vascular regression and subsequent tissue hypoxia [87]. Microvascular 

rarefaction can be attenuated by targeting endothelium-pericyte crosstalk [88]. As 

demonstrated by Lin et al., systemic administration of the soluble domains of VEGFR2 and 

PDGFRβ to antagonize excessive PDGFRβ and VEGFR2 activation were able to limit the 

increase in collagen producing cells in mice subjected to progressive kidney injury. This was 

mainly attributed to the preservation of pericyte contact with the renal vasculature by blocking 

pericyte migration and proliferation [88].  

Next to the pericytes covering the vascular network of the renal tubular system, specialized 

pericytes called mesangial cells can be found in the glomerular compartments. In the mature 

condition, mesangial cells form a dense core in the Bowman’s capsule in which the capillaries 

are arranged in high density clusters. Mesangial cells have several functions in the glomeruli 

such as providing structural support for glomerular capillaries and generating matrix 

components. Furthermore, they control the turnover of their own mesangial ECM production 

in response to mechanical stress. For example, mesangial cells are also involved in the fine-

tuning of the glomerular filtration process. Due to their contractile potency, they are able to 

regulate the capillary flow and define the filtration surface area in the glomeruli.  

During kidney development, mesangial cells closely interact with vascular structures that 

invade the core. They guide the intussusceptive splitting of a single vascular loop into several 

glomerular capillaries, thus enhancing the capillary surface area for blood ultrafiltration [89]. 

Lack of mesangial cells in genetic animal models results in the replacement of the complex 

vascular clusters by simpler structures. In extreme cases this results in single dilated capillary 

loops, which severely diminished glomerular filtration capacities [90,91].  

Mesangial cells are also linked to the onset of glomerulosclerosis, a pathological condition 

where functional glomerular tissue is replaced by ECM components, resulting in a significant 

decrease of glomerular function. This uncontrolled ECM replacement is characteristic of 

progressive renal disease caused by, for instance, diabetes [92]. It has been postulated that 

mesangial cells could be stimulated to overproduce ECM components like fibronectin, laminin, 

type I and type IV collagen, in response to TGFβ1 [93]. Furthermore, TGFβ decreases matrix 
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degradation by inhibition of matrix proteases [93]. Brunskill et al. demonstrated upregulation 

of thrombospondin in mesangial cells of db/db mice with an obese, diabetic, and diabetic 

nephropathy phenotype [94]. Thrombospondin is an important mediator in TGFβ signaling and 

thrombospondin null mice demonstrate a similar phenotype as TGFβ mutant mice [94]. 

Furthermore, the gene expression of ECM component type XII alpha 1 collagen is upregulated 

in mesangial cells that are derived from db/db mice with nephropathy compared to mesangial 

cells in wildtype counterparts [94]. Gene expression of the proteoglycan decorin is also 

upregulated in diabetic mesangial cells [94]. Decorin can interact with ECM molecules like 

collagen, and ECM-bound thrombospondin and TGFβ. Interestingly, decorin was able to 

reduce TGFβ induced fibrosis in several animal models, suggesting that overexpression of 

decorin has a protective function in diabetic mesangial cells [94]. Moreover, findings in studies 

focusing on fibrosis in the liver [95] or lung [96] have also suggested that pericytes may provide 

the progenitor cell population of myofibroblasts. 

In contrast, LeBleu et al. demonstrated that NG2 and PDGFRβ positive pericytes do not 

appear to be the major source of αSMA positive myofibroblasts in kidney fibrosis [97]. In their 

study, myofibroblasts were shown to be derived from local fibroblast proliferation and recruited 

progenitor cells that originated from the bone marrow population. Although other studies 

suggest that EMT and EndMT are not involved in the differentiation of epithelial cells and ECs 

into myofibroblasts, LeBleu et al. demonstrated that epithelial cells and ECs could gain αSMA 

expression through EMT and EndMT and thereby contribute to myofibroblast accumulation 

[97].  

Notwithstanding the controversy concerning the origin of myofibroblasts, recent data does 

indicate that there is a significant role for pericytes in the onset and development of fibrosis in 

chronic kidney disease. Further studies are needed to elucidate the contribution of pericytes 

to the progenitor pool of myofibroblasts in other organs with high pericyte densities.  

 

Pericyte function in the heart  
Myocardial distribution of pericytes 

Previously, the presence of pericytes in the myocardial vasculature has been generally 

assumed but poorly characterized. Pericytes in the human coronary vasculature were only 

recently clearly demonstrated and more extensively studied in explanted hearts, using a range 

of isolation techniques in combination with detection by immunohistological staining of 

pericyte markers [98]. These studies indicated that the pericyte/EC ratio in the left ventricular 

myocardium lies between 1:2 to 1:3 [99]. Others have also demonstrated that a relatively large 

myocardial pericyte population reside in rodents. In rats, pericyte density appears to be 

correlated with age, with young (P12) animals containing pericyte numbers in the left ventricle 
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of 4.4X107/cm3 compared to 2.4X107/cm3 in older (P30) animals [100]. In line with this 

observation, our analysis in left ventricle tissue of the murine C57/bl6 strain revealed a dense 

pericyte coverage of cardiac capillary and arteriole structures, as identified by the 

immunostaining of the NG2 and PDGFRβ markers (Figure 5). Considering these numbers, 

and that there are reportedly a 3,3 fold less cardiomyocytes than endothelial cells per cm3 of 

left ventricle area, this actually makes pericytes the second largest cell population in the 

myocardium [99]. Pericytes and endothelial cells in the myocardium are organized in vascular 

units. These units are interconnected and embedded in a dense ECM that extend from the 

BM of the microvascular network into the interstitial space between the cardiomyocytes. 

Within this ECM network, telocytes, a specialized form of interstitial stromal cells that are 

characterized by their extremely long and thin elongations (podomers), maintain contact 

between pericytes and myocardiocytes [101].  

Notably, Nees and co-workers identified an extensive pericyte network in the heart 

macrovessels [99,102]. They showed that the larger myocardial arterioles and coronary 

arteries contain a concentric pericyte and BM layer that separates the endothelium from the 

elastic lamina and VSMCs [102]. In the larger venules and veins of myocardium, a sparse 

intermediate layer of pericytes also divides the endothelium from the underlying elastic and 

VSMC structures [101,102]. These new findings are intriguing and greatly extend our 

understanding of the role that pericytes play in maintaining vascular homeostasis in 

myocardial tissue. Furthermore, they also shed light on their putative contribution to 

cardiovascular disease.  

Nees et al. and Juchem et al. have described significant differences in the barrier function in 

precapillary arterial and postcapillary venules derived from the heart [102,103]. They see less 

organized and leaky postcapillary venules whereas isolated precapillary arterioles are better 

organized and less leaky [102,103]. Based on what they have reported on the difference in 

pericyte coverage of myocardial venules and capillaries, this points towards active regulation 

of the endothelial barrier in cardiac tissue by pericytes. As discussed previously, pericyte-EC 

interaction is also important for the formation of the BM [42,50]. ECs and pericytes collectively 

contribute to the production of myocardial matrix, both expressing mRNA of types VI, IV and 

I collagen, as well as fibronectin [104]. Pericytes express significant higher levels of type IV 

collagen then ECs, indicating that they play a vital part in cardiac (micro)vascular stabilization 

by contributing to BM formation [104]. 
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Figure 5. NG2 and PDGFRβ positive cells cover the microvasculature in left ventricle cardiac 
tissues of wild type C57/bl6 mice. (A) Confocal images of murine cardiac tissue stained for NG2 (red), 

Isolectin B4 (green), DAPI (blue), and the merged image. NG2+ pericytes (indicated by open arrow heads) 

cover the abluminal side of arterioles, identified by Isolectin B4 that distinguishes vascular ECs. (B) Higher 

magnification, merged, representative confocal image of capillaries in murine cardiac tissue in which 

Isolectin B4 staining (green) was used to identify ECs and PDGFRβ staining (red) was used for pericyte 

detection. The open arrowhead indicates the coverage of PDGFRβ+ pericytes of the smallest vascular 

structures. White scale bars = 20 µm. 

 

Pericytes in cardiovascular disease and therapy 

At the other end of the spectrum, loss of pericytes could lead to decreased support to the 

endothelial barrier and result in vascular disease. Notably, Juchem et al. described a 

prothrombotic feature of pericytes which could lead to coronary no-reflow [105]. Coronary no-

reflow is the failure of cardiac microcirculatory reperfusion after often an ischemic event. In 

the vasculature, pericytes are the main producers of tissue factor, a key regulator in 

coagulation pathways [106]. Exposure of the cardiac microvasculature to inflammatory stimuli 

triggers the release of TF and activates the coagulation cascade, leading to fibrin crosslinking, 

thrombus formation and lumen occlusion. In addition, it has been implicated that pericyte 

constriction could contribute to coronary no-reflow morbidity by causing microvascular 

obstruction [107]. In patients with acute myocardial infarction, no-reflow was reported to be 

characterized by increase in endothelin-1 plasma levels [108]. This was associated with an 

increase in αSMA positive pericytes and a reduction of the vessel diameter due to pericyte 
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contraction [20]. These observations are similar to the ischemia-reperfusion model of 

Yemischi [79,107], implying that pericyte dysfunction as a result of an ischemic event is partly 

responsible for the no-reflow condition.  

Although VSMCs are largely associated with atherosclerosis, pericytes were also detected in 

the intima [105,109]. Tigges and co-workers showed in a murine vascular injury model that 

during the stenosis response, NG2+ PDGFRB+ CD146+ pericytes are increased in the 

adventitia and migrate into the intima [110]. The strong link between pericyte dysfunction and 

fibrosis that has been so well documented in kidney fibrosis may provide a uniform hypothesis 

for pericyte-mediated fibrogenesis that may also apply to fibrosis in cardiac disease. For 

example, macrophages in inflamed myocardial tissue secrete galectin-3. This protein 

stimulates the proliferation of pericytes and secretion of procollagen 1, which can be cross-

linked to form collagen and thus result in cardiac fibrosis [111]. More directly, cardiac pericyte 

may provide an interstitial pool of myofibroblast progenitors that upon activation by 

inflammatory and/or TGFβ stimulation undergo pericyte-myofibroblast transition. Indeed, a 

limited number of studies show that pericytes are associated with fibrosis in cardiac tissue 

[111,112]. For example, in fibrocalcific aortic valve disease, neovascularization in the aortic 

valve is strongly associated with disease onset and progression. Intriguingly, pericytes are 

often observed near these neovascular structures in stenotic valves [112]. It has been 

postulated that these pericytes may contribute to aortic valve fibrosis and calcification after 

myofibroblast transformation [112]. Currently, the role of cardiac pericytes in common cardiac 

disease entities like (diastolic) heart failure, cardiac outward remodeling and cardiac 

hypertrophy remains unclear and the subject certainly warrants further investigation.  

The great potential that (cardiac) pericytes hold for treatment of cardiovascular disease has 

been demonstrated by Chen et al. Chen and his co-workers showed that pericytes derived 

from human skeletal muscle significantly improve cardiac function in NOD/SCID mice with 

acute infarcted hearts [14,113]. Injected pericytes were able to regenerate lost cardiac cells 

in the infarcted heart, and produced reverse ventricular remodeling, reduction of cardiac 

fibrosis, and stimulation of angiogenesis [113]. The researchers suggested that the decrease 

in fibrosis was attributed to MMP secretion from the injected pericytes. Moreover, pericytes 

were shown to reduce chronic inflammation mediated fibrosis by diminishing the 

monocyte/macrophage infiltration in the fibrotic myocardium [113]. In addition to the 

cardiovascular disease, other pioneers in the field have already successfully used pericytes 

as a source of therapeutic cells in treatment of a broad range of diseases. Other applications 

of pericytes in cell-based therapy are briefly discussed below.  
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Pericytes as therapeutic agents 
Pericytes can be considered an abundant endogenous source of progenitor cells with great 

potential for clinical use. Moreover, pericytes can be harvested from more easily accessible 

tissue, including human placenta, umbilical cord and subcutaneous fat for applications in 

regenerative medicine. Cross-organ transplantation of pericytes has already yielded 

encouraging results in a number of animal studies [113,114]. A short summary of the use of 

pericytes as therapeutic agents is listed in Table 2. 

Further support for considering pericytes in regenerative therapies is provided by studies that 

use pericytes derived from human pluripotent stem cells. Transplantation of these type of cells 

into immune deficient mice with hind limb ischemia, induced vascular regeneration and 

promoted muscle repair by active incorporation of pericytes into the damaged muscle and 

vasculature [114]. CBMSCs that express pericyte markers CD146 and αSMA have also been 

examined as a possible treatment in an animal model of chemotherapy induced acute renal 

failure. The infusion of pericyte-like CBMSCs enhanced therapeutic efficacy and restored 

kidney function compared to regular bone-marrow derived MSCs. However, it should be noted 

that these effects were mainly attributed to the paracrine actions of pericyte-like CBMSCs 

mediated by angiogenic and anti-apoptotic factors, whereas active replacement of damaged 

cells by incorporation of pericyte-like CBMSCs was limited [115,116].  

The use of multipotent pericytes as a cell-based therapy in treatment of vascular and fibrosis 

related pathologies seems not only rational but also, based on the encouraging findings that 

are described in recent publications, highly feasible. For example, Mendel et al. evaluated 

adipose derived stem cells (ASCs) that express pericyte markers in a cell-based treatment for 

oxygen-induced retinopathy in mice [117]. Their data demonstrated that these pericyte-like 

ASCs could integrate as functional pericytes into the retinal capillary bed. They also protected 

the retina against vascular regression if the animals were treated with these cells before the 

onset of vascular destabilization. Similarly, ASC pericytes were shown to protect the retina 

against diabetes induced capillary loss in a murine model of DR [117]. It was postulated that 

pericytes derived from ASCs may be better able to sustain normal pericyte function in the 

hyperglycemic environment of the retina due to that they are more used to the hypoxic 

conditions in the adipose tissue than the local retinal pericytes [117]. Taken together, these 

findings demonstrate the great potency for ASC derived pericytes in stabilization of the retinal 

vasculature during the early non-proliferative phase of DR. In other CNS diseases such as 

stroke and Alzheimer’s disease (AD) in which pericytes play an important role in pathogenesis, 

previous reports of successful use of MSCs in regenerative applications further support the 

notion that a strategy for pluripotent pericyte-based therapy should be further investigated. 
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Table 2. Pericytes used as therapeutic agents. 

Disease model Origin of pericytes Outcome References 

Acute infarcted 
hearts in 
NOD/SCID mice  

Human skeletal 
muscle derived 
pericytes 

Reverse ventricular remodeling, 
reduction of cardiac fibrosis, 
reduction of chronic 
inflammation and induced host 
angiogenesis 

[14, 113] 

Hind limb ischemia 
in immune deficient 
mice  

Human pluripotent 
stem cells (embryonic 
and induced) 

Improves perfusion, blood 
vessel density and muscle 
regeneration 

[114] 

Acute renal failure 
in NOD/SCID mice Human CBMSC Promotes kidney regeneration 

and prolongs survival [116] 

Oxygen induced 
retinopathy in 
NOD/SCID mice 

Human ASC 

Differentiates to pericytes, 
protect against vascular dropout 
and accelerate vascular 
regrowth and recovery of the 
vasculature 

[117] 

Aβ induced murine 
model 

Human bone marrow 
MSC 

Increased activated microglia 
numbers, plaque formation 
reduction 

[120] 

Double transgenic 
murine model of 
AD 

Human CBMSC 

Reduced Aβ deposition and tau 
phosphorylation, prevent 
cognitive decline and memory 
impairment 

[119] 

Liver fibrosis 
induced mouse 
model 

Mice bone marrow 
MSC + NO treatment 

Reduction of fibrosis, increased 
liver function and improved 
MSC survival compared to MSC 
treatment only 

[128] 

 

For example, employing multipotent pericytes in the treatment of AD seems an attractive 

strategy on multiple levels.  

AD is the most common cause of dementia in the elderly and is characterized by the 

accumulation of β-amyloid peptides (Aβ) in blood vessels or plaques within the brain, as well 

by the formation of neurofibrillary tangles, which can lead to neurodegeneration [118]. 

Researchers have previously demonstrated that tissue derived MSCs, bone marrow derived 

MSCs and CBMSCs are all able to increase Aβ clearance and improve cognitive impairment 

in AD mouse models [119-121]. This increase in Aβ clearance was facilitated by 

autophagosome activity and not by receptor-mediated transcytosis in the BBB, which normally 

mediates homeostasis in the brain and clearance of Aβ [34].  

Although pericytes have not yet been assessed in AD therapy, we propose that this cell type 

is highly suitable for cell-based therapy in treatment of AD. Pericyte dysfunction in the CNS 

plays an important role in disease progression. Thus, not only are CNS pericytes involved in 

the maintenance of the BBB under physiological conditions, but healthy pericytes also 

contribute to clearance of Aβ by autophagy-mediated internalization of Aβ. The onset of AD 
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is also linked to degeneration of brain pericytes in response to Aβ accumulation, leading to 

capillary loss [122]. Bell et al. further demonstrated that pericyte deficient mice develop age-

dependent cognitive deficiencies and neurodegeneration. These are caused by a combination 

of chronic cerebral hypoperfusion and BBB breakdown [31]. Replenishing the CNS pericyte 

pool could help restore BBB function, aid microvascular survival and regeneration, and could 

actively contribute to further Aβ clearance. In addition, in vitro data provide evidence that 

pluripotent pericytes can differentiate into neural cells [123]. CNS pericytes and neurons share 

pluripotent neural crest cells as their origin, supporting the hypothesis that the pluripotent CNS 

pericytes may harbor the potential of neurogenesis. In the study of Karow et al. pericyte-like 

cells derived from the human cerebral cortex can be differentiated into neural cells by 

retrovirus-mediated co-expression of the transcription factors Sox2 and Mash1 [123]. Mash1 

plays an important role in the direct differentiation and commitment of somatic cells to neuronal 

cells, while Sox2 enhances Mash1 efficiency [123]. That non-CNS pericytes can be 

differentiated into neural cells was also shown by Montiel-Eulefi and co-workers. They 

obtained pericytes from aorta explants of rats and triggered these to undergo neural 

differentiation by trans retinoic acid activation [124]. Retinoic acid is known to promote neural 

lineage entry of embryonic cells, neural stem cells, bone-marrow MSCs, and ASCs with 

pericyte-specific markers [124]. When compared to MSCs, pericytes showed a greater neural 

potential even though they have less immune-modulatory capacity than MSCs.  

As indicated earlier, multipotent pericytes have been successfully used in treatment of 

ischaemic hearts [113]. Similarly, pericytes or pericyte-like MSCs may also provide an efficient 

cell-based treatment of ischemic stroke. A decline in pericyte regulated vasomotion control 

and compromised BBB function [78] facilitate the microvascular pathogenesis that is so often 

the onset of any form of ischemic disease. Restoration of pericyte coverage of the 

microvasculature in the affected areas could improve capillary and BBB support, and promote 

reperfusion after stroke. Furthermore, the ability of pericytes to migrate within the brain to a 

perivascular location in response to stress or injury, and the capacity to differentiate into 

neuronal cells could actively contribute to neural tissue regeneration [125,126]. 

We have already discussed in this review the significant contribution of pericytes to the 

pathogenesis of fibrosis. Based on this notion, the use of therapeutic pericytes to combat the 

fibrotic component in different diseases seems a viable strategy. However, use of MSCs in 

treatment of fibrotic disease is still in its infancy and data are limited. Carvalho et al. have 

previously demonstrated that MSCs are not capable of reducing liver fibrosis and improving 

liver regeneration in rats with severe chronic liver disease [127]. More recent studies 

demonstrated that MSCs pre-treated with nitric oxide are capable to repair liver fibrosis [128]. 

Considering these reports, the use of pericytes to combat the fibrotic element of a disease 
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may still require further understanding of the role of MSCs and pericytes in the pathogenesis 

of fibrosis.  

 

Conclusion and future directions 
With the discovery of distinctive markers, together with a growing body of knowledge of how 

to conduct morphological characterization to identify pericytes, investigators have recently 

begun to unravel pericyte function. First studies have identified a vital role for this particular 

cell type in vascular homeostasis. In the last few years, researchers have also started to 

appreciate the impact pericyte dysfunction has in the onset and progression of a diverse range 

of diseases in which vascular degeneration plays a critical role. New evidence is also 

emerging that points towards a putative contribution of pericyte dysfunction to the etiology of 

fibrotic disease. Meanwhile, the importance of pericytes in the body’s regenerative response 

is highlighted by an increasing number of reports. They demonstrate that this cell type shares 

similarities with MSCs or may be part of an intrinsic “vascular” MSC pool, and could function 

as multipotent cell in tissue healing. Although pericyte therapy is still in a very early phase, 

initial studies have already shown that these multifaceted pericytes represent a very promising 

regenerative approach in the treatment of ischemic and fibrotic disease. However, further 

studies are still required to fully understand pericyte function in health and disease and to 

enable us to further explore their regenerative potential. Indeed several important questions 

remain unanswered (See summary in Table 3). For example, since not all markers for pericyte 

identification are universally expressed on every pericyte in every perivascular location of the 

vascular tree, we still do not know whether (i) we can identify specific pericyte subpopulations; 

(ii) if there are differences in regenerative potency of these subsets; (iii) and if there are also 

differences in paracrine profile in response to growth factors and disease stimuli, or whether 

these subtypes differ in vascular stabilizing behavior. To answer these questions, the scientific 

community should focus on establishing a set of criteria to identify pericytes based on our 

knowledge so far. A subdivision of markers to be used based on pericyte localization in the 

vascular tree as suggested in Table 1 would already greatly help to demystify the complexity 

of pericyte identification. In relation to pericyte biology in the cardiovascular field, the presence 

of pericytes in coronary macrovessels is intriguing, and their contribution to ET1-mediated 

thrombogenesis and the no-reflow phenomenon and atherosclerosis should be further 

explored. The exact role of pericytes in the cardiac microvasculature in vascular dysfunction 

and fibrogenesis should be further investigated to help us understand the relation between 

pericyte dysfunction and common cardiac disease entities like (diastolic) heart failure and 

cardiac hypertrophy. To fully explore the therapeutic potential of pericytes, researchers should 

also focus on differentiating putative subsets of pericytes derived different organ origins for 
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cell-based therapy. The use of pericytes in treatment of fibrosis should also be further 

explored.  

Increasing our understanding of this complex cell type will be critical for the development of 

new interventions to prevent pericyte dysfunction associated pathologies. It will also boost 

their therapeutic potential for use in future cell-based regenerative strategies. 

 
Table 3. Questions on future directions. 

Identification 

Which pericyte specific markers are reliable to identify the various pericyte subpopulations? 

How to define a set of characteristics to be used for pericyte identification? 

Function and communication 

Are there differences in signaling between endothelial cells and the many pericyte subtypes, and 
therefore difference in their function? 

Disease 

Will lack of pericytes or dysfunction of pericytes from various subtypes lead to differences in severity 
in the associated disease? 
Since pericytes are abundantly presence in the body, are there other diseases in which pericytes play 
a prominent role? 

Pericytes as therapeutic agent 

Do different pericyte subtypes have different regenerative capabilities? 

Do pericytes derived from different organs have different regenerative capacities? 

Can in vivo restoration of pericyte signaling treat diseases that are associated with pericyte 
dysfunction? 

Pericytes in the cardiac field 

Since pericytes are the second cell type in the heart, do they play a significant role in heart failure, 
cardiac hypertrophy etc? 

Could cardiac pericytes be used as a regenerative agent in heart disease? 

On which aspects of pericyte function should we focus in the cardiac field? 
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Abstract 
Microvascular homeostasis is strictly regulated, requiring close interaction between 

endothelial cells and pericytes. Here, we aimed to improve our understanding on how 

microvascular crosstalk affects pericytes. Human-derived pericytes, cultured in absence, or 

presence of human endothelial cells, were studied by RNA sequencing. Compared with mono-

cultured pericytes, a total of 6704 genes were differentially expressed in co-cultured pericytes. 

Direct endothelial contact induced transcriptome profiles associated with pericyte maturation, 

suppression of extracellular matrix production, proliferation, and morphological adaptation. In 

vitro studies confirmed enhanced pericyte proliferation mediated by endothelial-derived 

PDGFB and pericyte-derived HB-EGF and FGF2. Endothelial-induced PLXNA2 and ACTR3 

upregulation also triggered pericyte morphological adaptation. Pathway analysis predicted a 

key role for TGFβ signaling in endothelial-induced pericyte differentiation, whereas the effect 

of signaling via gap- and adherens junctions was limited. We demonstrate that ECs have a 

major impact on the transcriptional profile of pericytes, regulating endothelial-induced 

maturation, proliferation, and suppression of ECM production. 
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Introduction 
Complex organisms such as vertebrates rely on a well-functioning circulatory system to meet 

the body’s oxygen and nutrient demand, and to remove waste products. The circulatory 

system is composed of blood vessels, lined by a single layer of endothelial cells (ECs) on the 

luminal side. These ECs are surrounded by a basement membrane which they share with 

mural cells. In the microvasculature, these mural cells consist of pericytes [1].  

Maintaining microvascular homeostasis is a strictly regulated process, which requires close 

interplay between ECs and pericytes. Dysregulation of this comprehensive interaction is 

associated with the onset and progression of a variety of diseases [2]. Lack of pericytes 

compromises vascular integrity and causes leaky unstable vessels (e.g. in rapidly growing 

tumors) [3], as well as highly proliferative endothelium (e.g. in diabetic retinopathy) [4]. 

Moreover, pericytes have previously been linked to pathological organ fibrosis [5], though 

whether injury-induced stimulation, or loss of endothelial interaction drives this differentiation 

is poorly understood. Former studies on microvascular cross-talk provided valuable insights 

into the mechanisms involved in regulating in vascular homeostasis. For instance, Platelet 

Derived Growth Factor Subunit B (PDGFB) secretion by ECs was shown to modulate pericyte 

proliferation and migration towards the endothelium [4], whereas pericyte-derived Vascular 

Endothelial Growth Factor A (VEGFA) and Angiopoietin 1 secretion were reported to promote 

endothelial survival and maturation [6,7]. In addition to these paracrine interactions, ECs and 

pericytes also connect physically. At distinct places, the basement membrane separating the 

two cell types is interrupted, allowing the formation of direct connection sites called peg and 

socket contacts [8]. These contacts are highly enriched in gap- and adherens junctions, which 

provide a direct signaling route for ions, nutrients, metabolites, and secondary messengers 

[9]. Over the years, numerous studies have focused on the different aspects of signaling 

between these closely associated microvascular cells. However, since most emphasis was 

put on how pericytes affect endothelial behavior, only little is known about the consequence 

of this cross-talk for pericytes.  

To gain a deeper understanding of the impact of vascular crosstalk on these critical, yet 

relatively underexposed, contributors of microvascular homeostasis, an RNA sequence- 

(RNAseq) based analysis was performed to compare the mRNA expression profiles of single 

cultured pericytes, with those of pericytes cultured in direct contact with endothelial cells. The 

results demonstrate that ECs have a major impact on the transcriptional profile of pericytes 

and provide functional evidence for endothelium-induced pericyte maturation, proliferation, 

and suppression of ECM expression. 
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Methods 
Cell culture 

Human dermal microvascular endothelial cells (HMVECs; Lonza) and human brain-derived 

pericytes (Sciencell) were cultured on 0.1% gelatin coated plates in EGM-2MV medium (EBM-

2 medium supplemented with EGM-2MV bullet kit; Lonza) and DMEM (supplemented with 

10% fetal calf serum (FCS); Lonza), respectively, in 5% CO2 at 37 ˚C. HMVECs were 

transduced with a lentiviral green fluorescent protein (GFP) construct and pericytes with a 

lentiviral discosoma sp. red- (dsRED) construct. Experiments were performed with cells at 

passage 4-6. CDH2, CX43, HB-EGF, FGF2 and VEGFA, PLXN2A, ACTR3 knockdown in 

pericytes, and PDGFB knockdown in HMVECs was achieved by cell transfection with a pool 

containing 4 targeting short interference RNA- (siRNA) sequences (Dharmacon) in a final 

concentration of 100 nM. Control cells were transfected with a pool of 4 non-targeting siRNA 

sequences (Dharmacon) in a final concentration of 100 nM. Target sequences are listed in 

Supplemental Table 1. 

 

Fluorescence-activated cell sorting 

GFP-labeled HMVECs and dsRED-labeled pericytes were seeded in a confluent layer (4 

million cells) on 10 cm dishes, either in co-culture at a 5:1 (HMVECs:pericytes) ratio, or in 

single culture (Figure 1A). Both single cultures and co-cultures were cultured on EBM 

supplemented with 5% FCS for 6 h, followed by 20 h on EBM supplemented with 0.5% FCS. 

For fluorescence activated cell sorting (FACS), cells were trypsinized, washed once in cold 

PBS and suspended in cold sterile filtered PBS containing 2% bovine serum albumin. GFP-

labeled HMVECs and dsRED-labeled pericytes were separately sorted in cold FCS based on 

their fluorescent signal. Subsequently, cells were washed once in cold PBS, lysed in RNA 

lysis buffer and stored at -80 ˚C (Figure 1B). 

 

RNA sequencing 

RNA sequencing was done as previously described [10]. Briefly, sequencing libraries were 

made from poly-adenylated RNA using the Rapid Directional RNA-Seq Kit (NEXTflex) and 

sequenced on Illumina NextSeq500 to produce single-end 75 base long reads (Utrecht 

Sequencing Facility). Reads were aligned to the human reference genome GRCh37 using 

STAR version2.4.2a. Read groups were added to the compressed binary version of the 

sequence alignment file (*.bam) files using Picard’s “AddOrReplaceReadGroups” tool (v1.98). 

The bam files were sorted with Sambamba v0.4.5, and transcript abundances were quantified 

with HTSeq-count version 0.6.1p117 using the union mode. Subsequently, reads per kilobase 

of transcript per million reads sequenced were calculated with edgeR’s rpkm() function. 
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Differentially expressed genes in the transcriptome data were identified using the DESeq2 

package with standard settings [11]. principle component analysis (PCA) was performed in R, 

using the plotPCA() command. Reads were normalized for sequencing depth and rlog 

transformed. 

 
Quantitative PCR and Western blot analysis 

RNA was reverse transcribed into cDNA using iScript cDNA synthesis kit (Bioline). Gene 

expression was assessed by qPCR using SensiFast SYBR & Fluorecein kit (Bioline) and 

primers as listed in Supplemental Table 2. Expression levels are relative to the housekeeping 

gene Ribosomal Phosphoprotein P0 (RPLP0) and RNA Polymerase II Subunit L (POLR2L). 

For assessment of protein levels, cells were lysed in cold NP-40 lysis buffer (150 mM NaCl, 

1.0% NP-40, 50 mM Tris, pH 8.0) supplemented with 1 mM β-glycerolphosphate, 1 mM PMSF, 

10 mM NaF, 1 mM NaOV, and protease inhibitor cocktail (Roche). Total protein concentration 

was quantified by Pierce® BCA Protein Assay Kit (Thermo Scientific) as a loading control. 

Lysates were denaturated in Laemmli buffer (60 mM Tris pH 6.8, 2% SDS, 10% glycerol, 5% 

β-mercaptoethanol, 0.01% bromophenol blue) at 90°C for 5 min followed by electrophoresis 

on a 10% SDS-PAGE gel (Biorad). Subsequently, proteins were transferred to a nitrocellulose 

membrane (Pierce) and incubated for 1 hour in PBS with 5% non-fat milk, followed by 

incubation with rabbit anti-CX43 and rabbit anti-N-cadherin (CST) according to manufacturer’s 

description. Protein bands were visualized with the Li-Cor detection system (Westburg).  

 

Immunofluorescent staining 

Pericytes labeled with dsRED were seeded in a confluent layer (50.000 cells) in 96 wells plates 

in a 1:5 ratio, either with unlabeled HMVECs, or with unlabeled pericytes. After seeding, the 

cells were cultured on EBM supplemented with 5% FCS for 6h, followed by 20h on EBM 

supplemented with 0.5% FCS. After 20h in culture, cells were fixed for 20min in 2% 

paraformaldehyde and blocked for 60min in PBS containing 5% bovine serum albumin 

(Sigma) and 0.3% Triton X-100 (Sigma). Hereafter, 100μl PBS containing 1% BSA, 0.3% 

Triton X-100, and 1:400 rabbit anti-Ki67 antibody (CST) was added per well, followed by a 

16h incubation at 4°C. After incubation with the primary antibody, Ki67 was stained with an 

Alexa Fluor 594-labeled secondary antibody (Invitrogen), dissolved (1:200) in PBS containing 

1% BSA and 0.3% Triton X-100 for 2h at room temperature. Vectashield with DAPI 

(Brunschwig) was applied to the fixed cell cultures, followed by imaging using fluorescence 

microscopy. Analysis of Ki67 positive pericyte nuclei was averaged per individual experiment 

from at least 5 random image fields in ImageJ using the Cell Counter plugin. 
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Pathway analysis 

RNAseq results were analyzed using QIAGEN’s Ingenuity Pathway Analysis (IPA). IPA was 

used to study upstream regulators (growth factors and transcriptional regulators) of 

differentially expressed genes. P-values were calculated based on a right-tailed Fisher Exact 

Test, calculated by IPA.  

 
Statistics 

Data are presented as means ± SEM. Groups were compared by students t-test (two-tailed) 

or 1-way ANOVA followed by Tukey post hoc test when appropriate. Statistical significance 

was accepted when p<0.05. 

Figure 1. Expression profiles were generated from mono- and co-cultured pericytes via RNA 
sequencing. (A) Pericytes labeled with dsRED (red) were either cultured alone (I), or in direct contact 

with GFP-labeled HMVECs (green) (II). Magnified view of co-cultured cells clearly shows the elongated 

pericytes that appear to be in contact with multiple ECs (III). (B) Schematic overview of the experiments: 

Pericytes labeled with dsRED were cultured in a confluent layer, either alone, or in direct contact with 

GFP-labeled HMVECs for the duration of 20 hours (I). Hereafter, cells were trypsinized and sorted based 

on fluorescent signal (II), after which RNA was isolated from the pericytes for RNA sequencing (III). 
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Results 

Endothelial cells markedly affect pericyte phenotype 

To evaluate the impact of endothelial-pericyte interaction on pericyte behavior, dsRED labeled 

pericytes were cultured in a confluent layer either alone, or in the presence of GFP-labeled 

HMVECs, enabling direct contact between the two different cell types (Figure 1A). Twenty 

hours post seeding, cells were trypsinized and sorted based on fluorescent signal, after which 

RNA was isolated and processed for RNA sequencing (Figure 1B). A comparison of the 

transcription profile of single cultured pericytes and co-cultured pericytes in a PCA clearly 

illustrated the major effect of endothelial-pericyte crosstalk on pericytes (Figure 2A). In total, 

6704 genes were differentially expressed (P adjusted <0.05; Figure 2B, Supplemental Table 

3). Of these 6704 differentially expressed genes, 6081 were protein coding genes (almost one 

third of the estimated 19000 protein coding genes in the human genome) [12], suggesting that 

direct contact with ECs dramatically affects pericyte’s transcriptomes.  

 

 
Figure 2. Endothelial cells have a major impact on the expression profile of pericytes. (A) PCA plot 

of expression profiles in single cultured pericytes (blue) and co-cultured pericytes (red), derived from 3 

experimental replicates composed of single cultured and co-cultured pericytes. The x and y axes reflect 

the variance between the samples analyzed by RNAseq, in which most of the variance (98%) came from 

pericytes being cultured in absence or in presence of endothelial cells (x axis), and where likely the 

experimental variation had only a limited contribution (y axis). (B) Graphic display of differential gene 

expression (MA plot) in which log2FC is plotted against the mean of normalized counts. Red dots 

represent the 6.704 differentially expressed genes (P adjusted <0.05), grey dots represent non-

differentially expressed genes. 
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Direct contact with endothelium stimulates pericyte maturation 

A newly formed endothelial network is initially unstable and requires support from recruited 

pericytes. These pericytes either migrate from adjacent vessels or differentiate from local 

mesenchymal stem cells [13]. Comparing expression profiles from single cultured pericytes 

with pericytes co-cultured with ECs clearly illustrated the importance of interaction with ECs 

in this differentiation process. Expression of Glioma-associated oncogene 1 (GLI1), a zinc 

finger type transcription factor and downstream effector of the Hedgehog signaling pathway 

that has been reported to be expressed in pericyte-like progenitors [14], was significantly 

reduced in co-cultured pericytes (Figure 3A). In contrast, well-validated pericyte markers, 

including Chondroitin Sulfate Proteoglycan 4 (CSPG4/NG2), Alpha Smooth Muscle Actin 2 

(ACTA2), Melanoma Cell Adhesion Molecule (CD146), and Nestin (NES), were highly 

upregulated after direct interaction with ECs (Figure 3B). Interestingly, Platelet Derived 

Growth Factor Receptor Beta (PDGFRβ), one of the most frequently used pericyte- and 

mesenchyme markers, was significantly downregulated in co-cultured pericytes (Figure 3B). 

 
Figure 3. Direct contact with endothelium stimulates pericyte maturation. (A) QPCR results showing 

expression levels of mesenchymal transcription factor GLI1, and (B) pericyte markers NG2, ACTA2, 

CD146, NES, and PDGFRβ relative to RPLP0 and POLR2L in pericytes in monoculture (Per), and after 

20h in co-culture with HMVECs (Per+ECs). N=3, *P<0.05 compared to pericytes in monoculture. GLI1: 

Glioma-associated oncogene 1, NG2: Chondroitin Sulfate Proteoglycan 4, ACTA2: Alpha Smooth Muscle 

Actin 2, CD146: Melanoma Cell Adhesion Molecule, NES: Nestin, PDGFRβ: Platelet Derived Growth 

Factor Receptor Beta. 

 

Endothelial signaling stimulates pericyte proliferation and survival 

Prior studies showed that pericyte-endothelial interaction had a profound positive effect on 

endothelial survival and maturation [15]. Interestingly, studying the upstream transcription 

factors of the differentially expressed genes using IPA led to the suggestion that direct 

interaction with ECs also stimulated pericyte proliferation and survival (Figure 4A), which 

corresponds with functional findings reported previously [16]. Expression levels of 330 Tumor 
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Protein 53- (TP53) dependent target genes in co-cultured pericytes (Supplemental Table 4), 

including BCL2 Binding Component 3 (BBC3), Tumor Protein P53 Inducible Nuclear Protein 

1 (TP53INP1), and Growth Differentiation Factor 15 (GDF15), suggested suppressed activity 

of this pro-apoptotic and cell cycle inhibiting factor (Figure 4B). Vice versa, the activity of 

proliferation-stimulating transcription factors E2F1 and E2F3 appeared to be enhanced in co-

cultured pericytes. Expression of 139 E2F target genes, including Cyclin Dependent Kinase 1 

(CDK1), Retinoblastoma Transcriptional Corepressor Like 1 (RBL1), Proto-Oncogene C-Myc 

(MYC), Minichromosome Maintenance Complex Component 2 (MCM2), and Cyclin D1 

(CCND1), was significantly enhanced after direct interaction with ECs (Figure 4C, 

Supplemental Table 5). To functionally validate the impact of endothelial contact on pericyte 

proliferation, we performed immunostaining for the proliferation (G1/S/G2M) marker Ki67 in 

dsRED-labeled pericytes, cultured in a confluent layer either with unlabeled HMVECs, or with 

unlabeled pericytes (Figure 4D). In line with the observed transcriptional adaptations in co-

cultured pericytes, quantification of the percentage of Ki67-positive nuclei in dsRED-labeled 

pericytes clearly illustrated a significantly increased pericyte proliferation during co-culture 

with endothelium as compared with mono-cultured pericytes (Figure 4E). It was previously 

reported that pericyte proliferation could be stimulated by VEGFA [17], potentially via an 

autocrine signaling loop resulting from endothelium-induced upregulation of VEGFA 

expression in pericytes. In the present study however, a significant downregulation of VEGFA 

was observed in co-cultured pericytes, though expression was still higher than in co-cultured 

ECs (Figure 4F). To evaluate the involvement of pericyte-derived VEGFA in pericyte 

proliferation, as well as that of potent growth factors Heparin-binding EGF-like growth factor 

(HB-EGF) and fibroblast growth factor 2 (FGF2), which in contrast to VEGFA were 

upregulated in co-cultured pericytes, siRNA mediated knockdown was performed in dsRED-

labeled pericytes followed by co-culture with ECs and Ki-67 immunostaining (Supplemental 

Figure 1A and 1C). Quantification of the percentage of Ki67-positive nuclei in dsRED-labeled 

pericytes revealed that knockdown of VEGFA had no effect on pericyte proliferation, whereas 

knockdown of HB-EGF and FGF2 significantly reduced the proliferative response of pericytes 

in co-culture with pericytes (Figure 4G). Similarly, endothelial knockdown of PDGFB, a well-

known pericyte mitogen that was upregulated in co-cultured ECs (Supplemental Figure 1B 

and 1D), significantly reduced proliferation of pericytes in co-culture with ECs (Figure 4H). 
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Figure 4. Endothelial signaling stimulates pericyte proliferation and survival. (A) IPA-derived 

prediction of activated or repressed transcription regulators in co-cultured pericytes compared with single 

cultured pericytes. Plotted is the –log(p-value) of overlap, in which green indicates predicted activation in 

co-culture versus predicted inhibition in red. (B) QPCR results showing expression levels of TP53 target 

genes BBC3, TP53INP1, and GDF15, as well as (C) E2F target genes CDK1, RBL1, MYC, MCM2 and 

CCND1 relative to RPLP0 and POLR2L in pericytes in monoculture (Per), and after 20h in co-culture with 

HMVECs (Per+ECs). N=3, *P<0.05 compared to pericytes in monoculture. (D) Immunofluorescent Ki67 

(green), and DAPI (blue) staining in dsRED-labeled pericytes, either cultured with unlabeled HMVECs 

(left) or with unlabeled pericytes (right). (E) Bar graph shows the quantified results of the Ki67 staining. 
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◄Shown are the percentages of dsRED-labeled pericyte nuclei positive for the proliferation marker Ki67. 

N=3, *P<0.05 compared to dsRED-labeled pericytes in culture with unlabeled pericytes. (F) QPCR results 

showing expression levels of VEGFA in pericytes in monoculture (Per), and after 20h in co-culture in both 

pericytes (Per+ECs) and HMVECs (ECs+Per). N=3, *P<0.05 compared to pericytes in monoculture and 

ECs in co-culture, #P<0.05 compared to pericytes in mono- and co-culture. (G) Bar graph showing the 

percentage of Ki67 positive nuclei in dsRED-labeled pericytes after knockdown of HB-EGF, FGF2, and 

VEGFA in pericytes, and (H) PDGFB in ECs. N=4, *P<0.05 compared to siNT-treated condition. BBC3: 

BCL2 Binding Component 3, TP53INP1: Tumor Protein P53 Inducible Nuclear Protein 1, GDF15: Growth 

Differentiation Factor 15, CDK1: Cyclin Dependent Kinase 1, RBL1: RB Transcriptional Corepressor Like 

1, MYC: MYC Proto-Oncogene, MCM2: Minichromosome Maintenance Complex Component 2, CCND1: 

Cyclin D1, VEGFA: Vascular Endothelial Growth Factor A, NT: non-targeting, HB-EGF: Heparin-binding 

EGF-like growth factor, FGF2: Fibroblast Growth Factor 2. 
 

Direct endothelial contact triggers outgrowth of pericyte projections 

Mature pericytes have a highly specialized morphology that is distinctly different from other 

microvascular cells. They align their nuclei with the endothelium and extent thin processes 

along and around the capillaries. These elongated projections allow individual pericytes to 

contact and communicate with multiple ECs and were recently shown to have an active role 

in maintaining normal cerebral microvascular lumen diameter [18]. These thin processes show 

morphological similarities with axons growing from neurons. Growing axons have a highly 

dynamic structure at the peripheral tip, called the growth cone, which senses the environment 

for attracting or repelling guiding cues. Following these cues, actin remodeling at the leading 

edge guides the growth cone, followed by a polymerizing and elongating bundle of 

microtubules [19]. Interestingly, an exceptionally high number of genes involved in this 

process was differentially expressed in co-cultured pericytes, as identified by IPA 

(Supplemental Table 6). Among these differentially expressed genes was a variety of different 

growth cone-guiding molecules, including Semaphorins (SEMA), Ephrins (EFN), Netrins 

(NTN), and their respective receptors (Figure 5A). Many Alpha and Beta Tubulins (TUBA and 

TUBB, respectively), composing the core of the growing projections, were upregulated in co-

cultured pericytes (Figure 5B). Similarly, enhanced expression was observed for Cofilins 

(CFL) and all but one Actin Related Protein 2/3 Complex subunits (ARPC), which regulate 

actin polymerization required for growth cone dynamics (Figure 5B) [20]. To verify whether 

these transcriptional adaptations were associated with morphological changes that resemble 

outgrowth of pericyte projections, dsRED-labeled pericytes were again cultured in a confluent 

layer for the duration of 20h, either in combination with unlabeled HMVECs, or with unlabeled 

pericytes followed by fluorescent microscopy imaging. Interestingly, pericytes in direct contact 

with ECs had a completely different morphology, indeed forming extensive projections (Figure 

5C). To study whether the differentially expressed growth cone-guiding molecules could in 
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fact be involved in the observed morphological adaptation in pericytes, a proof-of-principle 

approach was used in which Plexin A2 (PLXNA2) and Actin Related Protein 3 (ACTR3), both 

well expressed and highly upregulated in co-cultured pericytes (Supplemental Figure 2A), 

were knocked down (Supplemental Figure 2B). After culturing these siRNA-transfected 

pericytes in a confluent layer with HMVECs for the duration of 20h, the percentage of 

protrusion-forming pericytes was quantified using fluorescence microscopy. Knockdown of 

both PLXNA2 and ACTR3 significantly reduced the relative number of pericytes with 

projections (Figure 5D), substantiating the idea that direct interaction with ECs triggered a 

transcriptional response in pericytes necessary for morphological maturation. 
 

Figure 5. Direct endothelial contact triggers outgrowth of pericyte projections. (A) schematic 

presentation of RNAseq data for differentially expressed Semaphorins, Ephrins, Netrins, and their 

respective receptors, as well as (B) subunits of the Actin Related Protein 2/3 Complex and Tubulins, 

which were all listed by IPA in a group of 200 differentially expressed genes involved in projection 

outgrowth. Shown is a color-based representation of the log2FC in each of the 3 individual experiments 

(red is downregulated in co-culture, green is upregulated in co-culture), followed by the average log2FC 

and the adjusted p-value. (C) Representative fluorescence microscopy images of dsRED-labeled 

pericytes in co-culture with unlabeled pericytes (left), or with unlabeled HMVECs (right). (D) Bar graph 

showing the percentage of dsRED-labeled pericytes with outgrowth of projections after knockdown of 
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◄PLXNA2 and ACTR3 in pericytes. N=4, *P<0.05 compared to siNT-treated condition. NT: non-targeting, 

PLXNA2: Plexin A2, ACTR3: Actin Related Protein 3. 
 

Endothelial interaction suppresses overall ECM production in pericytes 

Recent studies showed that pericytes, detaching from the capillaries, not only leave the 

microvascular endothelium in a vulnerable position, but at the same time might undergo 

differentiation into ECM-producing cells themselves [5,21]. Whether this differentiation is a 

consequence of disrupted mutual cross-talk, or involves other extravascular signaling routes 

is not fully understood. Interestingly, expression of 24 collagen subtypes was significantly 

suppressed in pericytes co-cultured with endothelial cells, compared with mono-cultured 

pericytes (Figure 6A). Moreover, a variety of other ECM components, including Fibronectin 1 

(FN1), and Alpha- and Beta Laminins (LAMA and LAMB, respectively) was transcriptionally 

downregulated in co-cultured pericytes (Figure 6A). This suppressed ECM expression in co-

cultured pericytes might argue that differentiation into a fibrotic phenotype is indeed inhibited 

by direct interaction with ECs. Several studies have suggested that pericyte differentiation 

towards ECM producing cells depends on enhanced Transforming Growth Factor Beta 

(TGFβ) signaling [22,23]. However, in line with findings from many other studies (reviewed by 

Gaengel et al. [24]), our findings indicated that pericytes in contact with ECs have much higher 

activation of TGFβ signaling than pericytes lacking interaction with ECs. In fact, based on 315 

differentially expressed genes, IPA considered TGFβ1 (overlap p-value 3.56E-34) as the most 

active upstream growth factor in co-cultured pericytes (Figure 6B, Supplemental Table 7). 

Other upregulated genes in co-cultured pericytes beside ACTA2, included Connective Tissue 

Growth Factor (CTGF), Smooth Muscle Protein 22 Alpha (TAGLN), and Plasminogen 

Activator Inhibitor 1 (SERPINE1), all of which are well-known TGFβ target genes (Figure 6C). 

These findings illustrate that, even in the presence of activated TGFβ signaling, ECM 

excretion by pericytes is suppressed when in contact with endothelium. 

 

Destabilizing key gap- and adherens junctions has no effect on transcriptional adaptation 

In the mature microvasculature, pericytes and ECs form direct connections called peg and 

socket interactions. These sites are enriched in CDH2 and CX43 adherens- and gap junctions, 

respectively, which provide a direct signaling route for ions, nutrients, metabolites, and 

secondary messengers, acting complementary to paracrine signaling routes (Figure 7A). This 

direct signaling was previously reported to play a key role in a particular aspect of 

endothelium-induced mural cell differentiation [25]. Interestingly in the present study, both 

CDH2 and CX43 were significantly upregulated in co-cultured pericytes, as validated by 

qPCR, suggesting enhanced requirement and thus signaling via these direct contacts in co-

cultured pericytes (Figure 7B). 
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Figure 6. Endothelial interaction suppresses overall ECM production in pericytes. (A) Schematic 

presentation of RNAseq data for differentially expressed Collagens, Laminins, and Fibronectin. Shown is 

a color-based representation of the log2FC in each of the 3 individual experiments (red is downregulated 

in co-culture, green is upregulated in co-culture), followed by the average log2FC and the adjusted p-

value. (B) IPA-derived prediction of the most activated or repressed growth factors in co-cultured pericytes 

compared with single cultured pericytes. Plotted is the –log(p-value) of overlap, in which green indicates 

predicted activation in co-culture versus predicted inhibition in red. (C) QPCR results showing expression 

levels of TGFβ target genes CTGF, TAGLN, and SERPINE1 relative to RPLP0 and POLR2L in pericytes 

in monoculture (Per), and after 20h in co-culture with HMVECs (Per+ECs). N=3, *P<0.05 compared to 

pericytes in monoculture. CTGF: Connective Tissue Growth Factor, TAGLN: Transgelin, SERPINE1: 

Plasminogen Activator Inhibitor 1. 

 

This raised the question to what extent this signaling was mandatory for pericyte 

differentiation. To address this question, we took a similar approach as listed in Figure 1, but 

pericytes were now treated with non-targeting (NT) siRNA, CHD2-targeting siRNA, or CX43-

targeting siRNA, to disrupt the main gap- and adherens junctions, followed by RNA 

sequencing. Knockdown efficiency was validated by Western blot for both CDH2 and CX43 

(Figure 7C, full length blots in supplemental Figure 3A-B). Expression profiles of co-cultured 

pericytes treated with NT siRNA were compared with that of co-cultured pericytes with either 

CDH2- or CX43 knockdown. It was observed that, beside siRNA-mediated downregulation of 

CDH2 and CX43, only KRT8 was differentially expressed in co-cultured pericytes with 

suppressed CX43 expression compared with co-cultured pericytes treated with NT siRNA 
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(Log2FC: 0.54, adjusted p-value: 2.43E-02). KRT8 however was also upregulated in single 

cultured pericytes after CX43 knockdown (Log2FC: -0.52, adjusted p-value: 1.28E-02), 

indicating this was not related to destabilized interaction among ECs and pericytes. This also 

implicates that, in contrast to what has previously been reported, lack of CX43 expression 

thus did not block TGFβ-induced mural cell maturation. In co-cultured pericytes treated with 

CX43-targeting siRNA, an evident upregulation was still observed for known TGFβ target 

genes CTGF, ACTA2, TAGLN, and SERPINE1 (Figure 7D). 
 

 
Figure 7. Destabilizing key gap- and adherens junctions does not affect transcriptional adaptation. 
(A) Pericytes (red) and ECs (green) can either interact via paracrine interaction (I) or via direct interaction 

at peg and socket contacts (II). These contacts are enriched in adherens junction protein CDH (α) and 

gap junction protein CX43 (β). (B) QPCR results showing expression levels of CX43 and CDH2 relative 

to RPLP0 and POLR2L in pericytes in monoculture (Per), and after 20h in co-culture with HMVECs 

(Per+ECs). N=3, *P<0.05 compared to pericytes in monoculture. (C) Representative Western blots of 

CX43, CDH2, and β-actin levels in pericyte lysates at 48h and 72h post-transfection (full length blots in 

Supplemental Figure 3A-B). N=4. (D) Schematic presentation of RNAseq data for differentially expressed 

TGFβ target genes. Shown is a color-based representation of the log2FC (red is downregulated in co-

culture, green is upregulated in co-culture), followed by the adjusted p-value. N=3. NT: non-targeting, 

CX43: Connexin 43, CDH2: N-Cadherin. 
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Discussion 
The main findings of the current study are: (1) Interaction with ECs drives pericyte 

differentiation and maturation. (2) ECs stimulate pericyte proliferation and survival. (3) Direct 

endothelial contact stimulates the outgrowth of pericyte projections, and (4) represses overall 

ECM production in these perivascular cells. (5) Key gap- and adherens junctions genes CX43 

and CDH2 do not appear to be involved in endothelium-induced differentiation of pericytes. 
 

Pericytes have previously been described to be multipotent cells [26,27]. Thus, Crisan et al. 

reported that pericytes from multiple human organs, isolated using a combination of surface 

markers (including NG2, CD146, and PDGFRβ), were myogenic, osteogenic, chondrogenic, 

and adipogenic [28]. In light of these findings, it is not unexpected that direct interaction with 

ECs, resembling the physiological microvascular situation, triggers a defined adaptation in 

gene expression in these highly plastic cells when compared with single cultured pericytes. At 

the same time, these findings also align with studies showing that disease-induced loss of EC-

pericyte interaction has a major impact on pericyte behavior. Among the differentially 

expressed genes in co-cultured pericytes there was a variety of well-known pericyte markers. 

The enhanced transcription of these markers was consistent with previous findings showing 

that endothelial contact with pericytes or mesenchymal progenitor cells plays a major role in 

their differentiation towards mature pericytes [14,29]. Remarkably, beside all upregulated 

pericyte markers, one of the most frequently used pericyte markers, PDGFRβ, was 

downregulated in pericytes after direct contact with ECs. PDGFRβ is a membrane-bound 

receptor with high affinity for PDGF subunits B and D [30]. PDGFB is abundantly expressed 

in ECs, and during vascular development endothelial-derived PDGFB triggers pericyte 

proliferation and migration towards a newly formed vessel to effectuate pericyte-induced 

vascular stabilization [31]. Noteworthy, PDGFRβ expression is highly dependent on cell cycle 

activation, in a way that actively dividing cells have suppressed expression of the receptor 

[32]. The transcription factor MYC, actively involved in cell cycle progression, was identified 

as a key repressor of the PDGFRβ promoter [33,34] Co-cultured pericytes were validated by 

Ki67 immunostaining to be actively proliferating, and not only was their expression of MYC 

upregulated almost threefold, analysis using IPA also suggested active transcriptional 

modulation by MYC in co-cultured pericytes (overlap p-value 1.03E-27). It is therefore likely 

that, among all the upregulated pericyte markers, the observed proliferative response in 

pericytes after direct contact with ECs triggers the – perhaps somewhat counterintuitive – 

suppression of PDGFRβ.  

The enhanced proliferation in pericytes after contact with ECs supports the work of Tarallo et 

al [16]. Using cell culture inserts, on which pericytes and ECs were cultured on either side, 
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they found that ECs enhanced the number of pericytes, albeit after a relative long incubation 

of 8 days. Taking into consideration that TGFβ was confirmed by IPA to be the most active 

upstream growth factor inducing the observed transcriptional response, the increased 

proliferation was remarkable as TGFβ has been reported in multiple different studies to have 

an inhibiting effect on this process [35,36]. This implies that other mitogenic factors must have 

compensated for the TGFβ-induced proliferation stop. VEGFA was previously found to directly 

induce proliferation in pericytes [15]. However, in contrast to the findings of Darland et al., who 

demonstrated that ECs induced VEGFA expression in pericytes [37], a significant 

downregulation of VEGFA was found in co-cultured pericytes in the present study. In 

combination with the significantly lower expression of VEGFA in ECs, it therefore seemed 

unlikely that the enhanced proliferation in co-cultured pericytes was VEGFA-dependent. 

Moreover, several other mitogens, that were either highly expressed in ECs or showed 

elevated transcription in pericytes after interaction with ECs, have been reported for pericytes, 

including the aforementioned PDGFB, FGF2 and HB-EGF [38-40]. Both FGF2 and HB-EGF 

were significantly upregulated in pericytes co-cultured with ECs, and based on the observed 

transcriptional response IPA also listed these factors among the most active upstream growth 

factors (overlap p-values 9.53E-11 and 1.02E-11, respectively). Interestingly, siRNA-

mediated knockdown of HB-EGF and FGF2 in pericytes, as well as PDGFB in HMVECs, 

significantly reduced Ki67 positivity of co-cultured pericytes, whereas levels of Ki67 were not 

affected in VEGFA siRNA-treated pericytes. These findings substantiate that, beside 

paracrine stimulation with the well-documented endothelial-derived PDGFB, direct contact 

with ECs triggers the transcription of these particular growth factors that could stimulate 

pericyte proliferation in an autocrine fashion. 

The endothelium-induced differentiation also involved morphological adaptations. Pericytes 

cultured in the absence of ECs had a somewhat bipolar elongated shape, whereas pericytes 

cultured in the presence of ECs were characterized by long and thin projections, a morphology 

that resembles the physiological shape of mature pericytes, which project finger-like extension 

around the capillary wall. The observed morphological differences were accompanied by 

transcriptional adaption of particular genes. Individually, these genes can be involved in 

various cellular processes. Upregulation of tubulin isoforms for instance, is also observed 

during distinct phases of the cell cycle and migration [41]. The ARP2/3 complex, in concert 

with CFLs, has been shown to be involved in the dynamics of lamellipodia growth [42], 

whereas many growth cone-guiding molecules have also been shown to be involved in 

vascular patterning, mostly affecting endothelial tip cell behavior. For example, signaling via 

the NRP receptor stimulates growth cone-collapse in the nervous systems in response to 

SEMAs [43], yet they appear to induce endothelial tip-cell extension and vessel sprouting in 
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the vascular system in response to VEGF [44]. Similarly, signaling of NTNs via UNC-5 Netrin 

Receptors (UNC5), downregulated in co-cultured pericytes, was shown to have a repulsive 

effect on endothelial branching [45,46], and Eph receptors and EFNs were reported to be 

involved in segregation of ECs with distinct arterial- or venous fates [47]. However, the fact 

that in co-cultured pericytes developing long cellular protrusions, 200 genes (overlap p-value 

6.78E-13) associated with axonal guidance were differentially expressed, suggested that 

these signaling molecules may also have a profound effect on pericyte behavior. The 

hypothesized activation of growth cone-guiding in pericytes upon endothelial interaction was 

substantiated by the finding that siRNA-mediated downregulation of PLXNA2 and ACTR3, 

both upregulated in co-cultured pericytes, significantly reduced the relative number of 

pericytes with projections. The reduction of projection outgrowth after knockdown of ACTR3 

was not unexpected considering its role in onset of actin filament formation [48]. However, 

PLXNs generally transduce the inhibitory effect of SEMAs on axon outgrowth [49], and 

consequently, loss of PLXNA2 was expected to actually stimulate outgrowth of pericyte 

projections. In ECs and U87MG glioblastoma cells, however, it was demonstrated that 

stimulation with SEMA3B and SEMA6A only in presence of PLXNA2 induced localized 

disassembly of the actin cytoskeleton and focal adhesion points, followed by cell contraction 

and the appearance of thin projections that remain attached to the substrate around the 

contracted cell [50], yielding a morphological resemblance with the co-cultured pericytes. To 

date, little is known about the growth cone-guiding signaling pathways in pericytes, yet the 

associated morphological changes may be of great importance for vascular integrity, as was 

recently shown in the adult mouse brain, where local ablation of pericytes provoked resident 

pericytes to extend the tips of their projections to cover the endothelium and to restore local 

vascular function [18].  

The present study further provides evidence for an endothelium-induced suppression of 

overall ECM production in pericytes. This finding partially contrasts with the study of Stratman 

et al., in which basement membrane ECM expression was investigated in single-cultured and 

co-cultured human umbilical vein ECs and bovine pericytes in a collagen matrix [51]. Similar 

to our findings, they observed a defined downregulation of FN1 in pericytes cultured in the 

presence of ECs, yet a variety of other ECM molecules, including COL4A1 and COL4A2, 

demonstrated increased transcription levels in co-cultured pericytes. These apparent 

inconsistencies in transcriptional response are likely the result of differences in experimental 

approach, however, since we found that Glyceraldehyde-3-Phosphate Dehydrogenase, used 

by Stratman et al. as reference gene, was differentially expressed in co-cultured pericytes, it 

is difficult to draw definite conclusions. The findings on ECM expression do however appear 

to be in line with the many studies demonstrating that, upon organ injury, pericytes detach 
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and migrate from the endothelium and differentiate into ECM-producing cells [5,14,21,52]. The 

observed suppression of ECM production in co-cultured pericytes, however, went 

paradoxically along with enhanced TGFβ signaling. This enhanced TGFβ signaling itself is 

not unexpected, as several studies demonstrated that direct contact of pericytes with ECs 

triggers the activation of latent TGFβ, thereby inducing a swift activation of TGFβ-mediated 

signaling [53]. The paradox lies in the fact that TGFβ is well known for its role in transforming 

pericytes into ECM-producing fibroblasts [54]. These findings thus illustrate that, even in the 

presence of activated TGFβ signaling, ECM production by pericytes is suppressed when in 

contact with endothelium, implying that either the actual level of TGFβ determines healthy or 

pathological pericyte differentiation, or that a thus far unknown endothelial-derived cue must 

be counteracting TGFβ-induced differentiation of pericytes into fibrotic cells. 

Beside secreted signaling molecules, such as VEGFA and PDGFB, ECs and pericytes also 

interact in a more direct physical manner via peg and socket contacts, which are enriched in 

CX43 and CDH2 [8,9]. In the present study, the expression of these molecules was 

suppressed in pericytes to assess if, and which, transcriptional adaptations in pericytes upon 

co-culture with ECs were regulated via these direct contacts. Unexpectedly, transcriptional 

comparison of co-cultured pericytes treated with NT siRNA and co-cultured pericytes with 

suppressed CX43 or CDH2 expression did not reveal significant differences. Hirschi et al. 

demonstrated that CX43 deficient mesenchymal cells lost their ability to activate latent TGFβ, 

and as a result were unable to differentiate into mature mural cells [25]. This is in contrast to 

our study where we did not observe any effect on TGFβ-mediated transcription in pericytes 

with suppressed CX43 expression. Our results suggest that endothelium-induced pericyte 

differentiation is not mediated by key gap- and adherens junctions CX43 and CDH2. 

When exposing cells to a particular stimulus, a transcriptional response usually develops 

within hours. However, part of this response may depend on the formation of physical 

interactions that could require more than a few hours to develop. This led us to extent the 

incubation time to 20h, which is well beyond the moment at which we could optically perceive 

morphological adaptation in the form of protrusions from pericytes extending to multiple ECs. 

It is hard to determine if at that particular moment communication between both cell types 

used the full spectrum of interaction channels, but it was long enough to induce a considerable 

response and it enabled us to verify that the observed TGFβ-mediated differentiation did not 

depend on CX43 presence. Using a set of more than 200 brain mural cell-enriched genes, 

identified by He et al. [55], we also performed a gene set enrichment analysis (GSEA) on the 

RNAseq dataset to evaluate whether the presence of ECs pushed the pericytes into a 

phenotype resembling that of freshly isolated mature pericytes [56]. This GSEA illustrated that 

there was an enrichment of mature brain mural cell markers among the genes upregulated in 
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pericytes cultured in the presence of ECs (Supplemental Figure 4), substantiating the 

translatability of these findings, and further illustrating the endothelial-dependency of pericyte 

maturation. 

In conclusion, the present study provides important evidence for pericyte differentiation upon 

interaction with ECs, by showing endothelium-induced pericyte maturation and proliferation, 

and suppression of ECM expression. However, functional gap- and adherens junctions do not 

appear to be involved in this process.  



4

Transcriptome analysis reveals microvascular endothelial cell-dependent pericyte differentiation 

129 

References 
1. Armulik A, Genove G, Betsholtz C: Pericytes: developmental, physiological, and pathological 

perspectives, problems, and promises. Dev Cell 2011, 21:193-215. 
2. Carmeliet P: Angiogenesis in health and disease. Nat Med 2003, 9:653-660. 
3. Morikawa S, Baluk P, Kaidoh T, Haskell A, Jain RK, McDonald DM: Abnormalities in pericytes 

on blood vessels and endothelial sprouts in tumours. Am J Pathol 2002, 160:985-1000. 
4. Hellstrom M, Gerhardt H, Kalen M, Li X, Eriksson U, Wolburg H, Betsholtz C: Lack of pericytes 

leads to endothelial hyperplasia and abnormal vascular morphogenesis. J Cell Biol 2001, 
153:543-553. 

5. Humphreys BD, Lin SL, Kobayashi A, Hudson TE, Nowlin BT, Bonventre JV, Valerius MT, 
McMahon AP, Duffield JS: Fate tracing reveals the pericyte and not epithelial origin of 
myofibroblasts in kidney fibrosis. Am J Pathol 2010, 176:85-97. 

6. Augustin HG, Koh GY, Thurston G, Alitalo K: Control of vascular morphogenesis and 
homeostasis through the angiopoietin-Tie system. Nat Rev Mol Cell Biol 2009, 10:165-177. 

7. Carmeliet P, Jain RK: Molecular mechanisms and clinical applications of angiogenesis. Nature 
2011, 473:298-307. 

8. Allsopp G, Gamble HJ: An electron microscopic study of the pericytes of the developing 
capillaries in human fetal brain and muscle. J Anat 1979, 128:155-168. 

9. Winkler EA, Bell RD, Zlokovic BV: Central nervous system pericytes in health and disease. Nat 
Neurosci 2011, 14:1398-1405. 

10. Brandt MM, Meddens CA, Louzao-Martinez L, van den Dungen NAM, Lansu NR, Nieuwenhuis 
EES, Duncker DJ, Verhaar MC, Joles JA, Mokry M, Cheng C: Chromatin Conformation Links 
Distal Target Genes to CKD Loci. J Am Soc Nephrol 2018, 29:462-476. 

11. Love MI, Huber W, Anders S: Moderated estimation of fold change and dispersion for RNA-seq 
data with DESeq2. Genome Biol 2014, 15:550. 

12. Ezkurdia I, Juan D, Rodriguez JM, Frankish A, Diekhans M, Harrow J, Vazquez J, Valencia A, 
Tress ML: Multiple evidence strands suggest that there may be as few as 19,000 human 
protein-coding genes. Hum Mol Genet 2014, 23:5866-5878. 

13. Van Dijk CGM, Nieuweboer FE, Pei J, Xu YJ, Burgisser P, van Mulligen E, El Azzouzi H, 
Duncker DJ, Verhaar MC, Cheng C: The complex mural cell: pericyte function in health and 
disease. Int J Cardiol 2015, 190:75-89. 

14. Kramann R, Schneider RK, DiRocco DP, Machado F, Fleig S, Bondzie PA, Henderson JM, 
Ebert BL, Humphreys BD: Perivascular Gli1+ progenitors are key contributors to injury-induced 
organ fibrosis. Cell Stem Cell 2015, 16:51-66. 

15. Franco M, Roswall P, Cortez E, Hanahan D, Pietras K: Pericytes promote endothelial cell 
survival through induction of autocrine VEGF-A signaling and Bcl-w expression. Blood 2011, 
118:2906-2917. 

16. Tarallo S, Beltramo E, Berrone E, Porta M: Human pericyte-endothelial cell interactions in co-
culture models mimicking the diabetic retinal microvascular environment. Acta Diabetol 2012, 
49:S141-151. 

17. Yamagishi S, Yonekura H, Yamamoto Y, Fujimori H, Sakurai S, Tanaka N, Yamamoto H: 
Vascular endothelial growth factor acts as a pericyte mitogen under hypoxic conditions. Lab 
Invest 1999, 79:501-509. 

18. Berthiaume AA, Grant GI, McDowell KP, Underly RG, Hartmann DA, Levy M, Bhat NR, Shih 
AY: Dynamic remodelling of pericytes in vivo maintains capillary coverage in the adult mouse 
brain. Cell Rep 2018, 22:8-16. 

19. Seiradake E, Jones EY, Klein R: Structural perspectives on axon guidance. Annu Rev Cell Dev 
Biol 2016, 32:577-608. 

20. Marsick BM, Flynn KC, Santiago-Medina M, Bamburg JR, Letourneau PC: Activation of 
ADF/cofilin mediates attractive growth cone turning toward nerve growth factor and netrin-1. 
Dev Neurobiol 2010, 70:565-588. 



Chapter 4 

130 

21. Lin SL, Kisseleva T, Brenner DA, Duffield JS: Pericytes and perivascular fibroblasts are the 
primary source of collagen-producing cells in obstructive fibrosis of the kidney. Am J Pathol 
2008, 173:1617-1627. 

22. Chen YT, Chang FC, Wu CF, Chou YH, Shu HL, Chiang WC, Shen J, Chen YM, Wu WD, Tsai 
TJ, Duffield JS, Lin SL: Platelet-derived growth factor receptor signalling activates pericyte-
myofibroblast transition in obstructive and post-ischemic kidney fibrosis. Kidney Int 2011, 
80:1170-1181. 

23. Sava P, Ramanathan A, Dobronyi A, Peng X, Sun H, Ledesma-Mendoza A, Herzog EL, 
Gonzalez AL: Human pericytes adopt myofibroblast properties in the microenvironment of the 
IPF lung. JCI Insight 2017, 2:e96352. 

24. Gaengel K, Genove G, Armulik A, Betsholtz C: Endothelial-mural cell signalling in vascular 
development and angiogenesis. Arterioscler Thromb Vasc Biol 2009, 29:630-638. 

25. Hirschi KK, Burt JM, Hirschi KD, Dai C: Gap junction communication mediates transforming 
growth factor-beta activation and endothelial-induced mural cell differentiation. Circ Res 2003, 
93:429-437. 

26. Brighton CT, Lorich DG, Kupcha R, Reilly TM, Jones AR, Woodbury RA: The pericyte as a 
possible osteoblast progenitor cell. Clin Orthop Relat Res 1992, 275:287-299. 

27. Farrington-Rock C, Crofts NJ, Doherty MJ, Ashton BA, Griffin-Jones C, Canfield AE: 
Chondrogenic and adipogenic potential of microvascular pericytes. Circulation 2004, 110:2226-
2232. 

28. Crisan M, Yap So, Casteilla L, Chen CW, Corselli M, Park TS, Andriolo G, Sun B, Zheng B, 
Zhang L, Norotte C, Teng PN, Traas J, Schugar R, Deasy BM, Badylak S, Buhring HJ, 
Giacobino JP, Lazzari L, Huard J, Peault B: A perivascular origin for mesenchymal stem cells 
in multiple human organs. Cell Stem Cell 2008, 3:301-313. 

29. Song S, Ewald AJ, Stallcup W, Werb Z, Bergers G: PDGFRbeta+ perivascular progenitor cells 
in tumours regulate pericyte differentiation and vascular survival. Nat Cell Biol 2005, 7:870-879. 

30. Betsholtz C: Biology of platelet-derived growth factors in development. Birth Defects Res C 
Embryo Today 2003, 69:272-285. 

31. Lindahl P, Johansson BR, Leveen P, Betsholtz C: Pericyte loss and microaneurysm formation 
in PDGF-B-deficient mice. Science 1997, 277:242-245. 

32. Vaziri C, Faller DV: Repression of platelet-derived growth factor beta-receptor expression by 
mitogenic growth factors and transforming oncogenes in murine 3T3 fibroblasts. Mol Cell Biol 
1995, 15:1244-1253. 

33. Izumi H, Molander C, Penn LZ, Ishisaki A, Kohno K, Funa K: Mechanism for the transcriptional 
repression by c-Myc on PDGF beta-receptor. J Cell Sci 2001, 114:1533-1544. 

34. Mao DY, Barsyte-Lovejoy D, Ho CSW, Watson JD, Stojanova A, Penn LZ: Promoter-binding 
and repression of PDGFRB by c-Myc are separable activities. Nucleic Acids Res 2004, 
32:3462-3468. 

35. Sieczkiewicz GJ, Herman IM: TGF-beta 1 signaling controls retinal pericyte contractile protein 
expression. Microvasc Res 2003, 66:190-196. 

36. Rustenhoven J, Aalderink M, Scotter EML, Oldfield RL, Bergin PS, Mee EW, Graham ES, Faull 
RLM, Curtis MA, Park TIH, Dragunow M: TGF-beta1 regulates human brain pericyte 
inflammatory processes involved in neurovasculature function. J Neuroinflammation 2016, 
13:37. 

37. Darland DC, Massingham LJ, Smith SR, Piek E, Saint-Geneiz M, D'Amore PA: Pericyte 
production of cell-associated VEGF is differentiation-dependent and is associated with 
endothelial survival. Dev Biol 2003, 264:275-288. 

38. Papetti M, Shujath J, Riley KN, Herman IM: FGF-2 antagonizes the TGF-beta1-mediated 
induction of pericyte alpha-smooth muscle actin expression: a role for myf-5 and Smad-
mediated signaling pathways. Invest Ophthalmol Vis Sci 2003, 44:4994-5005. 

39. Hosaka K, Yang Y, Nakamura M, Andersson P, Yang X, Zhang Y, Seki T, Scherzer M, Dubey 
O, Wang X, Cao Y: Dual roles of endothelial FGF-2-FGFR1-PDGF-BB and perivascular FGF-



4

Transcriptome analysis reveals microvascular endothelial cell-dependent pericyte differentiation 

131 

2-FGFR2-PDGFRbeta signalling pathways in tumor vascular remodeling. Cell Discov 2018, 4: 
3. 

40. Yu X, Radulescu A, Chen CL, James IO, Besner GE: Heparin-binding EGF-like growth factor 
protects pericytes from injury. J Surg Res 2012, 172:165-176. 

41. Parker AL, Kavallaris M, McCarroll JA: Microtubules and their role in cellular stress in cancer. 
Front Oncol 2014, 4:153. 

42. Wu C, Asokan SB, Berginski ME, Haynes EM, Sharpless NE, Griffith JD, Gomez SM, Bear JE: 
Arp2/3 is critical for lamellipodia and response to extracellular matrix cues but is dispensable 
for chemotaxis. Cell 2012, 148:973-987. 

43. Chen H, Bagri A, Zupicich JA, Zou Y, Stoeckli E, Pleasure SJ, Lowenstein DH, Skarnes WC, 
Chedotal A, Tessier-Lavigne M: Neuropilin-2 regulates the development of selective cranial and 
sensory nerves and hippocampal mossy fiber projections. Neuron 2000, 25:43-56. 

44. Gerhardt H, Ruhrberg C, Abramsson A, Fujisawa H, Shima D, Betsholtz C: Neuropilin-1 is 
required for endothelial tip cell guidance in the developing central nervous system. Dev Dyn 
2004, 231:503-509. 

45. Leonardo ED, Hinck L, Masu M, Keino-Masu K, Ackerman SL, Tessier-Lavigne M: Vertebrate 
homologues of C. elegans UNC-5 are candidate netrin receptors. Nature 1997, 386:833-838. 

46. Lu X, Le Noble F, Yuan L, Jiang Q, De Lafarge B, Sugiyama D, Breant C, Claes F, De Smet F, 
Thomas JL, Autiero M, Carmeliet P, Tessier-Lavigne M, Eichmann A: The netrin receptor 
UNC5B mediates guidance events controlling morphogenesis of the vascular system. Nature 
2004, 432:179-186. 

47. Herbert SP, Huisken J, Kim TN, Feldman ME, Houseman BT, Wang RA, Shokat KM, Stainier 
DYR: Arterial-venous segregation by selective cell sprouting: an alternative mode of blood 
vessel formation. Science 2009, 326:294-298. 

48. Pollard TD: Regulation of actin filament assembly by Arp2/3 complex and formins. Annu Rev 
Biophys Biomol Struct 2007, 36:451-477. 

49. Kong Y, Janssen BJC, Malinauskas T, Vangoor VR, Coles CH, Kaufmann R, Ni T, Gilbert RJC, 
Padilla-Parra S, Pasterkamp RJ, Jones EY: Structural Basis for Plexin Activation and 
Regulation. Neuron 2016, 91:548-560. 

50. Sabag AD, Smolkin T, Mumblat Y, Ueffing M, Kessler O, Gloeckner CJ, Neufeld G: The role of 
the plexin-A2 receptor in Sema3A and Sema3B signal transduction. J Cell Sci 2014, 127:5240-
5252. 

51. Stratman AN, Malotte KM, Mahan RD, Davis MJ, Davis GE: Pericyte recruitment during 
vasculogenic tube assembly stimulates endothelial basement membrane matrix formation. 
Blood 2009, 114:5091-5101. 

52. Kramann R, Wongboonsin J, Chang-Panesso M, Machado FG, Humphreys BD: Gli1(+) 
Pericyte loss induces capillary rarefaction and proximal tubular injury. J Am Soc Nephrol 2017, 
28:776-784. 

53. Sato Y, Tsuboi R, Lyons R, Moses H, Rifkin DB: Characterization of the activation of latent 
TGF-beta by co-cultures of endothelial cells and pericytes or smooth muscle cells: a self-
regulating system. J Cell Biol 1990, 111:757-763. 

54. Wu CF, Chiang WC, Lai CF, Chang FC, Chen YT, Chou YH, Wu TH, Linn GR, Ling H, Wu KW, 
Tsai TJ, Chen YM, Duffield JS, Lin SL: Transforming growth factor beta-1 stimulates profibrotic 
epithelial signaling to activate pericyte-myofibroblast transition in obstructive kidney fibrosis. 
Am J Pathol 2013, 182:118-131. 

55. He L, Vanlandewijck M, Raschperger E, Mae MA, Jung B, Lebouvier T, Ando K, Hofmann J, 
Keller A, Betsholtz C: Analysis of the brain mural cell transcriptome. Sci Rep 2016, 6:35108. 

56. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, 
Pomeroy SL, Golub TR, Lander ES, Mesirov JP: Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 
2005, 102:15545-15550. 

  



Chapter 4 

132 

Supplemental Data 

 
Supplemental Figure 1. Endothelial PDGFB, and pericyte HB-EGF and FGF2, are upregulated in 
co-cultured cells and were, like VEGFA, downregulated by siRNA. (A) QPCR results showing 

expression levels of HB-EGF, FGF2, and PDGFB relative to RPLP0 and POLR2L in mono- and co-

cultured pericytes and co-cultured ECs. N=3, * P<0.05 compared to pericytes in monoculture and ECs in 

co-culture, # P<0.05 compared to pericytes in mono- and co-culture, ‡ P<0.05 compared to ECs in co-

culture, † P<0.05 compared to pericytes in co-culture. (C) QPCR results showing expression levels of 

HB-EGF, FGF2 and VEGFA in pericytes, as well as (D) PDGFB in ECs relative to RPLP0 and POLR2L. 

N=3-4, * P<0.05 compared to siNT-treated control.  
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Supplemental Figure 2. PLXNA2 and ACTR3 are upregulated in co-cultured pericytes and were 
downregulated by siRNA. (A) QPCR results showing expression levels of PLXNA2 and ACTR3 relative 

to RPLP0 and POLR2L in mono- and co-cultured pericytes. N=3, * P<0.05 compared to pericytes in 

monoculture. (B) QPCR results showing expression levels of PLXNA2 and ACTR3 relative to RPLP0 and 

POLR2L in siRNA treated pericytes. N=3-4, * P<0.05 compared to siNT-treated control. 

Supplemental Figure 3. Full length Western blots showing expression levels of CX43 and CDH2. 
(A) Full length Western blots of CX43 and β-actin in untreated controls, non-targeting siRNA treated- 

(siNT) and CX43-targeting siRNA treated pericyte, 48h and 72h post-transfection. (B) Full length Western 

blots of CDH2 and β-actin in untreated controls, non-targeting siRNA treated- (siNT) and CDH2-targeting 

siRNA treated pericyte, 48h and 72h post-transfection. 
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Supplemental Figure 4. Gene set enrichment analysis (GSEA). Enrichment analysis of markers from 

freshly isolated mature mural cells in the RNAseq dataset illustrates enrichment of these markers in genes 

upregulated in pericytes when cultured in presence of ECs. Normalized enrichment score: 1.146, nominal 

p-value: 0.119, FDR q value: 0.235 (q<0.25 is generally considered as significant in GSEA). 
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Supplemental Tables 
 
Supplemental tables can be downloaded from: 

 

https://www.nature.com/articles/s41598-019-51838-x 
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Abstract 
Cell-based approaches using tissue engineering and regenerative medicine to replace 

damaged renal tissue with 3D constructs is a promising emerging therapy for kidney disease. 

Besides living cells, a template provided by a scaffold based on biomaterials and bioactive 

factors is needed for successful kidney engineering. Nature’s own template for a scaffolding 

system is the extracellular matrix (ECM). Research has focused on mapping the mature renal 

ECM; however, the developing fetal ECM matches more the active environment required in 

3D renal constructs. Here, we characterized the differences between the human fetal and 

mature renal ECM using spectrometry-based proteomics of decellularized tissue. We 

identified 99 different renal ECM proteins of which the majority forms an overlapping core, but 

also includes proteins enriched in either the fetal or mature ECM. Relative protein 

quantification showed a significant dominance of EMILIN1 in the fetal ECM. We functionally 

tested the role of EMILIN1 in the ECM using a novel methodology that permits the reliable 

anchorage of native cell-secreted ECM to glass coverslips. Depletion of EMILIN1 from the 

ECM layer using siRNA mediated knock-down technologies does not affect renal epithelial 

cell growth, but does promote migration. Lack of EMILIN1 in the ECM layer reduces the 

adhesion strength of renal epithelial cells, shown by a decrease in focal adhesion points and 

associated stress fibers. We showed in this study the importance of a human renal fetal and 

mature ECM catalogue for identifying promising ECM components that have high 

implementation potential in scaffolds for 3D renal constructs. 
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Introduction 
In search of a potential treatment for kidney disease, current investigations focus on cell-

based approaches using tissue engineering and regenerative medicine (TERM) to replace 

damaged renal tissue with engineered 3D structures. One promising TERM-based approach 

is the use of organoids. Renal organoids derived from induced pluripotent stem cells that 

model the morphology and segmentation of human fetal nephrons have been developed [1,2]. 

Human primary renal cells can also grow into 3D kidney-like constructs with tubular structures. 

When implanted into mice, these constructs survived and maintained their renal phenotypes 

for up to 6 weeks [3]. However, these techniques cannot fully recapitulate the complex 

organization of the kidney and cannot be grown on a large scale yet.  

Besides cells, another basic component for kidney engineering is a template provided by a 

scaffolding system based on biomaterials and bioactive factors that create a 

microenvironment which facilitates cell-specific behavior. Nature’s own template for a 

scaffolding system is the extracellular matrix (ECM), which is a collection of molecules 

deposited by surrounding cells, making it a tissue-specific 3D structure in which cells are 

embedded. The ECM not only gives structural support, it also contains biochemical cues that 

influence many biological processes, including cell migration, adhesion, proliferation and 

differentiation [4-7]. The matrices used to embed stem or primary renal cells are mostly 

collagen-based hydrogels or matrigel, which do not reflect the tissue-specific ECM of the 

kidney. Matrices containing renal-specific ECM cues could greatly advance TERM by 

promoting renal tissue formation. In order to create such a scaffolding system, the 

components of the human renal ECM first need to be fully characterized.  

Proteomic techniques have been used to characterize the ECM composition in various tissues 

[8,9]. For the renal ECM, studies have focused on the human glomerular ECM and identified 

a highly connected network comprised of almost 200 different structural and regulatory ECM 

proteins [10-13]. Despite previous work, ECM proteome research until now only focused on 

mapping the mature renal ECM. In the fetal microenvironment, the ECM balance is shifted 

towards an active environment [14-17], which matches the need for tissue generation in 3D 

tissue constructs.  

In this study, we characterized the differences between the developing fetal and the more 

static mature human renal ECM proteome. The resulting catalogue gives important insights 

into renal ECM structure and function and enables a detailed investigation of promising renal 

ECM molecules and their potential use for implementation in scaffolds.  

Based on our proteome analysis, we identified Elastin Microfibril Interfacer 1 (EMILIN1) as an 

important component enriched in the fetal ECM. EMILIN1 is located in elastic fibers at the 

interface between elastin and the surrounding microfibrils [18]. The distinctive C-terminus 



Chapter 5 

140 

gC1q structure of EMILIN1 interacts with integrins, thereby connecting cells to elastic fibers 

[19,20]. Many cell types depend on this gC1q-integrin interaction for cell adhesion, migration 

and proliferation [21-24]. EMILIN1 is particularly abundant in the walls of blood and lymphatic 

vessels, where it is necessary for the formation of elastic fibers and anchoring filaments 

[25,26].  

Despite studies implying that EMILIN1 is an important factor in maintaining cardiovascular 

health [26-29], the role of EMILIN1 in the kidney is unknown. Here, we have shown for the 

first time that EMILIN1 is an important regulator of renal cell migration and adhesion. These 

findings validate the importance of our human renal fetal and mature ECM catalogue for 

identifying promising ECM components with high potential for implementation in scaffolds for 

3D kidney constructs.  

 

Materials and Methods 
Antibodies 

Polyclonal antibodies used were against EMILIN1 (HPA002822; Sigma-Aldrich), fibrillin1 

(HPA021057; Sigma-Aldrich) and collagen type IV (AB769; Merck Millipore). Monoclonal 

antibodies used were against Ki-67 (RM-9106-R7, ThermoFisher), paxillin (ab32084, Abcam), 

ZO-1 (610967; BD Biosciences) and β-actin (ab8226, Abcam). Rhodamine phalloidin 

conjugate was used for staining F-actin (R415; ThermoFischer). Secondary antibodies used 

for immunohistochemistry were goat-anti-rabbit Alexa Fluor 488 (A11034; ThermoFisher), 

donkey-anti-rabbit Alexa Fluor 568 (A10042; ThermoFisher), donkey-anti-goat Alexa Fluor 

488 (A11055; ThermoFisher) and goat-anti-mouse Alexa Fluor 488 (A11029; ThermoFisher). 

Secondary antibodies used for Western blot were goat-anti-rabbit IRDye 800CW (926-32211; 

Li-cor Biosciences) and goat-anti-mouse IRDye 680RD (926-68070; Li-cor Biosciences).  

 

Human samples 

Normal human renal tissue from healthy adult donors was obtained from the Erasmus MC 

Tissue Bank (N=13; gender: 8 male, 5 female; age (mean ± SD): 55 ± 24 years). Normal 

human kidneys from healthy fetal donors were received from the department of Molecular Cell 

Biology from the Leiden UMC (N=13; age range: 18-24 weeks of pregnancy).  

 

Cell culture 

Primary aortic smooth muscle cells (aSMCs) were purchased from Lonza (CC-2571) and 

maintained in Smooth Muscle Growth Medium (CC-3182; Lonza). Primary Human Renal 

Proximal Tubular Epithelial Cells (HRPTECs) were purchased from ScienCell (#4100) and 

maintained in Epithelial Cell Medium (#4101; ScienCell). Immortalized Human Kidney [30] 
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(HK2) cells were maintained in RPMI-1640 medium with glutamine (61870010; 

ThermoFisher), supplemented with 10% (vol/vol) FCS (Biowest) and 100 Uml-1 PS (Gibco). 

All cells were cultured at 37ºC in a humidified atmosphere containing 5% CO2. Primary cell 

lines were used between passages 3 and 8. 

 

Tissue decellularization and ECM homogenization 

Tissue decellularization was used to reduce the complexity of samples by removing cellular 

components and thereby enriching for ECM proteins. Renal tissue was cut into 4 pieces of 

uniform thickness and one piece was fixed and saved for hematoxylin and eosin (H&E) 

staining to asses tissue morphology. The other pieces were decellularized overnight in 1% 

SDS under constant rotation. Next, a shorter decellularization step was performed for one 

hour with 1% Triton X-100 under constant rotation. Tissue was washed thoroughly in PBS for 

2 hours under constant rotation to remove as much residual detergent as possible before 

proceeding with tissue lysis. One decellularized piece was fixed and saved for H&E staining 

to validate the removal of all cellular content and assess preservation of the ECM architecture. 

Tissue was homogenized in lysis buffer (10 mM Tris [pH 7.4], 100 mM NaCl, 0.1% SDS, 0.5% 

Na deoxycholate, 1% Triton X-100, 1 mM EGTA, 1 mM EDTA, 10% glycerol, 1 mM NaF, 1 

mM Na orthovanadate, supplemented with a protein inhibitor cocktail (cOmplete, Mini 

Protease Inhibitor Tablets)) using an Ultra-Turrax (IKA) and lysed for an hour at 4°C under 

rotation. After homogenizing a second time, tissue lysates were centrifuged [10 min, 1000xg, 

4°C] and supernatant was saved at -80°C until further processing.  

 

MS data acquisition and analyses 

ECM extracts were separated by SDS-PAGE. Three gels were loaded with a fetal and mature 

ECM extract of the same protein concentration, each containing 3-5 pooled kidney samples 

that were randomly selected (mixed age and gender). The separated samples were prepared 

for liquid chromatography-tandem mass spectrometry (LC-MS/MS) by the Proteomics Centre 

of the Erasmus MC as follows. 1D SDS-PAGE gel was visualized with a Coomassie staining 

and lanes were cut into 2-mm slices using an automatic gel slicer and subjected to in-gel 

reduction with dithiothreitol, alkylation with iodoacetamide and digestion with trypsin 

(Promega, sequencing grade), essentially as described previously [31]. Supernatants were 

stored in glass vials at -20°C until LC-MS. Nanoflow LC-MS/MS was performed on an 1100 

series capillary LC system (Agilent Technologies) coupled to an LTQ-Orbitrap XL mass 

spectrometer (Thermo) operating in positive mode and equipped with a nanospray source, 

essentially as previously described [32]. Peptide mixtures were trapped on a ReproSil C18 

reversed phase column (Dr Maisch GmbH; column dimensions 1.5 cm × 100 µm, packed in-
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house) at a flow rate of 8 µl/min. Peptide separation was performed on ReproSil C18 reversed 

phase column (Dr Maisch GmbH; column dimensions 15 cm × 50 µm, packed in-house) using 

a linear gradient from 0 to 80% B (A = 0.1 % formic acid; B = 80% (v/v) acetonitrile, 0.1 % 

formic acid) in 70 min and at a constant flow rate of 200 nl/min using a splitter. The column 

eluent was directly sprayed into the ESI source of the mass spectrometer. Mass spectra were 

acquired in continuum mode; fragmentation of the peptides was performed in data-dependent 

mode.  

Raw data files were analyzed using the MaxQuant software as described by Cox et al [33]. 

Proteins that were identified in at least two of the three fetal or mature replicates were used 

for further analysis. By cross-referencing with the Human Matrisome Project [8,9], we 

categorized the obtained proteins into ECM core and associated proteins. The label free 

quantification (LFQ) module was used to quantify the relative abundances of fetal and mature 

renal ECM proteins.  

 

POMA-fibronectin coverslips preparation 

Circular glass coverslips were cleaned to remove organic residues with a quick rinse in 

acetone and sonication in 50% methanol for 20 min and in chloroform for another 20 min. 

Coverslips were oxidized with piranha solution (70% sulphuric acid (99% w/v) and 30% 

hydrogen peroxide (35% w/v)) for 20 min and sonicated in chloroform for 10 min. To ensure 

complete removal of the piranha solution, coverslips were washed by sonication with ultrapure 

water for 5 min and with chloroform for another 5 min in an alternating fashion and repeated 

for at least 5 times 34]. Freshly oxidized coverslips were aminosilanized with a 2% (3-

Aminopropyl)triethoxysilane (APTES, Sigma-Aldrich) solution in 95% ethanol for 10 min. 

Excess APTES was removed by 4 washings with 95% ethanol for 5 min. The APTES layer 

was cured at 120°C for 30 min [35,36]. In order to covalently bind fibronectin (FN), the 

coverslips were coated with a thin layer of 0.16% (w/v) poly(octadecene-alt-maleic anhydride 

(POMA; Sigma-Aldrich) solution in tetrahydrofuran (Sigma-Aldrich) using a spin-coater 

(Brewer Science) (1500 rpm s-1, 30 sec, 4000 rpm). The polymer coating was cured at 120°C 

for 2 hours [35,36]. The POMA-coated coverslips were stored in the dark for up to 3 months. 

Heat activation of the anhydride moieties needed to be repeated if coverslips were stored for 

longer than 2 weeks. Prior to use in cell culture, the POMA-coated coverslips were sterilized 

under UV-light for 30 min. Lastly, the coverslips were coated with sterile 50 µg/ml fibronectin 

(FN; Roche) in PBS for 1 hour at 37°C to allow stable anchorage of cell secreted ECM. POMA-

FN coverslips were rinsed twice with sterile PBS to remove excess FN and to achieve a 

homogeneous coating before seeding with cells [36]. 
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Anchored cell-secreted ECM layer preparation 

To create cell derived ECM layers anchored to POMA-FN coverslips, SMCs were seeded at 

40,000 cells per cm2. The cultures were decellularized at day 6 using warm 20 mM NH4OH 

by gentle agitation for 15 min, which disrupts lipid interactions but preserves protein 

interactions. The resulting ECM layers were treated with 10% DNase I (Qiagen) for 10 min to 

remove DNA traces. Cell remnants were removed by washing thrice with ultrapure water and 

twice with PBS. The decellularized ECM layer was immediately re-seeded with renal cells or 

fixated for immunofluorescence analysis. The presence of nucleic acids was assessed with 

DAPI staining. After the decellularization procedure, cellular components such as DNA 

remnants were barely detected. 

 

Immunofluorescence  

Sucrose cryoprotected renal tissue was embedded in an OCT compound (TissueTek) and 

stored at -80°C. Frozen samples were cut into 7-μm-thick sections, fixated with acetone and 

stained with H&E or used for immunofluorescence stainings. Cells or ECM attached to 

coverslips were washed with PBS and fixed with 4% paraformaldehyde for 30 min. Blocking 

of tissue, cells or ECM occurred with 1% BSA/PBS for 30 min before incubation with primary 

and secondary antibodies for 1 hour at room temperature. Cells and tissue were also 

permeabilized with 0.5% Triton X-100/PBS for 30 min before antibody incubation. DAPI was 

used as a nuclear counterstaining. Images of fluorescent-labelled markers were obtained with 

a Leica TCS SP8 X microscope. For quantification of the total area, 3D images were obtained 

by scanning multiple XY planes in the Z direction. Serial pictures along the Z-axis were 

combined to create a stacked XY image that was further analyzed using ImageJ 1.47v. Single 

XY pictures were taken with the Olympus BX51 upright microscope. 

 

Quantitative PCR 

Total RNA was isolated from SMCs using the ISOLATE II RNA mini kit (Bioline) according to 

manufacturer’s instructions and from human renal tissue using TRIzol. Briefly, tissue was 

homogenized in 1 mL TRIzol using an Ultra-Turrax (IKA) on ice. 200 µl chloroform was added 

per 1 mL TRIzol, mixed and incubated for 3 minutes at room temperature. The aqueous phase 

was separated from the phenol by centrifugation (15 min, 12,000xg, 4°C) and transferred to a 

new tube. RNA was precipitated by mixing the aqueous phase with 600 µl isopropanol and 1 

µl of glycogen (5 mg/mL). After incubation for 10 minutes at room temperature, the precipitate 

was pelleted by centrifugation (10 min, 12,000xg, 4°C). The pellet was washed with 600 µl 

ice-cold 75% ethanol and pelleted again (5 min, 7,500xg, 4°C). The pellet was dried at room 

temperature and the RNA was precipitated over night at -20°C to increase yield by mixing the 
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pellet with 200 µl Nuclease-free water (Qiagen), 20 µl 3 M Sodium acetate and 600 µl 75% 

ice-cold ethanol. The precipitate was pelleted by centrifugation (30 min, 15,000xg, 4°C). The 

pellet was washed with 200 µl ice-cold 75% ethanol and pelleted again (5 min, 15,000xg, 4°C). 

The RNA pellet was dried at room temperature and dissolved in 50 µl Nuclease-free water 

(Qiagen). RNA concentrations were assessed with a nanodrop spectrophotometer. Total RNA 

was reverse-transcribed using the SensiFAST cDNA synthesis kit (Bioline) according to 

manufacturer’s instructions. Gene expression was determined using quantitative real-time 

PCR (qPCR) by loading samples in duplicate on a CFX96 Real-Time PCR Detection System 

(Biorad). The primer sequences used are listed in Supplemental Table 2. Data was normalized 

for the expression of housekeeping gene β-actin. 

 

Short interference RNA 

EMILIN1 or FBN1 knockdown in SMCs was achieved by using a mix of 4 complementary short 

interference RNA (siRNA) sequences directed against the mRNA of either EMILIN1 or FBN1 

(ThermoScientific). As a negative control, cells were either untreated or transfected with a mix 

of 4 non-targeting siRNA (siSHAM) sequences (ThermoScientific). The siRNA sequences 

used are listed in Supplemental Table 3.  

 

Western blot 

SMCs received a PBS wash twice and were harvested in lysis buffer (50 mM Tris (pH 8.0), 

1% NP-40, 150 mM NaCl, 0.1% SDS, 0.5% Na deoxycholate, supplemented with a protein 

inhibitor cocktail (cOmplete, Mini Protease Inhibitor Tablets)). The lysates were incubated on 

ice for 20 minutes, centrifuged [12 min, 13,000xg 4°C] and the supernatant was stored at -

80°C until further processing. Total protein concentration was determined by using the 

Pierce® BCA Protein Assay Kit (Thermo Scientific). Lysates were denaturated in Laemmli 

buffer (60mM Tris (pH 6.8), 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% 

bromophenol blue) at 90 °C for 5 minutes. Equal amounts of sample were separated by 

electrophoresis on a 10% SDS-PAGE gel and transferred onto a nitrocellulose membrane 

(Pierce) at 4ºC overnight. Membranes were blocked and probed with primary antibodies. 

Protein bands were visualized with Li-Cor secondary antibodies and detection system 

(Westburg) according to manufacturer`s instructions. 

 

Live-cell tracking 

POMA-FN coverslips were placed into a 6-wells plate containing a No. 0 coverslip glass 

bottom (P06G-0-20-F, MatTek) to allow live-cell tracking. SMCs were transfected with siRNA 

after 24 hours and coverslips were decellularized 6 days post-transfection. Before reseeding 
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with 3,700 HK2 cells per cm2, HK2 cells were visualized for fluorescent tracking by incubating 

the cells for 15 min at 37°C in basal RMPI medium containing 4 µM CellTracker Blue CMAC 

dye (ThermoFisher). 24 hours post-seeding, single cell migration was tracked overnight at 

37ºC in a humidified atmosphere containing 5% CO2 using a Leica SP8X confocal 

microscope. Per condition, three positions were selected and imaged every 15 min for 12 

hours. Obtained videos were analyzed with ImageJ (v1.47) Manual Tracking and Chemotaxis 

Tool. 

 

In vitro assays 

Prior to all in vitro assays, SMCs were seeded on POMA-FN coverslips and transfected with 

siRNA after 24 hours. The coverslips were decellularized 6 days post-transfection and 

reseeded with renal cells.  

 

Cell adhesion assay. Captured ECM was reseeded with 6,500 HRPTECs per cm2 for testing 

initial binding to the ECM or 25,000 HK2 per cm2 for measuring cell-ECM adhesion of a 

confluent monolayer. For testing initial binding, HRPTECs were left to adhere for 2 hours. HK2 

were cultured to confluence (48 hours) on the captured ECM. Fixated cells were stained for 

either paxillin, a focal adhesion complex protein, or for ZO-1, a tight junction protein, and for 

F-actin.  

 

PrestoBlue assay. Captured ECM was reseeded with 6,500 HRPTECs per cm2. Cell viability 

was measured 24, 48 and 72 hours post-seeding using PrestoBlue Cell Viability Reagent 

(ThermoScientific) according to manufacturer’s protocol.  

 

Ki67 nuclear staining. Captured ECM was reseeded with 6,500 HRPTECs per cm2. Cell 

proliferation was visualized 24, 48 and 72 hours post-seeding by immunofluorescence 

labelling with the proliferation marker ki67. The images were analyzed with ImageJ (v 1.47) to 

obtain the percentage of proliferating cells by dividing the amount of ki67+ cells by the DAPI+ 

count. 

 

PicoGreen assay. Captured ECM was reseeded with 6,500 HRPTECs per cm2. To quantify 

the amount of double stranded DNA, a Quant-iT™ PicoGreen™ dsDNA Assay 

(ThermoFisher) was performed 24, 48 and 72 hours post-seeding according to manufacturer’s 

protocol. 
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RhoA activation assay  

SMCs were seeded on POMA-FN coverslips and transfected with siRNA after 24 hours. The 

coverslips were decellularized 6 days post-transfection and reseeded with 25,000 HK2 per 

cm2. The activation of the small G-protein RhoA was determined 48 hours post-seeding using 

the G-LISA RhoA Activation Assay Biochem Kit (Cytoskeleton, BK124) according to 

manufacturer’s instructions. HK2 cells were serum starved overnight (in RPMI containing 

0.2% FCS) and stimulated with full RPMI medium (containing the standard 20% FCS) for 1 

min before starting the RhoA activation assay to modulate GTP-RhoA levels.  

 

Statistical Analyses 

Graphpad Prism (version 7.02) was used to perform the statistical analyses. To test if values 

came from a Gaussian distribution, either the D’Agostino-Pearson omnibus or Shapiro-Wilk 

normality test was used. The ordinary one-way ANOVA or unpaired t-test was used if the 

values were normally distributed. In case the values did not pass the normality test, either 

Kruskal-Wallis or the Mann-Whitney test was used as non-parametric tests. P-values <0.05 

were considered significant. All measurements are shown as mean ± SEM. 

 

Results  
Enrichment of extracellular matrix proteins  

We analyzed healthy kidney samples from adult and fetal human donors. The ECM was 

enriched in these samples by decellularization (Figure 1A). Cellular components were 

removed without disrupting the structure and morphology of the ECM (Figure 1B). The 

obtained ECM extracts were separated by SDS-PAGE and LC-MS/MS was used to 

characterize the differences between the fetal and mature renal ECM proteome (Figure 1A, 

Supplemental Figure 1A).  

 

Comparison of the renal proteome: fetal versus mature 

The obtained proteomic data were used to generate a catalogue of fetal and mature renal 

ECM proteins. Proteins that were identified in at least two replicates were included 

(Supplemental Figure 2A). By cross-referencing with the Human Matrisome Project [8,9], we 

categorized our data proteins into core ECM proteins, including collagens, glycoproteins and 

proteoglycans, and ECM-associated proteins, including ECM-affiliated proteins, regulators 

and secreted factors. Relative protein quantification showed a dominance of collagens and 

glycoproteins in both the fetal and mature ECM: 62% of the fetal and 64% of the mature signal 

consisted of collagens, whereas 33% of the fetal and 28% of the mature selection consisted 

of glycoproteins (Figure 2A).  
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Figure 1. Isolation of renal fetal and mature extracellular matrix proteins. (A) Workflow for the 

isolation of the extracellular matrix (ECM) from healthy human fetal and mature renal tissue. (B) 
Macroscopic appearance of representative human fetal and mature renal samples before and after 

decellularization (left panels). Scale bar represents 5 mm. Hematoxylin and eosin staining (200x 

magnification) of human fetal and mature renal tissue before and after decellularization demonstrates the 

successful removal of cellular components (right panels). Scale bar represents 100 µm. 

 

We identified 94 fetal and 76 mature renal ECM proteins, from which the majority could be 

classified as core ECM proteins (60 and 51, respectively). The most abundant signal came 

from core ECM proteins as well, with many collagens comprising more than 2% of the total 

ECM signal (Figure 2B, Supplemental Table 1). Four glycoproteins (EMILIN1, FGG, FBN1 

and FBN2) and one proteoglycan (HSPG2) showed abundant signal, each comprising more 

than 2% of the total ECM signal (Figure 2B, Supplemental Table 1). We identified 23 proteins 

that were significantly enriched in the fetal renal ECM compared to the mature ECM. Only 6 

ECM proteins were significantly enriched in the mature renal ECM. Among the 23 proteins 

significantly enriched in the fetal selection were the abundant glycoproteins EMILIN1, fibrillin1 

(FBN1) and fibrillin2 (FBN2) (Figure 2C, Supplemental Table 1). Lennon and colleagues 

published the composition of the human glomerular ECM [10]. By cross-referencing their 

dataset with the Human Matrisome Project [8,9] and subsequently with our dataset, we further 

classified our list in either glomerular or tubulointerstitial ECM proteins (Supplemental Figure 

3). By this means, we identified 55 glomerular ECM proteins, including 8 proteins detected 

exclusively in either the mature or fetal renal ECM. 29 glomerular ECM proteins were not 

detected by our MS analysis and were only found by Lennon et al. due to their extra glomeruli 

enrichment step prior to MS analysis [10]. Our remaining 54 ECM proteins could then be 

classified as mainly tubulointerstitial, including 19 proteins unique for the fetal renal ECM. One 
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tubulointerstitial ECM protein was found to be unique for the mature renal ECM. These 

findings show that the fetal and mature renal ECM are complex and share a central overlap, 

but are also characterized by unique ECM proteins.  
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◄Figure 2. Defining the renal fetal and mature extracellular matrix proteome. Extracellular matrix 

(ECM) proteins identified by mass-spectrometry were classified as collagens, glycoproteins, 

proteoglycans, ECM affiliated, regulators or secreted factors and they were colored and arranged 

accordingly. (A) Pie charts summarizing the relative protein quantification for both the fetal (left) and 

mature (right) renal ECM proteome. (B) Euler-diagram visualizing the overlap and differences between 

the human fetal and mature renal ECM proteome. Each node represents a single protein and is labelled 

with the gene name. Node size is proportional to the abundance of the protein within the renal ECM 

proteome (less than 0.1%, between 0.1 and 2% or more than 2% of the total ECM signal in at least one 

dataset (fetal or mature)). (C) A volcano plot representation of the human fetal and mature ECM proteome 

showing the protein distribution between fetal and mature (log fold-change (mature/fetal), x-axis) and 

significance (P-value, y-axis) of all detected ECM proteins. Each circle represents a single protein. The 

horizontal dashed line indicates the threshold of statistical significance (P<0.05). 

 

Validation of selected proteins within the renal extracellular matrix 

EMILIN1 was found to be one of the glycoproteins with the most abundant signal in the renal 

ECM and significantly enriched in the fetal selection, making it an interesting ECM protein for 

further investigation. EMILIN1 is a component of elastic fibers and previous studies have 

implied that its main function is to bind integrins, thereby connecting cells to the ECM [23,24]. 

In the fetal renal ECM, the EMILIN1 signal comprises 6.8% of the total ECM signal, compared 

to only 1.5% of the mature ECM (Figure 3A, Supplemental Table 1). Protein verification was 

conducted using immunohistochemistry on non-decellularized renal tissue. 

Immunolocalization of EMILIN1 in mature and fetal human kidney showed localization mainly 

to the tubulointerstitial space (Figure 3B). In concordance with the proteomic analysis, 
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EMILIN1 was significantly enriched in the fetal kidney compared to the mature kidney (Figure 

3C). 

Another significantly abundant glycoprotein in the fetal renal ECM is FBN1, which is a major 

component of microfibrils that, together with elastins, form the elastic fibers [37]. The FBN1 

signal comprises 11.1% of the fetal ECM signal, compared to 7.3% of the mature ECM 

(Supplemental Figure 4A, Supplemental Table 1). Immunolocalization of FBN1 showed 

localization to both the glomerular and tubulointerstitial space, leading to no differences in 

fluorescent signal between the fetal and mature kidney (Supplemental Figure 4B,C). mRNA 

levels on the other hand showed a significant increase of FBN1 in the fetal kidney compared 

to the mature kidney (Supplemental Figure 4D). Elastic fiber components in general seem to 

be increased in the fetal kidney (Supplemental Table 1). Verification by gene expression 

analysis showed that indeed MFAP2 was significantly increased in the fetal kidney compared 

to the adult kidney and the same trend was visible for ELN (Supplemental Figure 4E,F). Based 

on these results, EMILIN1 plays more likely a fundamental role within the fetal renal ECM.  

 
Figure 3. Validation of selected ECM protein. (A) EMILIN1 signal identified with mass-spectrometry 

(MS) within fetal and mature renal ECM extracts. N=3 MS analyses, each containing 3-5 kidney samples 

per group (fetal or mature). Shown is mean ± SEM; *P<0.05. (B) Representative fluorescence 

immunohistochemistry images (200x magnification) demonstrate the localization and amount of EMILIN1 

(green) in fetal and mature renal tissue. Scale bar represents 75 µm. (C) Quantification of normalized 

EMILIN1 area in both fetal and mature renal samples. N≥25 fluorescent images, from N=3 samples. 

Shown is mean ± SEM; ***P<0.001. 

 

Anchored cell-derived ECM can be modified by depleting specific ECM proteins 

EMILIN1 was further investigated by using a method to reliably anchor native ECM through 

copolymer thin-film chemistry [31-33]. POMA was covalently coupled to aminosilanized glass 

coverslips [32]. Next, FN was covalently attached via its lysine sidechain to the reactive 

anhydride moieties [33] (Figure 4A). Immobilized FN allows the stable anchorage of the ECM 

via its binding domains to collagen, fibrin and heparin sulfate proteoglycans [31]. 
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Figure 4. Reliable anchorage of native cell-secreted ECM to a glass surface. (A) Schematic overview 

of the chemical layers needed to reliably anchor cell-secreted ECM to a glass coverslip. Fibronectin (FN) 

is immobilized by a covalent linkage with poly(octadecene-alt-maleic anhydride (POMA) on an 

aminosilanized glass coverslip. Immobilized FN allows stable binding of cell-secreted ECM proteins. (B) 
Workflow for anchoring smooth muscle cell (SMC) ECM to glass coverslips: 1) FN is covalently 

immobilized on a POMA coverslip. 2) SMCs are grown to confluency. 3) During this culture time, the 

SMCs will deposit their own ECM. 4) The SMCs are removed by a decellularization process with NH4OH, 

leaving the secreted ECM attached to the POMA-FN coverslip. 5) Evaluation of renal cell function on 

captured ECM. (C) Quantification of collagen type IV area deposited by 50,000, 100,000 or 150,000 SMCs 
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◄cultured for 3, 6 or 9 days on POMA-FN coverslips. Shown is mean ± SEM; **P<0.01, ***P<0.001. N≥23 

fluorescent Z-stacks, from N=3 samples. (D) Representative immunofluorescence Z-stacks (100x 

magnification) of anchored collagen type IV on POMA-FN coverslips, deposited by 50,000, 100,000 or 

150,000 SMCs cultured for 3, 6 or 9 days. Scale bar represents 300 µm. (E) Quantification of collagen 

type IV area deposited by 150,000 SMCs cultured for 6 days on coverslips coated with POMA-FN, POMA, 

FN, gelatin or collagen or no coating. Shown is mean ± SEM; ***P<0.001. N≥19 fluorescent Z-stacks, 

from N=4 samples. (F) Representative immunofluorescence Z-stacks (100x magnification) of anchored 

collagen type IV deposited by 150,000 SMCs cultured for 6 days on coverslips coated with POMA-FN, 

POMA, FN, gelatin or collagen or no coating. Scale bar represents 300 µm. 

 

We cultured SMCs to confluency on POMA-FN coverslips to capture their secreted ECM 

(Figure 4B). SMCs were chosen as ECM production cells, since they expressed the highest 

amount of EMILIN1 and FBN1 compared to other cell types (Supplemental Figure 5A). A 

culture period of 6 days and a cell density of 150,000 was found to be the ideal combination 

between ECM deposition and time (Figure 4C,D). We verified the capacity of the POMA-FN 

coverslips to reliably anchor the SMC-secreted ECM by collagen type IV staining. When 

compared to a collagen or gelatin coating, solely a POMA layer, or no coating, the POMA-FN 

coverslips captured a significantly higher amount of homogeneously distributed ECM, with the 

rest exhibiting drastic delamination. With regards to a sole FN coating, almost double the 

amount of ECM was captured on POMA-FN coverslips (Figure 4E,F). SMCs did not grow to 

confluency on solely POMA or uncoated coverslips after 6 days of culture, as indicated by a 

significant decrease in F-actin area (Supplemental Figure 5B,D). However, no differences 

were found in collagen type IV production between SMCs grown on all coatings, as identified 

by intracellular staining (Supplemental Figure 5C,D). Thus, although production level of 

collagen type IV by SMCs remained unaffected by the type of coating, the POMA-FN 

coverslips captured the most intact and highest amount of ECM.  

The next step was to deplete EMILIN1 from the anchored cell-secreted ECM. This was 

accomplished by using siRNA mediated silencing in the production cells. FBN1 was used as 

a second target to deplete from the ECM. QPCR analysis after 3, 6 and 9 days of culture 

showed efficient silencing of EMILIN1 or FBN1 expression in SMCs treated with a siRNA pool 

specific for EMILIN1 (siEMILIN1) or FBN1 (siFBN1), when compared to cells transfected with 

a pool of non-targeting siRNA sequences (siSHAM) (Figure 5A,B). The mRNA levels of other 

EMILIN/multimerin and fibrillin family members were not affected by either siEMILIN1 or 

siFBN1 when compared to siSHAM, indicating that the siRNA-mediated silencing was specific 

for EMILIN1 and FBN1 (Supplemental Figure 6A-H).  
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◄Figure 5. EMILIN1 and FBN1 targeting siRNAs induce significant silencing intracellular and on 
secreted ECM level. Quantitative polymerase chain reaction (qPCR) of EMILIN1 (A) and FBN1 (B) in 

smooth muscle cells (SMCs) transfected with EMILIN1-targeting siRNA (siEMILIN1), FBN1-targeting 

siRNA (siFBN1) or non-targeting siRNA (siSHAM), cultured for 3, 6 or 9 days on POMA-FN coverslips. 

Shown are target gene/housekeeping gene (β-actin) ratios (AU). Control (non-transfected SMCs) values 

are set to 1 (not shown). Shown is mean ± SEM. *P<0.05, **P<0.01, ***P<0.001. N≥5 qPCRs. 

Quantification of intracellular EMILIN1 (C), Fibrillin1 (D) or F-actin (E, F) area in confluent SMCs 

transfected with siSHAM, siEMILIN1 or siFBN1 cultured for 6 days on POMA-FN coverslips. Control (non-

transfected SMCs) values are set to 1 (not shown). Shown is mean ± SEM; **P<0.01, ***P<0.001. N≥29 

fluorescent Z-stacks, from N=3 samples. Representative immunofluorescence Z-stacks (100x 

magnification) of SMCs transfected with siSHAM, siEMILIN1 (G) or siFBN1 (H) cultured for 6 days on 

POMA-FN coverslips and stained for F-actin (red), EMILIN1 or Fibrillin1 (green) and DAPI (blue). Scale 

bar represents 300 µm. Quantification of EMILIN1 (I), Fibrillin1 (J) or collagen type IV (K, L) area in the 

extracellular matrix (ECM) deposited by SMCs transfected with siSHAM, siEMILIN1 or siFBN1 cultured 

for 6 days on POMA-FN coverslips. Control (non-transfected SMCs) values are set to 1 (not shown). 

Shown is mean ± SEM; **P<0.01, ***P<0.001. N≥29 fluorescent Z-stacks, from N=3 samples. 

Representative immunofluorescence Z-stacks (100x magnification) of the ECM deposited by SMCs 

transfected with siSHAM, siEMILIN1 (M) or siFBN1 (N) cultured for 6 days on POMA-FN coverslips and 

stained for collagen type IV (green) and EMILIN1 or Fibrillin1 (red). Scale bar represents 300 µm.  
 

Importantly, genes encoding for major ECM components, such as COL1A1, COL4A1, ELN 

and LAMA5 were also not affected by EMILIN1 knockdown, implying that the absence of 

EMILIN1 did not greatly affect ECM composition (Supplemental Figure 7A-D). 

Immunofluorescence confirmed a significant loss of EMILIN1 or FBN1 expression in 

siEMILIN1 or siFBN1 transfected SMCs when compared to siSHAM cells, with no variance in 

cellular F-actin area (Figure 5C-H). Western blot analysis for EMILIN1 verified the loss of 

protein expression (Supplemental Figure 8A,B). Additionally, their secreted ECM was 

significantly depleted of EMILIN1 or FBN1 and successfully anchored to the POMA-FN 

coverslips, with no difference in extracellular collagen type IV deposition (Figure 5I-N).  
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Depletion of EMILIN1 from the ECM promotes renal epithelial cell migration, but does not 

affect cell growth  

Previous studies have shown that EMILIN1 is important for migration and growth of various 

cell types through the interaction of its gC1q domain with integrins [21-24]. Therefore, we 

studied the migration and growth of renal epithelial cells cultured on an ECM layer depleted 

of EMILIN1. Depletion of either EMILIN1 or FBN1 from the ECM did not affect proliferation, 

viability and DNA abundance of renal epithelial cells, when compared to cells cultured on 

siSHAM ECM (Figure 6A-C). Next, the migration capacity was assessed using live-cell 

tracking. A significant increase in velocity and distance covered by renal epithelial cells 

cultured on siEMILIN1 ECM was observed when compared to cells cultured on siSHAM ECM 

(Figure 6D-F,J-K). This positive effect was absent in renal epithelial cells cultured on siFBN1 

ECM (Figure 6G-J,L), hinting towards a link between enhanced renal cell migration and 

disruption of gC1q-intergrin interaction. 

 

EMILIN1 is important for binding of renal epithelial cells to the ECM and for focal adhesion 

assembly  

Integrins form part of large dynamic protein complexes that connect the cell cytoskeleton to 

the ECM, called focal adhesion complexes. We assessed whether EMILIN1 in the ECM is 

required for assembly of focal adhesion complexes during the initial binding of renal epithelial 

cells to the ECM. Depletion of EMILIN1 from the ECM caused defects in the initial assembly 

of the focal adhesion-structural protein paxillin. Renal cells cultured for only 2 hours on 

siEMILIN1 ECM exhibited significantly decreased paxillin area when compared to cells 

cultured on siSHAM ECM, indicating a reduced spreading ability (Figure 7A,B). Cells cultured 

on siFBN1 ECM for 2 hours did not show a decrease in paxillin area (Supplemental Figure 

9A,B), verifying that the putative effect is specific for EMILIN1 depletion. Next, we assessed 

the capacity of renal epithelial cells to form a tight monolayer when cultured on siEMILIN1 

ECM. The tight junction protein ZO-1 was used to measure barrier formation. Intracellular 

staining revealed no changes in ZO-1 protein expression in renal cell cultured for 48 hours on 

siEMILIN1 ECM compared to siSHAM ECM, indicating that these cells are capable of creating 

a connected monolayer (Figure 7C). However, silencing of EMILIN1 in the ECM appeared to 

alter the junctional pattern of ZO-1 into a linear instead of zigzagged configuration (Figure 7E). 

A significant decrease in F-actin area was also observed in cells grown on siEMILIN1 ECM 

compared to siSHAM ECM (Figure 7D). Immunofluorescence visualization of F-actin revealed 

that formation of stress fibers was affected (Figure 7E). 
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Figure 6. Effect of EMILIN1 or Fibrillin1 depletion from the extracellular matrix on renal epithelial 
cell growth and migration. (A) ki67/DAPI ratio as measure for cell proliferation at 24, 48 or 72 hours 

post seeding in HRPTECs cultured on siSHAM, siEMILIN1 and siFBN1 ECM. Shown is mean ± SEM. 

N≥26 fluorescent images, from N=3 samples. (B) Viability measurements using the PrestoBlue assay 

after 24, 48 or 72 hours post-seeding in HRPTECs on siSHAM, siEMILIN1 and siFBN1 ECM. Shown is 

mean ± SEM. N=6 assays. (C) DNA abundance measurements using the PicoGreen assay after 24, 48 

or 72 hours post-seeding in HRPTECs on siSHAM, siEMILIN1 and siFBN1 ECM. Shown is mean ± SEM. 

N=5 assays. Quantified live-cell migration assay results showing velocity and covered and Euclidean 

distance of HK2 cells on either siEMILIN1 (D-F) and siFBN1 (G-I) ECM compared to cells on siSHAM 

ECM. The migration of HK2 cells on the ECM layer was tracked overnight with a confocal microscope. 

Shown is mean ± SEM; *P<0.05, **P<0.01. N=60 individual cells tracked, from N=4 assays. Migration 

plots showing multiple tracks of individual HK2 cells on siSHAM (J), siEMILIN1 (K) and siFBN1 ECM (L). 
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The assembly of focal adhesion complexes in confluent renal epithelial monolayers was 

impaired as well. Intracellular staining revealed that EMILIN1-depleted ECM significantly 

inhibited formation of paxillin points and stress fibers in confluent renal epithelial monolayers, 

since less paxillin co-localized with F-actin (Figure 7F,G). Cells cultured to confluency on 

FBN1-depleted ECM did not exhibit significantly less colocalization of paxillin with F-actin 

(Supplemental Figure 9C,D), verifying that the impairment of focal adhesion assembly is 

specific for EMILIN1 depletion. Actin cytoskeleton remodeling upon integrin mediated focal 

adhesion formation is regulated by RhoA signaling. Thus, we assessed the RhoA activity in 

renal epithelial cells grown on siEMILIN1 ECM for 48 hours when compared to cells grown on 

siSHAM ECM. In concordance with our previous results, EMILIN1 silencing in the ECM 

significantly reduced RhoA activation in renal cells (Figure 7H). All together, these findings 

indicate that EMILIN1 in the ECM is important for assembly of focal adhesion complexes and 

subsequent actin-cytoskeleton adaptation in renal epithelial cells.  

 

Discussion 
This study presents to date the first catalog that compares the human fetal and mature renal 

ECM. A total of 99 different ECM proteins was detected by proteomic analysis of which the 

majority form an overlapping core, but also includes many renal ECM proteins that are 

enriched in either the fetal or mature condition.  
Using immunohistochemistry, we confirmed the identification of EMILIN1 and FBN1 as key 

proteins in renal ECM. EMILIN1 mainly localizes to the tubulointerstitial space, but is also 

classified as a structural glomerular protein by Lennon et al [10]. However, they solely focused 

on identifying glomerular proteins and did not analyze the remainder from their glomerular 

enrichment strategy. Immunolocalization of FBN1 showed its presence in both glomeruli and 

tubulointerstitial space, which is in concordance with Lennon et al., who classified it as a 

glomerular basement membrane protein. 

Our proteome comparison between the fetal and mature renal ECM has the potential to mark 

novel molecular players by which the renal ECM can influence cellular behavior. Percentile 

ranking by LFQ intensity proved effective at finding proteins enriched in the fetal ECM. One 

striking difference between the fetal and mature renal ECM proteome is the enrichment of 

elastic fiber components in the fetal ECM, including fibrillin1, MFAP2 and elastin. Particularly 

the glycoprotein EMILIN1 was abundant in the fetal ECM. Many other ECM proteins differ 

significantly between fetal and mature tissue, however most of them are present in low 

quantities in the renal ECM (<2%) and are therefore less likely to play a fundamental role (for 

example EMILIN3). 
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Figure 7. Depletion of EMILIN1 from the ECM layer reduces paxillin area and stress fibers in renal 
epithelial cells. (A) Quantified results showing the paxillin area in HRPTECs on siSHAM or siEMILIN1 

ECM during initial binding to the ECM (cultured for 2 hours). Shown is mean ± SEM; ***P<0.001. N=30 

fluorescent images, from N=3 samples. (B) Representative immunofluorescence images (400x 

magnification) of HRPTECs after 2 hours of binding on siSHAM or siEMILIN1 ECM and stained for paxillin 

(green), F-actin (red) and DAPI (blue). Scale bar represents 20 µm (overview image, left) and 5 µm 

(zoomed-in image, right). Quantified results showing the ZO-1 (C) and F-actin area (D) in HK2 cells 

cultured to confluency on siSHAM or siEMILIN1 ECM. Shown is mean ± SEM; ***P<0.001. N=20 

fluorescent Z-stacks, from N=4 samples. (E) Representative immunofluorescence Z-stacks (630x 

magnification) of HK2 cells cultured to confluency (cultured for 48 hours) on siSHAM or siEMILIN1 ECM 
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◄and stained for ZO-1 (green), F-actin (red) and DAPI (blue). Scale bar represents 20 µm (overview 

image, left) and 5 µm (zoomed-in image, right). (F) Colocalization of paxillin and F-actin in HK2 cells 

cultured to confluency on siSHAM or siEMILIN1 ECM. Shown is mean ± SEM; *P<0.05. N≥25 fluorescent 

Z-stacks, from N≥5 samples. (G) Representative immunofluorescence Z-stacks (630x magnification) of 

HK2 cells cultured to confluency on siSHAM or siEMILIN1 ECM and stained for paxillin (green), F-actin 

(red) and DAPI (blue). Colocalization is displayed as yellow. Scale bar represents 15 µm (overview image, 

left) and 5 µm (zoomed-in image, right). (H) RhoA activation levels in HK2 cells cultured for 48 hours on 

siSHAM or siEMILIN1 ECM. Shown is mean ± SEM; *P<0.05. N=5 assays.  

 

The importance of EMILIN1 has been previously studied using EMILIN-/- mice, which display 

several vascular defects, including impaired lymph drainage, increased leakage and elevated 

blood pressure associated with narrower vessels [26-29]. The latter is due to an increased 

presence of transforming growth factor β (TGFβ), since EMILIN1 prevents TGFβ processing 

[27-29]. In aortic valves, increased TGFβ signaling due to EMILIN1 deficiency causes elastic 

fiber fragmentation and subsequent aortic valve disease [38]. Both these mutant mice and 

aged mice exhibit ECM stiffness, fibrosis, increased collagen expression and cell adhesion 

and fibronectin alterations [39]. This suggests that loss of EMILIN1 and associated phenotype 

is linked to a mature state, which is in concordance with our proteomic data. Despite several 

studies described the function of EMILIN1, a possible renal function remains unclear.  

 

Lack of EMILIN1 is associated with altered vascular and lymphatic cell anchorage, patterning 

and morphology [25,26]. Previous studies have reported that the gC1q domain of EMILIN1 is 

responsible for promoting cell adhesion [23,24,40]. Our study showed that renal epithelial cells 

exhibit a weaker adhesion pattern on EMILIN1-depleted ECM, indicated by fewer focal 

adhesion points. Focal adhesions provide linkage points between the cell cytoskeleton and 

the ECM, playing a central role in adhesion [41]. Renal epithelial cells grown on EMILIN1-

depleted ECM exhibit a low number of actin stress fibers and less paxillin, a focal adhesion 

adaptor protein that localizes to large focal contacts at the tips of these fibers. More evidence 

for the role of EMILIN1 in renal cell adhesion comes from the activation of signaling molecule 

RhoA, that is recruited and activated upon integrin-ECM binding and leads to maturation of 

focal adhesions [41]. Less RhoA was activated in renal epithelial cells grown on EMILIN1-

depleted ECM, indicating reduced stabilization of focal structures. Furthermore, the junctional 

pattern of ZO-1 in these renal cells appeared linear instead of zigzagged. High bioavailability 

of ZO-1 at tight junctions induces zigzag patterning and increases the overall permeability of 

epithelia [42]. Actin filaments terminate at tight junctions, thereby linking them with focal 

adhesions [43]. This suggests that defects in focal adhesion assembly by EMILIN1 depletion 

in the ECM can result in F-actin stress fiber dysregulation and subsequent reduction of 
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functional tight junctions, affecting renal epithelial barrier function. Indeed, previous studies 

showed that ZO-1 interaction with F-actin at tight junctions is important for epithelial 

polarization and formation of single lumens [44]. Altogether, our study indicates that EMILIN1 

could be a promising candidate for implementation in renal scaffolds for the enhancement of 

cell attachment and barrier formation. 

Our findings are not in line with previous studies, in which actin organization in cells attached 

to EMILIN1 was described to be organized along the cell periphery without any apparent focal 

contacts [24,40]. More in depth experiments have shown that in these cells, the gC1q domain 

of EMILIN1 promotes cell adhesion by interacting with α4/α9/β1 integrins [23,24,40]. The 

reported synovial sarcoma cells and T lymphocytes use α4β1 integrins for gC1q-mediated cell 

attachment, whereas lymphatic endothelial cells (LECs) and microvascular ECs attachment 

to EMILIN1 is mediated by α9β1 integrins [23,24]. These reports suggest that different cell 

types express a specific selection of integrins to react to environmental stimuli.  

β1 is the most widely expressed renal integrin subunit and is responsible for interactions with 

the cell cytoskeleton via binding with several focal adhesion complex proteins [45,46]. 

Different α subunits have been demonstrated to be expressed by renal tissue, which all can 

form heterodimers with β1: α1, α2, α3, α5, α6, α8 and αv [45,46]. The renal cells used in our 

migration and confluent adhesion assays showed high expression of the integrin subunits α3, 

α5, αv, and β1, modest levels of α2, α4, α6 and non-detectable expression of α9 (data not 

shown). EMILIN1 may exerts its effect in renal cells through another αβ1 integrin heterodimer 

than the α4/α9/β1-gC1q interaction described, which might explain the distinct effect we found 

of EMILIN1 on renal epithelial cell adhesion strength. 

 

The dynamic assembly and disassembly of focal adhesions play a central role in cell migration 

and proliferation. EMILIN1 also plays an important role in these processes: fibroblasts, 

keratinocytes and LECs obtained from EMILIN1-/- mice retain a high proliferation rate 

compared to wildtype cells [22,23]. This reduction in proliferation is associated with the gC1q–

α9 integrin interaction, which also stimulates LEC migration [23]. Furthermore, the gC1q–α4 

integrin interaction promotes haptotactic directional migration of trophoblasts [40], indicating 

that EMILIN1 can promote cell proliferation and migration by interacting with α4/α9/β1 

integrins.  

In contrast, the present study shows that EMILIN1-deficient ECM does not influence 

proliferation of renal epithelial cells and absence of EMILIN1 stimulates renal epithelial cell 

migration. Hence, the effect of EMILIN1 seems to be cell type specific. Indeed, Colombatti 

and colleagues indicated that the effect of EMILIN1 on cell adhesion and migration can be 
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either enhancing or reducing depending on the cell type investigated [47], which might be 

linked to different integrin expression profiles.  

Strong adhesion through focal adhesion formation stabilized by stress fibers is considered to 

be unfavorable for cell detachment needed for migration [48]. In 1979, Couchman and Rees 

already made the observation that fibroblasts displayed little to no focal adhesions during the 

initial period of rapid migration. Focal adhesions and associated ventral stress fibers only 

developed when migration slowed down [49]. This observation implies that focal adhesion 

disassembly facilitates rapid migration. Indeed, we observed that renal epithelial cells migrate 

faster and cover more distance when less EMILIN1 is present in the ECM. Therefore, this 

rapid migration pattern is most likely stimulated by the reduction of focal adhesions and stress 

fibers seen in these renal cells as well.  

The motility phenotype of cells also depends on which integrins are available on the cell 

membrane. For example, previous research has observed that the α4/α9/β1-gC1q interaction 

encourages a cellular phenotype that lacks stress fibers and promotes lamellipodia formation, 

thereby facilitating cell spreading [23,24,40]. The α4/α9 subfamily is a specific subset of α 

subunits based on evolutionary relationships, that share a high sequence similarity and ligand 

specificities [50]. In contrast, the present study showed that lack of EMILIN1 interaction 

stimulates cell migration. Renal cells express other α subunits in high quantities [45,46]; 

suggesting that they likely express subunits that stabilize focal adhesions. For example, the 

renal cells used in our migration assay highly express integrin subunits α5 and β1, which as 

a heterodimer is known to mediate stabilization of mature focal adhesions [51].  

Apparent differences between the renal epithelial cell behavior seen in response to EMILIN1 

in this study and the results of earlier studies may also be due to differences in study design. 

We cultured our renal cells on a complex ECM network depleted from a protein of interest 

from the beginning, rather than culturing on a coating of one specific ECM protein. It is 

inevitable that this rich ECM background from the start will have an influence on focal adhesion 

composition, mostly the integrin expression profile, and subsequent cell behavior. This 

environment mimics more the in vivo ECM complexity, even though it lacks a 3D configuration. 

Nevertheless, this 2D ECM model is a valuable resource for additional investigation and 

thereby aids in the search for promising ECM components to implement in 3D culture.  

 

In conclusion, based on our proteome analysis we provide evidence for EMILIN1 as a 

promising candidate for implementation in renal scaffolds as a bioactive factor. Here, it would 

most likely stimulate an adhesive phenotype of the embedded renal cells. Matrices containing 

organ specific ECM cues to direct cell adhesion may ultimately allow the generation of whole 

3D kidney constructs for implantation.  
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Supplemental Data 
 

 
Supplemental Figure 1. (A) ECM extracts from human fetal and mature renal samples were separated 

by SDS-PAGE and visualized with a Coomassie staining, before further processing for MS analysis. 

Shown is a representative blot of 3 separate experiments, each containing 3-5 kidney samples per group 

(fetal or mature). 

 

 

 

 
Supplemental Figure 2. (A) The Venn diagrams show the total amount and overlap of proteins identified 

in three separate mass-spectrometry analyses. Each analysis contained 3-5 kidney samples per group 

(fetal or mature).  
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Supplemental Figure 3. (A) Euler-diagram visualizing the overlap and differences between the human 

fetal and mature renal ECM proteome found in this study and the glomerular proteome identified by 

Lennon et al [10]. Each node represents a single protein and is labeled with the gene name. Node size is 

proportional to the abundance of the protein within the renal ECM proteome (less than 0.1%, between 0.1 

and 2% or more than 2% of the total ECM signal in at least one dataset (fetal or mature)).  
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Supplemental Figure 4. (A) Bar graph showing FBN1 signal identified with mass-spectrometry (MS) 

within fetal and mature renal ECM extracts. N=3 MS analyses, each containing 3-5 kidney samples per 

group (fetal or mature). Shown is mean ± SEM; *P<0.05. (B) Representative fluorescence 

immunohistochemistry images (200x magnification) demonstrate the localization and amount of FBN1 

(red) in fetal and mature renal tissue. (C) Quantification of normalized FBN1 area in both fetal and mature 

renal samples. N≥15 fluorescent images derived from N=3 samples. Shown is mean ± SEM. Quantitative 

polymerase chain reaction (qPCR) of FBN1 (D), MFAP2 (E) and ELN (F) in human renal fetal and mature 

tissue. Shown is target gene/housekeeping gene (β-actin) ratio (AU). Shown is mean ± SEM. N≥4 qPCRs; 

*P<0.05.  
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Supplemental Figure 5. (A) Quantitative polymerase chain reaction (qPCR) of EMILIN1 (left) or FBN1 

(right) expression in the following cell types: HRPTECs, HK-2 cells, HK293 cells, HRGECs, HUVECs, 

PCs, SMCs and FBs. Shown are target gene/housekeeping gene (β-actin) ratio (AU), mean ± SEM. 

*P<0.05, **P<0.01, ***P<0.001; N≥5 qPCRs. Quantification of F-actin area (B) or collagen type IV area 

(C) of 150,000 SMCs cultured for 6 days on coverslips coated with POMA-FN, POMA, FN, gelatin or 

collagen or no coating. Shown is mean ± SEM; **P<0.01, ***P<0.001; N=15 fluorescent images derived 

from N=3 samples. (D) Representative immunofluorescence images (100x magnification) of 150,000 

SMCs cultured for 6 days and stained for F-actin (red), collagen type IV (green) and DAPI (blue).  
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Supplemental Figure 6. Quantitative polymerase chain reaction (qPCR) of EMILIN1 (A), FBN1 (B), 
EMILIN2 (C), EMILIN3 (D), FBN2 (E), FBN3 (F), MMRN1 (G) and MMRN2 (H) expression in smooth 

muscle cells (SMCs) transfected with EMILIN1-targeting siRNA (siEMILIN1), FBN1-targeting siRNA 

(siFBN1) or non-targeting siRNA (siSHAM). Shown is target gene/housekeeping gene (β-actin) ratio (AU). 

Control values are set to 1 (not shown). Shown is mean ± SEM. N=3 qPCRs.  
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Supplemental Figure 7. Quantitative polymerase chain reaction (qPCR) of COL1A1 (A), COL4A1 (B), 
ELN (C) and LAMA5 (D) expression in smooth muscle cells (SMCs) transfected with EMILIN1-targeting 

siRNA (siEMILIN1), FBN1-targeting siRNA (siFBN1) or non-targeting siRNA (siSHAM). Shown is target 

gene/housekeeping gene (β-actin) ratio (AU). Control values are set to 1 (not shown). Shown is mean ± 

SEM. N=5 qPCRs.  

 

 

 
Supplemental Figure 8. (A) Western blot analysis of EMILIN1 expression in smooth muscle cells (SMCs) 

transfected with EMILIN1-targeting siRNA (siEMILIN1), FBN1-targeting siRNA (siFBN1) or non-targeting 

siRNA (siSHAM). Shown is EMILIN1/β-actin ratio. Control values are set to 1 (not shown). Shown is mean 

± SEM. N=4 Western blots. *P<0.05 compared to siSHAM. (B) Representative Western blot of EMILIN1 

and β-actin protein levels in siSHAM, siEMILIN1, siFBN1 and control SMCs.   
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Supplemental Figure 9. (A) Quantified results showing the paxillin area in HRPTECs on siSHAM or 

siFBN1 ECM during initial binding to the ECM (cultured for 2 hours). Shown is mean ± SEM. N=30 

fluorescent images derived from N=3 samples. (B) Representative immunofluorescence images (400x 

magnification) of HRPTECs after 2 hours of binding on siSHAM or siFBN1 ECM and stained for paxillin 

(green), F-actin (red) and DAPI (blue). Scale bar represents 20 µm (overview image, left) and 5 µm 

(zoomed-in image, right). (C) Colocalization of paxillin and F-actin in HK2 cells cultured to confluency on 

siSHAM or siFBN1 ECM. Shown is mean ± SEM. N≥15 fluorescent Z-stacks, from N≥3 samples. (D) 
Representative immunofluorescence Z-stacks (630x magnification) of HK2 cells cultured to confluency 

on siSHAM or sFBN1 ECM and stained for paxillin (green), F-actin (red) and DAPI (blue). Colocalization 

is displayed as yellow. Scale bar represents 15 µm (overview image, left) and 5 µm (zoomed-in image, 

right). 
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Supplemental Tables 
 

Supplemental tables can be downloaded from: 

 

https://www.sciencedirect.com/science/article/pii/S2590028519300109 

 

Or: 
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Abstract 
In vascular tissue engineering strategies, the addition of vascular-specific extracellular matrix 

(ECM) components may better mimic the in vivo microenvironment and potentially enhance 

cell–matrix interactions and subsequent tissue growth. For this purpose, the exact 

composition of the human vascular ECM first needs to be fully characterized. Most research 

has focused on characterizing ECM components in mature vascular tissue; however, the 

developing fetal ECM matches the active environment required in vascular tissue engineering 

more closely. Consequently, we characterized the ECM protein composition of active (fetal) 

and quiescent (mature) renal arteries using a proteome analysis of decellularized tissue. The 

obtained human fetal renal artery ECM proteome dataset contains higher levels of 15 ECM 

proteins versus the mature renal artery ECM proteome, whereas 16 ECM proteins showed 

higher levels in the mature tissue compared to fetal. Elastic ECM proteins EMILIN1 and FBN1 

are significantly enriched in fetal renal arteries and are mainly produced by cells of 

mesenchymal origin. We functionally tested the role of EMILIN1 and FBN1 by anchoring the 

ECM secreted by vascular smooth muscle cells (SMCs) to glass coverslips. This ECM layer 

was depleted from either EMILIN1 or FBN1 by using siRNA targeting of the SMCs. Cultured 

endothelial cells (ECs) on this modified ECM layer showed alterations on the transcriptome 

level of multiple pathways, especially the Rho GTPase controlled pathways. However, no 

significant alterations in adhesion, migration or proliferation were observed when ECs were 

cultured on EMILIN1- or FNB1-deficient ECM. To conclude, the proteome analysis identified 

unique ECM proteins involved in the embryonic development of renal arteries. Alterations in 

transcriptome levels of ECs cultured on EMILIN1- or FBN1-deficient ECM showed that these 

candidate proteins could affect the endothelial (regenerative) response. 
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Introduction 
The human vasculature mainly consists of two different cell types that have their own specific 

function. Along with the endothelial cells (ECs) that actually compose the blood vessels, 

providing main blood barrier function, mural cells also play an important role in maintaining 

vascular homeostasis. From these, pericytes associate with capillaries to help maintain barrier 

function, whereas vascular smooth muscle cells (SMCs) are found predominantly on larger 

arteries for biomechanical strength and elasticity. These cells create their own dynamic 

microenvironment for protection and stability by synthesizing and secreting extracellular 

matrix (ECM) components, including constituents of the basement membrane [1,2]. This 

matrix microenvironment consists of many components, such as collagens, proteoglycans, 

and glycoproteins, and forms a reservoir for encapsulated growth factors [3,4]. Thus, ECM 

proteins do not only provide structural and organizational stability for the surrounding cells, 

they are also responsible for a wide variety of biochemical cues.  

ECM remodeling is a critical step during vascular development. At the onset of angiogenesis, 

the basement membrane matrix is degraded to allow endothelial sprouting. As angiogenesis 

proceeds, the ECM is known to provide signals controlling EC migration, proliferation, survival, 

differentiation, shape, and invasion. Ultimately, through specific integrin-signaling pathways, 

the ECM controls the EC cytoskeleton to guide vascular morphogenesis towards a mature 

vascular network with functional lumens [5]. During this vascular response, different ECM 

cues are active. For example, ECs cultured on a collagen type I coating are stimulated to 

rearrange their cytoskeleton and cell junctions, inducing capillary morphogenesis. In contrast, 

culturing ECs on a laminin-1 coating inhibits this rearrangement [6]. These in vitro 

observations are in concordance with the laminin-rich basement membrane characteristics of 

in vivo mature vessels in a quiescent state [7]. This type of ECM component-driven response 

has also been described in (embryogenic) angiogenesis. Pro-angiogenic cues stimulate the 

breakdown of the vascular basement membrane (consisting mainly of laminins and collagen 

type IV) that exposes ECs to collagen type I, which is abundant between cells in tissues. This 

triggers EC proliferation and vascular sprouting, while formation of a new basement 

membrane during neovessel maturation brings the endothelium back into the quiescent state 

[5]. Mapping the differences in ECM composition during embryonic vessel development and 

comparing these with mature stable vessels could help to shed light on the effect of different 

ECM components on the regenerative capacity of vascular cells.  

Applied technologies, such as vascular tissue engineering and regenerative medicine, could 

benefit from mimicking the vascular-specific ECM that is specifically active during 

development. At the moment, the regenerative cardiovascular research field uses multiple 

materials (synthetic and biological) to recreate functional grafts. For example, polymer 
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scaffolds are being used to mimic blood vessels and heart valves in combination with ex vivo 

or in situ tissue engineering (TE) [8,9]. For in situ TE in particular, achieving a balance between 

the biodegradability of a scaffold and how fast cells are attracted remains a significant 

challenge. The addition of vascular-specific ECM components to these scaffolds might better 

mimic the in vivo microenvironment and enhance cell–matrix interactions and subsequent cell 

survival and tissue growth. In order to create such a scaffold, the components of the human 

vascular ECM first need to be fully characterized.  

Mass spectrometry-based approaches have been used to characterize ECM compositions of 

various tissues [3,10]. To unravel the vascular ECM, previous work mainly focused on 

mapping the ECM components in healthy, mature tissue in comparison with diseased tissue, 

rather than the changes in ECM during vascular development [11,12]. However, the fetal 

microenvironment is more dynamic and active compared to the matured ECM in order to cope 

with tissue morphogenesis and growth, which matches the environment needed in tissue 

scaffolds. 

The aim of the present study was therefore to identify ECM components in vascular tissue 

during fetal development compared to the mature condition. By using proteomics, we created 

a catalogue of ECM proteins present in fetal renal arteries (in active, developmental state) 

and mature renal arteries (in stable, quiescent state). From this unique vascular ECM 

proteome, we selected two elastic components, Elastin Microfibril Interfacer 1 (EMILIN1) and 

fibrillin1 (FBN1), based on their abundance in the fetal renal artery, as candidates for further 

investigation. Both EMILIN1 and FBN1 are glycoproteins located at elastic fibers and 

microfibrils [13,14]. Next to structural functions, EMILIN1 is known as a ligand for integrins, 

connecting cells with the surrounding ECM [15,16]. Many cell types need this integrin–

EMILIN1 interaction for adhesion, migration, and proliferation [17–20]. Deficiency of either 

EMILIN1 or FBN1 in mice leads to aortic valve disease and vascular abnormalities, 

respectively [21,22]. Mutations in the FBN1 gene cause Marfan syndrome, a genetic 

connective tissue disorder characterized by aortic aneurysms and dissections [23]. 

Furthermore, both EMILIN1 and FBN1 seem to play an important role in maintaining vascular 

homeostasis [24]. Therefore, we investigated the role of both ECM components in vascular 

regeneration.  

 

Materials and Methods  
Human tissue 

Healthy, age- and sex-matched human fetal and mature renal artery tissue was used for ECM 

analysis by liquid chromatography tandem mass spectrometry (LC-MS/MS). Residual fetal 

renal arteries were obtained from the department of Molecular Cell Biology at the Leiden UMC. 
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Residual mature renal arteries were obtained from the Erasmus MC biobank for rest material 

used for diagnostics. All samples were fresh-frozen and stored at –80 °C prior to use. 

Sampling and handling and use of tissues were approved by the medical ethical committees 

of the Erasmus MC and Leiden UMC (project code 108017 (26-4-2019)).  

 

Sample preparation 

To enrich the ECM protein content, renal arteries were decellularized by several detergents. 

First, 1% SDS was used to decellularize the tissue for 12 h. Next, 1% Triton X-100 was used 

for 1 h. The samples were washed for 2 h with PBS to remove the detergents. All steps were 

performed at room temperature and under constant rotation. Frozen sections of decellularized 

and non-decellularized tissue were used for hematoxylin and eosin (HE) staining to confirm 

complete decellularization of the renal arteries while preserving the ECM architecture. 

Decellularized renal arteries were homogenized in lysis buffer (10 mM Tris (pH 7.4), 100 mM 

NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 1 mM EGTA, 1 mM EDTA, 

10% Glycerol, 1 mM NaF, 1 mM sodium orthovanadate, and a protease inhibitor cocktail 

(Roche, Mannheim, Germany)) using an Ultra-Turrax (IKA, Staufen, Germany). Lysates were 

placed on ice for 30 min and cell debris was pelleted via centrifugation (10 min, 1000× g, 4 

°C). A pool of either 2 mature or 3 fetal renal arteries was considered as 1 sample for sufficient 

protein yield (Supplemental Table 6). Tissue lysates were separated by SDS-PAGE on an 

equally loaded pre-cast 4%–12% linear gradient gel (NuPAGE Bis-Tris Mini gels, Life 

Technologies, Bleiswijk, the Netherlands) and visualized with Coomassie Blue (Figure S1A). 

LC-MS/MS analysis was performed in triplicate.  

 

LC-MS/MS analysis 

SDS-PAGE-separated samples were prepared according previously used protocols for LC-

MS/MS analysis by the Proteomics Centre of the Erasmus MC [24]. In short, proteins lanes 

were cut out of the gel, reduced with dithiothreitol, alkylated with iodoacetamide, and digested 

with trypsin, as described previously [25]. Supernatants were stored in glass vials at –20 °C 

until further measurements. An 1100 series capillary LC system (Agilent Technologies, 

Amstelveen, the Netherlands) was used for nanoflow LC-MS/MS coupled to an LTQ-Orbitrap 

XL mass spectrometer (Thermo, Landsmeer, the Netherlands) operating in positive mode and 

equipped with a nanospray source, as previously described [26]. Samples were trapped on a 

1.5 cm × 100 µm in-house packed ReproSil C18 reversed phase column (Dr Maisch GmbH, 

Ammerbuch-Entringen, Germany) at a flow rate of 8 µL/min. Sequentially, samples were 

separated on a 15 cm × 50 µm in-house packed ReproSil C18 reversed phase column (Dr 

Maisch GmbH) by adding a linear gradient from 0%–80% solvent B in solvent A, where A 
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consisted of 0.1 % formic acid and B of 80% (v/v) acetonitrile and 0.1 % formic acid. Flow rate 

was set at 200 nL/min, and elution took place over 70 min. The eluent was sprayed by a 

nanospray device directly into the ESI source of the LTQ ion trap mass spectrometer. Mass 

spectra were acquired in continuum mode, and peptide fragmentation was performed in data-

dependent mode. MS/MS spectra were extracted out of raw data files and were analyzed by 

using MaxQuant software, as previously described [27].  

 

MS data analysis 

First, analysis was done with proteins which were present in at least 2 fetal or 2 mature sample 

groups. Second, data from the Human Matrisome project [3,10] was used to filter ECM core 

and associated proteins from the generated datasets. Label-free quantification (LFQ) intensity 

was used to further specify the abundance of ECM components in the fetal and mature renal 

artery. Differences in the abundance of ECM components between fetal and mature tissue 

was showed as a percentage of the total ECM protein signal. 

 

Immunohistochemistry 

Protein validation was performed by immunohistochemistry on 7 µm thick frozen sections of 

non-decellularized tissue. Frozen sections were used for a standard hematoxylin and eosin 

staining and for a protein-specific staining using fluorescent secondary antibodies. Acetone-

fixed sections were blocked with 1% BSA in PBS for 1 h. Polyclonal primary antibodies against 

EMILIN1 and FBN1 were diluted in 1% BSA/PBS (1:100 and 1:200, respectively; both Sigma 

Aldrich, Zwijndrecht, the Netherlands) and incubated for 1 h at room temperature. Sections 

were washed 3 times in PBS/T solution and incubated with Alexa Fluor 488 donkey anti-goat 

IgG (1:100; Life Technologies) and αSMA-Cy3 (1:500; Sigma) diluted in 1% BSA/PBS for 1 h 

at room temperature. After 3 times washing with PBS/T solution, sections were incubated with 

DAPI for 5 min, washed with PBS, and mounted. Stained sections were imaged using 

fluorescent microscopy (Olympus IX53, Olympus Leiderdorp, the Netherlands) and ImageJ 

(version 1.47) to analyze EMILIN1, FBN1, and αSMA positive area.  

 

Cell culture 

Human umbilical vein endothelial cells (HUVECs; Lonza, Basel, Switzerland) and HUVECs 

transfected with lentiviral green fluorescent protein (GFP) were cultured on gelatin-coated 

plates in endothelial growth medium (EBM-2 basal medium supplemented with EGM-2 bullit 

kit; Lonza) in 5% CO2 at 37 °C. Human aorta smooth muscle cells (SMCs; Lonza) were 

cultured on gelatin-coated plates in smooth muscle growth medium (SMBM basal medium 

supplemented with SMGM bullet kit; Lonza) in 5% CO2 at 37 °C. Experiments were performed 
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with cells between passage 3 and 6. Knockdown of the ECM components FBN1 and EMILIN1 

were performed by their specific ON-TARGETplus SMARTpool siRNAs (Dharmacon, Horizon 

Discovery, Cambridge, United Kingdom) and DharmaFECT-1 (Dharmacon), with a final 

concentration of 200 nM. ON-TARGETplus Non-targeting pool (siSHAM; Dharmacon) was 

used as a negative control (Supplemental Table 7). 

 

POMA slides for tight anchoring of ECM 

To anchor secreted ECM proteins, coverslips were treated following the protocol as described 

by Labit et al. [28]. Briefly, contaminants on coverslips (ø18 mm; VWR, Amsterdam, the 

Netherlands) were removed by serially washing with acetone, methanol/water, and chloroform 

in combination with sonication. Coverslips were oxidized using piranha solution consisting of 

sulfuric acid (99.999%; Sigma) and hydrogen peroxide (35% wt. in H2O, Merck Millipore, 

Amsterdam, the Netherlands) in a ratio of 7:3, followed by salinization with a 2% (3-

Aminopropyl)triethoxysilane (APTES, 99%; Sigma) solution in 95% ethanol. A poly(maleic 

anhydride-alt-1-octadecene) (POMA; Sigma) layer was applied by spin-coating at 4000 rpm 

for 30 s, using a 0.16% solution of POMA in tetrahydrofuran (Sigma). Polymerized coverslips 

were sterilized with UV-light and used immediately or stored in the dark at room temperature. 

Prior to cell culture, POMA-treated coverslips were coated with 50 µg/mL fibronectin (Roche) 

in PBS for 1 h at 37 °C, creating POMA-FN coverslips. SMCs were harvested and seeded 

onto POMA-FN at 150,000 cells per well. After transfection with siRNA, cells were cultured for 

six days in order to produce sufficient ECM. Decellularization was achieved by mild agitation 

in combination with warm 20 mM ammonium hydroxide. Light microscopy was used to confirm 

whether decellularization was complete. Coverslips were incubated with DNase (Qiagen, 

Venlo, the Netherlands) for 15 min at room temperature to remove DNA traces. Finally, 

decellularized ECM layers were washed in ultrapure water and PBS to remove cellular 

residues. 

 

Immunocytochemistry 

Prior to fixation, both control and decellularized ECM layers were washed in PBS twice. 

Samples were fixated with 4% paraformaldehyde (PFA), permeabilized with 0.1% Triton X-

100, and blocked with 1% BSA in PBS. Samples were incubated for 1 h with collagen IV 

antibody (1:50, Millipore, Amsterdam, the Netherlands), EMILIN1 antibody (1:100; Sigma), or 

FBN1 antibody (1:200; Sigma). Samples were incubated with Alexa Fluor 488 donkey anti-

goat IgG (1:100, Life Technologies) or Alexa Fluor 488 goat anti-rabbit IgG (1:100, Life 

Technologies), and Alexa Fluor 596 donkey anti-goat IgG (1:100; Life Technologies) or 

rhodamine-phalloidin (1:40; Life Technologies) in the dark for 1 h. Nuclei were counterstained 
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with DAPI (1:5000) for 15 min. Washing with 0.05% Tween in PBS occurred after every 

antibody incubation. Samples were mounted on object slides using Mowiol. Imaging was 

performed using a Leica SP8X confocal microscope (Leica Microsystems, Amsterdam, the 

Netherlands) and LAS X software. Z-stacks were made to capture all fluorescent signal (5 a 

6 Z-stacks/coverslip). Projections of the z-stack images were analyzed with ImageJ to 

calculate the area of EMILIN1, FBN1, collagen type IV, and F-actin.  

 

Quantitative PCR 

RNA was isolated at indicated time points using the ISOLATE II RNA kit (Bioline, GC biotech, 

Waddinxveen, the Netherlands) and cDNA was made using the SensiFAST cDNA synthesis 

kit (Bioline) according to the manufacturer’s protocol. qPCR was performed using FastStart 

Universal SYBR Green Master (Roche) according the following qPCR program: 8.5′ 95 °C, 38 

cycles (15” 95 °C; 45” 60 °C) 1′ 95 °C, 1′ 65 °C, 62 cycles (10” 65 °C + 0.5 °C). Expression 

levels are relative to housekeeping gene β-actin. Primer sequences are listed in Supplemental 

Table 8. 

 

Endothelial cell assays 

HUVECs were reseeded with 35,000 cells per coverslips or indicated otherwise and cultured 

for various times on SMC-derived non-targeted, EMILIN1- or FBN1-deficient ECM coverslips 

in a 12-well plate. ECs were cultured in full EGM-2 medium or indicated otherwise, in 5% CO2 

at 37 °C. 

 

RNA sequencing 

RNA was isolated from HUVECs using the ISOLATE II RNA kit after 24 h culturing. RNA 

sequencing was done as previously described [29]. Briefly, sequencing libraries were made 

from poly-adenylated RNA using the Rapid Directional RNA-Seq Kit (NEXTflex, Perkin Elmer, 

Austin, Texas, United States) and sequenced on Illumina NextSeq500 to produce single-end 

75-base long reads (Utrecht Sequencing Facility). Reads were aligned to the human reference 

genome GRCh37 using STAR version2.4.2a. Read groups were added to the BAM files with 

Picard’s AddOrReplaceReadGroups (v1.98). The BAM files were sorted with Sambamba 

v0.4.5, and transcript abundances were quantified with HTSeq-count version 0.6.1p117 using 

the union mode. Subsequently, reads per kilobase of transcript per million reads sequenced 

were calculated with edgeR’s rpkm() function. RNA-sequencing results were analyzed using 

Qiagen’s Ingenuity Pathway Analysis (IPA). IPA was used to identify pathways that were 

altered by differentially expressed genes. P-values were calculated by IPA based on a right-

tailed Fisher’s Exact Test. 
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Proliferation assay 

HUVECs were fixed with 4% PFA after 24, 48, and 72 h of culturing. Proliferation was 

assessed by staining with a Ki67 antibody (1:200; ThermoScientific, Landsmeer, the 

Netherlands) using the above-described immunocytochemistry protocol. Coverslips were 

imaged using a Leica DM 5500B microscope and images were quantified for Ki67+ and DAPI+ 

cells using ImageJ. 

 

PicoGreen assay 

HUVECs were isolated from the ECM coverslips after 24, 48, and 72 h culturing for dsDNA 

measurements using PicoGreen, according to the manufacturer’s protocol (ThermoFisher, 

Landsmeer, the Netherlands). 

 

PrestoBlue assay 

Viability was measured using PrestoBlue Cell Viability Reagent (ThermoScientific) in the 

medium of HUVECs cultured on siRNA-treated ECM for 24, 48, and 72 h, according to the 

manufacturer’s protocol. 

 

Adhesion assay 

After 2 and 24 h, HUVECs were fixed with 4% PFA. Adhesion was assessed by staining with 

a paxillin antibody (1:100; Abcam, Cambridge, United Kingdom) using the above-described 

immunocytochemistry protocol. Projection of the z-stack images were analyzed using ImageJ 

to calculate the area of paxillin, F-actin (phalloidin), and the co-localization of this focal 

adhesion protein with the cytoskeleton of the cells. 

 

Migration assay 

HUVECs-GFP (to visualize the cells) were seeded with 25,000 cells per coverslip and live-

imaged overnight using a Leica SP8X confocal at 37 °C and humid atmosphere containing 

5% CO2. Single cell migration was imaged every 15 min at 10 positions in each condition, 

ending after 24 h of culturing. Obtained videos were analyzed using ImageJ Manual Tracking 

and Chemotaxis Tool. 

 

RhoA GTPase activity assay 

HUVECs were seeded with 200,000 cells per coverslip and starved overnight in bare EBM-2 

medium and stimulated to activate RhoA for 5 min in full EGM-2 medium 24 h after seeding. 

Cells were lysed for GTPase activity using the G-Lisa RhoA Activation Assay Colorimetric Kit 

(Cytoskeleton, Denver, United States) according to the manufacturer’s protocol.  
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Statistical analysis 

All results were analyzed and presented using GraphPad Prism 6. All statistical comparisons 

were made by performing a Student’s T-test or a one-way analysis of variance (ANOVA) 

followed by a Tukey’s multiple comparison test. Error bars were visualized as standard error 

of the mean. p-values < 0.05 were considered statistically significant. 

 

Results 
Enrichment of ECM proteins in vascular tissue prior to LC-MS/MS 

Healthy fetal and mature renal arteries were decellularized to enrich for ECM components 

(Figure 1A). The white appearance of the tissue after decellularization indicated loss of cells 

(Figure 1B). HE-staining confirmed complete decellularization, visualized by the absence of 

nuclei while maintaining the ECM architecture (Figure 1C,D). Proteins detected by LC-MS/MS 

in at least two pooled groups were used for further analysis (Supplemental Figure 1A,B). 

Detected fetal and mature proteins were categorized by cross-referencing with the Human 

Matrisome Project [3,10].  

Of all proteins detected, 39% of the fetal and 35% of the mature samples were composed of 

matrisome components. The majority forms part of the matrisome core proteins, subdivided 

by glycoproteins, collagens, and proteoglycans. A quarter of the matrisome proteins detected 

were allocated to matrisome-associated proteins, such as ECM-affiliated proteins, ECM 

regulators, and growth factors. There was only a subtle difference between the number of 

detected proteins of fetal and mature human arteries (Table 1).  

 

Matrisome protein expression differs between human fetal and mature renal arteries 

Although there was almost no difference in the total number of different ECM proteins 

detected, relative protein quantification revealed a difference in protein abundance between 

fetal and mature samples. Mature renal arteries contained more proteoglycan signal 

compared to fetal tissue: 11.8% of the mature signal consisted of proteoglycans, compared to 

only 1.8% in the fetal selection. Furthermore, there was a dominance of collagens and 

glycoproteins in both the fetal and mature ECM over other matrisome components 

(Supplemental Figure 1C).  

Seventy-nine proteins were identified in the fetal and 87 proteins were identified in the mature 

renal artery ECM pool, from which the majority formed an overlapping core. From this core, 

the most abundant signal came from collagens and glycoproteins, with many comprising ≥1% 

of the total signal (Supplemental Figure 2A). Fold-change of the LFQ intensity showed 

significant differences between fetal and mature ECM proteins (Figure S2B).  
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Figure 1. Proteomic workflow for extracellular matrix (ECM)-enriched vascular samples. (A) After 

decellularization of the human tissue, ECM-enriched samples were lysed and separated with SDS-PAGE 

prior to LC-MS/MS with label-free quantification. (B) Mature human renal arteries, before and after 

decellularization. Scale bar represents 1 cm. Hematoxylin and eosin staining for validation of 

decellularization procedure in (C) fetal human renal artery and (D) mature human renal artery. Black 

arrows indicate lumen. Open lumen is indicated with an asterix. Representative of 3 experiments. Scale 

bar represents 200 µm. 
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Table 1. Number of genes detected in the fetal and mature renal artery group, divided into 
matrisome (ECM) proteins and non-matrisome proteins. Within the group of matrisome proteins, 

different compartments are recognized as defined by the matrisome project: 

http://web.mit.edu/hyneslab/matrisome/. Core matrisome proteins comprise the building blocks of the 

ECM and include collagens, glycoproteins, and proteoglycans. In addition, matrisome-associated proteins 

are comprised of ECM binding proteins, which include ECM-affiliated proteins, ECM regulators, and 

secreted factors. Proteins were present in at least 2 out of 3 pools in both fetal and mature pooled 

samples. 

Proteins detected Fetal Renal Artery Mature renal Artery 

Total number of proteins detected 206 246 

Matrisome proteins 79 (38.3% of total) 87 (35.4% of total) 

Non-matrisome proteins 127 (61.7% of total) 159 (64.6% of total) 

Matrisome core proteins 58 (73.4% of matrisome) 63 (73.3% of matrisome) 

Glycoproteins 38 (65.6% of core) 39 (61.9% of core) 

Collagens 14 (24.1% of core) 15 (23.8% of core) 

Proteoglycans 6 (10.3% of core) 9 (14.3% of core) 

Matrisome-associated proteins 21 (26.6% of matrisome) 23 (26.7% of matrisome) 

ECM-affiliated 9 (42.9% of associated) 9 (39.1% of associated) 

ECM regulators 7 (33.3% of associated) 10 (43.5% of associated) 

Secreted factors 5 (23.8% of associated) 4 (17.4% of associated) 

 

 

Sixteen proteins were significantly enriched in the mature renal artery ECM compared to the 

fetal ECM (Figure 2A), including collagen type IV (Figure 2B). Different subtypes of laminins 

were also significantly more abundant in the mature renal arteries compared to fetal renal 

arteries (Figure 2B). The proteoglycans HSPG2 and BGN were more abundant in the mature 

renal arteries as well. The growth factor TGFβ1, which is part of an important signaling 

pathway involved in both vascular development and vascular quiescence [30], was present in 

both fetal and mature renal arteries and represented approximately 1% of the total signal. The 

detection of proteoglycans and growth factors verifies that the used decellularization protocol 

is gentle enough to preserve low-abundance ECM proteins in the tissue. The full list of all 

detected fetal renal artery ECM proteins and their relative abundance to total protein 

composition compared to the mature tissue is available in Supplemental Table 1.  
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Figure 2. (A) Volcano plot represents the protein distribution of fetal and mature extracellular matrix 

(ECM) proteome fold-changes (x-axis, log fold-change) and significance (y-axis, −log P-value). Each 

circle represents a matrisome protein and each color a specific subset of the matrisome proteins. The 

horizontal line indicates P<0.05. (B) Bar graphs shows examples of ECM proteins identified with LC-

MS/MS. Each protein signal is the percentage of the total protein signal. Data are shown as mean ± SEM, 

N=3, *P<0.05. 
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Glycoproteins EMILIN1 and FBN1 are enriched in fetal renal arteries and are produced by 

cells of the mesenchymal lineage 

Elastic components EMILIN1 and FBN1 were significantly more abundant in the fetal renal 

arteries: 5% and 12% of the total signal were EMILIN1 and FBN1 respectively, compared to 

only 1% in the mature tissue (Figures 2A,B and Supplemental Figure 2B). Other EMILIN and 

FBN members had a higher fold-change in fetal renal arteries compared to mature (Figure 

S2B) but were less present in the tissue (Figures 2B and Supplemental Figure 2A). The high 

protein levels of EMILIN1 and FBN1 in fetal renal arteries hint towards an important role in 

vascular development and these were therefore selected for follow-up experiments. 

Candidate proteins EMILIN1 and FBN1 were verified on cross-sections of human fetal and 

mature renal arteries. Immunohistochemistry indeed showed the presence of the target 

proteins with dominance in the fetal tissue (Figure 3A–D).  
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◄Figure 3. (A) Representative images demonstrate the distribution of EMILIN1 co-stained with smooth 

muscle actin (αSMA) in fetal and mature human renal arteries. Co-localization of αSMA and EMILIN1 in 

yellow. (B) Representative images demonstrate the distribution of FBN1 co-stained with αSMA in fetal 

and mature human renal arteries. Co-localization of αSMA and FBN1 in yellow. Scale bar represents 50 

µm. Open lumen is indicated with a cross, tunica media layer is indicated with an asterix, and the tunica 

adventitia layer is indicated with a pound sign. (C) Quantification of EMILIN1 and αSMA positive signal in 

percentages in fetal and mature renal arteries. (D) Quantification of FBN1 and αSMA positive signal in 

percentages in fetal and mature renal arteries. Data are shown as mean ± SEM, N=4–5 fluorescent 

images for EMILIN1 and FBN1 respectively, in fetal samples. N=11–15 fluorescent images for EMILIN1 

and FBN1 respectively, in mature samples. *P<0.05, ****P<0.0001 (Student’s t-test). 

 

EMILIN1 was present in all layers of the fetal renal artery, while in the mature renal artery, it 

is almost exclusively present in the adventitia. FBN1 was exclusively present in the adventitia 

of both fetal and mature renal arteries. EMILIN1 and FBN1 co-stained with alpha smooth 

muscle actin (αSMA) showed more overlap between this mesenchymal marker and the target 

proteins in the fetal renal artery (Figure 3A–D). Quantification of EMILIN1/FBN1 with αSMA 

demonstrated that almost 100% and 50% of all αSMA-positive cells were also positive for 

EMILIN1 and FNB1 respectively, in the fetal vascular tissues. This percentage of overlap 

declined in mature tissues, demonstrating that the candidate proteins were indeed expressed 

in fetal tissue by αSMA-positive cells. mRNA expression analysis confirmed a higher 

expression of EMILIN1 and FBN1 in SMCs and pericytes compared to ECs (Figure 4A). This 

suggests that cells from the mesenchymal lineage produce more EMILIN1 and FBN1 

compared to ECs and thereby contribute to the ECM composition of the renal arteries. 
 

ECM secreted by SMCs can be altered by depleting specific ECM components using siRNA 

Elastic proteins EMILIN1 and FBN1 were abundantly present in fetal renal arteries, suggesting 

a pivotal role in vascular development. To study the effect of EMILIN1 and FBN1 on the ECM–

ECs interaction, a pipeline for a loss of function assay on the ECM level was developed. SMCs 

in vitro, which produce large amounts of ECM containing EMILIN1 and FBN1, were grown on 

POMA-FN-modified glass coverslips and were treated with siRNA targeted against EMILIN1 

or FBN1. After 6 days, the SMCs were removed, leaving only a coating of SMC-secreted ECM 

behind that is depleted from either EMILIN1 or FBN1. Anchorage of secreted ECM on 

coverslips coated with POMA-FN reached an optimum after 6 days of culture, compared with 

generally used coating methods (Supplemental Figure 3A–C). QPCR and 

immunocytochemistry analyses confirmed the knockdown of EMILIN1 or FBN1 in SMCs after 

6 days of culturing (Figure 4B–E). After decellularization, the EMILIN1 amount in the anchored 

ECM was significantly lower compared to siSHAM-treated and untreated controls (Figure 

4C,E). Secreted collagen type IV was stained as a reference in the decellularized conditions 
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and showed no difference in the amount of ECM anchored between control and siRNA 

conditions (Supplemental Figure 3D). Knockdown of FBN1 in SMCs showed similar results 

(Supplemental Figure 4A–C). Thus, using this unique approach, the expression and secretion 

of EMILIN1 and FBN1 by SMCs can be altered, creating an EMILIN1- or FBN1-depleted ECM 

layer that can be used in functional assays to study EC behavior.  
 

Figure 4. (A) qPCR analysis of EMILIN1 and FBN1 in different cell types of the vasculature, human 

umbilical vein endothelial cells (HUVECs; as endothelium source), pericytes and vascular smooth muscle 

cells (vSMC; hereafter referred as SMC). Data are shown as mean ± SEM corrected for β-actin 

(housekeeping gene). N≤10, *P<0.05, **P<0.01, ****P<0.0001 compared to HUVECs, #P<0.05 compared 

to pericytes (One-way analysis of variance (ANOVA), Tukey’s post hoc test). (B) qPCR validation of 

EMILIN1 and FBN1 knockdown in SMC 6 days after siRNA transfection. Data are shown as mean ± SEM, 

N=7-9 for EMILIN1 and FBN1, respectively. **P<0.01, ***P<0.001 compared to siSHAM (Student’s t-test). 

(C) Representative z-stacks of EMILIN1 on SMC cultured for 6 days after siRNA transfection and after 

decellularization. Scale bar represents 100 µm. (D) Quantification of EMILIN1 signal-corrected for the 

amount of F-actin in siRNA-treated SMC. Data are shown as mean ± SEM, N=5. (E) Quantification of 

EMILIN1 signal-corrected for the amount of collagen type IV present on SMC-derived ECM coverslips. 
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◄Data are shown as mean ± SEM, N=7, **P<0.01, ***P<0.0001 (Student’s t-test). Non-treated SMC are 

set to one (dotted lines). 

 

Loss of EMILIN1 or FBN1 in the ECM alters transcriptome of ECs that interacted with the 

depleted ECM 

HUVECs were seeded on EMILIN1- or FBN1-depleted ECM for 24 h, after which the cells 

were lysed for RNA isolation and processed for RNA-sequencing. In total, 481 and 474 genes 

were found to be differentially expressed (P<0.05; Supplemental Figure 5A, Supplemental 

Tables 2, 3) for EMILIN1- and FBN1-depleted ECM respectively, compared to HUVECs 

seeded on ECM derived from SMC transfected with non-targeting siRNA (control condition). 

Multiple pathways were identified to be altered in HUVECs cultured on EMILIN1- or FBN1-

deficient ECM (Supplemental Tables 4, 5). A cut-off for the z-score (>2 or <−2) was used to 

determine the most profound changes. This conical approach revealed the “regulation of actin-

based motility by Rho” and “signaling by Rho family GTPases” pathways as a common theme 

that was decreased in ECs cultured on EMILIN1- or FBN1-deficient ECM, respectively 

(Supplemental Figure 5B). 

Rho GTPase signaling coordinates cell proliferation by regulating cytoskeleton adaptations 

[31]. Therefore, in vitro functional assays on cell proliferation and viability were performed to 

investigate these altered pathways in ECs cultured on EMILIN1- or FBN1-deficient ECM. 

These assays showed that there was no significant effect of EMILIN1 or FBN1 depletion from 

the ECM on both EC proliferation and viability (Figure 5A–C).  

 

Paxillin is a focal adhesion adaptor protein known to be critical for cytoskeleton 

rearrangements, especially for cell adhesion during migration [32]. According to the pathway 

analysis, “paxillin signaling” was decreased in HUVECs cultured on EMILIN1-deficient ECM 

(Supplemental Table 7). To further evaluate this, an adhesion assay was performed by 

staining for paxillin in HUVECs after 2 and 24 h of culturing on ECM-altered slides. There was 

no significant difference in paxillin area in ECs cultured on EMILIN1- or FBN1-depleted ECM 

(Figures 5D and Supplemental Figure 6A,B). Furthermore, these ECs did not show any 

difference on the actin cytoskeleton organization level, although according to the RNA-

sequencing data, the pathway “regulation of actin-based motility by Rho” was altered (Figures 

5D, Supplemental Figure 5B and 6A,B).  
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Figure 5. (A) Ki67-positive cells/DAPI ratio was used as measure for human umbilical vein endothelial 

cell (HUVEC) proliferation after 24, 48, and 72 h of culturing on siRNA-treated extracellular matrix (ECM). 

Shown are mean ± SEM, N=20 fluorescent images per assay, N=3 assays. (B) DNA content 

measurements with the PicoGreen assay was used as measure for HUVEC proliferation after 24, 48, and 

72 h of culturing on siRNA-treated ECM. Data are shown as mean ± SEM, N=3. (C) HUVEC viability was 

measured with PrestoBlue after 24, 48, and 72 h of culturing on siRNA-treated ECM. Data are shown as 

mean ± SEM, N=3. (D) Representative z-stacks of HUVECs cultured on siRNA-treated ECM for 2 h (not 

confluent) to show initial binding to the ECM and 24 h (confluent) to show paxillin and F-actin changes. 

Scale bar represents 20 µm. Co-localization of paxillin and F-actin were quantified in both assays. Data 

are shown as mean ± SEM, N=10 fluorescent images per assay, N=4 assays. (E) Live cell migration 

assay results showing the velocity and total distance of HUVECs cultured on siRNA-treated ECM. Data 

are shown as mean ± SEM, N≈10 HUVECs per image, N=10 images per assay, N=6 assays. (F) RhoA 

activation measurements using the G-LISA RhoA GTPase activity assay in HUVECs cultured 24 h on 

siRNA-treated ECM. Data are shown as mean ± SEM, N=4.   
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Next, a cell migration assay was performed to investigate the motility capabilities of HUVECs 

cultured on EMILIN1- or FBN1-deficient ECM. Overnight migration and tracking of individual 

cells could not identify a significant effect of EMILIN1 and FBN1 depletion on the migratory 

capabilities of HUVECs (Figures 5E and Supplemental Figure 6C). Also, a RhoA GTPase 

activation assay showed no differences between HUVECs cultured on EMILIN- or FBN1-

deficient ECM compared to control ECM (Figure 5F).  

These findings indicate that depletion of EMILIN1 or FBN1 from the ECM only has a clear 

effect on the transcriptome response of ECs in the current setting, but does not influence their 

functional behavior with respect to adhesion, migration and proliferation. 

 

Discussion 
In this study, we characterized the ECM proteins present in fetal and mature renal arteries 

and focused on the impact of two elastic proteins on ECs: EMILIN1 and FBN1. Our major 

findings are: (1) Enriching the ECM in human vascular tissue by decellularization aids in the 

detection of ECM proteins using LC-MS/MS. (2) The ECM protein expression differs between 

fetal (growth-induced) and mature (quiescent) vascular tissue. (3) Next to 13 other proteins, 

elastic ECM proteins EMILIN1 and FBN1 are significantly enriched in fetal renal arteries and 

are mainly produced by cells of mesenchymal origin. (4) SMCs-secreted ECM can be altered 

and tightly anchored to POMA-FN coverslips, creating a platform to study EC–matrix 

interactions. (5) EMILIN1- and FBN1-deficient ECM provoked alterations in HUVECs via 

multiple pathways, especially Rho GTPase-controlled pathways. (6) However, EMILIN1 and 

FBN1 ECM components only play a minor role in EC behavior.  

Our proteomic approach to unravel the differences between the fetal and mature vascular 

ECM has the potential to find interesting proteins that can influence EC behavior. 

Decellularization assured enrichment of ECM proteins before proteomic analysis. Not all 

cellular components were removed, but it guaranteed an enriched ECM fraction of 38% and 

35% in fetal and mature conditions, respectively. Protein lysates of whole tissue contain only 

5% ECM proteins of the total amount of proteins, confirming the necessity to enrich for ECM 

proteins. Detergents for decellularization can be very stringent, however fragile components 

of the ECM (proteoglycans, secreted factors) were still detectable.  

Many ECM proteins were identified by cross-referencing with the Human Matrisome Project 

[3,10] and differences in protein abundance were observed between active (fetal) and 

quiescent (mature) vascular ECM. Overall, elastic proteins, such as members from the 

EMILIN/multimerin and fibrillin families, were more abundant in the fetal ECM compared to 

the mature ECM, while the reverse is observed for the laminin family. Although it was already 

known that the mature basement membrane is rich in laminin [5], the distribution of multiple 
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isoforms of laminin in the active and quiescent vascular ECM is now demonstrated by our 

dataset. Furthermore, this observation is in line with the hypothesis that a quiescent, more 

mature phenotype arises in ECs when cultured on a laminin coating compared to a collagen 

coating [6].  

Multiple members of the EMILIN/multimerin and fibrillin families were significantly more 

abundant in the fetal renal artery ECM compared to the mature ECM, namely: EMILIN1, -2 

and -3 and fibrillin1 and -2. Fibrillin2 is needed for the initial assembly of the aortic matrix 

during development and overlaps with fibrillin1 expression [33]. These findings indicates an 

important developmental role for fibrillin2. More proteins in our vascular ECM catalogue could 

represent interesting targets for further research, especially ECM interaction proteins such as 

members from the MAGP and LTBP families. Mutations in Microfibril-Associated Protein 5 

(MFAP5), a member of the MGAP family, are linked to aortic aneurysms and dissections [34]. 

In concordance, double knockout of both MFAP2 and -5 in mice results in aortic dilation [35]. 

These studies indicate that MFAPs may contribute to maintaining large vessel integrity. Latent 

Transforming Growth Factor Beta Binding Proteins (LTBPs) attach to both fibrillins and 

latency-associated protein of TGFβ (LAP), thereby forming a TGFβ reservoir within the ECM 

[36,37]. LTBP (1–4)-null mice exhibit severe phenotypes, including defects in bone, lung, and 

cardiovascular development [38]. These are all examples of promising ECM proteins detected 

in this study that are known to be important during vascular development. These may be 

interesting candidates to improve the bioactivity of scaffolds in vascular grafts. Moreover, we 

also detected the majority of these elastic ECM proteins in a proteome screen of fetal versus 

mature renal tissue [24]. This suggests that elastic components of the ECM are not only 

important in vascular development, but also in renal development, and presumably in general 

embryonic development. 

Due to their abundant presence in our vascular ECM catalogue compared to other family 

members, elastic proteins EMILIN1 and FBN1 were selected in this study to further elucidate 

their impact on EC fate. The role of EMILIN1 is extensively studied in EMILIN1-deficient mice, 

which display aortic valve malformations and hypertension [21,38]. EMILIN1 plays a pivotal 

role in mice blood vessel development and elastogenesis [39,40]. Most of the diseases 

accompanied by EMILIN1 deficiency are driven by TGFβ. In the vasculature, EMILIN1 

functions as an antagonist in the processing steps of TGFβ and thereby regulates vascular 

tone and blood pressure [41–43]. EMILIN1 has multiple domains which exhibit different 

functions in the vasculature. The EMI domain is linked to hypertension and TGFβ processing 

[41], while adhesive functions of EMILIN1 are related to its gC1q domain. The gCq1 domain 

regulates cell migration and proliferation via a specific interaction with α4β1 integrin 
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[18,20,44]. Integrin α9β1 shows a similar interaction with the gC1q domain and plays a role in 

lymphatic EC migration and proliferation [18,19]. 

Similar to EMILIN1, FBN1 can mediate the adhesion and migration of several cell types, 

including ECs [45]. Endothelium dysfunction is an important contributor to Marfan syndrome, 

caused by mutations in the FBN1 gene. A heterozygous FBN1 mutation in mice accelerates 

vascular aging and eventually leads to aortic manifestations, resembling those of Marfan 

syndrome [22].  

The data presented in this study focus on the role of EMILIN1 and FBN1 on ECs adhesion, 

migration, and proliferation. Although RNA-sequencing pointed towards a role of EMILIN1 and 

FBN1 in Rho-mediated cytoskeleton rearrangements, which is required for migration and 

proliferation, functional assays revealed that ECs are not altered in their capacity to divide and 

migrate when either EMILIN1 or FBN1 is depleted from the ECM. This is in contrast with the 

existing literature on the effect of EMILIN1 and FBN1 on proliferation and migration [24]. This 

discrepancy may be attributed to differences in study design and are potential limitations in 

this study. We cultured our cells on a complex ECM network depleted from either EMILIN1 or 

FBN1 from the beginning, rather than using protein fragments of EMILIN1 or FBN1 as coating, 

which is a strategy often used in other EMILIN1 or FBN1 in vitro studies [17,19,46,47]. A 

possible combination of both EMILIN1- and FBN1-deficient ECM may demonstrate a 

synergistic effect. Furthermore, although both candidate proteins are prominently present in 

the fetal ECM, they are potentially less effective compared to family members or other 

candidate proteins such as the LTBP and MFAP family. Further studies should explore the 

(synergistic) effects of other interesting proteins in vascular development. The environment 

created by our protocol resembles the complex ECM in vivo more closely, however this 

approach might not be ideal to pick up small behavioral changes. Conversely, our recent study 

shows that renal cells cultured using the exact same 2D ECM coating approach do respond 

to depletion of EMILIN1 by reducing their adhesive strength and subsequently adopting a 

more migratory phenotype [24]. It is therefore possible that the lack of response as observed 

in this study, is cell type-specific, and that ECs are perhaps less reliant on both candidate 

proteins compared to renal cells for adapting their cell behavior to ECM [24]. It is possible that 

the HUVECs used in our study express an integrin profile that is less sensitive to changes in 

EMILIN1 or FBN1 level. HUVECs have been used as the golden standard in vascular research 

since the late 1970s [48] and are considered to be a robust cell model with a high proliferation 

rate. Using a different and more sensitive type of EC instead, for example human 

microvascular endothelial cells (HMVECs) or endothelial colony-forming cells (ECFCs), might 

prove to be more suitable to test EC behavior. For example, in line with this hypothesis, it has 

been shown that EMILIN1 can regulate the proliferation of HMVECs and acts as a guiding 
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molecule during their migration by interacting with α9 integrins actively expressed by these 

cells [19].  

In conclusion, the addition of EMILIN1 or FBN1 to scaffolds for cell seeding of HUVECs most 

likely will not have an effect on their adhesive, migratory and proliferative behavior. 

Nevertheless, EMILIN1 or FBN1 might still be an interesting candidate for implementing in 

scaffolds containing other (vascular) cell types, as studies have clearly identified these elastic 

proteins as regulators of cell adhesion and migration. The presented ECM protein catalogue 

could help in identifying valuable target proteins for the next phase of vascular tissue 

engineering. 
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Supplemental Data 
 

Supplemental Figure 1. (A) Extracellular matrix (ECM) lysates from human fetal and mature renal 

arteries were separated by SDS-PAGE and stained with Coomassie Blue prior to LC-MS/MS analysis. 

Shown is a representative blot of 3 experiments containing pooled renal arteries samples (fetal or mature). 

(B) Venn diagrams showing the total amount and overlap of proteins identified in the three pools of either 

fetal and mature samples by LC-MS/MS. Proteins identified in at least 2 pools samples were used for 

further analysis. (C) Pie charts showing the distribution of the six matrisome classes in percentages of the 

LFQ intensity compared to LFQ intensity of the total matrisome present in fetal and mature renal arteries. 
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Supplemental Figure 2. (A) Euler-diagram visualizing the overlap and differences between the human 

fetal and mature renal artery proteome. Each node represents an ECM protein labeled with the gene 

name. Node size represents protein abundance in percentages of the total protein signal. Proteins of 

interest EMILIN1 and FBN1 are highlighted in bold and with a red box, their family members highlighted 

in bold. Shown are the means of all pooled samples (N=3). 
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Supplemental Figure 2 Continued. (B) Heat map of fetal vs mature fold change. Fold changes were 

calculated by the LFQ intensity percentages in fetal compared to mature renal artery. Both core and 

associated matrisome proteins are included in the heat map. Proteins of interest EMILIN1 and FBN1 are 

highlighted in bold and with a red box, their family members highlighted in bold. Sample size N=3. Student 

t-test was used for statistical analysis. 

Protein ID Log FC P-value  Protein ID Log FC P-value  Protein ID Log FC P-value 
Glycoproteins          Collagens            ECM Affliated         
EMILIN3    4,15 0,010  COL6A6    4,09 0,004  FREM2    1,70 0,267 
EMILIN2    3,77 0,020  COL5A1    3,91 0,099  LMAN1    1,60 0,138 
FBN2    3,57 0,011  COL3A1    1,94 0,009  ANXA2    0,48 0,001 
MFAP2    3,15 0,064  COL1A2    0,78 0,009  ANXA5    -0,12 0,599 
LTBP4    3,15 0,000  COL1A1    0,69 0,037  ANXA1    -0,49 0,091 
HMCN2    2,36 0,199  COL14A1    0,28 0,136  LGALS1    -0,97 0,614 
MFAP5    2,19 0,066  COL12A1    0,21 0,168  C1QC    -1,20 0,371 
PXDN    1,93 0,057  COL6A3    0,19 0,115  ANXA4    -1,22 0,240 
THSD4    1,18 0,186  COL6A2    0,10 0,162  ANXA11    -1,48 0,038 
FBN1    1,03 0,003  COL6A1    0,01 0,995  ANXA6    -1,71 0,033 
MMRN1    1,01 0,490  COL21A1    -0,09 0,724  ANXA7    -2,18 0,025 
ELN    0,91 0,503  COL15A1    -1,97 0,000  LUM    -0,24 0,417 
EMILIN1    0,69 0,001  COL4A1    -2,01 0,005  VCAN    -0,34 0,374 
POSTN    0,17 0,269  COL8A2    -2,14 0,237  HSPG2    -0,83 0,041 
VWF    0,12 0,535  COL4A2    -2,23 0,000  FMOD       -0,91 0,379 
FGA    0,02 0,631  COL8A1    -2,78 0,208  ECM Regulators         
TGFBI    -0,04 0,858  COL18A1       -3,25 0,028  SERPINH1    3,59 0,026 
FBLN5    -0,07 0,782  Proteoglycans          ITIH2    3,26 0,000 
TNXB    -0,14 0,533  OGN    -1,28 0,417  ITIH3    3,01 0,005 
FGG    -0,31 0,190  ACAN    -1,69 0,188  ITIH1    0,88 0,002 
FGB    -0,36 0,165  BGN    -1,95 0,036  HRG    -0,22 0,391 
FN1    -0,46 0,077  DCN    -2,05 0,257  TIMP3    -0,33 0,320 
LAMC1    -0,57 0,023  PRELP    -2,83 0,216  TGM2    -0,60 0,088 
TNC -0,63 0,215 Secreted Factors         SERPINC1 -0,90 0,711 
LAMA2 -0,68 0,467 ANGPTL6 1,71 0,116 ITIH5 -2,49 0,032 
MATN2 -0,71 0,834 S100A7 0,90 0,959 SERPINA1 -2,53 0,032 
LAMA5    -0,77 0,002  S100A8    0,25 0,233  HTRA1    -2,84 0,081 
LAMA4    -0,83 0,746  S100A11    -1,07 0,128  AMBP       -3,26 0,080 
LAMB1    -0,91 0,715  S100A9    -1,30 0,194        
LAMB2    -1,12 0,008  S100A4       -3,38 0,050        
LTBP1    -1,17 0,327               
SRPX    -1,20 0,211               
EFEMP1    -1,31 0,059               
FBLN2    -1,39 0,095               
FBLN1    -1,42 0,156               
VWA1    -1,44 0,095               
VTN    -1,68 0,028               
MFAP4    -1,76 0,103               
AEBP1    -1,85 0,161               
DPT    -1,86 0,191               
NID1    -1,96 0,067               
IGFBP7    -1,97 0,013               
LTBP2    -2,06 0,167               
MGP    -2,47 0,152               
MFGE8    -2,91 0,055               
TINAGL1       -3,19 0,086               

B 



6

ECM analysis of human renal arteries in both quiescent and active vascular state 

203 

Supplemental Figure 3. (A) Timeline for the production of smooth muscle cell (SMC) derived 

extracellular matrix (ECM) on poly(octadecene-alt-maleic) anhydride-fibronectin (POMA-FN) treated 

coverslips. First, coverslips were oxidized using piranha solution to link silane to the aminosilane (APTES) 

group. POMA binds to APTES that can covalently bond fibronectin (FN). Over time, SMCs deposit ECM, 

which covalently bonds to FN, anchoring the secreted ECM. Ammoniumhydroxide (NH4OH) and DNase 

remove all traces of the SMCs, leaving only a cell-derived ECM coating attached to glass coverslips that 

can be used for functional assays. (B) Representative images of SMCs cultured 6 days on coverslips with 

a coating of POMA-FN, FN, gelatin or without a coating. All cells are positively stained for collagen type 

IV. After decellularization, deposited collagen type IV remained anchored only on POMA-FN and FN 

treated coverslips. Scale bar represents 100 µm. (C) Quantification of collagen type IV area deposited by 

SMC on coverslips with different coatings (POMA-FN, FN, gelatin or no coating). Shown is mean ± SEM, 

N=4-5. (D) Quantification of collagen type IV area deposited by SMC treated by different siRNA (siSHAM, 

siEMILIN1, siFBN1). Shown is mean ± SEM, N=5-7. Non-treated SMCs are set to one (dotted line). 
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Supplemental Figure 4. (A) Representative Z-stacks of smooth muscle cell (SMCs) cultured for 6 days 

after siRNA transfection and after decellularization. Stained for FBN1 and either F-actin (cells) or collagen 

type IV (ECM). Scale bar represents 100 µm. (B) Quantification of FBN1 signal corrected for the amount 

of F-actin in siRNA treated SMCs. Shown is mean ± SEM, N=4. (C) Quantification of FBN1 signal 

corrected for the amount of collagen type IV present in SMC-derived ECM. Shown is mean ± SEM, N=5, 

*P<0.05. Non-treated SMC are set to one (dotted lines).  
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Supplemental Figure 5. (A) Visualization of differential gene expression in which Log2 fold change (FC) 

is plotted against the mean of normalized counts (MA-plot) in human umbilical vein endothelial cells 

(HUVECs) cultured on siSHAM extracellular matrix (ECM) vs. either EMILIN1-deficient or FBN1-deficient 

ECM. Gray dots represent non-differentially expressed genes, red dots represent differentially expressed 

genes (P<0.05, 481 and 474 genes for siEMILIN1 and siFBN1, respectively). RNA sequencing was 

performed on 3 samples per condition. (B) Z-score and P-value of pathways of the Rho GTPase family in 

HUVECs cultured on EMILIN1 or FBN1 deficient ECM. 
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Supplemental Figure 6. (A) Paxillin area and F-actin area in HUVECs after 2 hours (not confluent) 

adhesion or after 24 hours (B) (confluent) adhesion on siRNA-treated ECM (siSHAM, siEMILIN1, siFBN1). 

Shown is mean ± SEM, N=4. (C) Representative migration plots showing tracks of individual HUVECs on 

siRNA treated ECM (siSHAM, siEMILIN1, siFBN1). Migration of HUVECs was traced overnight with 

confocal microscopy. N=<90 individual tracks per assay, N=4 assays. 
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Supplemental Tables 
 

Supplemental tables can be downloaded from: 

 

https://www.mdpi.com/1422-0067/21/11/3905 
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Abstract 
Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) are 

pivotal regulators of extracellular matrix (ECM) composition and could, due to their dynamic 

activity, function as prognostic tools for fibrosis and cardiac function in left ventricular diastolic 

dysfunction (LVDD) and heart failure with preserved ejection fraction (HFpEF). We conducted 

a systematic review on experimental animal models of LVDD and HFpEF published in 

MEDLINE or Embase. Twenty-three studies were included with a total of 36 comparisons that 

reported established LVDD, quantification of cardiac fibrosis and cardiac MMP or TIMP 

expression or activity. LVDD/HFpEF models were divided based on underlying pathology: 

hemodynamic overload (17 comparisons), metabolic alteration (16 comparisons) or ageing (3 

comparisons). Meta-analysis showed that echocardiographic parameters were not 

consistently altered in LVDD/HFpEF with invasive hemodynamic measurements better 

representing LVDD. Increased myocardial fibrotic area indicated comparable characteristics 

between hemodynamic and metabolic models. Regarding MMPs and TIMPs; MMP2 and 

MMP9 activity and protein and TIMP1 protein levels were mainly enhanced in hemodynamic 

models. In most cases only mRNA was assessed and there were no correlations between 

cardiac tissue and plasma levels. Female gender, a known risk factor for LVDD and HFpEF, 

was underrepresented. Novel studies should detail relevant model characteristics and focus 

on MMP and TIMP protein expression and activity to identify predictive circulating markers in 

cardiac ECM remodeling. 
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Introduction 
Left ventricular diastolic dysfunction (LVDD) is an early common alteration in many 

cardiovascular diseases (CVDs) and highly prevalent in the general population, with reported 

incidence ranging from 3% to 39% [1,2]. LVDD leads to elevated LV filling pressures which 

result from increased chamber stiffness, reduced restoring forces and impaired left atrial (LA) 

function and LV relaxation [3–5]. Clinically, LVDD can remain latent or be accompanied by 

heart failure (HF) symptoms and deteriorate into HF with preserved ejection fraction (HFpEF) 

[6,7]. In contrast to HF with reduced ejection fraction (HFrEF) where the LV ejection fraction 

(LVEF) is <40%, subclinical LVDD and HFpEF patients show a LVEF >50% [8]. It is estimated 

that around 50% of HF patients suffer from HFpEF, with a two-times higher prevalence in 

women [9,10], indicating sex-based differences in disease etiology [11–13]. Evidence from 

clinical studies supports the concept that HFrEF and HFpEF have a different pathophysiology 

[14]. LVDD appears to be a chronic systemic syndrome resulting from CVD co-morbidities [15] 

which include hypertension and chronic kidney disease (CKD) [16,17], diabetes [18], obesity 

and metabolic syndrome [19,20] and ageing [21]. 

LVDD and HFpEF are characterized by systemic inflammation, endothelial (microvascular) 

dysfunction, impaired intracellular cardiomyocyte calcium handling, cardiac hypertrophy and 

interstitial fibrosis [22,23]. Fibrosis is a fundamental process in cardiac remodeling and central 

in development and progression of HF [24]. Following injury, resident cardiac fibroblasts and 

infiltrating immune cells control extracellular matrix (ECM) composition primarily by secretion 

of matrix metalloproteinase (MMPs) and tissue inhibitors of metalloproteinases (TIMPs), the 

inhibitors of MMP proteolytic function [25,26]. Both MMPs and TIMPs can directly impact ECM 

turnover and homeostasis. Alterations in cardiac expression levels of MMPs and TIMPs have 

been found in patients with different types of heart disease [27], including idiopathic dilated 

cardiomyopathy [28,29]. While it was initially thought that MMP activity would limit cardiac 

fibrosis through ECM protein degradation, new insights have shown that MMPs and TIMPs 

can directly induce ECM deposition and ECM remodeling based on the type of micro-

environment [30]. However, causal data on the role of MMPs and TIMPs in initiation and 

progression of cardiac fibrosis in LVDD/HFpEF cardiac micro-environment is still lacking. 

Despite diagnostic advances, therapeutic approaches known to benefit HFrEF patients have 

not proven as clinically efficacious for LVDD and HFpEF patients. HFpEF management 

primarily consists of treatment of co-morbidities, blood pressure control and diuretic treatment 

but overall, there is poor control of symptoms [31,32]. The use of animal models with specific 

HFpEF-associated co-morbidities may lead to better understanding of cell-cell and cell-ECM 

interactions that drive dynamic ECM remodeling. MMPs and TIMPs may have additive value 

to improve clinical specificity and/or predictive value for LVDD/HFpEF. Circulating levels of 
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MMPs and TIMPs have both been used as prognostic tools in clinical studies [33–35] and as 

potential therapeutic targets [36]. 

In this systematic review, our aim was to report cardiac MMP and TIMP expression or activity 

in relation to both LVDD/HFpEF and fibrosis in adequately controlled animal models, e.g., 

established diastolic dysfunction in absence of systolic dysfunction. Besides providing insights 

into overall ECM dynamics and patterns of fibrosis, this information may be further used to 

critically assess (a combination of) novel interesting MMPs and TIMPs as prognostic tools in 

future studies. 

 

Materials and Methods 
We registered the systematic review protocol in PROSPERO (CRD4202018315) on 27th of 

May 2020. 

Literature search 

A systematic search MEDLINE and Embase was conducted from database inception up to 

March 2020. Medical Subject Headings (MeSH) terms and free text terms in title and abstract 

were used to identify all possible studies regarding HFpEF and LVDD with measured 

(diastolic) heart function, fibrosis and MMP or TIMP measurements. The search syntax can 

be found in Supplemental Table 8.  

 

Study selection 

Titles and abstracts were evaluated independently by two researchers (C.G.M.v.D. and 

M.M.K.). Duplicates, non-English, editorials, poster presentations, letters or abstracts only 

were excluded prior to full text assessment. Consequently, all articles deemed eligible in the 

title and abstract screening phase were reviewed in the full-text screening phase, 

independently and in duplicate. The two reviewers resolved disagreements by discussion and, 

if needed, by third-party adjudication. Only animal studies focusing on stable HFpEF or LVDD 

and not progressive models leading to HFrEF were included. Inclusion and exclusion criteria 

for all different animal models and cardiac parameters were predefined and listed below: 

Pathologies eligible for inclusion: (1) amyloid (non-hereditary) cardiomyopathy, (2) 

hypertrophic cardiomyopathy independent of coronary artery disease (CAD) and myocardial 

infarction (MI), (3) all models of trans-aortic constriction (TAC) in absence of effects on ejection 

fraction (EF) and fractional shortening (FS), e.g., 2-kidney-1-clip (2K1C) and abdominal-aortic 

banding, (4) aortic stenosis in absence of CAD or MI, (5) atrial fibrillation in exercise in 

absence of CAD or MI, (6) pulmonary hypertension, (7) chronic (e.g., osmotic pump-induced) 

angiotensin II (AngII), (8) chronic (e.g., osmotic pump-induced) deoxycorticosterone acetate 

(DOCA)-salt, (9) chronically induced isoproterenol, (10) mitral (non-hereditary) regurgitation, 
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(11) arterio-venous fistula (AVF), (12) natural ageing and (13) (genetic) models not restricted 

to rodents described by Valero-Muñoz et al. [11]. 

Pathologies that were excluded: (1) stenotic or hypertensive models where the underlying 

cause is based on systemic atherosclerosis and/or atherosclerotic coronary artery disease 

(CAD) since CAD is seen as a macrovascular disease and onset mechanisms may deviate 

from true LVDD and HFpEF, (2) unstable HFpEF of LVDD models that eventually progress 

into HFrEF (e.g., early phase MI), (3) trained ischemia models such as ischemia-reperfusion 

(I/R), (4) genetic models of dilated cardiomyopathy (DCM), (5) Homocysteine-enriched diets, 

(6) exclusion criteria in accordance with HELPFUL protocol [6]. (7) LVDD in combination with 

HFrEF was also excluded [11] as well as (8) animals with localized genetic alterations prior to 

introduction of diastolic heart failure. 

Studies that met the criteria were further assessed and only included if; (1) HFpEF or LVDD 

was confirmed with at least one parameter of diastolic function in accordance with the 

American Society of Echocardiography and the European Association of Cardiovascular 

Imaging (ASE/EACVI) guidelines [4], (2) fibrosis was confirmed at mRNA or protein (e.g., 

Western Blot (WB) or immunohistochemistry (IHC)) level, and (3) MMP and/or TIMP activity 

was confirmed at protein level, preferentially using gelatin zymography. Changes in levels of 

fibrosis and MMP/TIMP (over time) measured using mRNA were also included. After this final 

round, all articles that met the criteria were well cross-referenced to ascertain that all relevant 

articles were included. 

 

Quality assessment 

Methodological quality assessment of the included studies was performed by a risk of bias 

tool adapted from Papazova et al. [37]. We separated animal characteristics in specified 

questions addressing each detail. Furthermore, we divided the blinded assessor for the 

histological (fibrosis) outcome and echocardiography. Studies were labeled as positive (yes), 

negative (either partially addressed or not mentioned (N.M.)) or not applicable (N.A.). 

 

Data extraction 

Using standardized piloted data-extraction forms, pair of reviewers independently extracted 

data on study characteristics including species, strain, sex, age, weight, number of animals 

and experimental model. The total duration of the experiment was reported as end time point. 

Cardiac parameters from either echocardiography, invasive hemodynamics or tissue Doppler 

were extracted for (1) diastolic function and, when applicable, (2) systolic function. Fibrotic 

outcomes and MMP and/or TIMP outcomes were extracted from all parameters measured. 

Studies that only showed representative images of a staining or WB related to fibrosis or 
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collagen or zymography but no quantitative data were excluded. For each outcome, the 

sample size and standard deviation (SD) or standard error (SEM) were extracted. When the 

sample size was described as a range, the lowest number of replicates was used. When data 

was not present in text or tables, graphical data was extracted using WebPlotDigitizer 

(https://automeris.io/WebPlotDigitizer/) by one researcher (C.G.M.v.D.) and validated using 

PlotDigitizer (http://plotdigitizer.sourceforge.net/) by a second researcher (M.M.K.).  

 

Data analysis 

SEM of all extracted data was transformed to SD. Extracted data of cardiac outcome, fibrotic 

outcome and MMP/TIMP outcome were converted to their effect size and displayed as 

standardized mean differences (SMD), defined as the between-group difference in mean 

values divided by the pooled SD, with their corresponding 95% confidence interval using 

Review Manager (version 5.3.5). Studies were divided based on underlying pathophysiology; 

ageing, hemodynamic alterations and metabolic alterations. 

We examined the heterogeneity by visually inspecting forest plots for the presence of 

heterogeneity and the tau2 and I2 statistics as a measure of between-study heterogeneity. The 

I2 described a percentage of variation across the studies attributable to heterogeneity with 

values of <25%, 25-75%, and >75% interpreted as, respectively, low, moderate, and high 

between-trial heterogeneity. We used standard inverse-variance random-effect meta-analysis 

to combine outcome data across studies on predetermined parameters [38] in Review 

Manager (Version 5.3.5). This systematic review followed the PRISMA guidelines 

(Supplemental Table 9). 

 

Results 
Study population selection and overall characteristics  

Our systematic search resulted in 4868 articles. As described in the Materials and Methods 

section 4.2, we applied stringent inclusion and exclusion criteria, in order to only cover those 

phenotypically well-characterized models of HFpEF with established echocardiographic 

diastolic dysfunction in absence of systolic dysfunction. Studies moreover had to include 

quantification of fibrosis in cardiac tissue and quantification of at least one cardiac MMP or 

TIMP. In total, 254 manuscripts were screened on full-text, and 239 articles were excluded 

per exclusion criteria, of which 28 included systolic dysfunction. Eight articles were added after 

cross-referencing. Finally, data was extracted from 23 articles (Figure 1). We observed a large 

variety in overall study characteristics (Supplemental Table 1). The majority of studies used 

rodents: either mice (12 articles) [39-50] or rats (6 articles) [51-56]. Other species included 

swine (n=3) [57-59], rabbit (n=1) [60] and guinea pig (n=1) [61]. All but one of the studies 
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employing mice used a C57BL/6 strain or adapted strains with a C57BL/6 background. Rat 

models showed more heterogeneity; Wistar (Han), spontaneously-hypertensive (SHR), Dahl 

salt-sensitive (SS) and ZSF1. All three swine models were a different strain. Eighteen articles 

reported the animal’s sex, while the remainder did not specify the sex or, in one case, used 

both sexes. Only few of the included articles (5/23) focused on female animals. Various 

articles studied more than one underlying co-morbidity for LVDD/HFpEF. For example, Brandt 

et al. studied LVDD in male lean and obese rats with and without deoxycorticosterone acetate 

(DOCA)-induced hypertension. They showed significant changes in LVDD in three relevant 

comparisons, e.g. lean vs. obese (metabolic alteration), lean + DOCA vs. obese + DOCA 

(metabolic alteration) and obese vs. obese + DOCA (hemodynamic alteration) (Supplemental 

Table 1) [51]. LVDD was primarily examined using (tissue Doppler) echocardiography E/A 

ratio (15/23), followed by changes in peak E-wave velocity (8/23), E/e’ ratio (6/23) or 

isovolumic relaxation time (IVRT, 7/23). Invasive hemodynamic measurements end diastolic 

pressure (EDP) (11/23), minimum derivative of pressure over time (dP/dtmin) (7/23), 

 
Figure 1. Flow chart of study selection. All articles are included and excluded according to the selection 

criteria defined in the Materials and Method section. 

 

Pubmed (3983) and Embase 
(1641) search: 

4868 

Title and abstract 
selection: 

4464 

Manuscript revision: 
254 

Articles included: 
23 

Excluded reviews: 76 
Excluded non-English: 278 
Excluded duplicates: 50 

Did not meet inclusion criteria: 4210 

Manual selected: 8 

Wrong model: 122 
Systolic dysfunction: 28 
No diastolic dysfunction: 79 
No fibrosis: 5 
No cardiac MMPs/TIMPs: 5 
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time constant of relaxation Tau (6/23) and end diastolic pressure volume relationship 

(EDPVR) (5/23) were reported less frequently (Supplemental Figure 1A). Moreover, two 

studies included strain measurements using speckle tracking echocardiography. Due to the 

low number of studies, no meta-analysis was performed. Quantification of fibrosis primarily 

focused on protein; collagen content using IHC staining, mainly Sirius Red (SR) (12/23) or 

hydroxyproline assay (Supplemental Figure 1B,C). MMP tissue activity by gelatinase assay 

was measured in about half of the articles (11/23) (Supplemental Figure 2A). These 11 articles 

assessed MMP2, or variants, while MMP9 was quantified 5 times (Supplemental Figure 2B). 

MMP tissue protein levels were primarily quantified by WB, and focused on MMP9 (4/23) 

(Supplemental Figure 2C). Most articles reported mRNA expression of MMP9 (13/23), MMP2 

(12/23), or TIMP1 (12/23) (Supplemental Figure 2D). Extracted data of all studies can be found 

in Supplemental Table 2 (cardiac outcomes), Supplemental Table 3 (fibrotic outcomes), and 

Supplemental Table 4 (MMP and TIMP outcome). 
 
Table 1. Summarizing table of meta-analysis. 
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◄↑, effect is higher in LVDD/HFpEF; ↓, effect is lower in LVDD/HFpEF; =, no significant effect; *, 

significant subgroup difference. Col, collagen; dP/dtmin, minimum rate of pressure change; E/A, ratio 

between peak early diastolic transmitral velocity (E) and late (atrial) transmitral flow velocity (A); E wave, 

peak early diastolic transmitral velocity; E/e’, ratio between peak early diastolic transmitral velocity (E) 

and early diastolic mitral annular velocity (e’); EDP, end diastolic pressure; EDPVR, end diastolic pressure 

volume relationship; IVRT, isovolumetric relaxation time; MMP, matrix metalloproteinase; N/A, not 

available; Tau, time constant of ventricular relaxation; TIMP, tissue inhibitor of metalloproteinase.  

 

Quality assessment of the studies 

The majority of studies reported the animal details such as strain, sex and age adequately 

(Supplemental Figure 3). Noteworthy, only 40% of the studies reported random allocation or 

stratification of the animals. Baseline characteristics regarding echocardiographic parameters 

and blinded data processing and analysis were reported infrequently. 

 

Meta-analysis on diastolic function and fibrosis in models of LVDD/HFpEF 

Concerning diastolic function, all included studies showed similar EF, FS and/or peak 

derivative of pressure over time (dP/dtmax) in the experimental model and control, as defined 

in the exclusion criteria. Studies were first divided based on underlying pathophysiology; 

ageing (3 comparisons), hemodynamic alterations (17 comparisons) and metabolic alterations 

(16 comparisons) (Supplemental Table 1). Due to the low number of comparisons; i.e. three, 

all in mice, no meta-analysis was performed for ageing. All relevant directional changes, 

standard mean differences (SMDs) and confidence intervals (CIs) resulting from meta-

analysis are available in Table 1 and Supplemental Table 5 respectively.  

Pooled analysis of E/e’ (Figure 2A) but not E/A (Figure 2B) ratios showed an overall increase 

in LVDD/HFpEF. There was no pooled effect on E-wave or IVRT. E/e’ alone moreover 

significantly increased in both models with metabolic alterations having a higher E/e’ ratio 

(subgroup difference p=0.03). For E/A, E-wave and IVRT, there were no subgroup differences.  

Invasive hemodynamic measurements represented by EDP showed an increased pressure in 

HFpEF, EDPVR increased in slope and Tau showed a prolonged relaxation duration (Figure 

3A). dP/dtmin (Figure 3B) showed overall reduced maximal rate of fall of LV pressure. 

Subgroup analysis revealed that EDPVR and Tau increased in both hemodynamic and 

metabolic models, without subgroup differences (p=0.89 and p=0.76). EDP remained 

unchanged in subgroup analysis and was similar in both models. dP/dtmin decreased in 

metabolic models, without subgroup differences (p=0.39). Thus hemodynamic and metabolic 

models generally display similar changes in cardiodynamics (Table 1). 
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Figure 2. The effect of LVDD/HFpEF on cardiac parameters E/e’ (panel A) and E/A (panel B). Forrest 

plot; the right side shows an increased effect in LVDD/HFpEF animals, the left side shows a decreased 

effect in LVDD/HFpEF animals. Data are presented as SMDs with 95% CI. Arrows indicate increased and 
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◄decreased E/e’ ratio (A), and increased and decreased E/A ratio (B) respectively. Only the first author 

of each study is shown, multiple comparisons within one study are shown with a, b, c or d and correspond 

with the study overview (supplemental table 1). CI, confidence interval; E/A, ratio between peak early 

diastolic transmitral velocity (E) and late (atrial) transmitral flow velocity (A); E/e’, ratio between peak early 

diastolic transmitral velocity (E) and early diastolic mitral annular velocity (e’); I2, measurement of 

heterogeneity; N, cumulative sample size; SMD, standardized mean difference. 

Figure 3. The effect of LVDD/HFpEF on cardiac parameters Tau (panel A) and dP/dtmin (panel B). Forrest 

plot; the right side shows an increased effect in LVDD/HFpEF animals, the left side shows a decreased 

effect in LVDD/HFpEF animals. Data are presented as SMDs with 95% CI. Arrows indicate shortened and 

prolonged time constant of relaxation Tau (A), and decreased and increased rate of pressure change 

dP/dtmin (B) respectively. Only the first author of each study is shown, multiple comparisons within one 
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◄study are shown with a, b, c or d and correspond with the study overview (supplemental table 1). CI, 

confidence interval; I2, measurement of heterogeneity; N, cumulative sample size; SMD, standardized 

mean difference; dP/dtmin, minimum rate of pressure change; Tau, time constant of ventricular relaxation.  

 

 

 

Figure 4. The effect of LVDD/HFpEF on total fibrotic area. Forrest plot; the right side shows an increased 

effect in LVDD/HFpEF animals, the left side shows a decreased effect in LVDD/HFpEF animals. Data are 

presented as SMDs with 95% CI. Arrows indicate increased and decreased fibrotic percentage area 

respectively. Only the first author of each study is shown, multiple comparisons within one study are 

shown with a, b, c or d and correspond with the study overview (supplemental table 1). CI, confidence 

interval; I2, measurement of heterogeneity; N, cumulative sample size; SMD, standardized mean 

difference.  
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Engebretsen 2013

Fan 2014

Reddy 2018a

Reddy 2018b

Zhong 2010

Brandt 2019a

Xu 2012

Marshall 2012a

Marshall 2012b

Subtotal

Tate 2016

Olver 2019

Reddy 2018c
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Zibadi 2011a

Zibadi 2011b

Nachar 2019

Brandt 2019b

Brandt 2019c

Subtotal
Total

Species

Swine

Mice

Mice

Mice

Mice

Mice

Rat

Rat

Swine

Swine
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Swine

Mice

Mice

Mice

Mice

Rabbit

Rat

Rat
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Pressure overload

Pressure overload

Pressure overload
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0.001
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N

9

24

10

12

12

12

10

6

9

10

114

12

9

12

12

8

8

14

10

10

95
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Collagen type III
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◄Figure 5. The effect of LVDD/HFpEF on collagen type 1 (panel A) and collagen type 3 (panel B) mRNA 

levels. Forrest plot; the right side shows an increased effect in LVDD/HFpEF animals, the left side shows 

a decreased effect in LVDD/HFpEF animals. Data are presented as SMDs with 95% CI. Arrows indicate 

increased and decreased Collagen type 1 (A), and increased and decreased type 3 (B) mRNA expression 

respectively. Only the first author of each study is shown, multiple comparisons within one study are 

shown with a, b, c or d and correspond with the study overview (supplemental table 1). CI, confidence 

interval; COL1, collagen type 1; COL3, collagen type 3; I2, measurement of heterogeneity; N, cumulative 

sample size; SMD, standardized mean difference.  

 

Subsequently, we focused on fibrosis. An overview of meta-analyses outcomes for fibrosis 

can be found in Table 1 and Supplemental Table 6. Note the relative paucity of data on 

collagen protein as compared to mRNA levels (Supplemental Table 6). Meta-analysis on 

positive percentage area as assessed by IHC showed a pooled increase (Figure 4). Both 

hemodynamic and metabolic models were associated with an increase, without subgroup 

differences (p=0.22), resulting from increased collagen type I expression (mRNA and protein) 

and increased collagen type III on mRNA but not protein level (Figure 5A,B). 

 

Meta-analysis on MMPs and TIMPs in pooled models of LVDD/HFpEF 

We then investigated the pooled effects of LVDD/HFpEF on MMP and TIMP expression and 

activity. An overview of meta-analyses outcomes for all MMPs and TIMPs can be found in 

Table 1 and Supplemental Table 7. Note the paucity of data on MMP and TIMP protein as 

well as MMP zymography as compared to mRNA levels (Supplemental Table 7). For mRNA 

expression, MMP2, -8, -9, -11, -12, -14, -15 and TIMP1, -2, -3, -4 were investigated. We found 

no pooled changes in MMP or TIMP expression in LVDD/HFpEF, except for decreased 

MMP15 and increased TIMP1 expression. Protein levels of MMP2, -9, TIMP1 and -2 were 

subsequently analyzed. Pooled MMP2, TIMP1 and TIMP2 protein expressions were similar 

but MMP9 increased. LVDD/HFpEF increased zymographic activity of MMP2 and MMP9 

(Figure 6A,B). 

 

Meta-analysis on MMPs and TIMPs in models involving hemodynamic and metabolic 

alterations 

Hemodynamic models showed no changes in MMP2, -8 -9, -14, -15, TIMP2, -3 and -4 mRNA 

and TIMP1 protein expression, but MMP2 and TIMP1 protein expression increased. MMP2 

and MMP9 protein expression also increased but were only measured in one study [42]. 

TIMP2 protein and MMP2 and MMP9 zymographic activity increased (Figure 6; Table 1; 

Supplemental Table 7).  
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Figure 6. The effect of LVDD/HFpEF on MMP2 (panel A) and MMP9 (panel B) activity. Forrest plot; the 

right side shows an increased effect in LVDD/HFpEF animals, the left side shows a decreased effect in 

LVDD/HFpEF animals. Data are presented as SMDs with 95% CI. Arrows indicate increased and 

decreased MMP2 (A), and increased and decreased MMP9 (B) enzyme activity respectively. Only the 

first author of each study is shown, multiple comparisons within one study are shown with a, b, c or d and 
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◄correspond with the study overview (supplemental table 1). CI, confidence interval; I2, measurement of 

heterogeneity; MMP, matrix metalloproteinase; N, cumulative sample size; SMD, standardized mean 

difference; TIMP, tissue inhibitor of metalloproteinase. 
 

Metabolic models showed no changes in MMP2, -8, -9, -11, -14, -15, TIMP1, -2 and -3 mRNA 

expression. There was a decrease in TIMP4 mRNA. MMP2 protein was only measured in 1 

study and decreased while TIMP1 and TIMP2 protein remained unchanged [42]. MMP9 

protein levels increased. Both MMP2 and MMP9 zymographic activity were similar in 

metabolic models versus controls (Figure 6; Table 1; Supplemental Table 7) 

 

Descriptive effect on models involving ageing (all in mice) 

Chiao et al. [39] but not Ma et al. [40] showed increased fibrotic percentage area. However, 

both studies reported decreased collagen I and/or collagen III mRNA. Thus, cardiac fibrosis 

in ageing, at least in mice, in contrast to the induced hemodynamic and metabolic models, 

was not due to increased collagen synthesis. Ageing was associated with decreased MMP8 

and MMP9 [39] and MMP28 protein [40]. There were no changes in other MMPs or TIMPs. 

 

Discussion 
Due to the high morbidity and mortality associated with HFpEF [62] there is an urgent need 

for additive and predictive circulating markers and early detection of changes in structural and 

functional cardiac parameters. In our systematic review concerning animal models of 

LVDD/HFpEF and cardiac fibrosis in relation to MMPs and TIMPs, we aimed to identify 

patterns associating ECM dynamics with LVDD and HFpEF pathology. We included 23 

studies with a large range of study characteristics and our assessment indicated relatively low 

quality with respect to random allocation and blinded assessment of results. The relative 

heterogeneity of study characteristics partially reflects clinical findings since HFpEF is a 

multifactorial disease and an overarching pathology resulting from a variety of underlying CVD 

co-morbidities [31]. Overall, there was a sex-based bias towards male gender and bias 

towards pressure overload and metabolic models of LVDD/HFpEF. Our main findings show 

that echocardiographic measurements of LVDD/HFpEF, including E/A, E-wave and IVRT, do 

not consistently relate with accepted phenotypic criteria of the current established 

experimental models of LVDD/HFpEF. Invasive hemodynamic measurements such as Tau, 

EDP, EDPVR and dP/dtmin, on the other hand, seem to associate more closely with the 

phenotype. Regarding cardiac expression of MMPs and TIMPs, it appears highly unlikely that 

the presence or activity of a single MMP or TIMP may hold the key to diagnosing or even 

treating a multifactorial disease such as HFpEF. We identified MMP15 and increased TIMP1 
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mRNA and MMP9 protein expression in LVDD/HFpEF. Increased MMP2 and MMP9 

zymographic activity both associated with pooled LVDD/HFpEF. 

 

Echocardiography and tissue Doppler parameters of LVDD and HFpEF 

For our study inclusion, we selected and prioritized cardiac parameters in accordance with the 

current ASE/EACVI guidelines [4]. While LV cardiac pressure catheterization is the gold 

standard for evaluating EDPVR, dP/dtmin and Tau, in the clinic both LVDD and HFpEF are 

primarily diagnosed using echocardiography [3,63,64]. Assessing LA strain by speckle 

tracking echocardiography has recently also emerged as a relevant non-invasive clinical 

alternative, circumventing the time-consuming measurements associated with tissue Doppler 

[64–66]. In clinical practice, measurements in patients with normal EF currently include e’ and 

E/e’ ratio to estimate LV filling pressure. The interpretation of the E-wave, A-wave and e’ 

however depend on strictly defined thresholds; decreased E/A ratio (<0.8) reflects the 

compensatory increase in late atrial filling when the LV fails to relax, primarily linked to 

alterations in early LVDD [3,5]. To the best of our knowledge, such thresholds have not been 

clearly set for experimental animals. In the current study, E/A ratios were still the most 

frequently used to assess diastolic function. However, our meta-analysis on pooled effects 

showed that this ratio is not consistently altered. This may be partially explained by the fact 

that this ratio is highly afterload-dependent [67,68] and the majority of our models involved a 

hypertensive background (20/36 comparisons). Previously it was found that E/A ratios in 

murine models of HFpEF were difficult to measure due to high heart rates [69]. In general, 

anesthetic agents influence diastolic function in healthy mice [70]. Among others, inhaled 

anesthetics reduce afterload beneficially [71] but changes may be less evident in HF models 

[72]. Almost half of the included studies (11/23) performed echocardiography or tissue Doppler 

under isoflurane (analogues) and it remains pivotal for obtaining accurate measurements. The 

general impact of anesthetics on perioperative LVDD and HFpEF remains unclear [73]. 

Given the pooled and separate effect of hemodynamic models on increased E/e’ ratio but lack 

of effect on E/A and E-wave, e’ seems to represent the most reliable change in LVDD/HFpEF. 

Indeed, Zhong et al. [45], Pagan et al. [53] and Sam et al. [44] show a decreased e’ (3/5 

comparisons). Clinically, e’ also has the highest reproducibility and a consistent association 

with CVD outcomes [64]. 

Invasive hemodynamics were less frequently applied in the included articles, probably due to 

practical constraints, especially in small animals. In pooled data, we did find prolonged Tau 

and decreased dP/dtmin, which were both identified in metabolic alterations, in accordance 

with literature [77,75]. 
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Influence of fibrosis on development and progression of LVDD and HFpEF 

The cardiac ECM mainly comprises fibrillar collagen, specifically collagen type I and III (85–

90% to 5–11%, respectively) [25]. Myocardial stiffness in patients with HFpEF is associated 

with increased collagen type I expression and cross-linking [76]. Besides cardiac (myo) 

fibroblasts, other cardiac cell types contribute to excess ECM accumulation by either ECM 

secretion [77] or differentiation to myofibroblasts [78,79]. Animal models have shown that 

cardiac fibroblasts are activated early in development of LVDD, leading to collagen deposition 

and activation of the cardiac renin-angiotensin-aldosterone system (RAAS), driving 

inflammatory processes and TGF-β signaling [80]. Our meta-analysis showed that HFpEF is 

associated with an overall increase in positive fibrotic area. Both hemodynamic and metabolic 

alterations associated with increased fibrotic area. Transcriptome analysis on lateral LV wall 

biopsies of HFpEF patients indeed showed upregulation of collagen 1α1 and collagen 3α1, 

among others [81]. 

 

MMP and TIMP activity in LVDD and HFpEF 

Several clinical studies have previously tried to improve LVDD and HFpEF diagnosis by 

incorporating plasma markers of collagen turnover [82–84]. The majority of our included 

studies investigating the relation between HFpEF and MMPs focused on MMP2, MMP9 and 

TIMP1 mRNA expression. Our overall meta-analysis showed increased MMP2 and MMP9 

activity, MMP9 protein, TIMP1 gene expression and decreased MMP15 gene expression. 

RNA-sequencing of atrium of high-salt fed rats however showed increased MMP15 levels [85] 

emphasizing the need to further study this MMP in both hemodynamic and metabolic models 

of HFpEF. In general, increases in plasma levels of MMP2, MMP9 [82] and TIMP1 [86] have 

been found in HFpEF patients with a hypertensive background. A transcriptomic study on 

lateral LV wall biopsies of HFpEF previously showed a decreased MMP15 gene expression 

[81]. MMP gene expression may be determined by different external factors and may be cell 

type and ECM-specific [87,88]. Moreover, both MMPs and TIMPs are heavily regulated at 

mRNA, protein and activity levels. Interpreting MMP and TIMP activity in LVDD/HFpEF solely 

based on mRNA levels therefore is not directly translatable to clinical settings. While previous 

studies have confirmed that a ratio of 1:1 exists for the breakdown product of collagen type I, 

procollagen type I C-terminal propeptide (PICP), in the bloodstream versus (cardiac) collagen 

type I production, this seems to be less established for cardiac MMP and TIMP activity versus 

their circulating levels. Zhang et al. employed a rodent model of aortic stenosis-induced 

pressure overload and while they did not report MMP or TIMP cardiac tissue mRNA or protein 

levels, 8 weeks after induction of pressure overload, MMP1, MMP2, MMP9 and TIMP1 protein 

levels were significantly increased in the circulation compared to time-matched controls [89]. 
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In streptozotocin (STZ)-induced diabetic minipigs, both pro- and active MMP2 and MMP9 

zymography in the LV decreased compared to control animals [90]. This finding was in 

accordance with decreased serum protein levels of MMP2 and MMP9. Protein levels as 

measured by WB and IHC of these MMPs, however, showed no changes in expression while 

mRNA levels for MMP9 even increased in diabetic animals [90]. These data also indicate 

dissimilarities between mRNA and protein expression and MMP tissue enzymatic activity. 

Changes in active MMPs seem to most closely resemble serum values. 

Differences in MMP and TIMP expression and activity may also be relevant in relation to 

underlying co-morbidities and severity of HFpEF. While our meta-analysis had a low power 

concerning subgroup analysis, we did identify higher MMP2 and MMP9 protein in 

hemodynamic and lower TIMP4 gene expression in metabolic alterations. Sakamuri et al. 

previously studied high-fat diet changes in TIMP4 knock-out (KO) mice compared to wild-type. 

TIMP4 KO mice showed reduced cardiac fibrosis and systemic protection from dyslipidemia, 

indicating a protective mechanism in the context of metabolic changes [91]. In chronic HF 

settings, epigenetic changes could be a relevant mode of action. In a mouse model of aorta-

vena cava fistula, methylation of the TIMP4 promotor was shown. TIMP4 directly regulates 

MMP9 and indeed MMP9 protein was upregulated in the mouse model [92], in accordance 

with our findings; MMP9 protein showed significant upregulation in hemodynamic compared 

to metabolic models. No conclusions on MMP2 protein in metabolic alterations could be 

drawn, since they were only assessed in one study [44]. Similar results were found by Ahmed 

et al., where MMP-9 levels were elevated in hypertensive patients with LVH and HFpEF and 

hypertensive LVH patients but not in hypertensive controls [93]. Contrarily, MMP2 levels 

decreased in hypertensive LVH patients without HFpEF [93]. Assessing circulating MMP and 

TIMP levels in relation to HFpEF could aid physicians in determining whether a certain co-

morbidity primarily drives disease progression in a particular patient. Note that the chosen 

end-point of experimental studies will certainly influence fibrotic progression. Thus, even 

within the pathology of LVDD and HFpEF, severity may directly relate to MMP and TIMP 

dynamics and ECM turnover. 

  
Study limitations 

We retrieved 23 relevant studies via our systematic search, complemented by cross-

referencing. In order to exclusively include models with well-established phenotypic 

characterization, we applied stringent inclusion criteria. These included established 

echocardiographic measurements of diastolic function in absence of systolic dysfunction, 

combined with quantification of fibrosis and cardiac tissue quantification of at least one MMP 

or TIMP, and only in pre-determined experimental models known to represent co-morbidities 
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in human HFpEF. Inclusion of stable LVDD/HFpEF models came at the cost of the relatively 

low power of our meta-analysis. Our broad search strategy was performed in two biomedical 

databases, leading to a large number of references. Several papers did not explicitly mention 

either LVDD/HFpEF or MMP/TIMP expression while focusing on disease development or only 

retrieved MMPs/TIMPs by applying an mRNA-sequencing protocol. Consequently, these 

studies could not be identified by our search, but we have resolved this by cross-reference 

searching. 

Several studies including relevant co-morbidities were excluded based on a decrease in 

systolic function. While a threshold to discern HFrEF from HFpEF is routine in clinical practice 

[4], this does not automatically hold true for experimental models. We therefore excluded all 

studies (28/239) showing significant differences in systolic function, e.g., EF, FS or dP/dtmax, 

compared to controls. On the other hand, clinical diagnosis of LVDD or HFpEF is described 

in detailed guidelines and depends on specific alterations in cardiac parameters that are not 

well-defined in animal models. We therefore included all studies that showed a significant 

difference in at least one measured clinically relevant diastolic parameter, e.g., E/e’, E/A, Tau 

and dP/dtmin, compared to control, irrespective of the direction of the change. We also 

identified significant heterogeneity (>75%) between several comparisons. This can be largely 

explained by differences in study design, cardiac, fibrotic and MMP and TIMP outcome as well 

as the differences between underlying pathology, animal species and strains. Creating a 

division between hemodynamic and metabolic-driven pathologies allowed us to analyze both 

overall data and individual underlying pathologies, in line with the heterogeneity of co-

morbidities found in HFpEF patients [94,95]. By including more than one comparison for 

several studies, controls may be over-analyzed which could affect the pooled outcome but to 

lesser extent the subgroups. Moreover, most studies did not specify which part of the 

myocardium was used for fibrotic or MMP/TIMP analysis, probably accounting for some of the 

differences in outcome. 

 

Conclusions 

Our study shows that when MMPs and TIMPs are studied in relation to LVDD/HFpEF, cardiac 

mRNA expression is still most frequently measured while this does not seem to resemble 

cardiac ECM dynamics in these experimental models. Since post-transcriptional and post-

translational activation of both MMPs and TIMPs takes place, future studies should focus on 

MMP and TIMP protein levels and enzyme activity. Changes in active MMPs seem to most 

closely resemble serum values. Besides increased enzymatic activity of MMP2 and MMP9 

and TIMP1 mRNA, we propose MMP15 as an interesting novel candidate in HFpEF-driven 

cardiac fibrosis, as MMP15 mRNA was downregulated in HFpEF compared to controls. 
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Ideally, a combination of tissue and plasma concentration should be measured to correlate 

MMP and TIMP dynamics for a better clinical translatability. Furthermore, MMP and TIMP 

protein expression and enzymatic activity may differ in underlying co-morbidities associated 

with LVDD/HFpEF; we identified TIMP4 mRNA as a relevant candidate since it was 

downregulated in metabolic compared to hemodynamic models. 

Besides these conclusions related to MMPs and TIMPs, a number of general 

recommendations related to experimental LVDD/HFpEF studies can be put forward. These 

are listed below. 

 

Recommendations for future studies on LVDD/HFpEF: 

We recommend future studies to focus on experimental LVDD/HFpEF models in which female 

gender is separately represented, on models that include pure volume overload and atrial 

fibrillation and on models of ageing and ageing in combination with either hemodynamic or 

metabolic models. 

Perform adequate hemodynamic and metabolic phenotyping to more clearly discern 

differences between LVDD/HFpEF associated sub-groups. Focus should be on measuring 

invasive hemodynamic parameters instead of, or in addition to, (speckle tracking) 

echocardiography, since these appear to be more reliable across species and will decrease 

the translation bias to the clinic. Include a systolic parameter, in addition to establishing 

diastolic dysfunction, to ascertain pure LVDD/HFpEF. Lastly, we recommend a focus on 

spatiotemporal patterns of diastolic dysfunction and fibrosis, to ascertain whether clinical 

stages of LVDD/HFpEF are translatable to experimental models. 
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Supplemental Data 
 

Supplemental Figure 1. Study characteristics of cardiac and fibrotic outcomes. (A) Diastolic parameters 

measured in number of studies. (B) Total number of studies measuring fibrotic outcomes, subdivided in 

protein analysis (histological staining, WB and collagen content assays) and mRNA analysis (qPCR 

analysis). (C) Different protein targets analyzed for fibrotic outcomes. COL1, Collagen type 1; COL3, 

Collagen type 3; dP/dtmin, minimum rate of pressure change; E wave, peak early diastolic transmitral 

velocity; E/A, ratio between peak early diastolic transmitral velocity (E) and late (atrial) transmitral flow 

velocity (A); E/e’, ratio between peak early diastolic transmitral velocity (E) and early diastolic mitral 

annular velocity (e’); EDP, end diastolic pressure; EDPVR, end diastolic pressure volume relationship; 

IVRT, isovolumetric relaxation time; Tau, time constant of ventricular relaxation; WB, western blot. 
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Supplemental Figure 2. Study characteristics of MMPs and TIMPs. (A) Total number of studies 

measuring MMP and TIMP outcomes, subdivided in MMP activity, protein analysis (WB, ELISA), mRNA 

expression (qPCR, mRNA sequencing) or a combination of measurements. (B) Different MMPs and 

TIMP1 targets analyzed for their enzymatic activity. (C) Different MMP and TIMP targets analyzed for 

their protein expression. (D) Different MMPs and TIMPs targets analyzed for their mRNA expression. 

Multiple MMP family members were clustered in the part named ‘MMPs’. These MMP family members 

were not measured often and can be found back in Supplemental Table 4. MMP, matrix 

metalloproteinase; TIMP, tissue inhibitor of metalloproteinase. 
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Supplemental Figure 3. Quality assessment score. Shown is the quality assessment score (Risk of Bias 

tool) for the 23 included studies. This is an adapted version from Papazova et al., 2015 [37].  
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Abstract 
The combination of cardiac and renal disease driven by metabolic risk factors, referred to as 

cardio-renal metabolic syndrome (CRMS), is increasingly recognized as a critical pathological 

entity. The contribution of (micro)vascular injury to CRMS is considered to be substantial. 

However, mechanistic studies are hampered by lack of in vivo models that mimic the natural 

onset of the disease. Here we evaluated the coronary and renal microvasculature during 

CRMS development in obese diabetic Zucker fatty/Spontaneously hypertensive heart failure 

F1 hybrid (ZSF1) rats. 

Echocardiographic, urine and blood evaluations were conducted in three groups (Wistar-

Kyoto; lean ZSF1; obese ZSF1) at 20 and 25 weeks of age. Immunohistological evaluation of 

renal and cardiac tissues was conducted at both time points. At 20 and 25 weeks, obese ZSF1 

rats showed higher body weight, significant left ventricular (LV) hypertrophy, and impaired 

diastolic function compared to all other groups. Indices of systolic function did not differ 

between groups. Obese ZSF1 rats developed hyperproliferative vascular foci in the sub-

endocardium, which lacked microvascular organization and were predilection sites of 

inflammation and fibrosis. In the kidney, obese ZSF1 animals showed regression of the 

peritubular and glomerular microvasculature, accompanied by tubulo-interstitial damage, 

glomerulosclerosis, and proteinuria.  

The obese ZSF1 rat strain is a suitable in vivo model for CRMS, sharing characteristics with 

the human syndrome during the earliest onset of disease. In these rats, CRMS induces 

microvascular fibrotic responses in heart and kidneys, associated with functional impairment 

of both organs.  
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Introduction 
Cardio-renal syndrome (CRS) represents the interdependent relation between the heart and 

kidneys during disease onset and progression. This important link between cardiac and renal 

pathophysiology is demonstrated by the high prevalence of chronic kidney disease (CKD) in 

heart failure patients and vice versa, while dysfunction in both organs is strongly associated 

with increased morbidity and mortality [1]. Recent findings have highlighted the connection 

between metabolic risk factors and CRS: 

Metabolic syndrome is a multitude of risk factors that includes high blood pressure, 

hyperglycemia, obesity and dyslipidemia from which at least 3 occur together, thereby 

functioning as a synergistic complex of risk factors that drastically increase the risk of 

cardiovascular disease [2]. This syndrome is growing ever more prevalent, affecting ~20% of 

adults in the aging Western population [3]. A significant amount of evidence clearly shows a 

strong relation between metabolic syndrome and onset and progression of cardiovascular 

disease [4,5]. In regard to renal disease, a clear association between metabolic syndrome 

and renal dysfunction has also been described [4,6]. Thus, metabolic risk factors appear to 

be the driving force behind cardiovascular and CKD disease, and hence CRS. Similarly, the 

association between all individual components of metabolic syndrome and CRS development 

is now well established and is increasingly recognized as a separate disease-entity termed 

CRMS [1,6,7].  

At present, rodent CRS models typically involve renal ablation and coronary ligation, either 

alone or in combination to directly induce diastolic and systolic dysfunction [8]. An in vivo 

model that utilizes metabolic triggers may be more relevant for studies that focus on onset 

and early progression of CRS. Here we propose the obese diabetic Zucker 

fatty/Spontaneously hypertensive heart failure F1 hybrid (ZSF1) rat strain as a model for 

CRMS [9]. Recently, we have reported that obese ZSF1 (ZSF1 Ob) rats develop HFpEF 

between week 10 and 20 of natural aging [9]. The ZSF1 strain also autonomously develops 

renal disease, making it suitable for studying CKD in relation to metabolic triggers [10,11]. 

HFpEF development in ZSF1 Ob rats was characterized by progressive left ventricle (LV) 

diastolic dysfunction, concentric LV remodeling, and hypertrophy [12]. This was preceded by 

insulin resistance, glycosuria and proteinuria [9]. This phenotype is consistent with CRMS in 

humans, which is defined by the presence of metabolic syndrome in addition to insulin 

resistance, microalbuminurina and/or reduced renal function [13]. Therefore, these data 

indicate that the obese ZSF1 strain may be used as an in vivo model of CRS early progression 

against a well-defined background of metabolic injury, thus providing a model to study CRMS. 

ZSF1 Ob rats also suffer from increased vascular stiffness and lack of NO response, 

consistent with endothelial dysfunction [14]. Persistent nitrosative/oxidative stress and 
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inflammation have been observed in the coronary microvascular bed of HFpEF patients 

[15,16]. Vascular oxidative stress leading to endothelial dysfunction and inflammation has 

been proposed as one of the key pathways in HFpEF [17] and CRS [18-20], and is strongly 

linked to metabolic risk factors [19,21]. However, details of the cardiac and renal 

microvasculature response in CRMS remain to be investigated. Consequently, we studied the 

microvascular changes in the heart and kidney during progression of HFpEF and renal 

dysfunction in ZSF1 Ob rats.  

 

Materials and Methods 
Ethics 

All animal studies were carried out in accordance with the Council of Europe Convention 

(Directive (2010/63/EU) for the protection of vertebrate animals used for experimental and 

other scientific purposes with the approval of the National and Local Animal Care Committee 

of Faculty of Medicine of Porto. Animal experiments were performed according to ARRIVE 

guidelines.  

 

Animal model 

Nine week old male Wistar Kyoto (WKY, n=12), ZSF1 Lean (ZSF1 Ln, n=10) and ZSF1 Obese 

rats (ZSF1 Ob, n=12) were obtained from Charles River (Barcelona, Spain) and housed in a 

light, temperature and humidity controlled environment following a 12 hour light-dark cycle 

with free access to water and standard diet (Purina diet #5008). Phenotypic evaluation was 

conducted after 1 week of acclimatization, consisting of metabolic and echocardiography 

studies. Weight gain was monitored every third day. In weeks 18 and 24, phenotypic 

evaluation was repeated. Cardiac hemodynamic measurements followed by euthanasia were 

performed at 20th and 25th week. Heart and kidneys were excised, weighed, fixed in 

formaldehyde and embedded in paraffin for further analysis. 

 

Echocardiography evaluation 

Rats were anaesthetized by inhalation of sevoflurane (8 and 2.5–3% for induction and 

maintenance respectively; Penlon Sigma Delta), mechanically ventilated while homeostasis 

was maintained by anesthetic monitoring. After applying echocardiography gel a linear 15MHz 

probe (Sequoia 15L8W) was positioned on the thorax. Systolic and diastolic wall thickness 

and cavity dimensions were recorded in M-mode and 2D echocardiography, at the level just 

above the papillary muscles in the parasternal short axis view. The long axis diastolic 

dimensions of the left ventricle and transverse aortic root diameter were recorded by 2D and 

M-mode echocardiography respectively, in the parasternal long axis view. Aortic flow velocity 
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was recorded by pulsed-wave Doppler above the aortic valve. Mitral flow velocity tracings 

were obtained with pulsed-wave Doppler above the mitral leaflets, peak systolic tissue velocity 

and E’ were measured with tissue Doppler at the medial mitral annulus and lateral mitral 

annulus, respectively, and left atrial dimensions were measured at their maximum, by 2D 

echocardiography in the four chamber view. Acquisitions were conducted while suspending 

mechanical ventilation and recordings were averaged from three consecutive heartbeats 

(Siemens Acuson Sequoia C512). Left ventricular (LV) mass and volumes were calculated by 

the 2D area-length method and M-mode. For evaluation of diastolic function, peak velocity of 

early (E) and late (A) mitral inflow and the ratio of E over E’ were measured as an indicator of 

LV filling pressure. Myocardial performance index was retrieved from the mitral flow pattern. 

Volumes and masses were indexed for body surface area as defined by 9.1*body weight 

(BW)2/3. 

 

Measurement of biochemical variables 

Plasma samples were treated with chloroform to remove lipids which interfere with plasma 

analysis. Chloroform and plasma (1:1) were centrifuged at 1000 x g for 30 min. Supernatant 

was transferred to a new tube a new tube and centrifuged at 10000 x g for 45 min. Supernatant 

was transferred to a new tube and used for creatinine and urea analysis. Plasma and urine 

creatinine were enzymatically measured (DiaSys PAP FS; DiaSys Diagnostic Systems, 

Holzheim, Germany). Plasma urea was enzymatically measured (DiaSys Urea CT FS; Diasys 

Diagnostic systems). Total protein excretion was measured using Bradford method (BioRad 

Laboratories, Veenendaal, Netherlands). Thiobarbituric Acid Reactive Substances (TBARS) 

as indicators for the level of systemic oxidative stress were measured colorimetrically 

(Cayman Chemical, Ann Arbor, MI). 

 

Hemodynamic evaluation 

Animals were sedated with 100 µg.kg-1 and 5 mg.kg-1 intraperitoneal fentanyl and 

midazolam, respectively, followed by anesthesia (8 and 2.5-3% sevoflurane for induction and 

maintenance, respectively; Penlon Sigma Delta), endothracheal intubation, and mechanical 

ventilation (TOPO, Kent scientific). Fluid replacement with warm Ringer’s lactate at 32 mL.kg-

1.h-1 (Ne-1000, New Era Pump Systems) was administered through a peripheral dorsal foot 

vein catheter (24G) and animals were maintained at 38ºC on a heating pad. A flowmeter probe 

was transiently placed in the ascending aorta for cardiac output (CO) calibration (2.5PS, 

Transonic). A pressure-volume catheter (SPR-847 Millar Instruments) was inserted in the left 

ventricle (LV) apex and placed along the LV long axis. 3-0 silk threads were placed around 

the inferior vena cava to enable transient occlusions. Parallel conductance was determined 
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by 40 µl 10% hypertonic saline injection and slope factor α was derived by simultaneous 

measurement of CO by a flowmeter placed around the ascending aorta (TS420, Transonic). 

After a stabilization period of 30 min, recordings were obtained at suspended end-expiration. 

Transient 5-7 cycle occlusions of the inferior vena cava occlusions were performed to obtain 

load independent indexes of LV chamber stiffness by fitting an exponential function to the 

end-diastolic pressure-volume relationship (EDPVR) as previously described [9]. Single beat 

occlusions of the ascending aorta were performed to assess diastolic response to isovolumic 

afterload as reported [22]. Three separate acquisitions were obtained and averaged in each 

animal. Data with arrhythmia, hear rate changes higher than 2% or evidence of incomplete 

afterload elevations were excluded. Resting periods were allowed between each intervention. 

Signals were continuously acquired (MPVS 300, Millar Instruments), recorded at 1000 Hz 

(ML889 PowerLab 16/30, ADinstruments), and analyzed (PVAN 3.5, Millar Instruments). To 

account for large differences in body weight between groups, volumes were indexed for body 

surface area as estimated by 9.1*body weight in grams3/4. Upon completion of experiments, 

blood (4mL) was collected for volume calibration (910-1048, Millar instruments) and storage. 

Finally the anesthetized animals were euthanized by exsanguination. 

Right ventricle (RV) and LV + interventricular septum (IVS) were weighed after dissection, and 

tibia length (TL) was measured. Samples were snap-frozen and stored at -80ºC or processed 

for histology. Weights were normalized to TL. 
 
Renal and cardiac immunohistochemistry 

Three to five µm sections were sliced from formaldehyde-fixed, paraffin-embedded kidneys 

and hearts. For the analysis of the kidneys, tubule-interstitial (TI) damage and 

glomerulosclerosis (GS) were scored on Periodic-acid Schiff (PAS) stained sections in a 

blinded manner. TI damage was scored on a scale of 1-5 in at least 10 different non-

overlapping fields per animal. Scored variables include the amount of per-tubular inflammatory 

infiltrate, interstitial fibrosis, tubular atrophy and tubular dilatation. GS was scored on at least 

30 separate glomeruli by quadrants, on a scale of 0 to 4, with 0 meaning no quadrant affect 

and 4 meaning that the whole glomerulus was affected. Scored variables for GS were matrix 

expansion, sclerosis, adhesion of Bowman’s capsule and dilation. For both TI and GS a total 

damage score was calculated. 

Peritubular and glomerular endothelium was stained with a primary antibody for JG12 (mouse 

anti-JG12, BMS1104, 1:200, Bender Medsystems GmbH, Vienne, Austria). Deparaffinized 

sections were subjected to heat-induced antigen retrieval by incubation with citrate/HCl buffer 

(pH 6.0) at 100ºC for 20 min. As a secondary antibody brightvision-HRP (ImmunoLogic, 

Duiven, Netherlands) was used. Positive cells were visualized with Vector Nova Red (Vector 

Laboratories, Burlingame, CA) and counterstained with hematoxylin. Sections were scanned 
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using an Aperio ScanScope XT (Aperio Technologies, Vista, CA) and analyzed using Adobe 

Photoshop (Adobe Systems, San Jose, CA) and ImageJ software. Ten tubular fields and 30 

glomeruli were selected and the percentage of JG12+ area was calculated, to correct JG12+ 

area for glomerular size. 

For the analysis of the heart, deparaffinized cardiac sections were subjected to heat-induced 

antigen retrieval with antigen retriever 2100 (Aptum Biologics Ltd, UK) with citrate/HCl buffer 

(pH 6.0) for 20 min. After a brief wash with PBS, sections were blocked with superblock (Life 

Technologies, Netherlands) for 1 hour before incubation with the following primary antibodies 

at 4ºC overnight. The following antibodies were used; rabbit anti-NG2 (1:100, Abcam ab5320), 

rabbit anti-PDGFRβ (1:100, Abcam ab32570), biotin labelled anti-Lectin (1:200, Sigma-Aldrich 

L-3759), mouse anti-JG12 (1:100, eBioscience BMS1104), Rabbit anti-Ki67 (1:100, Thermo 

Scientific RM-9106), goat anti-Collagen IV (1:50, Millipore AB769), rabbit anti-Fibronectin 

(1:100, Sigma Aldrich F3648), mouse anti-CD68 (1:100, Abcam ab31630), and mouse anti-

CD3 (1:100, Dako M7254). Appropriate secondary antibodies (Invitrogen, Netherlands) were 

used for visualization under fluorescent microscope. Nuclei were counterstained with DAPI (1 

µg/ml, Sigma-Aldrich). 

Images were taken by Olympus BX53 microscope. The numbers of NG2+ or PDGFRβ+ foci 

were counted for the whole heart section by microscope examination. For quantification of 

Lectin staining, pictures from the left ventricle were randomly obtained from lectin stained 

heart sections (four in the endocardium, four near the epicardium). Images were analyzed 

using ImageJ v1.49) by quantification of the percentage of the lectin+ area per image area. 

 

Immunofluorescence cell staining 

Human umbilical vein endothelial cells (HUVECs), pericytes and vascular smooth muscle cells 

(VSMCs) were seeded on sterile glass cover slips and cultured in EGM2 (Lonza), DMEM 

(Gibco, #41965), and SmGM-2 (Lonza) medium respectively for four days at 37ºC. Cells were 

first washed with PBS and then fixed with cold methanol for 10 min. Cells were blocked with 

Super blot (ScyTek Laboratories #AAA125) for 1 hour at room temperature. After that, cells 

were incubated with rabbit anti-NG2 (1:100, Abcam ab5320) or rabbit anti-PDGFRβ (1:100, 

Abcam ab32570) antibodies overnight at 4ºC. After washing with PBS, this was followed by 

incubation with AlexaFluor 488-conjgated goat anti rabbit secondary antibody for 1 hour at 

room temperature. Nuclei were counterstained with DAPI. Images were taken with the same 

setting by Olympus BX53 microscope with 20x objective. 
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QPCR analysis 

Total RNA of HUVECs, pericytes, VSMCS and fibroblasts was isolated using RNAeasy kit 

(Qiagen) and treated with DNAse to remove genomic DNA contamination. cDNAs were 

generated using iScript cDNA synthesis kit (Bio-Rad) according to manufacturer’s instructions. 

Quantitative PCR was performed on the BioRad CFX96 RT system using SYBR Green, and 

mRNA expression levels were normalized to the housekeeping gene β-actin. The PCR 

primers used are as follows: β-actin forward: 5’-TCCCTGGAGAAGAGCTACGA-3’, β-actin 

reverse: 5’-AGCACTGTGTTGGCGTACAG-3’, COL4a1 forward: 5’-

ACGGGGGAAAACATAAGACC-3’, COL4a1 reverse: 5’-TGGCGCACTTCTAAACTCCT-3’, 

COL4a2 forward: 5’-TTATGCACTGCCTAAAGAGGAGC-3’, COL4a2 reverse: 5’-

CCCTTAACTCCGTAGAAACCAAG-3’. 

 

Statistics 

Groups were compared by two-way ANOVA for repeated measurements, followed by 

Student–Newman–Keuls (SNK) post-hoc test using SigmaPlot 12.3 (Systat Software Inc., San 

Jose, CA). Data are presented as mean ± standard deviation (SD). P<0.05 was considered 

significant. 

 

Results 
HFpEF progression in ZSF1 Ob animals  

ZSF1 Ob rats had LV hypertrophy, as shown by increased echocardiographic indices of LV 

mass and LV posterior wall thickness at end-diastole (dLVPW) versus WKY and ZSF1 Ln at 

25 weeks, and increase in LV + interventricular septum (IVS) weight/ tibial length (TL) versus 

WKY and ZSF1 Ln at 20 and 25 weeks (Table 1 and 2). Echocardiographic data showed 

preserved systolic function in all groups as assessed by ejection fraction (EF), fractional 

shortening (FS) and cardiac index (CI) at 20 or 25 weeks (Table 2). In contrast, ZSF1 Ob 

presented increased ratio of E to early diastolic TD mitral annulus velocity (E’), significant 

increase in E/E’/end diastolic volume (EDV) ratio, and increase of left atrial area (LAA) (Table 

2), indicative of impaired diastolic function. Hemodynamic evaluation showed significant 

increase in Tau, end diastolic pressure (EDP), and end diastolic pressure volume relationship 

β1 (EDPVR β1) in ZSF1 Ob rats at 25 weeks versus WKY and ZSF1 Ln animals at 20 and 25 

weeks (Supplemental Table 1). Furthermore, right ventricular (RV) weight/TL, and lung 

weight/TL were increased in ZSF1 Ob at 25 weeks versus WKY and ZSF1 Ln at 20 and 25 

weeks (Table 1). Systolic, diastolic and mean blood pressure levels were increased in the 

ZSF1 Ob at 25 weeks versus WKY and ZSF1 Ln at 25 weeks (Supplemental Table 2).  
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Table 1. Morphometrics of WKY, ZSF1 lean and ZSF1 obese rats. 

Two-way ANOVA with Student–Newman–Keuls post hoc test. n=5-6 animals per group. Values are mean 

± SD. IVS indicates interventricular septum; LV, left ventricle; RV, right ventricle; TL, tibial length; and 

WKY, Wistar Kyoto. *P<0.05 vs. WKY and ZSF1 Ln 20 or 25; †P<0.05 vs. week 20; ‡P<0.05 vs. WKY 20 

or 25; §P<0.05 vs. WKY and ZSF1 Ob 20 or 25; #P<0.05 vs. ZSF1 Ln.  

 
Table 2. Echocardiographic data for WKY, ZSF1 lean and ZSF1 obese rat. 

 
Two-way ANOVA with Student–Newman–Keuls post hoc test. n=2 to 4 animals per group at 20 weeks; 

n=5 to 6 animals per group at 25 weeks. Values are mean ± SD. CI indicates cardiac index; dLVPW, left 

ventricular posterior wall measured in diastole; E/A, ratio between peak E and A waves of pulsed-wave 

Doppler mitral flow velocity; EDVI, end-diastolic volume indexed for body surface area; E/e′, ratio between 

peak E-wave velocity of pulsed-wave Doppler mitral flow and peak e′-wave velocity of tissue Doppler at 

the lateral mitral annulus; EF, ejection fraction; EVD; end-diastolic volume; FS, fractional shortening; HR, 

heart rate; LAA, left atrial area; MPI, myocardial performance or Tei index; S, peak systolic tissue Doppler 

velocity at the mitral annulus; and WKY, Wistar Kyoto. *P<0.05 vs week 20; †P<0.05 vs WKY 20 or 25; 

‡P<0.05 vs WKY and ZSF1 Ln 20 or 25. 

body weight (g) 360 ± 31 410 ± 26 595 ± 31* 368 ± 24 469 ± 23†‡ 633 ± 36*†

TL (mm) 39.4 ± 0.8 41.9 ± 0.9§ 40.1 ± 1.3 38.8 ± 0.5 40.9 ± 0.8§ 39.2 ± 1.0

LV+IVS weight/TL (mg/mm) 30.1 ± 3.9 28.2 ± 1.0 36.4 ± 2.5* 32.6 ± 4.0 35.0 ± 3.3† 37.4 ± 2.2‡

RV weight/TL (mg/mm) 3.4 ± 1.1 2.7 ± 0.4 4.1 ± 0.6# 3.1 ± 0.8 3.6 ± 0.5 4.8 ± 1.2*

lung weight/TL (mg/mm) 34.9 ± 5.3 40.6 ± 7.8 55.1 ± 5.2* 45.4 ± 6.1† 48.8 ± 3.3† 64.7 ± 3.0*†

WKY 20wks Z SF 1 ln 20wks Z SF 1 o b 20wks WKY 25wks Z SF 1 ln 25wks Z SF 1 o b 25wks

Heart rate (bpm) 299 ± 18 337 ± 5 309 ± 24 298 ± 55 301 ± 33 282 ± 24

dLVPW (mm) 1.40 ± 0.00 1.45 ± 0.07 1.47 ± 0.11 1.11 ± 0.05* 1.25 ± 0.15*† 1.46 ± 0.11‡

LV mass (mg) 483 ± 93 628 ± 14 797 ± 35† 386 ± 81 604 ± 142† 976 ± 201*‡

FS (%) 35.4 ± 3.7 41.2 ± 4.4 37.9 ± 1.8 36.2 ± 7.4 34.8 ± 6.1 35.4 ± 5.3

EF (%) 70.8 ± 4.8 77.3 ± 4.7 73.3 ± 2.1 71.0 ± 9.0 69.2 ± 7.9 69.7 ± 6.6

S (mm/s) 45 ± 3 59 ± 6† 58 ± 4† 48 ± 7 54 ± 4 52 ± 4

CI (µl/min/cm2) 212 ± 30 187 ± 50 215 ± 19 172 ± 32 178 ± 11 220 ± 40

M PI (Tei) 0.60 ± 0.01 0.59 ± 0.01 0.62 ± 0.02 0.64 ± 0.03 0.62 ± 0.05 0.60 ± 0.04

E/A 1.79 ± 0.42 1.40 ± 0.08 1.33 ± 0.15† 1.68 ± 0.24 1.56 ± 0.13 1.30 ± 0.19‡

E/e' 12.7 ± 0.05 11.9 ± 2.3 16.7 ± 0.9‡ 12.2 ± 1.6 11.9 ± 2.1 14.3 ± 1.4*

E/e'/EDV (log2) 22.9 ± 4.7 13.2 ± 1.6 11.4 ± 0.6† 21.4 ± 9.9 12.5 ± 5.0† 9.0 ± 2.5†

LAA (mm2) 2.48 ± 0.08 2.81 ± 0.30 3.51 ± 0.06‡ 2.25 ± 0.14 2.70 ± 0.30† 3.71 ± 0.13‡

EDVI (µl/cm2) 1.30 ± 0.17 1.87 ± 0.17 2.35 ± 0.22 1.37 ± 0.41 1.87 ± 0.46 2.45 ± 0.49

WKY 20wks Z SF 1 ln 20wks Z SF 1 o b 20wks WKY 25wks Z SF 1 ln 25wks Z SF 1 o b 25wks
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ZSF1 Ob animals develop multiple sub-endocardial micro-structures of high cell density that 

are enriched in lectin+ ECs 

Hematoxylin/eosin examination of heart cross-sections revealed no major differences in tissue 

morphology between WKY and ZSF1 Ln at 20 or 25 weeks. However, multiple areas with high 

cell density were observed at sub-endocardial locations of ZSF1 Ob rats at both time points, 

which were absent in WKY and ZSF1 Ln (Figure 1AI-II versus 1BI-II). High magnification 

assessment identified these ZSF1 Ob specific areas as irregular star-shaped foci composed 

of more than 50 mononuclear cells, located in the interstitial space between the 

cardiomyocytes (Figure 1C-G). Erythrocytes were detected in the extravascular space (Figure 

1D,F), or in the lumen of capillary-like arrangements (Figure 1D,H), suggesting that these foci 

may contain vascular cells. Lectin+ ECs were organized in a well-structured  
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◄Figure 1. High cell density sub-endocardial foci develop specifically in the LVs of ZSF1 Ob rats, 

but not in ZSF1 Ln and WKY rats. Representative hematoxylin/eosin stained cross-sections of the heart 

LVs of ZSF1 Ob and WKY at 25 weeks. (A) Low magnification micrograph of the whole heart section of 

ZSF1 Ob. (AI-II) Higher magnification micrographs, high cell density sub-endocardial foci marked by black 

circles. (B) Low magnification figure of heart section of WKY. (BI-II) Higher magnification figures showing 

the absence of high cell density sub-endocardial foci. (C) High magnification figure showing typical 

morphology at the LV sub-endocardial location in WKY. (D) High magnification detail. Erythrocytes in the 

microcapillary bed are indicated by arrowhead. (E, G) High magnification examples showing foci 

morphology in ZSF1 Ob rats. (F, H) High magnification details with erythrocytes indicated by arrowheads.  

 

micro-capillary network in both WKY and ZSF1 Ln at 20 and 25 weeks (Figure 2A,B). Similarly, 

a well-organized micro-capillary network was observed in ZSF1 Ob at both 20 and 25 weeks 

in the areas outside the foci (Figure 2A,B). Quantification of lectin staining showed a significant 

increase in capillary area in ZSF1 Ob at 20 weeks of age compared to WKY and ZSF1 Ln (9.3 

± 1.0 versus 4.7 ± 1.1 and 5.8 ± 1.0 respectively; P<0.01), whereas at 25 weeks, capillary 

areas normalized between groups, mainly due to the increase in WKY and ZSF1 Ln (Figure 

2C). The sub-endocardial foci in ZSF1 Ob also stained positive for lectin, indicating that most 

of the accumulated cells were endothelial cells (Figure 2D,E). In contrast to the coherent 

lectin+ capillary structures that were found outside the foci, the bulk of lectin+ ECs inside these 

foci showed a distinct lack of vascular morphology with only limited luminal and monolayer 

organization (See inserts in Figure 2D,E).  

 

ZSF1 Ob specific sub-endocardial foci are enriched in NG2+ and PDGFRβ+ pericytes that 

form disorganized vascular clusters with lectin+ and JG12+ ECs 

Pericytes are vascular mural cells that are typically found in the capillary bed. They are vital 

for microvascular survival and regulation of blood flow [23]. Immunostaining for NG2 identified 

vascular pericytes located in the sub-endocardial foci, further validating their vascular identity. 

In the WKY and ZSF1 Ln, NG2+ pericytes were detected at their characteristic peri-EC 

localization, as shown by lectin double staining (Representative cross-section of WKY at 25 

weeks is shown in Figure 3A). In contrast, in ZSF1 Ob, the number of NG2+ pericytes was 

markedly increased in the regions outside the foci (Figure 3A). In the sub-cardiac foci, NG2+ 

pericytes were also observed in close distance to lectin+ ECs (Figure 3A,B). Although some 

coverage of vascular structures could be recognized, the majority of the NG2+ pericytes form 

atypical multi-layered clusters mixed with lectin+ ECs (Figure 3B). 

To further validate the vascular content of the ZSF1 Ob foci, pericytes were stained with a 

second vascular mural cell marker PDGFRβ in combination with a second EC marker, JG12. 
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Figure 2. Sub-endocardial foci in ZSF1 Ob rats are enriched with lectin+ EC. Representative cross-

sections of the LVs of WKY, ZSF1 Ln, and ZSF1 Ob at (A) 20 and (B) 25 weeks, stained for lectin+ 

endothelium, imaged by confocal microscopy (red signal). Cell nuclei are stained with DAPI (blue signal). 

(C) Quantification of percentage of lectin+ endothelial area in WKY, ZSF1 Ln, and Ob at 20 and 25 weeks. 

Mean ± SD. *P<0.05. High magnification detail panels showing the microcapillary structures in ZSF1 Ob 

(D) outside and (E) inside the sub-endocardial foci. Arrow indicates vascular structures with open lumen.  

 

Immunostaining experiments using cultured human vascular cells demonstrate that NG2 and 

PDGFRβ are suitable markers for mural cells, in particular pericytes, being minimally 

expressed by endothelial cells (Supplemental Figure 1A). PDGFRβ+ pericytes were detected 

in WKY and ZSF1 Ln at peri-EC localization (Figure 3C). In the ZSF1 Ob, PDGFRβ+ pericytes 

accumulated in the foci and were atypically organized with limited perivascular coverage 

(Figure 3C,D). In the capillary network directly surrounding these foci, an increase in 

PDGFRβ+ pericytes was observed as compared to the capillary network in WKY and ZSF1 

Ln (Figure 3E,F). The number of vascular foci increased by 9-and 20-fold in ZSF1 Ob versus 

WKY, and by 4-and 27-fold in ZSF1 Ob versus ZSF1 Ln, at 20 and 25 weeks respectively, 

when quantified using the NG2+ signal (P<0.001; Figure 3G, left graph). Similarly, 

quantification of foci using the PDGFRβ+ signal showed increases of 7-and 25-fold in ZSF1 
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Ob versus WKY, and of 4-and 29-fold in ZSF1 Ob versus ZSF1 Ln, at 20 and 25 weeks 

respectively (P<0.001; Figure 3G, right graph). The number of foci also increased in ZSF1 Ob 

over time based on both NG2 and PDGFRβ methods of quantification (P<0.001; Figure 3G). 

Combined, these data identify the sub-endocardial structures as vascular cells enriched foci 

that specifically develop in ZSF1 Ob rats.  

 

Increased endothelial cell proliferative activity, fibrosis and AGTR1 expression in the vascular 

foci of ZSF1 Ob animals  

The large number of vascular cells in the foci point towards increased endothelial cell 

proliferation. We used a combination of lectin and Ki67 staining to assess the number of 

proliferating endothelial cells. In ZSF1 Ob foci, lectin+ ECs were enriched in nuclear Ki67 

signals as compared to the surrounding tissue that displayed a regular organization of 

microvascular network (Figure 4A,C). These results were verified using a second JG12/Ki67 

staining combination, which demonstrated a similar preferential signal of Ki67 in JG12+ ECs 

located in the foci (Figure 4B,D). 

Fibrogenic activity in these pericytes enriched foci was investigated by histological Periodic 

acid-Schiff (PAS) examination, a staining method that is often used to detect extracellular 

deposition of (vascular) basal membrane glycoproteins. Extracellular fibril-like PAS+ 

structures were detected in between vascular cells located in the foci, pointing towards active 

glycoprotein deposition (WKY cross-section compared to ZSF1 Ob foci at 25 weeks; Figure 

5A-F).  

Double staining for lectin+ ECs and fibronectin showed limited deposition of these early 

fibrosis-associated extra cellular matrix (ECM) components in the regular capillary network of 

WKY and ZSF1 Ln (Figure 5G). In contrast, fibronectin deposition was increased in the sub-

endocardial foci of ZSF1 Ob, and in the vascular network surrounding the foci (Figure 5G,H). 

Double staining for PDGFRβ+ pericytes and collagen IV, a vascular basal membrane 

component predominantly produced by vascular cells, showed robust collagen IV deposition 

in the regular capillary network of WKY and ZSF1 Ln (Figure 5I). Similarly, collagen IV was 

detected in the PDGFRβ+ foci and direct surrounding capillaries of ZSF1 Ob rats (Figure 5I,J). 

Activation of the Renin-Angiotensin-Aldosterone System (RAAS) may contribute to CRMS and 

HFpEF development in the ZSF1 Ob animals. Immunostaining for AGTR1, the Angiotensin II 

receptor most associated with cardiac hypertrophy, VSMC hyperproliferation, and vascular 

constriction, showed increased expression of AGTR1 by cardiomyocytes and interstitial 

perivascular cells in ZSF1 Ob versus WKY and ZSF1 Ln controls in areas outside the vascular  

foci (Figure 5K,L). AGTR1 was highly expressed by both by lectin+ ECs and perivascular cells  

in the ZSF1 Ob specific vascular foci (Figure 5M). 
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Figure 3. Sub-endocardial foci in ZSF1 Ob rats are also enriched with NG2+ and PDGFRββ+ 
pericytes. (A) Representative cross-sections of the LVs of WKY and ZSF1 Ob at 25 weeks, stained for 

NG2+ pericytes (green signal) and lectin+ endothelium (red signal), imaged by confocal microscopy. 
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◄(B) High magnification detail showing disorganized clusters of lectin+ ECs and NG2+ pericytes in the 

sub-endocardial foci of ZSF1 Ob. Arrows indicate Lectin+ vascular structures with open lumens. (C) 
Representative cross-sections of the LVs of WKY and ZSF1 Ob at 25 weeks, stained for JG12+ 

endothelium (green signal), and PDGFRβ+ pericytes/mural cells (red signal), imaged by confocal 

microscopy. Cell nuclei are stained with DAPI (blue signal). High magnification detail panels showing (D) 
clusters of disorganized JG12+ ECs and PDGFRβ+ pericytes/mural cells in sub-endocardial foci of ZSF1 

Ob, (E) typical organization of the microcapillary bed at the sub-endocardial location of WKY, (F) increase 

of PDGFRβ+ pericytes/mural cells coverage of the JG12+ microcapillary bed directly surrounding the sub-

endocardial foci of ZSF1 Ob. (G) Quantification of the number of sub-endocardial foci per heart cross-

section, determined by NG2 and PDGFRβ+ staining in WKY, ZSF1 Ln and Ob at 20 and 25 weeks of 

age. Mean ± SD. ***P<0.001.  
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Figure 4. Sub-endocardial foci in ZSF1 Ob rats are sites of increased endothelial cell proliferation. 
Representative images of sub-endocardial foci of ZSF1 Ob at 25 weeks, stained for (A) lectin+ 

endothelium (red signal) and Ki67 cell proliferation marker (green signal), and (B) JG12+ endothelium 

(green signal), and Ki67 (red signal), followed by confocal imaging. Cell nuclei are stained with DAPI (blue 

signal). High magnification detail panels showing (C) lectin-Ki67 staining and (D) JG12-Ki67 staining. 
 

The vascular foci of ZSF1 Ob animals are preferred recruitment sites for circulatory immune 

cells 

To assess whether inflammatory cells contribute to the fibrogenic process, double staining for 

lectin+ ECs and CD3+ T cells was conducted. Perivascular CD3+ T cells were absent in the 

microvascular bed of WKY and ZSF1 Ln (Figure 6A). In contrast, perivascular CD3+ T cells 

were detected in limited numbers in ZSF1 Ob in the vascular foci, whereas the remaining 

capillary network showed no CD3+ T cell recruitment. Similarly, double staining for lectin+ 

ECs and ED1+ macrophages showed an absence of perivascular macrophages in WKY and 

ZSF1 Ln capillary networks, whereas in ZSF1 Ob, ED1+ macrophages accumulated in the 

sub-endocardial foci, indicating active recruitment of circulating immune cells at these sites 

(Figure 6B).  
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Figure 5. Onset of fibrosis at the sub-endocardial foci of ZSF1 Ob rats. Representative PAS stained 

cross-sections of the LVs of WKY and ZSF1 Ob at 25 weeks. (A) ECM glycoprotein deposition in the 

interstitial space between cardiomyocytes in WKY. (B-D) Accumulation of ECM glycoprotein in sub-

endocardial foci of ZSF1 Ob. (E, F) High magnification detail showing PAS signal distribution in sub-

endocardial foci of ZSF1 Ob. (G) Representative cross-sections of the LVs of WKY and ZSF1 Ob at 25 

weeks, stained for ECM fibronectin (green signal) and lectin+ endothelium (red signal) at low 

magnification (left panel in each row), and at high magnification (remaining panels). (H) Representative 

example of overlap between fibronectin and lectin+ endothelial distribution in sub-endocardial foci of ZSF1 

Ob at low (upper panels) and high magnification (lower panels). (I) Cross-sections of the LVs of WKY and 

ZSF1 Ob at 25 weeks, stained for vascular basal membrane collagen IV (green signal) and  

8
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◄PDGFRβ+ pericytes/mural cells (red signal) at low magnification (left panel in each row), and at high 

magnification (remaining panels). (J) Representative example of overlap between fibronectin and 

lectin+endothelial distribution in sub-endocardial foci of ZSF1 Ob at low (upper panels) and high 

magnification (lower panels). Increased expression of AGTR1 by cardiomyocytes and sub-endothelial foci 

of ZSF1 Ob rats. Representative figures of the LVs of WKY, ZSF1 Ln and ZSF1 Ob at 20 weeks, double 

stained for (K) lectin+ endothelium (red signal), AGTR1+ cells (green signal), and cell nuclei (blue signal). 

(L) Quantified results depicting the AGTR1+ areas in the WKY and ZSF1 Ln and Ob groups at 20 weeks. 

Mean ± SD. **P<0.01. (M) Representative example of overlap between AGTR1 (green signal) and lectin+ 

endothelial (red signal) distribution in sub-endocardial foci of ZSF1 Ob. Cell nuclei are stained with DAPI 

(blue signal).  

 

Figure 6. Recruitment of circulatory immune cells at sub-endocardial foci of ZSF1 Ob rats. (A) 
Representative figures of the LVs of WKY and ZSF1 Ob at 25 weeks, double stained for (A) lectin+ 

endothelium (red signal) and CD3+ T cells (green signal), and (B) lectin+ endothelium (red signal) and 

ED1+ macrophages (green signal) at low magnification (left panel in each row), and at higher 

magnification (remaining panels). Cell nuclei are stained with DAPI (blue signal). 
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Renal function declines in ZSF1 Ob rats 

Compared to WKY, plasma urea was not affected in ZSF1 Ln and Ob at 20 and 25 weeks. At 

20 and 25 weeks respectively, a 9-and 38-fold increase in protein/creatinine ratio was 

observed in ZSF1 Ob compared to WKY (P<0.001; Table 3). Similarly, at 20 and 25 weeks, a 

6-and 37-fold increase in protein/creatinine ratio was observed in ZSF1 Ob compared to ZSF1 

Ln (P<0.001; Table 3). Oxidative stress, measured by thiobarbituric acid reactive substance 

(TBARS), was increased in ZSF1 Ob compared to WKY and ZSF1 Ln at both time points 

(P<0.001; Table 3). No differences in protein/creatinine and TBARS/creatinine ratio were 

observed between WKY and ZSF1 Ln. Calculated per body weight (per 100 g), creatinine 

clearance was significantly reduced in ZSF1 Ob rats (1.2 ± 0.1 ml/min/100g versus 0.7 ± 0.1 

ml/min/100g for ZSF1 Ln and ZSF1 Ob, P<0.05, based on Student’s T-test). 
 
Table 3. Biochemical variables for WKY, ZSF1 lean and ZSF1 obese rats. 

Two-way ANOVA with Student–Newman–Keuls post hoc test. Plasma sample size; N=3 to 6 animals per 

group at 20 weeks. N=5 to 6 animals per group at 25 weeks. Urine plasma size; N=2 to 4 animals per 

group at 20 weeks. N=4 animals per group at 25 weeks. Values are mean ± SD. TBARS indicates 

thiobarbituric acid reactive substance; and WKY, Wistar Kyoto. ‡P<0.05 vs week 20; *P<0.05 vs WKY 20 

or 25; †P<0.05 vs WKY and ZSF1 Ln 20 or 25. 

 

ZSF1 Ob rats show degradation of renal endothelium and develop progressive 

glomerulosclerosis  

The highest chronic tubulo-interstitial (TI) damage and glomerulosclerosis (GS) scores were 

measured in ZSF1 Ob compared to WKY and ZSF1 Ln at 20 and 25 weeks (Figure 7A,B). 

Compared to WKY, GS was increased in ZSF1 Ln (11 ± 5 versus 23 ± 5 and 13 ± 5 versus 

24 ± 5, P<0.05). With age GS increased in ZSF1 Ob (39 ± 10 versus 53 ± 14, P<0.01). 

Peritubular and glomerular endothelia were visualized on JG12 stained slides (Figure 8A). 

Compared to WKY and ZSF1 Ln, the percentage of peritubular and glomerular endothelium 

decreased in ZSF1 Ob (Figure 8B,C).  

 
 
 

Plasma

   Creatinine (μmol/L) 36.1 ± 1.9 28.3 ± 8.9 21.1 ± 5.5* 34.2 ± 8.7 36.0 ± 8.5 22.4 ± 7.6†

   Urea (mmol/L) 4.1 ± 0.2 5.3 ± 0.7* 6.3 ± 1.0* 7.3 ± 1.1‡ 6.7 ± 0.5‡ 5.9 ± 0.7*

Urine

   Protein/creatinine ratio 119 ± 17 181 ± 9 1086 ± 871† 126 ± 8 130 ± 5 4774 ± 239†

   TBARS/creatinine ratio 4.1 ± 0.2 3.8 ± 0.6 19.3 ± 15.1† 3.0 ± 0.1 2.3 ± 0.1 49.7 ± 8.5†

Z SF 1 o b 25wksWKY 20wks Z SF 1 ln 20wks Z SF 1 o b 20wks WKY 25wks Z SF 1 ln 25wks
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Discussion 
The main findings of the current study are: (1) The obese ZSF1 rat strain is a suitable in vivo 

model for CRMS, sharing characteristics with the human syndrome during the earliest onset 

of disease. (2) In obese ZSF1 rats, CRMS induces microvascular fibrotic responses in heart 

and kidneys, associated with functional impairment of both organs. 

 

ZSF1 Ob rats as a suitable model for CRMS – metabolic syndrome as a trigger for chronic 

cardio-renal syndrome  

Humans with metabolic derangements such as obesity, hypertension, hyperglycemia, and 

dyslipidemia – all recognized as important risk factors for chronic kidney and cardiovascular 

disease [24,25] – often present with preclinical diastolic dysfunction [26], diastolic heart failure, 

or heart failure with preserved ejection fraction (HFpEF) [27,28]. In current and previous 

reports, we could validate that the ZSF1 Ob animals share these characteristics with metabolic 

syndrome patients [2]: ZSF1 Ob rats are obese (65% and 45% increase compared to WKY 

and ZSF1 Ln respectively, Table 1), hypertensive (46% and 19% increase in mean blood 

pressure compared to WKY and ZSF1 Ln, Supplemental Table 2), and show elevated fasting 

plasma glucose levels (65% and 45% increase compared to WKY and ZSF1 Ln respectively 

[9]), whereas other studies have reported hypertriglyceridemia (increase of more than 25-fold) 

and hypercholesterolemia (increase of more than 5-fold) in ZSF1 Ob versus ZSF1 Ln [10,29].  

Furthermore, CRMS in humans is defined by the presence of metabolic syndrome in addition 

to insulin resistance, microalbuminurina and/or reduced renal function [13]. 

 

Figure 7. Increase in tubulo-interstitial damage and glomerulosclerosis in the kidneys of ZSF1 Ob 
rats compared to WKY and ZSF1 Ln rats. Tubulo-interstitial damage (A) and glomerulosclerosis (B) 
scores for WKY and ZSF1 Ln and ZSF1 Ob at 20 and 25 weeks. Mean ± SD. *P<0.05, **P<0.01, 

***P<0.001. 
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Figure 8. Rarefaction of the peritubular and glomerular vasculature in ZSF1 Ob rats. (A) 
Representative images of JG12-stained sections for ZSF1 Ln and ZSF1 Ob. Quantified results depicting 

the percentage of JG12+ endothelial area in the (B) peritubular and (C) glomerular vasculature 

determined in WKY and ZSF1 at 20 and 25 weeks. Mean ± SD. *P<0.05, **P<0.01, ***P<0.001. 

 

Current and previous findings demonstrate that ZSF1 Ob develops proteinuria from 10 weeks 

onwards [9] whereas early signs of HFpEF were detected from 14 weeks onwards. Similarly 

at 10 weeks, increased oral glucose tolerance and insulin resistance, glycosuria and 

significant weight gain can be detected [9]. These observations indicate that the presentation 

of metabolic risk factors accompanies the onset of renal dysfunction (signified by proteinuria) 

and precedes HFpEF development in ZSF1 Ob rats, which is consistent with a 

pathophysiological course of CRMS in ZSF1 Ob in which metabolic and renal complications 

induce cardiac dysfunction [18]. Based on these combined data, we therefore propose ZSF1 

Ob as a small animal model for metabolic syndrome induced CRS (and thus CRMS), in which 

the combined metabolic risk factors act together to trigger early onset and progression of CKD 

and HF, creating the downward spiral of disease progression that is so typical for patients with 

chronic CRS [10].  

 

Microvascular fibrotic changes in ZSF1 Ob rats  

CRMS was first suggested as a disease entity in 2004 [30]. Already in this first publication a 

relation with endothelial dysfunction was proposed [30]. Endothelial injury is implicated in CRS 

[20], whereas in HFpEF patients, vascular changes represented by endothelial dysfunction 
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have been reported [31]. A direct link between heart failure, vascular activation, metabolic 

comorbidities, and CKD was presented by Shestakova et al., who demonstrated a correlation 

between endothelial dysfunction and the hallmarks of HF in CRS patients with DM type 1 [19]. 

In line with these studies, our data show changes in the coronary microvascular bed of ZSF1 

Ob rats: Endothelial and mural cells form atypical vascular patches of cells, with remarkable 

increases in proliferation rate. Not only do these structures lack functional organization, they 

also appear to act as origin sites of fibrosis, for we could demonstrate enriched deposition of 

fibrosis associated ECM components such as fibronectin and collagen type IV in these 

vascular foci.  

In CRS rat models that use subnephrectomy (SNX) in combination with coronary ligation to 

initiate ischemic heart disease, a decrease in LV microvascular density was reported to be 

associated with systolic dysfunction [32,33]. Other clinical and experimental studies provide 

evidence that coronary microvascular rarefaction in diastolic and hypertrophic heart failure 

promotes tissue hypoxia, cell death, and fibrosis, all contributing to the progression from 

compensated hypertrophy to contractile dysfunction [34,35]. In adults, vascular proliferation is 

part of the compensatory and repair response to local hypoxia and tissue damage in which 

endothelial cells proliferate and migrate into the ischemic injury site during macrophage influx 

and phagocytosis of necrotic tissue. As repair proceeds, dead tissue is replaced by 

granulation tissue, characterized by the deposition of a provisional matrix enriched in 

glycoproteins and fibronectin [36,37]. The vascular foci that developed in ZSF1 Ob rats 

resembled this process of scar formation, with excessive endothelial cell proliferation, 

fibronectin deposition and local recruitment of macrophages.  

Vascular cells in the foci contribute to the formation of granulation matrix, demonstrated by 

deposition of the typical vascular basal membrane component collagen type IV. Collagen type 

IV is predominantly produced by pericytes and not by fibroblasts, as shown by qPCR using in 

vitro human primary vascular cell types (Supplemental Figure 1B).  

Extensive myocardial fibrosis is one of the hallmarks of CRMS. Previously, we reported that 

at 20 weeks, cardiac hypertrophy was increased in ZSF1 Ob versus ZSF1 Ln and WKY, but 

overall levels of myocardial fibrosis remained comparable between groups [9]. In contrast, 

glomerulosclerosis score in the kidneys (shown in Figure 8B) was significantly increased in 

ZSF1 Ob versus the other 2 groups. Thus, the effect of metabolic risk factors on kidney fibrosis 

seems to precede the effects on fibrosis in the myocardium in the ZSF1 Ob animals. In this 

study, we could demonstrate that onset of fibrosis is present in the sub-endocardial vascular 

foci at 20 and 25 weeks in ZSF1 Ob rats. This was accompanied by vascular inflammation, 

yet another hallmark of CRMS.  
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On the basis of our observations to date, we hypothesize that the hyperproliferative vascular 

reaction in ZSF1 Ob heart is part of a destructive response that leads to replacement of 

functional vascular structures by fibrotic tissue with semi and non-functional microvascular 

clusters, which may ultimately deteriorate into large fibrotic areas that are completely devoid 

of vascular support, in line with the previously reported vascular rarefaction phenotype. 

Additional studies are planned to further elucidate this highly dynamic process and to validate 

if microvascular hyperproliferation of pre-existing vessels indeed precedes fibrogenesis and 

vascular rarefaction in CRMS.  

 

Potential impact of current findings on the field of CRMS research  

Chronic CRS type 2, which is initiated by chronic cardiac dysfunction (such as congestive HF), 

and type 4, initiated by chronic renal dysfunction (resulting in LV hypertrophy and diastolic 

HF), are currently under-recognized syndromes in the cardiovascular research community in 

comparison to acute CRS types. This is largely due to the lack of a suitable animal model to 

mimic the human condition. However the population of patients with chronic types of CRS is 

substantial: In adult patients with congestive HF it has been reported that 31% of NYHA III 

and 39% of NYHA IV patients suffer from renal dysfunction [38]. Recent findings presented in 

the PREVEND study also showed that early onset of renal dysfunction, indicated by 

albuminuria, is a strong predictor for new onset of HFpEF, but not HFrEF [39]. Others have 

also demonstrated that the prevalence of LV hypertrophy is significantly increased in CKD 

patients from mild renal impairment onwards [40]. These findings are consistent with the 

concept that the synergy between renal and cardiac dysfunction is a driving factor in the early 

disease onset of HFpEF. An improved understanding of the disease mechanism of, in 

particular, chronic CRS would greatly aid in the development of new diagnostic and treatment 

options that are specifically targeted to this large subgroup of cardiac and renal patients.  

The ZSF1 Ob strain presents a suitable model to investigate the contribution of different 

disease pathways to CRMS, as the disease course resembles the onset phase of chronic 

CRS within the first 10-25 weeks of the animals’ lifespan. In particular, studies that investigate 

the relation between metabolic risk factors and endothelial dysfunction could shed further light 

on the contribution of vascular injury to HF in chronic CRMS.  

 

Limitations of the current study  

The ZSF1 Ob model described in the current paper is not suitable for studying type 1 and type 

3 CRS, as these forms require acute cardiac and renal failure to adequately mimic the human 

conditions, and may involve different disease mechanisms compared to the chronic forms 

(See review of disease etiologies of CRS subtypes) [18]. A more suitable model for acute CRS 
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would be surgical induction methods for myocardial infarction such as coronary ligation, and 

SNX for severe renal dysfunction. Previous studies have indicated that a dual injury model to 

heart and kidneys is needed to produce a more robust acceleration of renal failure and heart 

failure with reduced ejection fraction, that are typical for acute CRS [41,42]. However, the 

causal relation between metabolic risk factors and chronic CRS can be better studied in the 

ZSF1 Ob model, as this would best imitate the natural course of the disease in chronic CRS 

patients. The addition of ZSF1 Ob to our arsenal of animal models for CRS will greatly expand 

our means to adequately study mechanisms in the earliest phases of disease.  

In addition to the proposed mechanism of vascular fibrosis mediated CRMS, other disease 

mechanisms could trigger CRS, including low cardiac output leading to impaired renal 

perfusion, which vice versa leads to kidney-mediated RAAS and sympathetic activation. Initial 

renal dysfunction could also induce chronic CRS via RAA and sympathetic activation, in 

addition to Na+ and H2O overload, hypertension, accumulation of uremic toxins and Ca and 

Phosphate abnormalities that all contribute to cardiovascular complications. Furthermore, 

renal impairment and subsequent dysregulation of erythropoietin contributes to anemia, which 

further aggravate hypoxia in both organs [18]. In this study, we have not specifically assessed 

the contribution of these mechanisms to CRS development in the ZSF1 Ob model. However, 

cardiac output represented by the indexed cardiac output (CI, in Table 2) is similar between 

the 3 groups at both time points assessed. In addition, ZSF1 Ob animals are indeed 

hypertensive, and expression of AGTR1, the main receptor for RAAS mediated effects on the 

cardiovascular system, was increased in LV sections of the ZSF1 Ob group, particularly at the 

vascular foci. Further systematic evaluation will help identify for which specific pathological 

mechanisms of chronic CRS the ZSF1 Ob strain is a suitable research model.  

 

In conclusion, this study demonstrates that the ZSF1 Ob rat strain is a suitable in vivo model 

for CRMS, sharing many characteristics with the human CRS during the earliest onset of the 

disease, as triggered and mediated by metabolic risk factors. Further studies in the classic 

pathways of CRMS using this ZSF1 Ob model will enhance our understanding of the 

contribution of microvascular and metabolic changes during the onset of CRMS.  

  



8

Distinct cardiac- and renal microvascular responses characterize HFpEF progression in ZSF1 rats 

265 

References 
1. Forman DE, Butler J, Wang Y, Abraham WT, O'Connor CM, Gottlieb SS, Loh E, Massie BM, 

Rich MW, Stevenson LW, Young JB, Krumholz HM: Incidence, predictors at admission, and 
impact of worsening renal function among patients hospitalized with heart failure. J Am Coll 
Cardiol 2004, 43:61-7. 

2. Grundy SM, Brewer HB, Jr., Cleeman JI, Smith SC, Jr., Lenfant C, American Heart A, National 
Heart L, Blood I: Definition of metabolic syndrome: Report of the National Heart, Lung, and 
Blood Institute/American Heart Association conference on scientific issues related to definition. 
Circulation 2004, 109:433-8. 

3. Raimundo M, Lopes JA: Metabolic syndrome, chronic kidney disease, and cardiovascular 
disease: a dynamic and life-threatening triad. Cardiol Res Pract. 2011, 2011:747861. 

4. Galassi A, Reynolds K, He J: Metabolic syndrome and risk of cardiovascular disease: a meta-
analysis. Am J Med 2006, 119:812-9. 

5. Gami AS, Witt BJ, Howard DE, Erwin PJ, Gami LA, Somers VK, Montori VM: Metabolic 
syndrome and risk of incident cardiovascular events and death: a systematic review and meta-
analysis of longitudinal studies. J Am Coll Cardiol 2007, 49:403-14. 

6. Kurella M, Lo JC, Chertow GM: Metabolic syndrome and the risk for chronic kidney disease 
among nondiabetic adults. J Am Soc Nephrol 2005, 16:2134-40. 

7. Whaley-Connell A, Pavey BS, McCullough PA, Saab G, Li S, McFarlane SI, Chen SC, 
Vassalotti JA, Collins AJ, Bakris G, Sowers JR, Investigators K: Dysglycemia predicts 
cardiovascular and kidney disease in the Kidney Early Evaluation Program. J Clin Hypertens 
2010, 12:51-8. 

8. Bongartz LG, Braam B, Gaillard CA, Cramer MJ, Goldschmeding R, Verhaar MC, Doevendans 
PA, Joles JA: Target organ cross talk in cardiorenal syndrome: animal models. Am J Physiol 
Renal Physiol 2012, 303:F1253-63. 

9. Hamdani N, Franssen C, Lourenco A, Falcao-Pires I, Fontoura D, Leite S, Plettig L, Lopez B, 
Ottenheijm CA, Becher PM, Gonzalez A, Tschope C, Diez J, Linke WA, Leite-Moreira AF, 
Paulus WJ: Myocardial titin hypophosphorylation importantly contributes to heart failure with 
preserved ejection fraction in a rat metabolic risk model. Circ Heart Fail 2013, 6:1239-49. 

10. Bilan VP, Salah EM, Bastacky S, Jones HB, Mayers RM, Zinker B, Poucher SM, Tofovic SP: 
Diabetic nephropathy and long-term treatment effects of rosiglitazone and enalapril in obese 
ZSF1 rats. J Endocrinol 2011, 210:293-308. 

11. Griffin KA, Abu-Naser M, Abu-Amarah I, Picken M, Williamson GA, Bidani AK: Dynamic blood 
pressure load and nephropathy in the ZSF1 (fa/fa cp) model of type 2 diabetes. Am J Physiol 
Renal Physiol 2007, 293:F1605-13. 

12. Leite S, Oliveira-Pinto J, Tavares-Silva M, Abdellatif M, Fontoura D, Falcao-Pires I, Leite-
Moreira AF, Lourenco AP: Echocardiography and invasive hemodynamics during stress testing 
for diagnosis of heart failure with preserved ejection fraction: an experimental study. Am J 
Physiol Heart Circ Physiol 2015, 308:H1556-63 

13. Sowers JR, Whaley-Connell A, Hayden MR: The role of overweight and obesity in the 
cardiorenal syndrome. Cardiorenal Med 2011, 1:5-12. 

14. LourenÇo AP, Falcão-Pires I, Cerqueira R, Fontoura DM, D, Hamdani N, Paulus W, Leite-
Moreira AF: The obese Zsf1 rat as a new model of heart failure with preserved ejection fraction 
accompanying the metabolic syndrome. Circulation 2012, 126. 

15. Westermann D, Lindner D, Kasner M, Zietsch C, Savvatis K, Escher F, von Schlippenbach J, 
Skurk C, Steendijk P, Riad A, Poller W, Schultheiss HP, Tschope C: Cardiac inflammation 
contributes to changes in the extracellular matrix in patients with heart failure and normal 
ejection fraction. Circ Heart Fail 2011, 4:44-52. 

16. Van Heerebeek L, Hamdani N, Falcao-Pires I, Leite-Moreira AF, Begieneman MP, Bronzwaer 
JG, van der Velden J, Stienen GJ, Laarman GJ, Somsen A, Verheugt FW, Niessen HW, Paulus 
WJ: Low myocardial protein kinase G activity in heart failure with preserved ejection fraction. 
Circulation 2012, 126:830-9. 



Chapter 8 

266 

17. Paulus WJ, Tschope C: A novel paradigm for heart failure with preserved ejection fraction: 
comorbidities drive myocardial dysfunction and remodeling through coronary microvascular 
endothelial inflammation. J Am Coll Cardiol 2013, 62:263-71. 

18. Ronco C, Haapio M, House AA, Anavekar N, Bellomo R: Cardiorenal syndrome. J Am Coll 
Cardiol 2008, 52:1527-39. 

19. Shestakova MV, Jarek-Martynowa IR, Ivanishina NS, Kuharenko SS, Yadrihinskaya MN, 
Aleksandrov AA, Dedov, II: Role of endothelial dysfunction in the development of cardiorenal 
syndrome in patients with type 1 diabetes mellitus. Diabetes Res Clin Pract 2005, 68:S65-72. 

20. Hatamizadeh P, Fonarow GC, Budoff MJ, Darabian S, Kovesdy CP, Kalantar-Zadeh K: 
Cardiorenal syndrome: pathophysiology and potential targets for clinical management. Nat Rev 
Nephrol 2013, 9:99-111. 

21. Karnib HH, Ziyadeh FN: The cardiorenal syndrome in diabetes mellitus. Diabetes Res Clin Pract 
2010, 89:201-8. 

22. Leite‐Moreira AF, Correia‐Pinto J. Load as an acute determinant of end‐diastolic 
pressurevolume relation. Am J Physiol Heart Circ Physiol 2001, 280:H51‐9. 

23. Van Dijk CGM, Nieuweboer FE, Pei JY, Xu YJ, Burgisser P, van Mulligen E, El Azzouzi H, 
Duncker DJ, Verhaar MC, Cheng C: The complex mural cell: Pericyte function in health and 
disease. Int J Cardiol 2015, 190:75-89. 

24. Hall JE, Crook ED, Jones DW, Wofford MR, Dubbert PM: Mechanisms of obesity-associated 
cardiovascular and renal disease. Am J Med Sci 2002, 324:127-37. 

25. Cohen JB, Cohen DL: Cardiovascular and renal effects of weight reduction in obesity and the 
metabolic syndrome. Curr Hypertens Rep 2015, 17:34. 

26. Correa de Sa DD, Hodge DO, Slusser JP, Redfield MM, Simari RD, Burnett JC, Chen HH: 
Progression of preclinical diastolic dysfunction to the development of symptoms. Heart 2010, 
96:528-32. 

27. Afshinnia F, Spitalewitz S, Chou SY, Gunsburg DZ, Chadow HL: Left ventricular geometry and 
renal function in hypertensive patients with diastolic heart failure. Am J Kidney Dis 2007, 
49:227-36. 

28. Ahmed A, Rich MW, Sanders PW, Perry GJ, Bakris GL, Zile MR, Love TE, Aban IB, Shlipak 
MG: Chronic kidney disease associated mortality in diastolic versus systolic heart failure: a 
propensity matched study. Am J Cardiol 2007, 99:393-8. 

29. Tofovic SP, Kusaka H, Kost CK, Jr., Bastacky S: Renal function and structure in diabetic, 
hypertensive, obese ZDFxSHHF-hybrid rats. Ren Fail 2000, 22:387-406. 

30. El-Atat FA, Stas SN, McFarlane SI, Sowers JR: The relationship between hyperinsulinemia, 
hypertension and progressive renal disease. J Am Soc Nephrol 2004, 15:2816-27. 

31.  Akiyama E, Sugiyama S, Matsuzawa Y, Konishi M, Suzuki H, Nozaki T, Ohba K, Matsubara J, 
Maeda H, Horibata Y, Sakamoto K, Sugamura K, Yamamuro M, Sumida H, Kaikita K, Iwashita 
S, Matsui K, Kimura K, Umemura S, Ogawa H: Incremental prognostic significance of peripheral 
endothelial dysfunction in patients with heart failure with normal left ventricular ejection fraction. 
J Am Coll Cardiol 2012, 60:1778-86. 

32. Windt WA, Henning RH, Kluppel AC, Xu Y, de Zeeuw D, van Dokkum RP: Myocardial infarction 
does not further impair renal damage in 5/6 nephrectomized rats. Nephrol Dial Transplant 2008, 
23:3103-10. 

33. Dikow R, Schmidt U, Kihm LP, Schaier M, Schwenger V, Gross ML, Katus HA, Zeier M, Hardt 
SE: Uremia aggravates left ventricular remodeling after myocardial infarction. Am J Nephrol 
2010, 32:13-22. 

34. Mohammed SF, Hussain S, Mirzoyev SA, Edwards WD, Maleszewski JJ, Redfield MM: 
Coronary microvascular rarefaction and myocardial fibrosis in heart failure with preserved 
ejection fraction. Circulation 2015, 131:550-9. 

35. Oka T, Akazawa H, Naito AT, Komuro I: Angiogenesis and cardiac hypertrophy: maintenance 
of cardiac function and causative roles in heart failure. Circ Res 2014, 114:565-71. 

36. Frangogiannis NG, Smith CW, Entman ML: The inflammatory response in myocardial infarction. 
Cardiovasc Res 2002, 53:31-47. 



8

Distinct cardiac- and renal microvascular responses characterize HFpEF progression in ZSF1 rats 

267 

37. Virag JI, Murry CE: Myofibroblast and endothelial cell proliferation during murine myocardial 
infarct repair. Am J Pathol 2003, 163:2433-40. 

38. McAlister FA, Ezekowitz J, Tonelli M, Armstrong PW: Renal insufficiency and heart failure: 
prognostic and therapeutic implications from a prospective cohort study. Circulation 2004, 
109:1004-9. 

39. Brouwers FP, de Boer RA, van der Harst P, Voors AA, Gansevoort RT, Bakker SJ, Hillege HL, 
van Veldhuisen DJ, van Gilst WH: Incidence and epidemiology of new onset heart failure with 
preserved vs. reduced ejection fraction in a community-based cohort: 11-year follow-up of 
PREVEND. Eur Heart J 2013, 34:1424-31. 

40. Greaves K, Chen R, Ge L, Wei M, Tong B, Cai N, Senior R, Hemingway H: Mild to moderate 
renal impairment is associated with increased left ventricular mass. Int J Cardiol 2008, 124:384-
6. 

41. Van Dokkum RP, Eijkelkamp WB, Kluppel AC, Henning RH, van Goor H, Citgez M, Windt WA, 
van Veldhuisen DJ, de Graeff PA, de Zeeuw D: Myocardial infarction enhances progressive 
renal damage in an experimental model for cardio-renal interaction. J Am Soc Nephrol 2004, 
15:3103-10. 

42. Bongartz LG, Joles JA, Verhaar MC, Cramer MJ, Goldschmeding R, Tilburgs C, Gaillard CA, 
Doevendans PA, Braam B: Subtotal nephrectomy plus coronary ligation leads to more 
pronounced damage in both organs than either nephrectomy or coronary ligation. Am J Physiol 
Heart Circ Physiol 2012, 302:H845-54. 



Chapter 8 

268 

Supplemental Data 

 
Supplemental Figure 1. NG2, PDGFRβ, and COL4 expression in human vascular cell types. (A) 
Representative immunofluorescent staining of mural cells derived from human origin (pericytes and 

VSMCs) and HUVECs. NG2 (red), PDGFRβ (green), and nuclei (blue). 20X magnification. (B) QPCR 

analysis of COL4a1 and COL4a2 expression levels in human derived vascular cells and fibroblasts. N=3, 

Mean ± SD. ***P<0.001 versus all. 
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Supplemental Tables 
 

Supplemental tables can be downloaded from: 

 

https://www.ahajournals.org/doi/10.1161/CIRCHEARTFAILURE.115.002760?url_ver=Z39.8

8-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed 
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Abstract 
Microfluidic organ-on-a-chip designs are used to mimic human tissues, including the 

vasculature. Here we present a novel microfluidic device that allows the interaction of 

endothelial cells (ECs) with pericytes and the extracellular matrix (ECM) in full bio-matrix 

encased 3D vessel structures (neovessels) that can be subjected to continuous, unidirectional 

flow and perfusion with circulating immune cells.  

We designed a in a polydimethylsiloxane (PDMS) device with a reservoir for a 3D fibrinogen 

gel with pericytes. Open channels were created for ECs to form a monolayer. Controlled, 

continuous, and unidirectional flow was introduced via a pump system while the design 

facilitated 3D confocal imaging. 

In this vessel-on-a-chip system, ECs interact with pericytes to create a human cell derived 

blood vessel which maintains a perfusable lumen for up to 7 days. Dextran diffusion verified 

endothelial barrier function while demonstrating the beneficial role of supporting pericytes. 

Increased permeability after thrombin stimulation, showed the capacity of the neovessels to 

show natural vascular response. Perfusion of neovessels with circulating THP-1 cells 

demonstrated this system as a valuable platform for assessing interaction between the 

endothelium and immune cells in response to TNFα. 

In conclusion: We created a novel vascular microfluidic device that facilitates the fabrication 

of an array of parallel soft-channel structures in ECM gel that develop into biologically 

functional neovessels without hard-scaffold support. This model provides a unique tool to 

conduct live in vitro imaging of the human vasculature during perfusion with circulating cells 

to mimic (disease) environments in a highly systematic but freely configurable manner. 
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Introduction 
Current vascular research focuses on the understanding of fundamental and disease-driven 

processes for therapeutical purposes and regenerative aims. A broad variety of in vitro assays 

are available in the field, with each designed to study a specific aspect of vascular biology [1]. 

Endothelial barrier homeostasis is vital for vascular performance and is often assessed in in 

vitro setups [2]. Junction proteins such as vascular endothelial cadherin (VE-cadherin) and 

zonula occludens 1 (ZO-1) facilitate barrier function [2,3], and are widely studied in multiple 

settings, including disease-associated inflammation. During inflammation, VE-cadherin 

junctions are disrupted by leukocytes, thereby increasing barrier permeability [4] and 

facilitating diapedesis of these circulating cells [5-7]. Leukocyte extravasation during 

inflammation requires complex interactions between multiple vascular cell types and the 

surrounding extracellular matrix (ECM), and are mainly assessed in vitro in parallel flow 

chambers, which allow perfusion of circulating cells over a confluent endothelial monolayer 

with employment of syringe pumps to control the flow hemodynamics [8,9]. These in vitro 

models offer easily accessible, and (sometimes) high throughput solutions for live confocal 

monitoring. However, although they provide excellent in vitro platforms to study basic vascular 

mechanisms, the high biological and biomechanical complexity of the natural vasculature give 

rise to many technical challenges that remain to be addressed. For example, perfusable 

channels may not mimic the natural vessel geometry [10,11] or are not fully 3D ECM 

encapsulated due to limitations to the mechanical strength of the available (hydro) gels 

[12,13]. Co-culture of all relevant vascular cell types may also not be possible in certain 

setups, and lack of e.g. mural cells (pericytes and smooth muscle cells) support may hamper 

native vascular function in vivo [14-16]. On the other hand, animal models which do provide 

the required complex vascular environment, may also be practically and logistically 

challenging, are less suitable for high throughput screening, and may be limited in human 

relevance. The development of novel, more improved in vitro systems that combine the 

complexity of the native vasculature and allow direct monitoring of the cells in a physiologically 

relevant setting would greatly enhance the current insights into vascular and circulating cell 

behavior in healthy and different disease conditions.  

 

Microfluidic technology that allows controlled pre-fabrication of perfusable micro-channels in 

the microvascular range could provide a low cost, high through put-based, quantifiable 

solution that captures the human microenvironment for in depth mechanistic studies [17]. 

Moreover, human based microfluidic systems have the ability to bridge the gap between non-

complex in vitro models and complex, non-human in vivo techniques. In the last decade, this 

technology has been widely applied to successfully mimic human tissues, including the 
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vasculature [18]. Some examples of advanced microfluidic “vessel-on-a-chip” systems include 

the assay presented by Lam et al. which consists of a set of polydimethylsiloxane (PDMS) 

channels from which the largest one functions as a central angiogenesis chamber with 

endothelial colony-forming-cell derived endothelial cells (ECFC ECs), connected to adjacent 

stromal cell chambers and channels with oxygen scavenging compounds [19]. Basic PDMS 

designs often require micro-vessel formation by sprouting (from adjacent chambers) or self-

assembly in an ECM environment in the angiogenic chamber. Here, the additional PDMS 

channels introduce spatial and temporal variants in local oxygen levels to mimic physiological 

conditions [19]. By adding more relevant cell types, such as astrocytes and epidermal cells to 

the vascular cells in the angiogenesis chamber or adjacent chambers, the blood brain barrier 

and the vascularized skin microenvironment could be replicated more accurately in a variety 

of comparable PDMS channels based microfluidic systems [20-23]. Similar devices have been 

presented with micro-channels which are partially in contact with 3D ECM gels from which the 

shared surfaces are lined with human ECs to mimic blood vessels [22,24-26]. Other studies 

have used channels that are cast in full collagen type I gel to mimic the lymphatic vessels or 

to study skin cell interaction with blood vessels [27-29]. 

 

Despite development of these highly advanced systems, several challenges in blood vessel-

on-a-chip design remain, such as optimization of a protocol that would allow addition of mural 

cells to the endothelial monolayer [14-16,19,27,30,31]. Vascular-supporting cells, particularly 

pericytes that are present in the native microvasculature, play a significant role in establishing 

vascular homeostasis and maintaining the barrier function [32,33]. Pericyte deficiency in 

specific murine knockdown lines results in significant loss of endothelial barrier function, 

causing vascular leakage, and reduced vascular growth [34-36]. Inclusion of perivascular cells 

into the vessel-on-a-chip system is therefore a crucial requirement to fully emulate the 

functional human microvasculature.  

The use of micro-channels fully cast in PDMS with the (endothelial) cells directly cultured on 

a PDMS surface [12,13,37,38] also provides another challenge; PDMS has different 

properties than native ECM in context of stiffness and bio-stimulation of (endothelial) cells, 

and limits the natural interaction between mural cells and ECs [39,40]. However, PDMS does 

provide the right amount of mechanical stiffness to support physiologically relevant levels of 

flow in small caliber channels (<1000 µm) without compromising the channel geometry, which 

is often an encountered issue with perfusion of hydrogel-based channels. Most current models 

also do not use mechanically applied flow, but a passive low flow system based on volume 

differences in the in- and outlet reservoirs to circumvent these problems in hydrogel based 

channels [41-43]. The development of a novel vessel-on-a-chip system with controlled, 
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unidirectional, continuous flow at levels that more closely mimic the physiological condition 

would greatly aid in the study of typical circulating immune cell behavior during interactions 

with the vasculature such as rolling, adhesion and extravasation [5,6].  

 

Here we present a new advanced in vitro microfluidics model that more closely mimics the in 

vivo vasculature by: (1) Creating a mechanically controlled perfusion system with multiple 

tubular micro-channels that are completely enclosed in 3D ECM without direct contact of 

seeded cells with the PDMS casing or any other hard-material scaffolding. (2) Seeding these 

channels with human-derived GFP-labeled ECs and dsRED-labeled pericytes, and thereby 

recreating a blood vessel with a confluent endothelium and mural cell support providing 

optimized endothelial barrier function. (3) Controlling perfusion with circulating immune cells 

through these neovessels to provide a platform for interaction studies of circulating cells with 

the activated endothelium. This new system is designed to allow spatiotemporal visualization 

of the multiple steps in leukocyte adhesion in vitro using confocal microscopy with the 

possibility of live imaging. It can be used to enhance our understanding of the mechanisms of 

vascular inflammation processes in various diseases. 

 

Materials and Methods 
Cell culture  

Human umbilical vein endothelial cells (HUVECs; Lonza) were cultured in EGM-2 (EBM-2 

supplemented with single quots; Lonza). Human brain derived pericytes (ScienCell) were 

cultured in DMEM (Gibco) with additional 10% FBS (GE healthcare). All media was 

supplemented with 100 U/ml penicillin/streptomycin (Gibco). Cells were cultured on fresh 

gelatin (Sigma-Aldrich) coated dishes until passage 8 and harvested using trypsin (Gibco). 

Lentivirus green fluorescent protein- (GFP) transduced HUVECs and lentivirus discosoma sp. 

Red fluorescent protein- (dsRED) transduced pericytes (both under the human EF1a 

promoter) were used until passage 8. GFP-transduced HUVECs and dsRED-transduced 

pericytes show bright fluorescence in their cytoplasm. Dead cells will not express any 

fluorescent signal. THP-1 cells were kept in suspension culture using RPMI (Gibco) with the 

addition of 10% FBS (GE healthcare) and 1% penicillin/streptomycin (Gibco) until passage 

23. All cells and experiments were incubated at 37°C with 5% CO2. 

 

Microfluidic device manufacturing 

A microfluidic device mold was designed in NX version 10.0 and milled with a Roland MDX-

40a benchtop CNC Mill from polymethylmethacrylate (PMMA). Twenty seven G needles (BD 

Bioscience) were glued into 21G needles (BD Bioscience, New Jersey/United States) with 
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metal-metal epoxy glue (Bison). PMMA mold and needles were cleaned and assembled to 

form the microfluidic mold. Sylgard 184 elastomer polydimethylsiloxane (PDMS; Dow Corning) 

was prepared in a 1:10 curing agent to base ratio, stirred and placed in a vacuum dissector 

until all air was removed. PDMS was poured into the PMMA-based microfluidic device mold 

and placed in a 65°C oven for at least 2 hours. After peeling off the PDMS from the mold, a 

glass coverslip was assembled to the PDMS device. Both, the PDMS component and the 

glass coverslips (22x22 mm) (Paul Marienfield, GmbH & Co) were tape cleaned for dust and 

the bonding surface was treated with corona discharge (SpotTEC, Tantec) prior to assembly. 

Furthermore, the bonded microfluidic devices were put in 65oC for 30 min with additional 

weights to reinforce covalent bonds. Freshly formed covalent bonds between glass and PDMS 

results in a leakage-free microfluidic device. The reservoir is 5 mm by 17 mm by 1.7 mm in a 

PDMS device of 21 mm by 41 mm. Needles for molding the ECM gel channels were located 

at a distance of 0.75 mm of the bottom. 

 

Fibrinogen gel creation and channel molding 

Supplemental Figure 1 illustrates the work flow overview. PDMS devices were sterilized with 

UV for 30 min. Five sterile 26G needles (450 µm in diameter, BD bioscience) were inserted in 

the ports of the PDMS and function as the molds for casting the channels. Fibrinogen (7.5 

mg/ml; Millipore) was dissolved in EGM-2 (Lonza). Vacuum was applied to remove air bubbles 

in the ECM containing. Next, a pericyte pellet was resuspended in the fibrinogen solution to a 

concentration of 5X105 cells/ml which was injected into the reservoir of the sterile PDMS 

microfluidic device via a syringe and 30G needle (BD Bioscience). A 30G needle on the 

opposite site of the reservoir acts as outlet for air (Supplemental Figure 1). Devices with ECM 

gel and pericytes were placed in an incubator and turned over every 30 min for 2 hours, before 

leaving in the incubator overnight for further crosslinking. Needles were removed after 24 

hours subsequently forming channels in the ECM gel (indicated in all further experiments as 

day 0). HUVECs were concentrated to a 12x106 cells/ml suspension in EGM-2 and seeded 

into the formed channels. The PDMS device was turned over every 30 min to evenly seed the 

top and bottom of the channels. After 2 hours, the microfluidic device was submerged in EGM-

2 (static condition) for three days to ensure the HUVECs formed a monolayer in the channel. 

Based on the reservoir volume and channel volume (all 5 channels combined) and the 

previously described cell concentrations, the estimate ratio between pericyte and HUVECs is 

1:4.2 (12560 pericytes vs 52800 HUVECs) per microfluidic device. All experiments were 

conducted 3 days after seeding HUVECs in the channels after visual validation of successful 

endothelial monolayer formation.  
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Perfusion set up 

The Ibidi perfusion sets (black; Ibidi) were fitted with an additional PE-50 (Becton Dickinson) 

with inner diameter of 0.5 mm in order to match the specifications of the inlets of the PDMS 

mold. All perfusion sets were sterilized with 70% ethanol and UV radiation for one hour. The 

connection of the perfusion set with the microfluidic device was made with the PE-50 tubing 

and needles. Sterile 26G needles were inserted before the perfusion in the PDMS. The points 

of the needles reach the start of the HUVECS channel in order to keep residual PDMS from 

closing the channel and disturbing the flow. The setup was placed in an incubator and flow 

speed was adjusted using the Ibidi pump software. Perfusion with THP-1 cells was performed 

with a combination of culturing media, in ratio 1:1 of EGM-2 and RPMI (further referred as 

perfusion medium). THP-1 cells (5X105 cells/ml in total) were stained with CellTracker Deep 

Red Dye (Thermo Fisher) according to manufacturer’s manual and used for perfusion. Cells 

were kept in perfusion medium after staining. Tumor necrosis factor (TNFα 10 ng/ml; rhTNFα, 

R&D systems) or control (PBS) in perfusion medium was added to the THP-1 perfusion. 

 

In-channel immunofluorescent staining 

Immunofluorescent staining was performed at specific time points. The PDMS device was 

fixated by submersion in PFA 4%. 1% BSA (bovine serum albumin), primary antibody (Anti-

VE-Cadherin (CD144) clone BV9, Millipore), secondary antibody (Alexa Fluor® 568, 

Invitrogen Life Technologies) and DAPI were applied with caution using a 30G needle. After 

each injection step, a wash step was performed 3 times by submerging the channels in PBS. 

VE-cadherin primary antibody targets extracellular parts of VE-cadherin and was incubated 

overnight at 4oC before incubation with the secondary antibody for 1h at room temperature. 

 

RNA isolation and qPCR 

RNA from the cells in the microfluidic device was isolated in 2 ways, either as a pool of 

HUVECs and pericyte RNA (1), or per individual cell type (2). For condition 1: The PDMS 

casing was cut open to gain access to the reservoir. The full reservoir (ECM gel including 

pericytes and HUVECs) was lysed using RLY lysis buffer for RNA isolation. For condition 2: 

RLY lysis buffer was flushed into the channel using a syringe and needle in the inlet and outlet 

of the microfluidic device. Lysate from all channels was combined for RNA isolation to form 

the HUVECs specific fraction. The remaining gel with pericytes in the microfluidic device was 

lysed, creating a separate pericyte fraction. RNA was isolated using ISOLATE II RNA kit 

(Bioline) with DNAse and cDNA was made using SensiFAST cDNA synthesis kit (Bioline) 

according manufactures protocol. qPCR was performed using FastStart Universal SYBR 

Green Master (Roche) following the qPCR program: 8,5’ 95 ºC, 38 cycles (15” 95 ºC; 45” 60 
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ºC) 1’ 95 ºC, 1’ 65 ºC, 62 cycles (10” 65 ºC + 0,5 ºC). Gene expression levels were normalized 

to β-actin (Supplemental Table 1). 

 

Dextran diffusion assay 

Dextran Rhodamine B 70 kDa (10 nM in PBS; Sigma-Aldrich) was used to address endothelial 

barrier function. Dextran was initially applied to the cell seeded channels of the microfluidic 

device in the presence or absence of human recombinant thrombin (0.5 and 1 U/ml; 

hThrombin, R&D systems).  

 

Imaging 

Imaging of the microfluidic device was performed with a Leica TCS SP8X confocal 

microscope. Due to the dimensional properties of the channels, images were made with 10x 

or 20x magnification for both z-stack mode (42 focus sections per z-stack, 12 µm step size) 

and tile scan mode (3x2 tile). Average confocal time for each channel was 45 min using these 

settings. Images shown are projections of these tile scan/z-stack images unless indicated 

otherwise. Image analysis was performed with Leica LASX software and ImageJ. Longitudinal 

cross sections, 3D reconstructions, and GIF movies of the channels in the microfluidic device 

were generated with Leica LASX software. Dextran diffusion assays and channel width 

measurements were performed with an inverted microscope (Olympus IX53). Immediately 

after dextran injection, the channels were imaged every 10 min. Image analysis and 

quantification was performed using ImageJ and Graphpad Prism software (version 7.02). 

Dextran permeability coefficient was calculated according to the method published by Price 

and Tien [44]. 

 

Statistics 

All data shown in bar graphs are presented as means +/- SEM. Groups were compared by 

students t-test or one-way ANOVA followed by Tukey post hoc test when appropriate. P<0.05 

was accepted as statistically significant.  

 

Results 
Microfluidics device design, production, and use 

The microfluidic device is composed of an open reservoir made of PDMS walls and a bottom 

that is sealed with a coverslip. This reservoir is filled with ECM gel (fibrinogen in the present 

study) and is connected to 5 inlets and 5 outlets in the PDMS walls that can be linked to tubing 

for monitored perfusion. 
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Figure 1. Microfluidics device design, production, and use. (A) Overview of the design of the 

microfluidics device. (B) Prototype of the microfluidics device. (C) Micrographs show on the left hand side 

the needle embedded in the fibrinogen gel, and on the right hand side the ECM channel left behind in the 

cross-linked fibrinogen matrix after removal of the needle. Diameter of the channel is indicated by a red 

bar. (D; I and II) Setup of the microfluidics system connected to the Ibidi perfusion pump via needles and 

tubing. (E) Bar graph showing the ECM channel diameter in the presence of the needle, after removal of 

the needle (channel), after seeding with HUVECs in the channel (HUVECs), before perfusion (3 days after 

seeding) and after 2 days of perfusion (40 µl/ml). N=3. Scale bar = 250 µm.  
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These connectors narrow down to 450 µm diameter sections towards the reservoir. The 

schematic device design is shown in Figure 1A and prototype replicated PDMS device is 

shown in Figure 1B. A fibrinogen gel mixed with (dsRED-labeled) pericytes is injected through 

the PDMS into the reservoir to form the ECM gel. The reservoir offers the possibility to cast 

different types of ECM gels, with or without additional cells, to mimic the microenvironment. 

In total, five 26 gauge needles are inserted through the inlets and outlets to act as molds 

during the casting of the fibrinogen gel to create 450 µm diameter channels in the 3D ECM. 

After gel cross-linking, the needles are extracted, leaving behind the open channel structures 

(Figure 1C). The five individual ECM channels are aligned with the PDMS inlets and outlets, 

creating a closed leakage-free system that allows flow perfusion of the ECM channels using 

tubing connected to the Ibidi pump system (Figure 1D i and ii). The channels are seeded with 

GFP-labeled HUVECs to create the endothelial monolayer lining of the blood vessels. A 

schematic overview of the workflow, including a time line (ECM casting; day -1, EC seeding; 

day 0, maturation of the channel and start experiment; day 3), is shown in Supplemental 

Figure 1. Quantification of channel diameter shows a limited ~60 µm (~12%) increase in 

channel diameter immediately after needle removal (Figure 1E). Other procedures, such as 

seeding of the channels with HUVECs, prolonged static culture and flow perfusion did not 

further influence the channel diameter. Using this setup, the device offers a biocompatible, 

homogenous, isotropic, and optically transparent setting that is suitable for direct observation 

of the ECM channels by (fluorescence) microscopy in real-time. The distance from the center 

of the ECM channel to the cover glass is 0.9 µm, which places the entire channel within the 

working distance of a high-resolution lens on standard confocal microscopes. This 

arrangement allows direct monitoring and recording of dynamic interactions of vascular and 

circulating cells in the 3D blood vessel structure.  

 

Bio-engineering of a mechanical flow perfused blood vessel in the fibrinogen matrix 

environment of the microfluidic device 

The human blood vessel is composed of a confluent monolayer of ECs supported by mural 

cells such as pericytes. To evaluate ECs and pericytes behavior, we co-seeded the 

microfluidic system with both cell types. GFP-labeled HUVECs directly seeded into the ECM 

channels of the device developed confluent monolayers in 3 days time under static conditions 

(Figure 2A, view from bottom side of vessel wall). Monitoring the same channels from day 1 

to day 3 reveals a steady increase of ECs till full coverage at day 3. Meanwhile dsRED-labeled 

pericytes, homogeneously seeded in the fibrinogen matrix, were increasingly recruited to the 

neovessel over time (Supplemental Figure 2A). 
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Figure 2. A complex neovessel with open lumen is formed in the ECM channels after 3 days of 
static co-culture after cell seeding. (A) Confocal micrograph of the endothelial monolayer formed by 

GFP-labeled HUVECs (green) with perivascular coverage by dsRED-labeled pericytes (red) of the 

artificial neovessel. Scale bar = 500 µm. (B) Longitudinal cross section of the vessel. (C) Composite 

display of longitudinal cross section micrographs. (D) 3D reconstruction of half a wall of the neovessel. 

(E; I and II) High magnification views of the vessel wall. Pericytes are localized in direct contact with ECs, 

indicated by white arrows. Scale bar = 250 µm. 
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In contrast, in conditions in which only HUVECs-GFP were seeded in the channels without 

pericytes in the ECM, ECs coverage of the channels remained poor with the cells showing 

difficulties to maintain a confluent monolayer (Supplemental Figure 2B). The neovessel 

structures created by co-culture of HUVECs and pericytes maintained an open lumen as 

shown in the longitudinal and composite views (Figure 2B,C; Supplemental Figure 2C, 

Supplemental Movie 1). At day 3, some dsRED-labeled pericytes made direct contact with the 

endothelial monolayer, as shown in the 3D composite (Figure 2D) and high magnification 

(Figure 2E i and ii) views. Flow perfusion was introduced in the microfluidics device by 

connecting the inlets and outlets with tubing in a closed system connected to an Ibidi pump. 

The ECM channels were first perfused with medium at 20 µl/minute and incubated at 5% CO2 

at 37˚C to allow the ECs monolayer to adjust from a static condition to flow. 
 

Figure 3. Flow perfusion of the neovessels in the microfluidics device. (A) Micrographs show the 

monolayer of GFP-labeled HUVECs and perivascular coverage of dsRED-labeled pericytes of the 

neovessels after 5 days of static culture (upper row) and after 3 days of static culture + 2 days of flow 

perfusion (0.286 dyne/cm2, 40 µl/ml, lower row). Scale bar = 500 µm. (B) high magnification images of 

static culture (upper row) and perfused (lower row) neovessels. Scale bar = 100 µm. 
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Experiments to evaluate the sprouting capacity of the established neovessel also showed 

pericyte coverage of the emerging endothelial sprouts (Supplemental Figure 2D, 

Supplemental Movie 2). 

After 24h, the flow rate was increased to 40 µl/min, which yields an estimated shear rate of 

38.3 sec-1 or a wall shear stress of 0.286 dyne/cm2. This is close to, or within the range of, the 

levels previously used in microfluidic studies that focus on leukocyte-endothelium interaction 

under controlled flow [45-47]. After 2 days of controlled continuous perfusion at 40 µl/min, the 

endothelial coverage of the seeded ECM channels remained fully confluent and perivascular 

pericyte coverage of the neovessel remained intact (Figure 3A,B).  

To assess in more detail if prolonged culture and/or flow improves the number of recruited 

pericytes to the direct neovessel ECM surroundings and subsequent promote neovessel 

coverage, quantification of the dsRED signal was conducted in co-cultures at 4- and 5-days 

post seeding. A steady increase of pericyte area per standardized image view was observed 

when comparing day 4 and 5 with day 3 post seeding under static conditions (Figure 4A,B). 

No additional effect on pericyte area in the neovessel surrounding ECM was observed when 

flow was applied at day 4 (Figure 4B). The increased coverage over time was not attributed 

to adaptations in cell morphology and subsequent increase per individual pericyte cell surface 

area, but is associated with an increase in total pericyte number (Supplemental Figure 2E). 

This increase in the amount of pericytes stabilized after 7 days of static co-culture (data not 

shown).  

The time-dependent increase in local accumulation of pericytes was more pronounced closer 

to the endothelial wall (Figure 4C). To analyze pericyte distribution, different segments were 

defined, ranging from 0-200, 200-400, 400-600 µm from the vessel wall into the ECM gel, with 

0 assigned to the location nearest to the vessel wall. Quantification of pericyte+ areas in each 

segment showed that there are more pericytes present within the segments closest to the 

neovessel after 5 days of static culture (Figure 4D,E). This typical distribution pattern persists 

after prolonged incubation (e.g. day 9) of the microfluidic device (data not shown). Prolonged 

co-culture of pericytes with ECs in the microfluidic system did not diminish the pericyte 

phenotype, as shown by assessment of expression levels of typical pericyte markers PDGFRβ 

and NG2 over a period of 7 days, in whole neovessels and ECM lysates. At 7 days post 

seeding, a significant increase in mRNA levels of both pericytes markers was observed 

compared to earlier time points (Figure 4F). 
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Figure 4. Pericyte characteristics over time. (A) Representative projection of dsRED pericytes (upper 

picture) and merged with GFP endothelial cells (green; lower picture) signals at day 3 and day 5 of culture 

under static conditions. Scale bar = 250 µm. (B) Increase of pericyte dsRED area over time and after flow: 

total dsRED area per image view are displayed for day 4 (N=6) and day 5 (N=14) under static conditions 

and 1 day after perfusion (day 4; N=5). Day 4 and 5 (both static) and day 4 perfusion (1 day of perfusion) 

are normalized to their starting point, day 3 (dotted line). **P<0.01, ****P<0.0001. (C) Representative view 

of changes in pericyte distribution over time. Average dsRED signal (grey value) of day 3 (black line) and 

day 5 (red line) quantified in a cross section perpendicular to the neovessel. The green area represents 

the neovessel area. Beside the higher signal of pericytes at day 5 (due to increase in numbers), the 

distribution of the pericytes is more shifted to the vicinity of the neovessel compared to day 3. (D) Changes 

in pericyte distribution over time in different locations in close and distant proximity of the neovessel. To 

analyze pericyte distribution, different segments were defined ranging from 0-200, 200-400, 400-600 from 

the neovessel wall into the ECM gel, with 0 nearest to the vessel wall. The graph shows the average 
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Pericyte distribution segments 0-200/200-400 segments 
 ratio 
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into the ECM gel (µm) 
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◄pericyte area (grey value dsRED) of the different segments at day 3 and day 5. Pericyte area at day 5 

is increased compared to day 3, due to increase in pericyte numbers. (E) Significant increase in pericyte 

recruitment towards the vessel wall over time. To analyze the changes in pericyte recruitment towards 

the 0 baseline location (vessel wall), changes in pericyte area in segment 0-200 and 200-400 were 

assessed as calculated by the delta of area values in segments 0-200 vs 200-400 at day 3 (black bar 

graph) compared to day 5 (grey bar graph). N=6, *P<0.05. (F) mRNA levels for well-known pericyte 

markers PDGFRβ and NG2 over time. Both genes were significantly upregulated at day 7 compared to 

earlier time points. N=5, *P<0.05, **P<0.01. 

 

 
Figure 5. Endothelial characteristics over time. (A) Stable mRNA levels of well-known endothelial cells 

markers VEGFR2 and PECAM over time. (B) Stable mRNA levels of junction markers VE-cadherin, ZO-

1 and CX43 over time. All graphs are N=5, except ZO-1 (N=4). (C) VE-cadherin staining of the endothelial 

monolayer of the neovessel. VE-cadherin junctions (red) are clearly visible between the endothelial cells. 

DAPI signal (blue) stains cell nuclei. High magnification image (right) shows the VE-cadherin junctions 

between endothelial cells and DAPI+ nuclei. Scale bar = 50 µm. 

 
 

Similarly, prolonged co-culture in the device did not diminish the EC phenotype, as shown by 

stable mRNA levels of typical endothelial markers VEGFR2 and PECAM (Figure 5A). Likewise 

mRNA levels of adherens junction VE-cadherin, tight junction ZO-1 and gap junction connexin 

43 (CX43) remained constant during the 7 days of co-culture (Figure 5B). To specifically 

evaluate the expression of cell junction markers by ECs that comprise the monolayer in the 

C 

A B 
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neovessels, separate lysates for RNA isolation of ECs in the channels and pericytes in the gel 

were harvested. ECs and pericytes enrichment of the harvested fractions was validated by 

qPCR evaluation of ECs and pericytes markers (Supplemental Figure 3A). The ECs enriched 

fraction showed a trend (P=0.099) of higher VE-cadherin expression compared to 2D mono 

cultured ECs and comparable expression levels to ECs co-cultured with pericytes in a trans-

well setup (Supplemental Figure 3B). Fluorescent immunostaining of VE-cadherin of the 

neovessels in static co-culture conditions showed well-established adherens junctions in the 

endothelial monolayer (Figure 5C), indicating successful establishment of an intact endothelial 

barrier.  

 

Assessment of endothelial barrier function 

An important function of the endothelium in vivo is to form an active, regulatory barrier between 

the vessel lumen and the surrounding tissue for relatively large sized plasma proteins and 

circulating cells. Therefore, we assessed the endothelial barrier function of the established 

ECs monolayer in the ECM channels by monitoring the trans-endothelial diffusion of 

rhodamine labeled 70 kDa dextran during static culture conditions at 3 days post seeding in 

the microfluidic device. ECM channels without coverage of HUVECs and pericytes showed 

dextran leakage into the ECM environment at 1 min after onset of dextran injection. 

Fluorescent dextran signal was increased after 30 min. Similarly, coverage of ECM channels 

with HUVECs only produced considerable dextran leakage at 1 and 30 min post perfusion 

time points. In contrast, coverage of ECM channels with HUVECs and pericytes clearly 

reduced dextran leakage at 1 and 30 min after onset of dextran perfusion compared to the 

other two conditions (Figure 6A). The fluorescent area of the dextran rhodamine signal that 

has penetrated into the surrounding ECM was quantified per cross-sectional location and 

displayed in bell-curve graphs for 1 and 30 min measurements. The slopes for the 1 and 30 

min bell-curves of the ’HUVECs + pericytes’ condition were considerably steeper than the 

slopes of the ’no cells‘ and ’HUVECs single‘ conditions, indicating that dextran rhodamine 

signal was more maintained within the ECM channel when the device was seeded with both 

HUVECs and pericytes (Figure 6B). Quantification of the area under the bell-curve (AUC), 

showed a significant increase in dextran area inside the channel for ‘HUVECs + pericytes‘ 

versus ’HUVECs single‘ or ’no cells‘ conditions at 30 min after onset of dextran perfusion 

(Figure 6C). In line with these findings, the AUC shows a significant increase in dextran area 

outside of the channel for ‘no cells’ and ‘HUVECs single’ versus ’HUVECs + pericytes‘ 

conditions at 30 min after onset of dextran perfusion (Figure 6D). The calculated permeability 

coefficients derived from these data similarly shows a reduction in dextran leakage between 

’HUVECs + pericytes’ compared to ‘HUVECs single’ (2.62 x 10-7 cm/s +/- 2.45 x 10-7 cm/s 
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versus 3.12 x 10-6 cm/s +/- 4.26 x 10-7 cm/s; P=0.002) and ‘HUVECs + pericytes’ versus ‘no 

cells’ (2.62 x 10-7 cm/s +/- 2.45 x 10-7 cm/s versus 4.21 x 10-6 cm/s +/- 4.7 x 10-8 cm/s; 

P<=0.001) conditions.  

 

 
Figure 6. Assessment of the endothelial barrier function of neovessels in the microfluidics device. 
(A) Micrographs show 70 kDa dextran rhodamine diffusion out of the vessel lumens at 1 minute and 30 

minutes post dextran infusion into ECM in channels without cells (upper row), ECM channels seeded with 

single GFP-labeled HUVECs (mid row), and neovessels composed of GFP-labeled HUVECs and 
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◄pericytes seeded in the ECM channels (lower row). Scale bar = 500 µm. (B) Cross-diameter bell-curve 

distribution of the fluorescent intensity of dextran rhodamine over the ECM compartment and channels 

for the different groups (without cells, with only GFP-labeled HUVECs, and with GFP-labeled HUVECs + 

pericytes), at 1 and 30 minutes post dextran rhodamine infusion. Slopes of the shoulders of the bell-

curves are indicated in the graph. Quantified fluorescent intensity is shown on the Y-axes. Cross section 

location is shown on X-axes. The channel area is indicated by the grey lines in the graphs. (C) Bar graphs 

show the quantified data of dextran rhodamine+ area under the curve (AUC) inside the ECM channel of 

the different groups (without cells, with only GFP-labeled HUVECs, and with GFP-labeled HUVECs + 

pericytes), at 1 and 30 minutes post dextran rhodamine infusion, in percentage of total curve area. N=4, 

*P<0.05. (D) Bar graphs show the quantified data of dextran rhodamine+ AUC outside of the ECM 

channels of the different groups (without cells, with only GFP-labeled HUVECs, and with GFP-labeled 

HUVECs + pericytes), at 1 and 30 minutes post dextran rhodamine infusion, in percentage of total curve 

area. N=4 (1 channel from 4 different microfluidic devices), **P<0.001.  

 

The fluorescent area of the dextran rhodamine signal that has penetrated into the surrounding 

ECM was again quantified per cross-sectional location and displayed in bell-curve graphs for 

different doses of Thrombin at different time points. Bell-curves of 0.5 U and 1 U thrombin 

addition to dextran at 1 minute, 30 min and 60 min after onset of dextran injection show a 

different distribution compared to control conditions (Figure 7A). Quantification of the AUC 

shows a significant increase in dextran area outside the channel in the ECM in thrombin 

versus control conditions at the 30 and 60 min time points (Figure 7B). However, the 

calculated permeability coefficient did not show a significant difference. 

In addition, thrombin treated endothelial channels stained for VE-cadherin showed small 

disruptions of the adherens junction versus non-treated controls (Figure 7C). These data show 

that the newly developed platform can be used to monitor and quantify vascular leakage over 

time and detect inflammatory cytokine induced alterations in endothelial barrier function. 

 

Assessment of monocyte-endothelial interaction 

One important aspect for a vessel-on-a-chip system to replicate for disease studies is the 

interaction between ECs and circulating (immune) cells. We assessed the interaction of 

circulating monocytes (THP-1) and the vascular wall in the presence and absence of pro-

inflammatory cytokine TNFα. Flow perfusion was introduced as described above, but now with 

the addition of THP-1 cells in the perfusion medium. The perfusion medium was a mix of EGM-

2 and RPMI medium to meet both ECs and THP-1 cells requirements. THP-1 cells were 

visualized with CellTracker deep red in combination with GFP-labeled HUVECs and dsRED-

labeled pericytes. Confocal microscopy showed live perfusion of THP-1 cells through the 

endothelial channel (Supplemental Figure 4A,B; Supplemental Movie 3). 
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Figure 7. Endothelial barrier function in the microfluidics device is responsive to thrombin 
stimulation. (A) Cross-diameter bell-curve distribution of the fluorescent intensity of dextran rhodamine 

over the ECM compartment and neovessels for the different groups (control, 0.5 U and 1 U thrombin), at 

1, 30 and 60 minutes post dextran rhodamine infusion. Quantified fluorescent intensity is shown on the 

Y-axes. Cross section location is shown on X-axes. ECM channel area is indicated with grey lines in the 

graph. (B) Bar graphs show the quantified data of dextran rhodamine+ area under the curve (AUC) inside 

(top graph) or outside vessel (lower graph) areas of the different groups (control, 0.5 U and 1 U thrombin), 

at 1, 30 and 60 minutes post dextran rhodamine infusion. N=4 (1 channel from 4 different microfluidic 

devices), *P<0.05, **P<0.001. (C) VE-cadherin staining of the endothelial monolayer of the neovessels 

with and without thrombin stimulation. The control condition shows the clear line patterns of the VE-

cadherin junctions between the endothelial cells (left). Thrombin stimulation results in small interruptions 

between the VE-cadherin junctions (white arrowheads). Scale bar = 50 µm. 
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A limited number of THP-1 cells attached to the endothelial wall under earlier described flow 

conditions (Figure 8A). Addition of TNFα in the perfusion medium significantly increase 

attachment of THP-1 cells in these neovessels (Figure 8B,C). Quantification of Z-stack images 

showed increased co-localization of THP-1 cells and ECs with TNFα stimulation (Figure 8D). 

TNFα did not influence THP-1 proliferation (data not shown). In addition, a trend (P=0.07) is 

observed demonstrating an increase in percentage THP-1 area co-localized with pericyte area 

in TNFα conditions (Figure 8E). TNFα did not influence total HUVECs or pericyte area, nor 

did it affect co-localization of HUVECs with pericytes (Supplemental Figure 4C,E). Binding of 

THP-1 cells to these neovessels in pro-inflammatory conditions illustrates that this in vitro 

microfluidic model emulates in vivo properties of the vasculature during inflammation.  

 

Discussion 
In this study, we designed, manufactured, and validated a novel microfluidic vessel-on-a-chip 

system that replicates complex, and most importantly, functional neovessel structures in a full 

3D ECM environment. The most important findings of the present study are: 1) The ECM 

channels provide an excellent base to seed ECs to form tissue-engineered neovessels with 

relevant morphology and an open lumen supported by perivascular pericytes in a full 3D ECM 

microenvironment. 2) The endothelial monolayer inside the channels is maintained when 

exposed to controlled, unidirectional, continuous flow when perfused for up to 48 hours. 3) 

The created device provides an easily accessible platform for live confocal imaging of 

interaction between vascular cells, and (4) both pericytes and ECs contribute to a viable and 

functional neovessel. 5) The presence of pericytes in the microfluidic system is essential to 

maintain the endothelial barrier function of the tissue-engineered vessel, as monitored and 

quantified by using fluorescent labeled dextran perfusion. 6) Endothelial barrier function in the 

device is responsive to biological stimuli such as thrombin, making it a suitable platform for 

testing endothelial barrier function to different biological factors and pharmaceutical 

compounds. Furthermore, 7) circulating monocytes interact with the endothelial wall in 

response to the pro-inflammatory cytokine TNFα, demonstrating that the system is suitable 

for testing circulating leukocytes attachment to the endothelium during inflammation.  

 

The low-cost and high throughput capacity of microfluidic technology could bridge the gap 

between in vitro and in vivo methods. We designed a microfluidic device that can easily be 

manufactured using standard PDMS casting techniques and can be used for live confocal 

imaging. 
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Figure 8. Monocyte-EC interaction in response to pro-inflammatory cytokine TNFα after 24 hours 

perfusion. (A) Vessel wall shown after perfusion with medium with THP-1 cells (magenta) for 24 hours, 

shown are attached THP-1 cells. HUVECs are shown in green, pericytes in red. (B) Vessel wall after 

perfusion with THP-1 (magenta) for 24 hours in presence of TNFα. Scale bar = 500 µm. (C) THP-1 positive 

area shown in percentage of the total image area (displayed on Y-axes) is significantly increased in 

response to TNFα stimulation. (D) THP-1 positive area co-localizing with ECs is significantly increased in 

TNFα conditions. (E) THP-1 positive area co-localizing with pericytes shows a trend (#P=0.0701) of 

increase when TNFα present. N=6 (1 channel from 6 different microfluidic devices), **P<0.001. 

 

The PDMS devices are highly reproducible due to the casting method and easy to handle 

during culturing and setup. This device enables the co-cultivation of multiple vascular cell 

types in a 3D fashion with ECM interactions, thereby mimicking the in vivo situation. Our 

current microfluidic platform supports two important readout parameters for the assessment 

of vascular function:  
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(1) Endothelial barrier function: Our tissue-engineered vessel supported by pericytes 

establishes a functional monolayer which can be quantified using fluorescent labelled dextran 

diffusion. This method is often used in microfluidic systems to quantify vascular barrier function 

[48,49]. The calculated permeability coefficients of 2.62 x 10-7 cm/s and 3.12 x 10-6 cm/s for 

pericytes + ECs and only ECs conditions in our microfluidic system fall within the broad range 

reported by previous studies [49-51]. This level of permeability is higher than the levels 

observed in vivo models, yet lower compared to other in vitro models as indicated by Lee and 

colleagues [51]. In line with our data, Kim et al. observed a reduction in permeability when 

ECs were co-cultured with pericytes in their vessel-on-a-chip system [52]. Similarly Campisi 

et al. observed a reduction in permeability when pericytes were added to an iPSC derived 

endothelial culture in their blood brain barrier system [21], with permeability further reduced 

when the authors used a combination of pericytes, iPSC ECs, and astrocytes [21]. Alimperti 

et al. also demonstrated the supportive role of bone marrow stromal cells in endothelial barrier 

function when these cells were co-cultured at different ratios with ECs, illustrating that 

pericytes are not the only dedicated cell types for vasculature support [53].  

Furthermore, our microfluidic model also responds to thrombin-induced ECs barrier changes: 

Thrombin stimulation disrupts VE-cadherin binding between ECs, thus decreasing the number 

of intact adherens junctions and impairing vascular barrier function [54-56]. Our data 

demonstrates that quantification of alterations in endothelial barrier function in response to 

thrombin is possible within a short time frame (1 hour) by assessment of dextran diffusion and 

VE-cadherin disturbance, which is line with a limited number of microfluidics systems that in 

their design offer a similar possibility to test endothelial barrier changes to thrombin [53,57].  

 

(2) Interaction with circulating immune cells under flow: Circulating monocytes that show 

limited interaction with blood vessels during healthy conditions engage profoundly with the 

endothelium during inflammation, with leukocyte-rolling, -adhesion and -diapedesis mounting 

to an efficient first immune response at the inflammation site in response to multiple pro-

inflammatory cytokines such as TNFα [58-65]. Our novel vessel-on-a-chip system allows 

pump-controlled, continuous, unidirectional perfusion of the tissue-engineered vessel with 

circulating cells, such as THP-1 cells, thus permitting live assessment of interaction of these 

cells with the endothelium in response to e.g. TNFα stimulation. Increased attachment of THP-

1 cells to the vessel wall was observed in presence of TNFα after 24 hours, making the model 

suitable for studying immunological responses of the inflamed vasculature. TNFα levels vary 

greatly in different inflammatory diseases. For example, rheumatoid arthritis patients show a 

modest rise to 17.9 pg/ml compared to patients with severe bone fractures (0.1 ng/ml) [66,67]. 

Other groups found different TNFα levels in pre-eclamptic women (210 pg/ml vs 1.93 pg/ml), 
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clearly demonstrating the marked variation of TNFα levels reported in serum, even within the 

same disease, which could be due to differences in detection method or cohort group [68]. 

The concentration of TNFα used in vitro is usually much higher (range in ng per ml) compared 

to the serum TNFα levels measured in vivo during inflammation-related diseases, with the 

latter normally measured in the pg per ml range. The TNFα concentration that was used in 

the present study is well in line with other in vitro assays which assess monocyte adhesion 

and interaction with the ECs under flow in more traditional fluid-chamber settings [11,65,69]. 

In the present study, a trend (p=0.07) towards increased pericyte/THP-1 co-localization was 

observed when THP-1 were flowed in the presence of TNFα compared to control. Recent 

studies identified pericytes as important regulators in leukocytes extravasation [70,71]. NG2+ 

subsets of pericytes constitutively express ICAM-1 on their membrane, whereas NG2- 

pericytes express ICAM-1 after TNFα stimulation [71]. Proebstl et al. showed that the 

occurrence of enlarged gaps between adjacent pericytes in response to inflammatory 

cytokines facilitates transmigration of leukocytes by binding to ICAM-1 expressing pericytes 

[71]. Ayres-Sander et al. confirmed the beneficial role of pericytes in trans-endothelial 

migration of neutrophils [72].  

 

Current model vs existing state-of-the-art microfluidic models 

The scientific community increasingly demands more complex 3D models that provide a more 

complete recapitulation of different vascular biological aspects. Currently, most research 

groups create their own microfluidic models using novel bio-fabrication methods with each 

model tailored to their specific research questions and needs. 

 

When comparing our model to current state-of-the-art vessel-on-a-chip systems, our model 

provides some answers to previously encountered challenges in platform design, particularly 

in terms of vascular biology and constant flow regulation and perfusion. The advanced system 

presented by Takahashi et al. demonstrated a tubular channel seeded with HUVECs in a full 

collagen type I hydrogel environment in the absence of flow and mural cell incorporation [14]. 

The paper by Tan et al. presented a tubular channel seeded with human ECs in a full ECM 

environment with inclusion of vascular smooth muscle cells [73]. The use of other bio-

fabrication techniques such as those developed by Jia et al. allows coaxial 3D printing to 

create a hollow tube composed of a bio-ink gel consisting of mainly gelatin-methacryloyl 

(GelMA) and 4-arm poly(ethylene glycol)-tetra-acrylate (PEGTA) in which a mixture of human 

mesenchymal cells and HUVECs are fully encapsulated in the tube wall [74]. These types of 

approaches successfully create a tubular structure with both ECs and mural cells. However, 

the organization of the cells remains an issue as high density GelMA is known to limit cell 
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migration [75] and the formation of the distinct layers requires the ability of the cells suspended 

in the GelMA mix to self-organize into these layers. Similarly, Kolesky et al. also created a 

channel system in a full GelMA environment seeded with a monolayer of endothelial cells that 

could support endothelial barrier function [31]. However, although they combined this vascular 

network with other tissue cell types, mural cells were not incorporated and the system was not 

tested with pump-controlled, continuous flow.  

 

In summary, the most recent studies reporting on vascular regeneration and vascular tissue 

on a chip all focus on improving different aspects ranging from how to increase complexity 

and biological function to assessment of different bio-fabrication methods for vascular 

structures. The majority of the published vascular microfluidic models share common features 

concerning bio-fabrication method, flow, 3D environment, ECM and types of cells used in 

culture. Most studies focus on a specific research question using a dedicated microfluidic 

model with predefined characteristics to test their hypothesis and thus, all have their own 

merits and limitations. For our vessel-on–a-chip system, we focus mainly on recreating a 

system with a biological environment that not only sustains vascular cells, but also supports 

a vascular response that mimics the natural conditions, including the capacity of the cytokine-

activated endothelium to interact with circulating immune cells. Our system thereby offers a 

valuable complementary model to existing platforms, which are more orientated towards 

assessing e.g. sprouting capacity and interaction with tissue specific cells. Follow up studies 

using this new model can provide valuable new insights in the immune cell-mediated 

pathogenesis of vascular disease. For example, current research in the pericyte field has 

demonstrated the involvement of pericytes in tissue fibrogenesis: upon activation by 

macrophage derived Amphiregulin (an epidermal growth factor receptor (EGFR) ligand), 

pericytes transdifferentiate into myofibroblasts in a TGFβ dependent manner [76]. Yet, certain 

subtypes of pericytes, such as CD73+ pericytes in the kidney, have been shown to suppress 

inflammation and prevent progressive renal fibrosis [77]. Furthermore, the presented model 

provides a suitable platform to allow in depth analysis of the contribution of different subtypes 

of pericytes in relation to inflammation control and fibrogenesis in multiple diseases including 

chronic kidney disease. 

For diastolic heart failure, we have recently identified a possible role for the pericytes that 

support the cardiac microvascular bed in disease onset or progression. Characterized by 

increased stiffness in the left ventricle with decreased compliance and impaired relaxation, 

research of the pathogenesis of diastolic heart failure points towards a disease pathway with 

which involves endothelial dysfunction, vascular rarefaction, inflammation and fibrosis that 

negatively influences myocyte performance and promotes cardiac wall stiffening. Most 
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significantly, we have recently shown in a rat model of diastolic heart failure, that cardiac 

fibrosis initiates in microvascular foci, which are characterized by a disorganization of hyper 

proliferative endothelial cells and pericytes. These foci are hotbeds of inflammation and 

deposition of fibrosis-associated ECM components [78]. In addition, rise in TGFβ levels and 

TGFβ pathway activation plays a central role in pathogenesis of this disease. Despite these 

obvious links with inflammation and fibrosis, the role of pericytes has not been studied in 

diastolic heart failure.  

 

Limitations of the study 

In the current model, human brain-derived pericytes were used for mural cell support of the 

endothelial monolayer. Although human brain-derived pericytes are considered a specialized 

phenotype of perivascular cells, they are often used to conduct microvascular research [21,79-

82]. Cross check with multiple GEO datasets of freshly isolated murine mural cells [82] with in 

vitro cultured iPSC derived pericytes [83] (GSE124579) and placental pericytes [84] 

(GSE117469) with our own dataset of in vitro brain derived pericytes showed many similarities 

[85]. Overlap of all genes with positive reads produces a list of 137 genes that includes 

prominent and well defined pericytes markers such as ACTA2, PDGFRβ, NG2 (CSPG4), 

TAGLN, CD248, MYH11, DES, ZIC1 and MCAM [85]. The most prominent pericyte markers 

PDGFRβ and NG2 were also expressed in the top tertile of the total RNA signal. These 

findings show that human brain-derived pericytes share a large number of common markers 

with pericytes derived from other sources. 

 

The diameter of the current neovessels may be considered too large to mimic micro-vessels. 

One of the main aims of this study was to design and create a vessel-on-a-chip system that 

has the capacity to mimic circulating cell interaction with the vasculature in vivo during an 

inflammatory response. In vivo, leukocyte activation and subsequent rolling and adhesion to 

the vessel luminal surface mainly takes place in the post-capillary venules where shear rate 

and shear stress levels are intrinsically low [86,87]. These venules may range in 10-100 µm 

in diameter. In relation to this, pericytes are not only present in the capillaries, but also provide 

support to vessels with larger diameters, including pre- and post-arterioles, capillaries and 

venules (<100 µm) as reviewed in multiple publications [33,88]. Our present system supports 

neovessels with a diameter of 500 µm, which may be considered too large. For any vessel-

on-a-chip system that focusses on faithfully recreating native biomechanical conditions, it 

remains very challenging to create vessels in the capillary range that can sustain prolonged 

physiologically relevant flow without damaging the integrity of the vessel structure or 

compromising on the stiffness of the supporting ECM or hydrogel. Thus far, several studies 



Chapter 9 

296 

have reported the use of fully soft material encased channels with a diameter ranging between 

360 and 800 µm, which permit perfusion [15,16,30,89]. Similar to our system, these previously 

reported setups were limited in their ability to further reduce the diameter to the desired range 

due to limitations in the biomechanical properties of the encasing ECM or hydrogel. Studies 

that have achieved flowed channels within the capillary range have their own disadvantages 

as most of the time, they can only sustain perfusion using low levels (bi-directional and non-

continuous) of gravitational flow without the active control of mechanical pump systems [41-

43]. Despite the discrepancy in size between venules and the neovessels in our current 

system, many traits in the natural behavior of pericytes and ECs during their interaction, such 

as pericyte recruitment and effect on the establishment of the endothelial barrier, could still be 

successfully demonstrated in our platform.  

 

Channel size reduction may be achieved in future studies using the top-down subtractive 3D 

printing strategy, based on printing the predefined channels with a soluble material, such as 

carbohydrate glass [87] and Pluronic F127 [31] before casting or 3D printing the hydrogel, 

followed by channel creation by dissolving the sacrificial materials. This approach allows 

creation of channels in a range of 1000 to 50 µm, although perfusion with physiological flow 

without disruption of the hydrogel wall will still remain an issue. Relatively high circumferential 

stretch (>110%) as a result of flow may cause channel expansion and disruption of cell-cell 

junctions in the endothelium thus compromising barrier function and vessel integrity. In the 

living body, the native micro-vessels are surrounded by tissue cells that provide additional 

mechanical support. An increase in hydrogel strength, so stretch remain limited under 

physiological flow levels, may provide the answer to gel encapsulated systems like ours. 

However, it has to be taken into consideration that the desired properties of an optimal 

hydrogel for the perfused vascular system require a delicate balance between what is 

supportive of biological function (such as maintaining migratory ability of mural cells through 

the hydrogel for self-organization) and providing mechanical strength and elasticity to counter 

act the circumferential stretch.  

 

When considering the microvasculature, the shear stress level of 0.286 dyne/cm2 is low 

compared to the levels reported by e.g. Koutsiaris et al. who calculated wall shear stress in 

the human eye [86]. Based on the diameter of the smallest human conjunctival capillaries, the 

wall shear stress was ~95 dyne/cm2, whereas 2.8 dyne/cm2 was calculated for the post-

capillary venules [86]. Shear stress levels differ largely between organs and tissues and also 

varies considerably within the same tissue depending on the location in the capillary bed [91]. 

For example, the shear stress in glomerular capillaries ranges between 1 and 95 dyne/cm2 



9

New 3D microfluidics model for vascular structures 

297 

[92], whereas shear stress in the capillaries of the highly vascularized placenta is calculated 

to be ~0.5 dyne/cm2 [93]. Furthermore, shear stress is often calculated based on the following 

equation: τw= 4µQ/πr3, in which shear stress at the luminal wall (τw) depends on flow rate 

(Q), fluid viscosity (μ), and inner radius the vessel (r). It has been suggested that although this 

is a correct assumption for larger straight vessels segments with limited bifurcations, an 

alternative formula should be used to calculated wall shear stress in capillaries of the 

microvascular bed: τw= ΔPd/4L, with wall shear stress (τw) calculated from the pressure 

difference across the capillary (ΔP), and the inner diameter (d) and length (L) of the capillary 

[94]. By using this method for wall shear stress calculations, Cho et al. calculated that in 

murine mesentery capillaries, based on the pressure gradients reported [95], wall shear stress 

in a micro-vessel was 0.16 dyne/cm2 [94]. Our calculated wall shear stress (0.286 dyne/cm2) 

is similar compared to the study of Osaki et al [16]. Systems that use unmonitored gravitational 

flow have severely limited control over flow speed, as it will decline with exhaustion of the 

source reservoir, and are therefore unsuitable for studies with circulating cells which require 

controlled unidirectional flow with a consistent flow rate [15,43,49]. Some in vitro systems use 

Ibidi slides and pumps or other designs to perfuse immune cells in a blood vessel mimicking 

environment. In these systems, slide seeded ECs are perfused with neutrophils or other 

circulating cells with a shear stress between 0.5 and 1 dyne/cm2 [11,65,69,96]. These shear 

stress levels are close to the range of shear stress in our current microfluidic model.  

 

Conclusions 

In conclusion, we designed, fabricated and tested a novel vasculature microfluidic device to 

mimic complex vasculature tissue. Our vessel-on-a-chip can be easily produced and (live) 

monitored using a standard confocal microscope setup. This model enables the co-culture of 

multiple (vascular) cell types in a 3D ECM environment while being perfused with relevant 

microvascular flow levels. The high flexibility of this model allows researchers to study specific 

interactions between different cell types and cell-ECM interaction, in a background of different 

stimuli to mimic specific (disease) environments. Our current microfluidic device provides a 

unique tool to conduct in vitro analysis of the human microvasculature during the inflammation 

process of a multitude of different relevant human diseases.  
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Supplemental Data 
 

Supplemental Figure 1. Schematic overview of the work flow. Shown are step by step illustrations of 

the process to create a biological functional microfluidic device. PDMS microfluidic device are produced, 

sealed with a coverslip and sterilized with UV prior to use. Five 26G needles are placed in the pre-made 

channels of the PDMS microfluidic device and act as mold for the channels. Fibrinogen gel is dissolved 

in EGM-2 medium (7.5 mg/ml) and put under a vacuum to remove air bubbles. A pellet of pericytes 

(5x105/ml) is resuspended in the fibrinogen solution. The ECM/cell mix is injected in the reservoir using a 

syringe and 30G needle. A 30G needle on the opposite site of the reservoir acts as outlet for air. The 

casted microfluidic device is turned over every 30 min for 2 hours to ensure a homogenous distribution of 

the pericytes. After overnight polymerization of the ECM, 26G needles are removed, leaving a hollow, 

tube shaped channel (indicated as day 0). A suspension of HUVECs (12x106/ml) is injected in the 

channels and the microfluidic device is turned over every 30 min for 2 hours to ensure homogenous 

seeding of the HUVECs at the surface of the channel. The microfluidic device is placed in a dish with 

medium (EGM-2) for further maturation of the vessel-on-a-chip. At day 3, experiments as described in 

this study are started (indicated as day 3 in the results). 

 

 
 
 

PDMS microfluidic chip Fibrinogen ECM gel casting 

Needle removal 

PDMS casting 

Seeding Microfluidic device ready for use 
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Supplemental Figure 2. Endothelial channel development. (A) Merged images of an endothelial 

channel during development. HUVEC (green) do not form a full monolayer and pericytes (red) do not 

cover and stabilize the neovessel until day 3. Scale bar = 250 µm. (B) Endothelial channel development 

over time without pericytes in the ECM gel. Scale bar = 250 µm. (C) Cross section of the microfluidic 

fluidic device. The ECs (green) form a round, open lumen with pericytes (red) in the surrounding ECM 

gel. (D) High magnification image of an endothelial sprout (green) supported by pericytes (red). Pilot 

experiments shows the sprouting capacity of ECs towards a gradient with pro-angiogenic factors. 

Pericytes are attracted and support the newly formed vessel. Scale bar = 50 µm. (E) Morphology of 

pericytes do not change in time. To assess if dsRED area (red) is a valid method to quantify pericyte 

proliferation, pericytes are stained with DAPI (blue, overlap magenta). No changes in pericytes 

morphology was observed in time. Scale bar = 50 µm. 
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Supplemental Figure 3. Specific cell fractions can be isolated for mRNA isolation. (A) mRNA 

expression levels of endothelial specific PECAM and pericyte specific PDGFRβ. Cells lysed in the ECs 

fraction show more PECAM expression compared to single and co-cultured ECs. Cells lysed in the 

pericyte fraction show similar PDGFRβ expression compared to single and co-cultured pericytes. N=3, 

*P<0.05. (B) mRNA expression levels of VE-cadherin in ECs cultured in the microfluidic channel (ECs 

MF), single cultured ECs (ECs single) and ECs co-cultured with pericytes in a transwell system (ECs co-

cultured). N=3, # P=0.0985. mRNA levels are normalized to β-actin. MF: microfluidic device.  
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Supplemental Figure 4. Flowing the tissue-engineered channels with circulatory THP-1 cells. (A) 
Projection of the mid-section of the neovessel shows attachment of THP-1 cells to the vessel wall 

(asterisks) and suspended THP-1 (magenta) in the lumen (indicated with arrows). High magnifications 

images of THP-1 attachment (asterisks) are shown in I, II and III. (B) Projection of multiple cross sectional 

Z stacks shows suspended THP-1 in the lumen during flowing (arrows). There is no influence of TNFα on 

(C) total HUVEC nor (D) pericyte area, as shown in the bar graphs in percentage of co-localized area of 

total image area. (E) Percentage co-localization area of HUVECs with pericyte is not changed in the 

presence of TNFα. N=6. 
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Supplemental Table 1. Primer sequences used for qPCR. 

Target gene Sense primer sequence  Antisense primer sequence 

β-actin TCCCTGGAGAAGAGCTACGA AGCACTGTGTTGGCGTACAG 

VEGFR2 TCTCTGCCTACCTCACCTGT GCTCTTTCGCTTACTGTTCTGC 

PECAM GATGTCAGCACCACCTCTCAG GAAGTGTATTGGGGCCTTTTC 

PDGFRβ GAGGAATCCCTCACCCTCTC GGGTATATGGCCTTGCTTCA 

NG2 CTGTCCTTCCCAGTGACCAT GGAGCCTGAACCACCTCATA 

VE-cadherin TTGGAACCAGATGCACATTAT TCTTGCGACTCACGCTTGAC 

ZO-1 ATTTTGTCCGCTCAGCCTGTT GCCAGCTTTTCTCTGGCAAC 

CX43 TGGATTCAGCTTGAGTGCTG GGTCGCTCTTTCCCTTAACC 
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Supplemental movies can be downloaded from: 
 

https://pubs.rsc.org/en/content/articlelanding/2020/LC/D0LC00059K#!divAbstract 

 

Or:  
 

 
Supplemental Movie 1. GIF movie of a longitudinal, composite view of the endothelial (green) channel 

supported by the ECM containing pericytes (red). The channel shows an open lumen. 

 
Supplemental Movie 2. GIF movie of endothelial sprout (green), starting from the tissue-engineered 

blood vessel wall into the ECM supported by pericytes (red). 

 
Supplemental Movie 3. Small movie of circulating THP-1 (blue) in the endothelial channel (green 

borders) embedded in the pericytes (magenta) supported ECM. Movie is made at a specific z-position 

almost halfway the endothelial channel. 

 



9

New 3D microfluidics model for vascular structures 

309 

  



 

 

  



 

 

 
 

Chapter 10 
 
 
 

General discussion



Chapter 10 

312 

Fundamental research regarding vascular molecular pathways, vascular cell and extracellular 

matrix (ECM) interaction, and interactions between the multiple vascular cells in health and 

disease is essential for the development and optimization of regenerative strategies. In this 

thesis we aimed to improve our knowledge of mechanisms that regulate vascular development 

and stabilization in healthy and diseased conditions. In more detail, we focused on 

pericyte/endothelial cell (EC) interaction and the contribution of ECM to vascular development 

and stabilization. The findings described in this thesis could be implemented to develop and 

improve new and current therapies to stimulate vascular development and regeneration. 

 

Endothelial Fzd5 signaling and its potential in regenerative strategies 

In Chapter 2 we demonstrated that Frizzled 5 (Fzd5) knockdown in ECs using siRNA hampers 

angiogenesis in an in vitro co-culture model of vessel formation. Furthermore, siFzd5 treated 

ECs upregulate angiopoietin 2 (Angpt2) and vascular endothelial growth factor receptor 1 

(VEGFR1) levels, both well-known factors involved in angiogenesis. Angpt2 functions as a 

Angpt1 antagonist by binding to the Tie2 receptor. This leads to pericyte detachment and 

destabilization of the capillary and is essential for angiogenesis. However, when there is a 

lack of pro-angiogenic signals such as Angpt1, elevated Angpt2/Angpt1 ratios lead to vascular 

regression [1]. Similarly, VEGFR1 is known as a soluble decoy receptor for pro-angiogenic 

vascular endothelial growth factor A (VEGFA). Although the binding affinity of VEGFA to 

VEGFR1 is high, soluble VEGFR1 will not trigger downstream factors [2,3], acting as an 

antagonist of VEGFA signaling. Our findings thus suggest that the Fzd5 pathway may be an 

interesting target for regenerative strategies. Care should be taken to consider during which 

step of the angiogenic process drug targeting of the Fzd5 should be implemented. Early 

intervention in the Wnt signaling pathway by Fzd5 blockade may not be successful as this will 

increase Angpt2 and VEGFR1 levels, resulting in destabilized capillaries while pro-angiogenic 

VEGFA is neutralized. Once capillaries are formed, drug stimulation of the Fzd5 pathway by 

Wnt5a will decrease Angpt2 and VEGFR1 levels, resulting in more stable capillaries by 

pericyte recruitment and a more mature microvascular bed. Thus Fzd5 agonists may be used 

as therapeutic target once capillary maturation stays absent. This approach may be an ideal 

strategy in diseases associated with microvascular dysfunction such as heart failure with 

preserved ejection fraction, in which this may prevent microvascular destabilization and 

decline.  

Previously, an animal study has demonstrated the therapeutic potential of Wnt-Fzd pathway 

targeting; antagonists of Wnt3a and Wnt5a were shown to reduce myocardial infarct size, 

preserve cardiac function and survival of the peri-infarct capillaries in a murine myocardial 

infarction [4]. Besides drug based therapy directly targeting the diseased cardiovascular 
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tissue, circulating monocytes could provide an additional compartment for drug targeting. 

Arderiu et al. demonstrated interaction of monocyte derived Wnt5a with endothelial Fzd5 [5]. 

This resulted in angiogenic stimulation and monolayer repair via Fzd5 activation [5], indicating 

that monocyte activation of the Fzd5 may help stabilize newly formed capillaries. Wnt5a is 

upregulated in the serum of diabetic patients, sepsis patients, and atherosclerosis patients 

and is also highly expressed in macrophage rich atherosclerotic plaques [6,7]. However, 

Skaria et al. described endothelial barrier impairment after Wnt5a/Ryk signaling suggesting 

that macrophage derived Wnt5a during inflammation could cause vascular leakage [8]. 

Together this indicates that targeting the Wnt-Fzd pathway may not be such an easy straight-

forward strategy and will require consideration of multiple factors. Nevertheless, considering 

the therapeutic potential of the Wnt-Fzd pathway, future studies should focus on controlling 

this pathway to improve vessel stabilization in vascular regeneration strategies. 

 

Pericyte/endothelium interactions and maturation are key for regenerative vascular strategies 

The pericytes within a shared basement membrane (BM) with ECs facilitate well-orchestrated 

pericyte/EC crosstalk via direct contact (for example via peg and socket interactions) as well 

as paracrine contact [9,10]. To improve our insights in pericyte/EC interactions, we studied 

the transcriptome of pericytes cultured in absence and in presence of microvascular ECs. In 

Chapter 4 we describe pericyte mRNA upregulation by EC interaction of well-validated 

pericyte markers such as neural glial antigen 2 (NG2) and α smooth muscle actin 2 (ACTA2) 

as compared to pericytes cultured in absence of ECs, highlighting the essential role of this 

type of interaction in pericyte maturation. Direct endothelial contact also represses overall 

ECM production by pericytes, induce transforming growth factor β (TGFβ) signaling and 

trigger growth of long cellular protrusions. Stratman et al. showed that pericyte/ECs interaction 

is essential for BM formation [11,12]. Our data indicate, that pericytes cultured in presence of 

EC have a limited contribution to BM formation. However, pericytes still contribute to this 

process by stimulating endothelial ECM production of the BM. This is in line with earlier 

findings that pericytes in direct contact of ECs are more mature whereas pericytes without 

endothelial contact shift to Gli+, progenitor pericytes which are involved in renal fibrosis [13]. 

Whereas ECM production in co-cultured pericytes is reduced, TGFβ signaling is increased, a 

critical pathway in pericyte differentiation towards ECM producing fibroblasts [14]. These 

findings implies that the TGFβ signaling and ECM production is tightly regulated and 

orchestrated by ECs contact.  

Although the pericytes and ECs were cultured in direct contact, downregulation of key gap- 

and adherens junctions genes connexin-43 (CX43) and N-cadherin (CDH2) with siRNA, did 

not reveal any differences in pericytes co-cultured with ECs compared to pericytes in absence 
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of ECs. This suggest that, although highly present in peg and socket junctions, CX43 and 

CDH2 are not involved in endothelium induced pericyte differentiation Instead our data imply 

a major role for paracrine signaling in this process, but this needs to be further evaluated. 

Paracrine signaling between ECs and pericytes provides a potential avenue for therapeutic 

applications by the use of secreted endothelial derived extracellular vesicles (EVs) [15,16]. 

Paracrine EV signaling could contribute to pericyte maturation and differentiation as the 

content of EVs may include some of the content of the endothelial cellular cytoplasm, including 

multiple cytokines and growth factors [16]. EVs derived from ECs can potentially be used for 

in situ generative strategies. For example, injections of a high dosage endothelial derived EVs 

at peri-infarct sites in the myocardium may aid in pericyte maturation which, in turn, might 

promote endothelial barrier function and BM formation, subsequently resulting in preservation 

of the cardiac vasculature.  

Combined, our findings and that of others indicate that pericytes play a key role in capillary 

stabilization and that their interaction with ECs contributes to vascular homeostasis. This is 

mainly due to their versatile function, as reviewed in Chapter 3. Studies focusing on vascular 

regeneration, including in vitro vascular models, are still limited in the use of pericytes. There 

are studies that include the use of mesenchymal stem cells (MSCs) as supporting cells for 

vasculogenesis [17-19]. Although these studies did demonstrate the beneficial effects of 

MSCs on the establishment of a vascular bed, most studies do not distinguish between 

pericytes and MSCs. Chapter 4 demonstrated that the phenotype and transcriptome of 

pericytes without EC interaction partly overlap with that of MSCs [20-23]. Researchers may 

consider the use of MSCs as a source for pericyte progenitor cell in vascular regeneration. 

Moreover, tissue specific pericytes harbor specific functions in different organs, including 

vitamin A storage in the liver and renin production in the kidney [24]. Advanced vascular 

regeneration strategies should consider the use of tissue specific pericytes to sustain these 

important functions in addition to their aim to stabilize the neovasculature. In our view, a 

combination of multipotent cell derived pericytes, ECs and tissue specific cells provide a more 

optimal environment to study tissue specific pericytes in in vitro vascular regeneration 

strategies.  

 

ECM components in tissue engineering strategies 

Basic biological ECM gels such as collagen type I, fibrin and alginate or more complex 

biological ECM gels such as Matrigel, are widely used in vascular tissue engineering (TE) 

strategies [25]. Moreover, synthetic monomer such as polyethylene glycol (PEG) and 

polycaprolactone (PCL) are progressively used in TE to mimic mechanical ECM properties 

[26-28]. Lately, hybrid ECM gels in which synthetic “scaffold” components with higher 
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mechanical strength are combined with soft hydrogels are now also widely used. For example, 

coating of PCL scaffolds with collagen or fibrin will provide both mechanical strength and cell 

adhesion sites and therefore offer more optimal conditions for tissue growth [29-31]. The 

hybrid approach is a strategy that is suitable for 3D printing of vascularized constructs, in 

which the researchers aim to design bio-inks with desirable biological and mechanical 

characteristics for tissue printing. The gelatin methacrylate (GelMA) that is often used in in 

vitro and in vivo vascularization strategies [32,33] is a promising candidate for the choice of 

hydrogel 3D printing applications. The degree of crosslinking of the methacrylate groups in 

GelMA that define material stiffness can be accurately controlled, making GelMA an ideal 3D 

bioink for various applications including vascular biofabrication [34-36]. For the 

biofunctionalization of the bio-ink, decellularized ECM derived from various organs has been 

successfully used as additive in 3D printing [37,38]. Thus, incorporation of promising (tissue 

specific) proteins or functional peptide domains in general such as integrin binding RGD motifs 

that promote cell attachment [39], stromal cell derived factor 1 (SDF1α) to attract monocytes 

[40] or VEGF [41] in ECM gels, scaffolds or grafts, may improve vascular TE strategies. The 

results described in Chapter 5 and 6 demonstrate a possible beneficial role of elastin 

microfibril interfacer 1 (EMILIN1) in renal epithelial cell adhesion and in lesser extent a role in 

EC behavior. This difference in cell adhesion is attributed to the gC1q domain of EMILIN1 that 

interacts with integrins α4/α9/β1 [42-45] suggesting that the effect of EMILIN1 is integrin 

mediated. As different cell types express different integrin subunits, the contribution of 

EMILIN1 to cell adhesion capacity thus may be cell type dependent. Literature ascribes 

distinct integrins to renal tissue, except α4 and α9 [46,47]. Although integrin subunits α4 and 

α9 can interact with ligands on ECs [48], the endothelium has little to no expression of these 

integrin subunits. The findings described in Chapter 5 and 6 suggest that effect of renal 

epithelial cells and ECs cultured on EMILIN1 deficient ECM is mediated via other integrin 

subunits instead of α4/α9/β1. Nevertheless, addition of EMILIN1 to ECM gels in renal or 

vascular TE applications may benefit cellular behavior, and the use of the specific EMILIN1 

gC1q domain as an additive to ECM gels could be useful in vascular regeneration strategies.  

The proteomic approach described in these chapters in which mature, quiescent tissue is 

compared with fetal, developing tissue could help identify candidates involved in specific 

tissue development for potential TE strategies. Chapter 5 and 6 describes a list of proteins 

that are more abundantly present in renal and vascular tissue during development, including 

fibrillin (FBN), EMILIN, latent TGFβ binding protein (LTBP) and microfibrillar associated 

protein (MFAP). From these, other members of their protein family could also be interesting 

candidates. All of them are involved in TGFβ bioavailability and therefore can impact the TGFβ 

signaling pathway [49-53]. TGFβ signaling pathway is involved in numerous developmental 
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processes including vascular development [49]. Control of this key signaling pathway could 

be beneficial for vascular TE strategies [54]. A combination of these ECM proteins may be 

used to regulate the bioavailability of TGFβ on different levels. For example, EMILIN1 can 

antagonize pro-TGFβ by preventing furin convertases in the Golgi complex, thereby 

preventing TGFβ maturation and secretion [49,55]. Further down the TGFβ processing 

cascade, the secreted latent TGFβ complex that is normally formed by successful furin 

cleavage of pro-TGFβ, will bind to LTPBs, which in turn require binding to FBN1. Proteases 

including matrix metalloproteinase 2 (MMP2) can then finally cleave the latent complex and 

release the mature and active TGFβ [49]. Application of EMILIN1 in vascular regeneration 

strategies will aid in regulating early TGFβ processing, whereas further combining FBN1 and 

LTBPs ensures local latent TGFβ binding. Furthermore, the application of MFAP proteins in 

ECM or hydrogels may also aid in binding activated TGFβ for fine-tune the release of TGFβ 

[53,56]. MFAP competes with FBN1 for binding with the latent TGFβ complex, thereby 

blocking further the downstream cascade and reducing levels of active TGFβ [53,56]. 

Depending on the requirements, a combination of these ECM proteins can be used in 

ECM/hydrogel based therapies to adjust the TGFβ availability.  

 

Vascular human measurement models 
The development of efficient, state-of-the-art human measurement models to study disease 

conditions and potential interventions is essential to improve the clinical translation of obtained 

research results to therapeutic applications in patients. The fundamental findings discussed 

previously can be applied in the development of vascular human measurement models. 

Similar, relevant in vivo models mimicking human (patho)physiological conditions including 

(multiple) co-morbidities are essential for a deeper understanding on the role of the 

vasculature in the onset, development and progression of several diseases. The findings in 

these advanced animal models can be implemented in human measurement models as well. 

Here, we emphasize the development and validation of two models that focus on vascular 

development and stabilization. In more detail, we discuss the development of an in vitro 

vascular microfluidic model to study cell-cell and cell-ECM interactions and the validation of 

vascular dysfunction in an in vivo model of cardiorenal metabolic syndrome (CRMS).  

 

Novel microfluidics model for complex vascular structures and interactions 

Vascular microfluidic models have the ability to mimic the (micro)vasculature in an in vitro 

model by combining multiple vascular characteristics. However, many vascular microfluidic 

models focus mainly on ECs and lack key interactions with the ECM and other cell types that 

constitute the in vivo vascular microenvironment. The vessel-on-a-chip model demonstrated 
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in Chapter 9 is an example of a more advanced in vitro model to study vascular interactions 

which combines 3D geometry, ECM and mural cell support, an established vascular barrier, 

hemodynamic stimulation and circulating immune cell interaction with the endothelial 

monolayer in one single model. A logical next step in in vitro modeling would be to combine 

tissue specific cells and the vasculature to study cell-cell interactions in a vascularized, tissue 

specific microenvironment for use in drug screening and disease modelling. For example, the 

different functional regions of a nephron can be mimicked in vitro, like the glomerulus 

(filtration) and the tubulointerstitial segment (secretion and reabsorption) [57,58]. The 

microfluidic vascular model in Chapter 9 can easily be adapted for such a purpose. 

Additional improvements could be implemented in the current microfluidic model to better 

mimic the vasculature. Besides the previously discussed use of tissue specific pericytes and 

tailored ECM compositions for the ECM compartment, novel in vitro culturing techniques such 

as the culture of vascular organoids generated from human induced pluripotent stem cells 

(iPSCs) could provide a patient-derived cell source for the vascular human measurement 

model, resulting in a tailored platform for personalized drug screening. The regenerative 

potential of iPSCs is already widely reviewed [59], including for use in the generation of 

musculoskeletal [60] and cardiac tissues [61]. iPSCs are also increasingly used to generate 

vascular cells [62-64]. Furthermore, organoid cultures are developed as models for multiple 

organs such as intestine [65], liver [66,67] and kidney [68]. These advanced 3D cultures 

provide ECM support and more complex micro-tissue organization consisting of multiple cell 

types, thus providing a multicellular microenvironment that can be used for drug screening 

and disease research. An ideal source of vascular cells for our model could be provided by 

the iPSCs derived vascular organoids described by Wimmer et al. [69,70], which contain both 

ECs and mural cells organized in a micro capillary bed. These vascular organoids may be 

used as a direct platform for drug screening, or as a cell source for therapeutic TE strategies 

including ex vivo cellularization of polymer based vascular scaffolds. Additionally, genetic 

modulation of the iPSC derived ECs and pericytes (and smooth muscle cells) could recreate 

subpopulations of vascular cells that are phenotypically more similar to their equivalent 

subtypes in arteries, capillaries or veins, thus expanding their potential use as in vascular TE 

strategies as well as providing an opportunity to study these EC and mural cell subtypes in 

human measurement models.  

On top of selecting the right source of vascular cells, biomechanical cues are essential for 

vascular cell behavior. ECs are exposed to shear stress and cyclic stretch as a result of direct 

contact with circulating blood. This flow induced mechanical stimulation is essential for 

endothelial and mural cell function [71-73]. The currently most advanced in vitro models 

provide shear stress and limited stretch, using dedicated pump systems [74] rather than 
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gravitational flow [75]. When mimicking tubular structures such as the vasculature in 

combination with kidney tubules, the tissue geometry also provides important mechanical 

cues. For example, bone marrow stromal cell alignment and migration is guided by the 

curvature of the substrate in a curvature with a cylindrical diameter smaller than 1000 µm 

which overrules the effect of contact guidance alignment [76]. Moreover, the tubular curvature 

contributes to kidney epithelial cell polarization, morphology and orientation [77], emphasizing 

the importance of this mechanical cue for in vitro modeling and regenerative strategies. Other 

mechanical cues are provided by matrix stiffness. Cellular response to soft or rigid ECM plays 

an important role in cell fate. Fibrotic diseases are characterized by an altered ECM 

composition and increased ECM stiffness due to excessive collagen type I deposition and 

increased collagen cross-linking by the lysyl oxidase family [78]. Human measurement models 

that aim to mimic fibrotic diseases in vitro should therefore implement ECM stiffening as part 

of the disease modeling. Advanced in vitro models could incorporate techniques that are 

typically used for therapeutic strategies such as bioprinting and electrospun PCL vascular 

grafts to improve the representation of their systems to the human disease specific 

microenvironment. Vice versa, advanced in vitro models can be exploited to assess and 

improve vascular grafts before testing in animal models in regenerative strategies. 

 

ECM regulators as marker of fibrosis in diastolic dysfunction 

Matrix metalloproteinases (MMPs) and their inhibitors, tissue inhibitors of metalloproteinases 

(TIMPs) are dynamic ECM regulators responsible for controlling matrix protein degradation 

and are often used as markers of matrix degradation to monitor fibrosis progression [79-82]. 

However, there are discrepancies between secreted MMP and TIMP protein measured in 

blood plasma and the physical dynamic levels in the affected tissue. Left ventricular diastolic 

dysfunction (LVDD) and heart failure with preserved ejection fraction (HFpEF) are increasingly 

recognized as major cardiac pathologies, characterized with progressive cardiac fibrosis. 

Mapping the MMP and TIMP dynamics could provide a potential prognostic tool to monitor 

fibrosis development. Moreover, identification of spatiotemporal patterns of diastolic 

dysfunction and fibrosis could map different clinical stages of LVDD/HFpEF which could 

improve current experimental in vivo models. Chapter 7 describes a systematic review and a 

subsequent meta-analysis of MMPs and TIMPs in animal models with LVDD to provide 

insights into overall ECM dynamics. Besides increased enzymatic activity of MMP2 and MMP9 

and TIMP1 mRNA, MMP15 is proposed as an interesting novel candidate in HFpEF-driven 

cardiac fibrosis, as MMP15 mRNA was downregulated in HFpEF compared to controls. TIMP4 

was also identified as a relevant candidate since it was downregulated in metabolic compared 

to hemodynamic models. In Chapter 7 we report a lack of animal studies accurately validating 
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diastolic dysfunction while systolic function remains preserved using echocardiography and 

hemodynamic measurements. The number of studies included in our systematic review was 

not sufficient to correlate multiple cardiac or fibrotic parameters with MMP or TIMP levels. 

Nevertheless, this systematic review provided recommendations for future studies that are 

necessary to improve the translation to different clinical stages of LVDD/HFpEF. This includes 

experimental LVDD/HFpEF models that focus on gender differences and models that not only 

focus on metabolic or hemodynamic alterations but also include other underlying pathologies 

of diastolic dysfunction such as volume overload, atrial fibrillation and ageing. Since post-

transcriptional and post-translational activation of both MMPs and TIMPs takes place, future 

studies should focus on MMP and TIMP protein levels and enzyme activity. Ideally, a 

combination of tissue and plasma concentration should be measured to correlate MMP and 

TIMP dynamics for a better clinical translatability. 

In addition, MMPs and TIMPs assessment and implementation in vitro could improve human 

measurement models. Their prognostic value to monitor fibrosis progression could be 

extended to monitor the balance between regenerative and pathologic ECM production in in 

vitro applications. Moreover, controlling MMPs and TIMPs protein levels or substrate cleavage 

sites could regulate ECM degradation and subsequently have impact on the matrix stiffness. 

Besides the formation of functional ECM fragments including TGFβ, MMP cleavage of ECM 

substrates could modify a migratory track in a (synthetic) ECM environment, paving the way 

for e.g. vascular cells during microvascular bed formation.  

 

ZSF1 rats as in vivo HFpEF model to study vascular dysfunction  

In Chapter 8, we describe the obese Zucker spontaneously hypertensive fatty (ZSF1) rat 

strain as suitable in vivo model to study HFpEF. Via metabolic alterations and hypertension 

induced pressure overload, these rats develop CRMS and HFpEF over time. At the age of 25 

weeks, obese ZSF1 rats have an increased body weight and elevated plasma glucose levels. 

Left ventricle mass, atria and lung weight was increased which is in line with human HFpEF 

characteristics [83]. Diastolic dysfunction was validated by elevated E/e’ ratio while the 

ejection fraction remains preserved. Obese ZSF1 rats demonstrated a decline in renal function 

characterized by proteinuria, capillary rarefaction, glomerular sclerosis and tubulointerstitial 

fibrosis. Chapter 8 also demonstrated the presence of hyperproliferative cardiac 

microvascular foci. These fibrotic foci are enriched with ECs and pericytes. Platelet derived 

growth factor receptor β (PDGFRβ) positive pericytes are also positive for BM protein collagen 

type IV. The development of CRMS induces microvascular fibrotic responses in both heart 

and kidneys which is associated with the decline of organ function. Therefore, the obese ZSF1 

rat model allows the study of natural HFpEF onset, development and progression on a 
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background of validated human co-morbidities. Brandt et al. demonstrated that there is limited 

synergy between co-morbidities of HFpEF by decoupling obesity and hypertension in this rat 

model [84]. The differences in obesity and hypertension induced cardiac remodeling prioritize 

the characterization of co-morbidity specific alterations.  

These in vivo observations could be implemented in human measurement model to improve 

translation regenerative strategies. The previously discussed vascular microfluidic device can 

be adapted including a microvascular bed to study the capillary dysfunction in the presence 

of CRMS co-morbidities. Pump controlled artificial hypertension, addition of glucose and 

triglycerides in the circulating medium and addition of ED1+ macrophages can be combined 

to mimic hyperproliferative cardiac foci to assess vascular dysfunction in more detail and 

subsequent potential therapeutic interventions. For example, a study using ZSF1 rats 

revealed that the fatty acid β oxidation (FAO) pathway in obese ZSF1 rat hearts is activated 

compared to their controls using RNA sequencing [84]. FAO is upregulated in quiescent ECs 

for vascular protection against oxidative stress exposure [85], which failed in obese ZSF1 rat 

hearts. We could study the effect of FAO in quiescent ECs under CRMS conditions using the 

adapted vascular microfluidic model. This could give new leads to use the FAO pathway as 

therapeutic target for vascular protection in patients with CRMS co-morbidities. 

 
Concluding remarks and future perspectives 
The studies described in this thesis provide fundamental insights in vascular cell and ECM 

interactions and improve our understanding of vascular development and stabilization in 

health and disease. Targeting specific sections of the vasculature e.g. cell types and ECM 

harbor potential therapeutic capacities and implementation of the here discussed results will 

impact the development of vascular regenerative and TE strategies, including the design of 

novel, innovative vascular human measurement models. Implementation of fundamental 

findings will contribute to more clinically relevant in vitro models that include all biological and 

biomechanical characteristics to mimic the complex vasculature and test potential therapeutic 

interventions. Since combining multiple characteristics can be technically challenging, we opt 

to use advanced human measurement models that will answer a specific part of the research 

question and, if necessary, benefit from multiple advanced models. The combination of 

vascular human measurement models and vascular TE strategies will significantly improve 

the translation of research data to clinical applications. Besides exclusive vascular therapeutic 

applications, the field of TE will benefit from the here described and future vascular research 

since larger, tissue specific TE constructs rely on a functional circulatory system to increase 

the therapeutic possibilities of using TE. 
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Alle cellen in het menselijk lichaam hebben zuurstof en voedingsstoffen nodig om te overleven 

en te functioneren. Daarnaast moeten ook afvalstoffen van deze cellen worden verwijderd. 

Weefsels en organen bestaan uit miljoenen cellen waardoor diffusie van zuurstof en 

voedingsstoffen niet volstaat. Daarom is het menselijk lichaam afhankelijk van een 

gespecialiseerd vaatnetwerk, het cardiovasculaire systeem. Dit netwerk van bloedvaten, met 

het hart als pomp, bereikt alle cellen in het lichaam. Bloedvaten zijn gespecialiseerd om bloed 

te transporteren maar ook om de interactie aan te gaan met circulerende immuuncellen. 

Bloedvaten zijn grofweg te verdelen in drie typen; (slag)aders, capillairen en venen. De 

gemeenschappelijke factor van deze vaten is de binnenste laag van endotheelcellen. Deze 

cellen vormen een barrière tussen het circulerende bloed en het omliggende weefsel. Deze 

laag wordt ondersteund door extracellulaire matrix (ECM) eiwitten en ondersteunde cellen 

zoals gladde spiercellen (SMCs) of pericyten. Aders en slagaders bestaan uit meerdere lagen 

SMCs om de druk van het pompende hart op te vangen. In deze vaten stroomt het bloed 

onder hoge druk en vertakt naar een netwerk van kleine capillairen. Endotheelcellen in de 

capillairen worden ondersteund door pericyten en hier vindt de daadwerkelijk uitwisseling 

plaats van zuurstof en voedingstoffen naar het omliggende weefsel. Alle kleine vertakkingen 

bundelen zich weer samen in de venen, grotere (veneuze) vaten met ondersteunde SMCs, 

waardoor het bloed met een lage druk terug naar het hart stroomt om vervolgens weer een 

nieuwe cyclus te beginnen.  

Het vasculaire netwerk ontwikkelt zich al in embryonale fase. De basis wordt gelegd door 

vasculogenese, de ontwikkeling van capillairen uit zogenoemde angioblasten. Deze kleine 

bloedvaten kunnen zich ontwikkelen naar grotere aders of venen. Door een proces genaamd 

angiogenese worden er nieuwe capillairen gevormd uit reeds bestaande capillairen. Dit strak 

gecontroleerde proces zorgt voor het constant remodeleren van het vasculaire netwerk, wat 

essentieel is voor ontwikkeling en groei, maar ook voor wondheling (regeneratie) en 

pathologische aandoeningen zoals tumorformatie. Angiogenese is een complex proces waar 

duidelijk wordt dat cellulaire interacties en interacties met de ECM essentieel zijn in vaat -

homeostase, -ontwikkeling en -regeneratie.  

Hier ligt dan ook een belangrijk punt in een relatief nieuw onderzoeksgebied; regeneratieve 

geneeskunde en tissue engineering (TE). Dit snel ontwikkelende onderzoeksgebied heeft een 

potentieel grote therapeutische impact om weefsels en organen te herstellen of te vervangen. 

Onderdeel hiervan is de constante ontwikkelingen van innovatieve biomaterialen; biologische 

of synthetische materialen die in het lichaam een specifieke functie kunnen overnemen zoals 

protheses. Door middel van biomaterialen, weefselspecifieke cellen en nieuwste technieken 
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zoals 3D printen, kunnen delen van weefsels en organen worden nagemaakt en gebruikt 

worden als therapie. Een van de grootste valkuilen in de regeneratieve geneeskunde op dit 

moment is het creëren van een functioneel vaatbed zodat alle cellen van zuurstof worden 

voorzien en kunnen functioneren. Daarnaast kunnen regeneratieve technieken gebruikt 

worden om bloedvaten na te bootsen in het laboratorium, in zogenoemde in vitro modellen 

die zo natuurgetrouw zijn als mogelijk. Dit soort modellen geeft wetenschappers de kans om 

de ontwikkeling van bloedvaten in ziekte en gezondheid te bestuderen en de complexe 

interacties te ontrafelen. Omdat het cardiovasculaire systeem erg complex is, is fundamenteel 

onderzoek belangrijk om bestaande en nieuwe, vasculaire therapeutische en regeneratieve 

strategieën te verbeteren. Daarom is het doel van deze thesis om complexe interacties tussen 

vasculaire cellen en de ECM te onderzoeken tijdens ontwikkeling en ziekte om in vitro 

bloedvat modellen te ontwikkelen en te verbeteren voor implementatie in regeneratieve 

strategieën.  

 

Het bestuderen van angiogenese processen en interacties tussen vasculaire cellen is 

essentieel voor therapeutische microvasculaire strategieën. Om een beter inzicht te krijgen in 

moleculaire processen, wordt in hoofdstuk 2 de rol van Frizzled 5 (Fzd5) in angiogenese 

onderzocht. Deze endotheel receptor speelt een belangrijke rol in de ontwikkeling van het 

vaatnetwerk, alleen de manier waarop was nog niet bekend. Onze studie laat zien dat een 

verlaging van de Fzd5 receptor leidt tot minder proliferatie, migratie en vaatformatie van 

endotheelcellen. Daarnaast leidt een verlaging van Fzd5 tot de verhoogde aanmaak van 

vascular endothelial growth factor receptor 1 en angiopoietin-1. Deze uitgescheiden factoren 

zorgen voor een verminderde gevoeligheid voor pro-angiogenese factoren en een 

verminderde vaatstabilisatie door het loskomen van pericyten. 

Naast vaatstabilisatie, beschikken pericyten over meerdere, belangrijke functies voor het 

microvasculaire netwerk. In hoofdstuk 3 worden deze functies in gezondheid en ziekte verder 

uiteengezet. Het beter begrijpen van de essentiële interactie tussen endotheelcellen en 

pericyten is dan ook van belang voor vaat gerelateerde regeneratieve toepassingen. 

Daarnaast wordt in hoofdstuk 3 dieper ingegaan op de diverse rol van pericyten in de 

regeneratieve geneeskunde.  

Om de belangrijke interactie tussen pericyten en endotheelcellen verder uit te diepen, 

beschrijft hoofdstuk 4 de genexpressie van pericyten in aan- en afwezigheid van 

endotheelcellen. Deze studie toont aan dat pericyten in interactie met endotheelcellen 

differentiëren en prolifereren. Daarnaast hebben pericyten een verhoogde genexpressie van 

ECM eiwitten als er geen interactie is met endotheelcellen. Dit is in lijn met de huidige 

hypothese dat pericyten zich losmaken van het endotheel om vervolgens een rol te spelen in 
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fibrogenese, de pathologische aanmaak van ECM eiwitten. Dit zorgt tevens voor verminderde 

vaatstabilisatie.  

Naast de interactie tussen vasculaire cellen, is ook de interactie van cellen met het omliggend 

en ondersteunend ECM belangrijk. ECM eiwitten zorgen voor belangrijke biochemische 

signalen waar cellen op reageren, bijvoorbeeld door proliferatie, migratie en adhesie. Cellen 

hechten aan ECM eiwitten via integrin receptoren die vervolgens een cascade aan interne 

signalen aanstuurt. Hierdoor reageren cellen op de stijfheid, geometrie en typen ECM eiwit. 

De ECM is erg dynamisch doordat het constant wordt afgebroken en weer opgebouwd, 

hierdoor ontstaat constante remodelering van het ECM en daarmee het weefsel. Dit proces 

begint al gedurende embryogenese en speelt een leven lang een rol. Omdat ECM een 

belangrijke rol heeft in ontwikkeling en homeostase maar ook gedurende ziekte (fibrose 

bijvoorbeeld), is het belangrijk om de ECM compositie van weefsels in kaart te brengen, zodat 

het nuttig kan worden gebruikt in de regeneratieve geneeskunde. Hierbij is onze hypothese 

dat (1) de ECM compositie van weefsel in ontwikkeling (foetaal) anders is vergeleken met 

weefsel in homeostase (matuur), en dat (2) de ECM componenten die in veelvoud aanwezig 

zijn gedurende ontwikkeling een belangrijke rol kunnen spelen in regeneratieve geneeskunde. 

In dit proefschrift beschrijven wij de ECM eiwit compositie van nier (hoofdstuk 5) en renale 

nier arterie (hoofdstuk 6) in gezond foetaal en matuur humaan weefsel. Elastische ECM 

componenten komen veelvuldig voor in foetale nieren en nier arteriën terwijl andere ECM 

componenten zoals laminin meer voorkomen in matuur weefsel. Hoofdstuk 5 beschrijft hoe 

niercellen hechten en migreren op een oppervlakte van ECM componenten in de aanwezig- 

en afwezigheid van EMILIN1, een elastisch ECM eiwit dat veel voorkomt in foetaal nier 

weefsel. Niercellen laten minder adhesie punten zien en migreren meer op een ECM 

oppervlakte met minder EMILIN1. Hoofdstuk 6 beschrijft een zelfde aanpak met 

endotheelcellen op een ECM oppervlakte in de aanwezig- en afwezigheid van EMILIN1. In 

tegenstelling tot renale cellen, laten endotheelcellen geen verschil zien in adhesie punten en 

migratie op een ECM oppervlakte met minder EMILIN1. Dit suggereert dat het effect van 

EMILIN1 op het gedrag van cellen afhankelijk is van het celtype. Zowel adhesie als migratie 

van cellen is belangrijk in TE toepassingen, en de beschreven studies laten zien dat EMILIN1 

wel een rol kan spelen in renale TE strategieën, en in mindere mate in vasculaire TE 

strategieën. Daarnaast laat hoofdstuk 5 zien dat renale TE toepassingen kunnen worden 

verrijkt met EMILIN1 om of adhesie of migratie te stimuleren, en niet beide tegelijk. De 

fundamentele bevindingen uit zowel hoofdstuk 5 als 6 laten zien dat het ontrafelen van de 

ECM compositie belangrijk is en kan bijdragen aan het identificeren van ECM eiwitten die een 

belangrijke rol kunnen spelen in regeneratieve toepassingen.  
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ECM wordt voortdurend geremodelleerd door het afzetten van nieuwe ECM componenten en 

door het afbreken daarvan. Matrix metalloproteinases (MMPs) en hun remmers, tissue 

inhibitors of metalloproteinases (TIMPs) zijn dynamische ECM regulatoren en 

verantwoordelijk voor ECM afbraak. Het meten van zowel MMP en TIMP levels is een goede 

afmeting van ECM eiwit afbraak en opbouw en kan daardoor gebruikt worden om de ECM 

opbouw in fibrose te monitoren gedurende ziekte progressie. Om de lokale MMP en TIMP 

levels in kaart te brengen in hart weefsel, beschrijft hoofdstuk 7 een systematische literatuur 

review en een daaropvolgende meta-analyse van diermodellen met diastolische dysfunctie. 

De belangrijkste bevinding van hoofdstuk 7 is het gebrek aan dierstudies die op de juiste 

manier diastolische dysfunctie meten. Daarnaast bestuderen de meeste studies MMPs en 

TIMPs op genexpressie niveau in plaats van het meer informatieve eiwit expressie of eiwit 

activiteit. Het aantal geïncludeerde studies was uiteindelijk niet toereikend om een correlatie 

te maken tussen verschillende hart of fibrose parameters en MMP of TIMP levels. Hoofdstuk 
7 geeft belangrijke aanbevelingen voor toekomstige dierstudies die nodig zijn om de translatie 

naar de kliniek te verbeteren. Dit is nodig om dier modellen maar ook in vitro modellen te 

blijven verbeteren zodat de kloof tussen dier en mens en in vitro modellen en mens wordt 

verkleind, wat ten gunste komt van regeneratieve geneeskunde. 

Diastolische dysfunctie is een kenmerkend probleem in hartfalen met een gepreserveerde 

ejectie fractie (HFpEF). Dit type hartfalen is verschillend van hartfalen met een verminderde 

ejectie fractie (HFrEF) al zijn beide geassocieerd met meerdere comorbiditeiten zoals 

obesitas, diabetes en hoge bloeddruk. Door veelvuldig onderzoek in goed gevalideerde 

diermodellen van HFrEF zijn er goede therapieën ontwikkeld voor deze ziekte. Helaas werken 

deze behandelingen niet voor HFpEF patiënten. Het ontstaan en het ontwikkelen van HFpEF 

wordt nog niet volledig begrepen en de huidige behandelingen richten zich daardoor vooral 

op de comorbiditeiten. De met HFpEF geassocieerde comorbiditeiten zijn ook schadelijk voor 

de nierfunctie. Een verslechterde nierfunctie is ook een risicofactor voor hartfalen door de 

belangrijke tweezijdige interactie tussen het hart en de nieren. Dit noemt men ook wel het 

cardio-renale metabolisch syndroom (CRMS) en classificeert HFpEF niet alleen als 

diastolisch hartfalen, maar als een systemisch syndroom dat zowel hart als nieren aantast. 

Daarnaast is HFpEF geassocieerd met microvasculaire dysfunctie en fibrose in het hart. Door 

het gebrek aan goed gevalideerde diermodellen blijft fundamenteel onderzoek naar HFpEF 

achter. Omdat HFpEF een systemische ziekte is met verschillende comorbiditeiten en 

risicofactoren moeten diermodellen dit CRMS ook nabootsen. Hoofdstuk 8 beschrijft de 

validatie van de obese ZSF1 rat als model voor CRMS en HFpEF. Deze rattenstam is obese 

en heeft een hoge bloeddruk waardoor ze spontaan CRMS en HFpEF ontwikkelen in 25 

weken tijd. Hoofdstuk 8 laat zien dat deze dieren inderdaad diastolische dysfunctie 
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ontwikkelen. Daarnaast hebben deze ratten verhoogde glucose levels in het bloed en een 

verminderde nierfunctie door fibrose. Verder zijn er geconcentreerde microvasculaire plekken 

in het hart die prolifereren. Deze fibrotische plekken zijn kenmerkend door de vele 

endotheelcellen en pericyten. Deze studie laat zien dat de obese ZSF1 rat een gevalideerd 

model is om het ontstaan en de ontwikkeling van HFpEF te bestuderen op een achtergrond 

van meerdere risicofactoren. 

Microfluidic modellen zijn kleine kanalen omgeven door glas of polymeren die samen de 

mogelijkheid hebben om een specifieke biochemische en biomechanische omgeving na te 

bootsen en te controleren. Daarom zijn microfluidic modellen uitermate geschikt om meerdere 

eigenschappen van bloedvaten te combineren en na te bootsen in een in vitro model. Dit soort 

in vitro modellen kunnen ook meerdere TE strategieën zoals bioprinten combineren en 

valideren, en daarmee een weefselspecifieke omgeving nabootsen. Zoals hierboven 

uitgelegd, is de interactie tussen de cellen van de vasculaire netwerk en ECM essentieel in 

vaat -homeostase en -ontwikkeling en daarom is het belangrijk om deze karakteristieken te 

combineren in een in vitro model. Huidige microfluidic modellen die het vasculaire netwerk 

nabootsen, focussen voornamelijk op endotheelcellen en missen daardoor belangrijke andere 

interacties. Hoofdstuk 9 beschrijft een geavanceerd microfluidic systeem dat het vasculaire 

netwerk nabootst en gebruikt kan worden om vasculaire interacties te bestuderen. Het hier 

gepresenteerde model omschrijft een model met een reservoir voor ECM gel waar pericyten 

in zitten. Naalden vormen een kanaal in deze ECM gel dat dient als vorm voor 

endotheelcellen. Zodra de endotheelcellen hierin worden gezaaid, nemen ze een circulaire, 

3D vorm aan en vormen ze een monolaag en dus een artificieel bloedvat, met een open lumen 

dat geperfuseerd kan worden met medium. Hierdoor worden de endotheelcellen blootgesteld 

aan biomechanische stimulatie. Het artificiële bloedvat behoudt de belangrijke vasculaire 

barrière functie. Circulerende immuuncellen die worden toegevoegd aan het medium kunnen 

tevens een interactie met de wand van het bloedvat aan gaan wanneer er omstandigheden 

worden geïntroduceerd die een ontsteking nabootsen. 

 

Conclusie en toekomstige perspectieven 
De studies die in deze thesis worden beschreven hebben als doel om meer fundamentele 

inzichten te verkrijgen in vasculaire cellen en ECM interactie, bloedvat ontwikkeling en 

vaatstabilisatie in zowel gezondheid als ziekte. De fundamentele bevindingen hier 

beschreven, kunnen worden geïmplementeerd in verschillende regeneratieve en TE 

strategieën waaronder het ontwerpen van nieuwe, efficiënte vasculaire in vitro modellen. Deze 

modellen zijn hierdoor meer klinisch relevant doordat ze alle biologische en biomechanische 

karakteristieke van het complexe vasculaire netwerk nabootsen en mogelijkheden biedt om 
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potentiele interventies te testen. De combinatie van al deze vasculaire eigenschappen kan 

een technische uitdaging worden. Wij stellen voor om geavanceerde in vitro modellen te 

gebruiken dat een specifieke onderdeel van je onderzoeksvraag kan beantwoorden en waar 

nodig, gebruik te maken van meerdere geavanceerde modellen. De combinatie van humane 

in vitro modellen en vasculaire TE strategieën verbetert de translatie van research data naar 

klinische toepassingen. Naast alle mogelijke vasculaire therapeutische toepassingen zal het 

gehele TE onderzoeksgebied kunnen profiteren van het hier beschreven en toekomstig 

vasculaire onderzoek, omdat grote, weefselspecifieke TE constructen en therapeutische 

toepassingen allen afhankelijk zijn van een functioneel vasculair netwerk. 
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Eindelijk. Klaar. Mijn proefschrift is eindelijk klaar en dat heb ik aan een hoop mensen te 

danken. Dit proefschrift is mede tot stand gekomen door de hulp van mijn collega’s, maar ook 

door vrienden en familie. Zonder jullie had ik niet de motivatie om dit af te maken en mij te 
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kon ik mezelf verder ontwikkelen als onderzoeker. Ik ben je erg dankbaar voor de tijd en 
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Ook wil ik graag de leden van mijn promotiecommissie bedanken. Prof. dr. Masereeuw, prof. 
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is een hele eer (voor jullie). Maarten, dit hele traject is voor mij bij jou begonnen. Ik kan me 

geen betere stage begeleider bedenken. Ik heb veel van je geleerd gedurende mijn stage, en 

daarna als collega’s. We hebben heel wat gesprekken gevoerd bij de koffieautomaat, 

carpoolend in de auto, en met een bak droogijs op de stoep bij het Erasmus of het RMCU. Dit 

was zowel wetenschappelijk gerelateerd als over het leven en de belangrijkste bijzaak 

daarvan; voetbal (jammer dat je er niks van snapt). Het was dan ook altijd gezellig en 

waardevol. Jouw wetenschappelijke aanpak heeft mij ook zeker gevormd gedurende 

afgelopen periode. Je hebt me ook laten zien dat promoveren en het gezinsleven te 

combineren is. Hopelijk blijven we de komende jaren nog aan leuke en mooie projecten verder 
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Paul, jouw kennis van, nou, eigenlijk alles is soms gewoon bizar. Met al je kennis en interesse 
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voor het lab. Het is altijd fijn om met je te sparren over lopende projecten en over het leven 

onder het genot van koffie of een biertje. 
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koester de fijne samenwerking met de systematic review. Elana, bedankt voor je energieke 

input hier op het lab. Het is fijn om met je te werken aan je projecten. Op naar een mooi 
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Lieve familie van Dijk en Segeren. Bedankt voor alle leuke momenten samen en jullie 
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Uiteraard kan ik ook mijn schoonfamilie niet vergeten; Jacqueline en Ron, Alex en Lisa, 
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het werk was. Ondanks drie verhuizingen afgelopen jaar wonen jullie gelukkig nog steeds 

dichtbij! Als ik de schoonfamilie bedank, kan ik de fijne gesprekken met Theo niet vergeten. 

 

Lieve papa en mama, dank jullie voor alle steun. Wie had dit jaren geleden kunnen bedenken. 

Ik niet in ieder geval. Jullie hebben me altijd vrij gelaten in mijn keuzes en interesse getoond 

in alles wat ik deed. Ik heb bewondering voor hoe jullie beide een druk werkleven met een 

druk gezinsleven en een tal van hobby’s konden combineren (ook dankzij Loes!). En al zijn 

jullie nu minder druk met werken, opa en oma zijn is ook doorwerken. Ook zijn wij en onze 

vrienden altijd welkom bij jullie. Door dit alles zijn jullie nog altijd mijn voorbeeld!  
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Lieve (schoon)broertjes en (schoon)zusjes. Irene en Bart met Bobby, Jens en Robin, ik ben 

trots op jullie. Allemaal een druk en leuk leven, maar wel altijd tijd om met het hele gezin 

samen te zijn. 

 

Tot slot, Lieve Stefanie, wat hebben we het fijn samen. Je hebt me altijd gesteund tijdens mijn 

promotie. Het scheelt gelukkig dat je weet wat op het lab werken inhoud als ik weer laat thuis 

kwam. Een huis kopen, je carrière switch, kinderen krijgen, samen kunnen we alles aan. Je 

bent een geweldige moeder voor Juna en Ruben. Onze kleine draakjes, wat zijn de clichés 

waar! Het is fantastisch om samen met deze lieve kinderen een gezin te vormen. Ik hou van 

jullie! 
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