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1. INTRODUCTION 

1.1 Hereditary Hemorrhagic Telangiectasia vascular disorder 

Hereditary Hemorrhagic Telangiectasia (HHT) is a genetically inherited autosomal dominant 

vascular disorder with a prevalence of 1 in 5000 individuals 1, 2 and it is considered a rare 

disease. HHT is characterized by torturous dilations of blood vessels involving small caliber 

vessels in the mucous membranes (nose, lips, tongue) called telangiectasias, or large caliber 

vessels called arteriovenous malformations (AVMs) occurring in internal organs such as the 

lungs, liver, or brain. Rupture of these focal vascular lesions results in repeated episodes of 

epistaxis causing anemia or visceral hemorrhage, a life-threatening condition 3. 

HHT is caused by heterozygous loss-of-function (LOF) mutations in genes involved in the 

transforming growth factor beta (TGF-β) signaling pathway, which plays a well-defined role in 

vasculogenesis and angiogenesis and in maintaining vascular homeostasis in mature vessels 4-

6. Approximately 90% of HHT cases are associated with heterozygous mutations in activin 

receptor-like kinase 1 (ACVRL1 or ALK1) causing type 2 HHT (HHT2) 7 or ENG coding for 

Endoglin (causing type 1 HHT (HHT1)) 8. Less frequent mutations (1-2 %) of patients are found 

in SMAD family member 4 (SMAD4) gene (causing the juvenile polyposis (JP-HHT)), and coding 

for SMAD4, the transcriptional effector downstream of all TGF-β family ligands 9. A rare group 

of patients (less than 1 %) with an HHT-like phenotype display mutations in growth and 

differentiation factors 2 (GDF2), coding for the bone morphogenetic proteins (BMP9) ligand) 

10. Figure 1 summarizes the percentages of the different gene mutations found in HHT patients 

and highlights the BMP9/BMP10 pathway as a common genetic determinant for HHT. 
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Figure 1. Mutated genes in HHT encode members of BMP9/BMP10 signaling pathway.  
The cartoon illustrates the percentage of the mutated genes found in individuals with HHT. Patients with HHT can be classified 
into four distinct groups, HHT1, HHT2, JP-HHT and HHT-like as a result of heterozygous mutations in ENG, ALK1, SMAD4 and 
BMP9 genes. Mutations in any of these genes encoding for the components of BMP9/10 pathway lead to formation of AVMs.  
 

Currently, the therapeutic treatments for HHT are intended to reduce symptoms and 

complications. These include measures to control bleeding, such as local therapies for epistaxis, 

or interventions to address AVMs in critical organs 11. However, no mechanism-based targeted 

therapy is available so far. Therefore, early diagnosis, appropriate management, and 

supportive care play crucial roles in improving the quality of life for individuals living with HHT. 

1.1.1 AVMs  

Regardless of which gene within the BMP9/10 pathway is mutated, the pathological outcome 

of HHT patients is the age-related propensity to develop AVMs (Figure 1). AVMs are vascular 

abnormalities characterized by direct connections between arteries and veins, lacking a 

capillary bed in between the two large caliber vessels 12, 13. These abnormal connections lack 

capillary regulation and proper exchange of nutrients. Unlike high resistance capillary beds, 

veins are unable to maintain blood flow, resulting in structural remodeling and dilation of the 

draining veins. This pathologic change can result in tissue destruction and structural deformity, 

ischemia, and in severe cases can lead to heart failure.  

Most frequently, patients with HHT display localized AVMs in the lungs, liver, spine, or brain. 
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The anatomic location and stage of development of these direct arterio-venous connections 

determine the severity of complications, including stroke, brain abscess, hypoxemia, or local 

rupture with hemorrhage, all of which can be life-threatening 13, 14. AVMs are often congenital 

and may develop progressively as the patient grows and develops. While a few individuals may 

maintain some state of vascular quiescence and stability during early life, most AVMs develop 

symptoms and complications with age. In addition, external stimuli such as injury, infection, 

incomplete surgical excision, and hormones can accelerate the expansion of the AVM and 

exacerbate symptoms. 

Currently, the predominant therapeutic modalities for the AVMs’ treatment consist of surgical, 

catheter-guided procedures or stereotactic radiosurgery aimed at resecting, embolizing, or 

irradiating AVMs to manage the associated risks 13, 15, 16. However, the high rate of resistance 

after surgical treatment contributes to the poor prognosis of AVMs. It is estimated that 25% of 

patients experience recurrence of AVM within the first year after surgery due to reperfusion 

from recanalization, previously unrecognized inflow, or adjacent arteries 17, 18. This emphasizes 

the great need for medical treatment of multiple or diffuse AVMs for which surgical 

intervention is not considered safe, technically feasible or effective. Treatment of AVMs 

remains a major challenge, and it is imperative to uncover the underlying mechanisms to find 

a promising cure. 

1.1.2 BMP9/10 signaling 

Despite numerous studies aimed at unraveling the importance of TGF-β family signaling, its 

precise role in endothelial cells (ECs) falls short of being elucidated. The contrasting outcomes 

of TGF-β signaling could be explained by the existence of a multitude of ligand-receptor pairing 

in a spatial and temporal context, by interactions with non-vascular cells, but also by different 

downstream activated SMAD complexes and crosstalk with other signaling pathways that 

influences the final signaling outcome 19, 20.  

This ancient and highly conserved pathway is activated by a large number of homologous 

ligands that have been grouped into: TGF-βs, BMPs, Activins, Nodal, Inhibins, and the GDF 

subgroups of proteins. These proteins regulate a wide variety of cellular responses in many 

different settings by binding to one of five possible transmembrane type II receptors (TGF-β 

receptor type II (TGF-βRII), BMP receptor type II (BMPRII), Activin receptor type II a and b 
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(ActRIIa, ActRIIb) and then the recruitment of one of seven type I receptors (ALK1-7) that 

contain cytoplasmic serine/threonine kinases, that upon activation phosphorylate regulatory 

downstream SMAD proteins. Additionally, there are also accessory receptors, the non-kinase 

type III receptors, which include ENG for BMP ligands and Betaglycan/TGF-βRIII for TGF-β, that 

may interfere with receptor-ligand interaction affinities (Figure 2). 

Whereas TGF-β ligands binding to TGF-βRII/ALK5 receptor complex mainly promotes 

subsequent activation of SMADs 2 and 3, the BMP ligands binding to the other ALKs-1,2,3,4,6,7 

specifically activate the canonical SMADs 1, 5, and 8. Activated SMAD2/3 and SMAD1/5/8 will 

further complex with the unique cytoplasmic transcriptional effector- SMAD4 and this complex 

of SMADs, either SMAD2/3-SMAD4 or SMAD1/5/8-SMAD4 is shuffled in and out of the nucleus 

to regulate transcription of distinct sets of genes with a plethora of biological functions. 

 

Figure 2. TGF-β/BMP signaling in ECs.  
TGF-β signaling through TGF-βRIII/TGF-βRII/Alk5 receptors activates the Smad2/3-Smad4 complex to promote or inhibit 
angiogenesis, vascular remodeling or EC quiescence (red); BMP9/10 signaling through an unknown BMP type II/Eng/Alk1 
receptor complex activate the Smad1/5/8-Smad4 complex to exert anti-angiogenic effects promoting EC quiescence and 
vascular stability (green); BMP6/7 signaling through BMPRII/Alk2/3 receptors activate Smad1/5/8-Smad4 to regulate 
downstream pro-angiogenic genes (blue). 
 

While the BMP6 and BMP7 signaling through engagement of BMPRII-ALK2/3 receptor complex 
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activates downstream pro-angiogenic genes 21, BMP9 and BMP10 bind with a high affinity to 

an unknown BMPRII and to ALK1/ENG receptor complex present at the surface of ECs and 

promote ECs quiescence and vessel stability. BMP9 and BMP10 are circulatory growth factors 

produced by the stellate cells in the liver (BMP9) and right cardiac atrium (BMP10) and 

subsequently released into the bloodstream 22, 23 (depicted in Figure 2). Phosphorylation of 

ALK1 leads to phosphorylation and activation of the canonical SMAD1/5/8 which will complex 

with the unique transcriptional effector SMAD4, and together translocate from the cytoplasm 

into the nucleus. Circulating levels of these ligands are high during embryogenesis and 

neonatal development and thereafter drop, consistent with active angiogenesis during 

development and decreased sprouting with age 24. However even the low levels found in 

adults are still above threshold levels required for receptor activation. Despite the vast 

evidence for BMP9 and BMP10 activity as promoters of vasculature stability, there are studies 

showing also a pro-angiogenic role of these ligands in tumors 25 and age-related macular 

degeneration 26. 

Dysfunctional BMP9/10 signaling pathway due to mutations in genes encoding for any of the 

components of BMP9/10 pathway such as the ligand- GDF2, the receptors- ALK1 and- ENG, 

and transcriptional effector SMAD4, all lead to AVM formation. Interestingly, no mutation in 

the canonical SMAD1/5 have been yet reported. Also, little is known with regards to 

downstream target genes that contribute to HHT.  

1.1.3 Genetic mouse models of HHT  

The development of animal models that accurately mimic the pathophysiology of HHT is 

essential for a better understanding of the cellular and molecular mechanisms that trigger 

AVM formation and for the identification of novel therapeutic approaches. Global depletion 

of Eng or Acvrl1 result in embryonic lethality. The yolk sacs of Eng-/- or Acvrl1-/- mice embryos 

exhibit abnormalities in the primitive cardiac cushion, leading to delayed maturation of large 

blood vessels and reduced coverage of peripheral vascular smooth muscle cells (vSMCs) 27-31. 

The embryonic lethality of mutant mice has highlighted the crucial function of ALK1/ENG 

signaling pathway in vascular development and morphogenesis.  

For a closer modeling of HHT pathophysiology caused by heterozygous LOF mutations, further 

studies were conducted on global Eng and Alk1 heterozygous (Eng+/- and Alk1+/-) adult mice, 
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which mimic the patient genotype at these genetic loci. Both genotypes developed vascular 

lesions between 7 and 20 months resembling HHT-like lesions, including capillary dilatation in 

different organs and hemorrhage 31, 32. However, these lesions occur at incomplete penetrance 

and in an unpredictable manner. Unlike human patients, these mice did not show any 

spontaneous brain AVMs (bAVMs). Yet, upon an external stimulus, e.g vascular endothelial 

growth factor-A (VEGFA) stimulation, brains of Eng+/- or Alk1+/- adult mice developed cerebral 

microvascular dysplasia 33. Interestingly, the HHT-like lesions were more frequent in the 

129/Ola genetic background than C57BL/6, suggesting that genetic modifiers may play a role 

in susceptibility to HHT disease 27, 32 . 

Recent preclinical mouse models utilizing the Cre/Lox recombination system to delete the Eng 

or Alk1 genes specifically in ECs in a temporal manner using the Tamoxifen (Tx) inducible VE-

Cadherin (Cdh5) Cre mouse line, robustly mimicked the HHT-like phenotype, including AVM 

formation. Depletion of Eng in vSMCs did not facilitate the development of AVMs 34, thus 

emphasizing the crucial role for the canonical BMP9/10 signaling exclusively in ECs. The 

deletion of Alk1 or Eng specifically in ECs results in dilation of blood vessels and AVM formation 

in the brain, lungs, and intestine causing severe hemorrhage 35, 36. Yet, similar to heterozygous 

mice with global deletion, AVM development in adults with homozygous depletion in ECs, also 

require a ‘second hit’ such as angiogenic or inflammatory stimuli. Skin AVMs form only post-

dermal wounding 34 while the bAVMs require exogenous stimulation with VEGFA 37. 

Nevertheless, loss of EC Eng in adult mice results in the development of peripheral AVMs in 

the vasculature that supplies the pubic symphysis, however this specific region is characterized 

by elevated levels of endogenous VEGFA 38. These pubic AVMs lead to an increase in venous 

return to the heart, causing cardiac enlargement and ultimately resulting in high-output heart 

failure (HOHF). HOHF is also encountered in some HHT patients 39-41. Thus, EC ENG and ALK1 

are required to maintain EC quiescence of mature blood vessels in response to external stimuli, 

and AVM development in stable vessels requires a ‘second hit’ mechanism.  

Global loss of Smad4 mice results in embryonic lethality at E10.5 42. Furthermore, constitutive 

Smad4 deletion in ECs leads to loss of vessel integrity and cerebral bleeding during embryonic 

development, underlying the crucial function for Smad4 in embryonic vascular development 

43.  

1.1.4 Mouse retina AVM models  
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HHT-related AVM pathogenesis can also be mimicked by postnatal homozygous EC gene 

depletion in neonates, using retina as a model for angiogenesis. The developing retina is a 

component of the central nervous system (CNS) and serves as a widely accepted model to 

study various angiogenic properties, including EC sprouting, tip-stalk versus arterial-venous 

specification, and vascular remodeling and blood-retina barrier (BRB). In mice, retinal 

vascularization starts at birth, with blood vessels extending from the optic nerve towards the 

periphery until postnatal day 7 (P7) to form the superficial vascular plexus. The superficial 

retinal plexus is a stereotypical vascular network that can be visualized by whole mount 

imaging, enabling the examination of intricate vascular structures such as AVMs. Subsequently, 

blood vessels penetrate the neuroretina to establish the deep vascular plexus by P12, and by 

P15 the intermediate plexus forms. The vascular network reaches full maturation by P21 44. 

Using retina vasculature to model AVM pathogenesis, on one side it uncovered that formation 

of HHT-like AVMs in neonates are exclusively a pathogenic feature of canonical BMP9/10 

signaling through ALK1/ENG - SMAD1/5 and SMAD4 transcriptional effector in ECs. On the 

other side, it had significantly enhanced our comprehension of the underlying cellular and 

molecular mechanisms responsible for AVM formation. Blockade of BMP9/10 ligands in 

neonates or by delivery of the blocking antibodies through the trans-mammary administration, 

or EC depletion of both ligands lead to AVMs formation 45-47. Intriguingly, BMP10 was found to 

be the relevant physiological ligand of the ENG-ALK1 signaling pathway pertinent to HHT 

pathogenesis, as single EC knockout of Bmp10 is sufficient to drive AVMs formation 48. Similarly, 

specific EC depletion of any of the genes downstream of BMP9/10 ligands: Alk1 46, Eng 49, 

Smad1,5 50 or of Smad4 47, all lead to formation of retinal AVM and visceral organs within few 

days. 

Most recently, novel genetic tools have been developed to selectively induce gene depletion 

in distinct EC subtypes, e.g capillaries or veins, arteries, and tip cells to investigate the initiation 

and further development of AVMs. These murine models have significantly enhanced our 

comprehension of the underlying cellular and molecular mechanisms responsible for AVM 

formation. Depletion of Eng 51, Smad4 52, and Alk1 53 specifically in capillary and venous ECs, 

using a Tx inducible Msfd2a-Cre line 54 trigger AVM formation, suggesting a non-arterial but 

rather a capillary-venous contribution to AVM formation 44.  
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1.1.5 BMP9/10 signaling crosstalk regulation 

HHT lesions appear later in life and are focally distributed. Although the signaling components 

are expressed by all ECs, genetic variants in ALK1 or ENG genes lead to the development of 

AVMs mainly in the liver or lungs, respectively 55. The reasoning for the organotypic 

development of AVMs remains unknown. Perhaps, this could be a result of a paracrine-

autocrine or endocrine modulation of BMP9/10 signaling, the availability of different receptors 

and effectors, or crosstalk with context-dependent signaling pathways in different vascular 

beds. 

Indeed, multiple interactions of BMP9/10 with other signaling pathways have emerged in the 

last years (Figure 3). Identifying and further targeting the relevant pathways is likely to restore 

a normal vasculature. Together with Neurogenic locus notch homolog protein (NOTCH), ALK1 

signaling antagonizes VEGFA to limit excessive EC sprouting and tip cell formation 24. In HHT 

patients, high levels of circulating VEGFA have been detected, hence providing the rationale 

for the use of anti-VEGFA therapy in AVM pathology 56. Yet, bevacizumab treatment is not 

beneficial in all HHT patients, or patients develop drug resistance 57-59, emphasizing the need 

for identifying novel therapeutical approaches. Also, Alk1 depletion resulted in an increased 

integrin signaling interaction with the VEGFA main receptor, the vascular endothelial growth 

factor receptor 2 (VEGFR2). Specific inhibitors for integrins administered in these mice restored 

the lesions 53.  

SMAD4 was also shown to be a direct repressor of Angiopoietin-2 (ANGPT2) in ECs 60. ANGPT2 

is a pro-angiogenic growth factor that functions through the tyrosine kinase receptor, TIE2. 

Interestingly, the blockade of excessive ANGPT2 by using LC10 rescues AVM formation in 

Smad4, Alk1 and Eng mutant HHT mouse models 60, 61. Very recently, it has been shown that 

TIE2 expression within the AVMs is regulated upon excessive Krüppel-like factor 4 (KLF4) 62, 

thus providing novel evidence for the ANGPT2 blockade as a targeted therapy for AVM 

pathogenesis. BMP9 signaling also acts upstream of chemokine response/chemotaxis secreted 

factors SDF1-CXCR4 signaling cascade to limit EC migration 63, yet the in vivo relevance for this 

crosstalk has not been established.   

Interestingly, in HHT mouse models an increase in phosphoinositide 3-kinase (PI3K) activation, 

downstream of VEGFA and ANGPT2/TIE2 was found to be the responsible mechanisms for 
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AVM pathogenesis. Mechanistically it has been shown that SMAD4 activation represses the 

transcription of Casein Kinase 2 (CK2) to limit phosphorylation of Phosphatase and Tensin 

homolog (PTEN). Subsequently, unphosphorylated active PTEN restricts excessive EC 

PI3K/AKT1 signaling to maintain vascular homeostasis. Inhibitors for CK2 or PI3K/AKT1 

(Wortmannin, Pictilisib) or specific deletion of Akt1 in EC, all rescued AVM formation in 

BMP9/10-Alk1-Smad4- deficient mice 46, 47 and also improved vascular lesions in Eng LOF 

neonates 49. Following these studies, increased PI3K signaling has been validated in HHT 

patients 64. Downstream of PI3K, mTOR signaling was found to be activated. Ruiz et al. 65 found 

that sirolimus and nintedanib effectively restored the functionality of endothelial Smad1/5/8, 

VEGFR2, and mTOR signaling pathways, improving AVM pathology. Furthermore, an enhanced 

YAP/TAZ nuclear translocation was identified upon Alk1 depletion, and pharmacologic 

inhibition of YAP/TAZ signaling (Verteporfin) also prevented vascular malformations in Alk1-

deficient neonates 53. 

 

Figure 3. Crosstalk between BMP9 and VEGF signaling in ECs.  
BMP9 induced activation of SMAD1/5, which then interacts with SMAD4 to translocate to the nucleus to inhibit ANGPT2 
expression. In parallel, SMAD4 inhibits CK2 expression, which allows inhibition of PTEN through de-phosphorylation, thereby 
inhibiting the activity of PI3K, a downstream effector of VEGF2 pathway. Integrins interact with VEGFR2 at EC membrane to 
regulate the activation of the PI3K/AKT and YAP/TAZ signaling pathways. Several drugs (Bevacizumab, CK2 inhibitor, 
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Wortmannin, Pictilisib and Verteporfin) aim at restoring the balance between the BMP9 pathway and the VEGF pathways to 
re-establish vascular quiescence. Adapted from 66. 
 

1.1.6 Arterial-venous (AV) differentiation in AVMs 

The differentiation of the vascular system into arteries and veins is a complex process 

influenced by various developmental signaling pathways. Genetic factors, such as VEGFA, 

NOTCH, and Ephrins, play a crucial role in establishing AV identity before circulation begins. 

Hemodynamic forces, such as blood pressure and blood flow, also shape vascular development 

by maintaining the AV specification. Several arterial- and venous-specific signaling molecules 

have been identified in ECs (Figure 4). Markers of arterial identity include gap junction proteins 

Connexin-37 (CX37), CX40 67-69, EphrinB2, Neuropilin-1 (NRP1) 70, and members of the NOTCH 

signaling pathway: the receptors: NOTCH1, NOTCH3, NOTCH4 71, the ligands: delta-like ligand 

4 (DLL4) or Jagged1 (JAG1) 72, and the NOTCH downstream effectors HES1/2 and HEY1/2. 

Markers of venous identity include chicken ovalbumin upstream promoter transcription factor 

II (COUP-TFII) 73, EPH receptor B4 (EphB4), apelin receptor (APJ) 74 and NRP2. Several of these 

markers have been shown to be direct targets of BMP9 signaling 24. 

Arteries and veins are typically distinguished based on their unique structural and functional 

features. Arteries are characterized by having thick walls, smooth muscle layers, and a pulsatile 

flow and are responsible for carrying oxygenated blood away from the heart. On the other 

hand, veins have thinner walls and a lower pressure, allowing the return of deoxygenated 

blood into the heart in a continuous flow. In HHT-like AVMs, the conventional distinction 

between arteries and veins becomes blurred. This occurs because the arteries and veins 

become interconnected, resulting in an abnormal loss of arterial vessel characteristics and gain 

of venous vessels characteristics. Moreover, these abnormal AV connections result in turbulent 

and high-velocity blood flow, which further complicates the maintenance of AV identity due to 

altered flow patterns. Thus, AVMs are characterized by loss of arterial markers, e.g sex-

determining region Y box 17 (SOX17), JAG1, EphB ligand ephrinB2 (EphrinB2), Unc-5 Netrin 

Receptor B (UNC5B) at the same time with gain of venous markers (EphB4) 46, 47. If changes in 

AV identity is primary due to disruption of BMP signaling pathway in ECs or it is secondary due 

to altered hemodynamic forces remains to be established.  
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Figure 4. Arterial-venous specification markers in vascular formation.  
Arterial ECs are known to express various molecular markers, including ephrinB2, Notch pathway molecules (DLL4, Notch1, 
Notch4 and Jagged1), NRP1, CXCR4, the gap junction proteins CX37 and CX40, ALK1, and BMX. Venous ECs express EPHB4, 
NRP2, COUP-TFII, and the APJ receptor. Adapted from 75.   
 

1.1.7 Cellular mechanisms in AVM Pathogenesis 

A comprehensive understanding of the pathogenesis of AVM development is crucial for 

designing effective AVM therapeutic strategies. Despite the identification of genetic 

contributors several decades ago, the cellular and molecular mechanisms responsible for AVM 

pathogenesis started to be elucidated in the past recent years. Yet, it remains unclear which 

cell and molecular event is triggering AVM formation and thereafter the lesion progression.  

The ECs in blood vessels are exposed to blood flow which induces mechanical forces, such as 

shear stress and cyclic stretch. These physical stimuli are then sensed by cells and converted 

into intracellular biochemical signals, contributing to gene expression and adaptation 

processes. Laminar shear stress (LSS) within the physiological range maintains EC quiescence 

by inducing various EC responses. These responses include both, morphological: EC size and 

shape, position and EC number, and molecular: activation or inhibition of signaling pathways 

76, 77. Several fluid shear stress (FSS) responses are altered in ECs within the AVM suggesting 

contribution of FSS to AVM pathogenesis. Furthermore, in neonatal retinas the AVMs are 

positioned close to the optic nerve where the blood flow is the highest 45, 47, 49. 
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In zebrafish embryos with Acvrl1 LOF mutation, AVMs also form in regions of high flow due to 

a diminished migratory capacity of ECs against the blood stream, and the blockade of the heart 

rate reversed the lesions 78. An altered EC migration phenotype was also identified in EC 

knockouts of Alk1 and Eng developing retinas 49, 53 and it has been proposed that impaired EC 

migration against the flow direction is the triggering cell event in AVM formation. Yet, in EC 

Smad4 LOF retinas, loss of FSS-induced cell cycle arrest and loss of arterial identity was 

proposed to be the triggering event for AVM formation 62.  

However, it is important to consider that there might be other indirect mechanisms that 

contribute to focal AVM formation. Loss of the capillary bed might lead localized hypoxia, that 

may be responsible for increased VEGFA among other pro-angiogenic factors to further 

exacerbate the expansion of AVMs. Disruption of mural cells (MCs)-ECs crosstalk might also 

contribute to AVM formation and development. Loss of Eng leads to a decrease in the contact 

between pericytes (PCs) and ECs, which can potentially impact the blood vessel diameter and 

vascular stability. The AVMs upon Alk1 and Smad4 LOF are also characterized by loss of PCs 

and gain of vSMC 46, 47. Thus, the development of AVMs is influenced by various factors, 

including the genetic disruption of BMP9 signaling pathway, as well as over-activation of 

angiogenesis, blood flow, and local environmental triggers like hypoxia, infection or 

inflammation. These factors play a crucial role in driving the formation of AVMs in HHT. 

Additional research is required to enhance our comprehension of AVM formation and to 

facilitate the translation of these findings from animal models to humans.   

1.2 Pericytes (PCs) 

PCs together with vSMC comprise the MCs that surround and protect the blood vessels 79. 

Charles-Marie Benjamin Rouget was the first to propose the concept of PCs in the 19th century, 

and thus PCs were also known as Rouget cells 80. Later, K. W Zimmermann called these cells 

“pericytes” based on their perivascular location and the term has been used as such 81. The 

majority of PCs develop from the mesoderm, like those found around the veins in the body's 

trunk, whereas others have a neural crest origin, like those found in the brain 82. Initially it was 

thought that PCs play a role in vasoconstriction and the regulation of localized microvascular 

flow. More recent studies found additional roles for PCs in angiogenesis and permeability, 

vessel stabilization, immunomodulation and cell differentiation 83, 84. 
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1.2.1 PC biology 

PCs communicate directly with ECs via a common basement membrane, whereas vSMC are 

physically separated from the ECs by an intimal layer of extracellular matrix (Figure 5). This 

interaction promotes PC proliferation, migration, and their attachment to the endothelium, 

resulting in the formation of PC-EC cross-interactions termed "pericyte coverage".  

The localization and the content of α-smooth muscle actin (α-SMA) is a key determinant in 

providing the morphology of PCs 85. Pre- and post- capillary PCs are shorter and stellate-shaped 

with varied quantities of α-SMA, whereas PCs in the middle of capillaries, which that lack α-

SMA, are elongated and more spindle-shaped. The typical mature PCs extend along the outer 

wall of several microvascular ECs along the axis of the microvasculature. The nucleus exhibits 

an oval shape, and the cytoplasm surrounds the nucleus, releasing finger-like synapses that 

gradually thin, with their ends enclosing and supporting the endothelial lumen 86, 87. This 

specialized morphology facilitates the identification of the various PC subtypes within the 

microvessels. 

PCs are embedded in the basement membrane of small blood vessels including precapillary 

arterioles, capillaries, postcapillary venules and small refluxing veins. There are substantial 

differences in the density of PCs in various tissues and organs, and these variations are closely 

related to PC physiological organotypic functions 88. For example, the PC density in the retinal 

and CNS microvasculature is relatively high (between 1:1 to 1:4 relative to ECs) 84, 89. 

During angiogenesis, PCs are recruited to the immature vasculature to promote tip-stalk 

differentiation. PCs stabilize blood vessels by inhibiting EC proliferation and regulation of 

capillary size and AV differentiation 90, 91. Failure to recruit PCs to ECs results in multiple 

vascular defects, including microaneurysms, hemorrhage, edema, BRB and blood-brain barrier 

(BBB) breakdown 92. 
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Figure 5. PC-EC interactions in microvessels. 
Illustrative representation showing typical PC-EC interconnection. PCs surrounding the ECs share a common basement 
membrane with ECs. A direct PC-EC contact is established via tight junction. Adapted from 93.  
 

1.2.2 Identification of PCs 

The identification of specific markers to distinguish different subtypes of PCs within an organ 

or between different organs has been a challenge in recent decades. Yet, recent development 

in molecular profiling by single-cell (scRNA) sequencing technique is shedding light on tissue-

specific PC molecular profiles and functions 90. Yet, there is no single marker to distinguish just 

the PC population, as all perivascular cell types express very similar and overlapping expression 

patterns. PCs are positive for MC markers, such as platelet-derived growth factor receptor beta 

(PDGFRβ), nerve-glial antigen-2 (NG2), cluster of differentiation 13 (CD13) and desmin. While 

these markers are particularly powerful to distinguish MCs from other cell types, such as ECs 

or neurons, none of them is specific to a single subgroup of MCs. To overcome this hurdle, it 

is conducive that certain markers specifically identify SMCs, α-SMA and myosin heavy chain 11 

(MYH11). Thus, PCs are defined by exclusion, and it is appropriate to use a combination of 

different markers for a sharp tissue-specific MC and PC identification. At this point, experts in 

the field adopted the view, that PCs are best described by being PDGFRβ positive and α-SMA 

negative. 

1.2.3 Models to study PC-EC interactions 

Several in vitro co-culture systems and animal models have been developed to study the EC-
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PC cellular and molecular interactions and have significantly provided insights into the role of 

specific molecular pathways in PC-EC communication during various physiological and 

pathological processes. 

Co-culture systems employ incorporation of three-dimensional scaffolds or microfluidic 

devices to better mimic the in vivo microenvironment. D’Amore et al. used primary ECs and 

PCs from the bovine retinas to elucidate their roles in vessel development and function, as 

well as the angiocrine-paracrine regulatory mechanisms 94, 95.  

Animal models have also been instrumental in studying PC-EC interactions. Genetically 

modified mice with PC-specific gene deletion or fluorescent protein labeling for PC tracking in 

a specific spatial-temporal manner have been recently developed 96.  

Zebrafish embryos have also emerged as a powerful model for studying PC-EC interactions. 

Zebrafish embryos allow direct visualization of vascular development and dynamic cell 

interactions using live imaging techniques 97. Manipulations of gene expression either 

genetically or chemically can be easily performed in zebrafish, providing a valuable system for 

studying the functional consequences of disrupting PC-EC interactions. 

1.2.4 Signaling pathways involved in PC-EC interactions 

Along the years, various autocrine-paracrine signaling pathways that regulate EC-PC crosstalk 

have been identified to be essential for angiogenesis and stabilizing the already existing micro-

vasculature (Figure 6).  

PDGFRβ signaling pathway  

The Platelet Derived Growth Factor B (PDGFB) produced and secreted by the ECs is very 

abundant in angiogenic sprouts and remodeling arteries during angiogenesis. PDGFB signals 

through binding to its receptor, PDGFRβ, expressed exclusively by the PCs, to trigger the PC 

recruitment, migration and proliferation 84. Currently, it is generally established that PDGFB is 

a key molecule in MC biology 98. Mice lacking the ligand, Pdgfb in ECs or the receptor, Pdgfrβ 

in PCs display similar phenotypes including loss of PCs and exhibit a plethora of vascular 

anomalies and fractured microaneurysms 99, 100.  

TGF-β/TGFβR signaling 
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TGF-β signaling has been shown to be implicated in PC and EC proliferation and differentiation. 

The exact role of TGF-β in ECs and PCs is further complicated by the fact that both, the TGF-β 

ligands and receptors are expressed on both ECs and PCs. The resulting cellular outcome of 

TGFβ/TGFβR signaling axis is dependent on the composition of the receptor-ligand pairing, 

making it difficult to discern the precise angiocrine versus paracrine signaling in EC and PCs 

function. Yet, a definitive role for TGF-β secreted from the PCs is to mediate PC-vSMC transition. 

VEGFA/VEGFR signaling  

VEGFA is required for differentiation of PCs and the proliferation, migration and survival of ECs. 

VEGF ligands include VEGF A-E and receptors mainly include VEGFR1, VEGFR2 and VEGFR3. 

VEGFR1 typically binds to VEGF-A and B, whereas VEGFR2 normally binds to VEGF-A, C, D, and 

E. PC-derived VEGF-A upon binding to VEGFR2 on ECs promotes cell survival through Bcl-2 and 

survivin. Disturbance of VEGF-A signaling prevents the recruitment and migration of PCs to ECs 

101.  

ANGPT/TIE1-TIE2 signaling 

ANGPT1 that is released mostly from PCs bind the TIE2 receptor on ECs to promote cell survival 

through PI3K-Akt activation, whereas ANGPT2 offers antagonistic properties on TIE2 102. The 

role of ANGPT1/TIE2 signaling in PCs still remains controversial, as a small fraction of TIE2 has 

also been identified in the PCs. Still, loss of TIE2 in PCs leads to a pro-migratory phenotype103. 

Alterations in ANG-1/TIE-2 leads to reduced PC recruitment and inhibition of angiogenesis. 

Thus, the role ANGPT/TIE signaling axis in PC and EC remains controversial.  
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Figure 6. Signaling pathways mediating ECs-PCs communication. 
The recruitment of PCs to the endothelium and their communication with ECs is facilitated by multiple pathways, including 
PDGFB/PDGFRβ, VEGF/VEGFR2, Ang/Tie-2, TGF-β signaling pathway and the Notch pathway. Adapted from 84. 
 

1.2.5 The role of PDGFB in PC recruitment and maintenance 

PDGFB-PDGFRβ is essential for PC recruitment during angiogenesis. Embryonic deletion of 

either of the Pdgfb or Pdgfrb genes are perinatally lethal due to widespread hemorrhage and 

generalized edema 104, 105. The complete loss of PDGFB or PDGFRβ proteins results in failure of 

MC recruitment and proliferation to the developing vasculature, which has secondary 

consequences to ECs leading to blood vessel dilation and dysfunction 99, 106. Similarly, early 

postnatal deletion of EC-specific Pdgfb also revealed that PDGFB plays an important function 

in attracting and therefore recruiting PCs to developing retinal capillaries 107. Furthermore, LOF 

mutations in the PDGFB and PDGFRβ genes cause formation of microvascular calcification in 

both mice and humans 108. The adult quiescent microvasculature maintains the expression of 

PDGFB in ECs. The Pdgfb retention motif knockout mouse (Pdgfbret/ret) is a hypomorphic Pdgfb 

mouse model used to investigate the postnatal effects of PCs loss 109. Adult constitutive Pdgfb 

LOF mutants are also characterized by reduced PC coverage in the brain resulting in 

substantially increased capillary diameter with skewed endothelial AV zonation and disrupted 

EC junctions. Furthermore, in these mice decreased Pdgfb expression promoted a 

neuroinflammatory disorder, that was further confirmed by depletion of PCs upon inhibition 

of Pdgfrβ 110-112. Yet induced depletion of Pdgfb in the ECs at adult stages did not result in any 
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observable phenotype 111. Overall, all these findings suggest that PDGFB is indispensable 

during development to ensure vascular stabilization, yet once the vasculature matures, PDGFB 

become dispensable.  

1.2.6 PCs in AVM pathogenesis 

Impaired PC coverage has been reported in human sporadic bAVMs but also in animal models 

of HHT. In the patient bAVMs, the decrease in PC coverage was correlated with increased lesion 

rupture and the degree of hemorrhage 113. 

In animal models of HHT, irrespective of the depleted gene, the retinal AVMs are characterized 

specifically and exclusively by loss of PCs 46, 47, 114, whereas the sprouting front retains the PC 

coverage 45, 47. This emphasizes that an altered flow within the AVMs is a contributing factor 

to loss of PCs. Whether the localized reduction in PC coverage is a consequence of pathological 

flow, a contributor factor, or a causally determinant for the high flow-AVMs is still not clear. 

Much less is known about the angiocrine-paracrine signaling pathways whose disruption 

contributes to PC loss and AVM formation. In addition, the bAVMs upon Alk1 depletion display 

a deficit in PC coverage associated with vascular leakage and hemorrhage 114. Yet, the cause 

and consequence of this abnormal cell event is still not understood. ALK1 signaling is required 

for FSS-induced expression of PDGFB, TGF-β1 and JAG1 in ECs that signal paracrine to mediate 

PC migration 45.  

Several studies have highlighted implication of PDGFB signaling in AVM pathogenesis. 

Treatment of Eng-heterozygous deficient mice with thalidomide, a PDGFB expression 

stimulator ameliorated AVM severity, in part, by increasing PDGFB expression mediated PC 

coverage 115. Overexpression of PDGFB by lentiviruses or the administration of thalidomide or 

lenalidomide can effectively restore PC and vSMCs coverage with an improvement in bAVM 

vascular lesions in adult Alk1-deficient mouse model 116. Yet, the requirement and the 

molecular regulation of PDGFB signaling have not been addressed. 
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2. AIMS OF THE STUDY 

Either inherited or sporadically occurring, the high flow AVMs among other cellular abnormal 

features are characterized by a specific loss of PCs. Recent studies have shed light on the crucial 

role of PCs in angiogenesis and maintenance of vascular integrity. Disruption of angiocrine-

paracrine PDGFB-PDGFRβ has been linked to AVM pathogenesis, yet the precise cellular and 

molecular mechanisms are far from being understood. It is still unclear whether impaired PC 

coverage triggers AVMs or whether it is a secondary event due to increased blood flow within 

AVMs. Understanding the mechanisms involved in PC-mediated vascular quiescence and 

homeostasis and their role in protecting the endothelium against AVMs would provide 

valuable insights into developing novel therapeutic interventions. 

In the present study, the major aims were i) to investigate the impact of the BMP9/10 - blood 

flow signaling pathway crosstalk on PDGFB-mediated PCs biology and function and ii) to 

elucidate the role of EC derived PDGFB-mediated PC recruitment and maintenance in 

protecting the endothelium against AVM formation.  
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3. MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Animals 

Depletion of Smad4 and Pdgfb genes specifically in the ECs were achieved by crossing Smad4 

fl/fl or Pdgfb fl/fl with Tamoxifen (Tx) inducible Cdh5-CreERT2 mice to obtain Smad4iΔEC and 

PdgfbiΔEC. Gene deletion was achieved by intraperitoneal (i.p) injection of 100µg Tx (2 mg/ml, 

dissolved in corn oil (Sigma, T5648) up to 50 µl final volume) at postnatal days (P1-P3) or (P5-

P7). Tx-injected Cre-negative littermates (Smad4fl/fl or Pdgfbfl/fl) were used as controls in all 

experiments. All animal procedures used in this study were approved by the animal welfare 

commission of the Regierungspräsidium Karlsruhe (Karlsruhe, Germany). 

3.1.2 Cells 

Human umbilical cord vein endothelial cells (HUVECs) were obtained from the umbilical cords 

of pregnant women who provided informed consent and were in good health. HUVECs were 

cultured in EC medium (Promocell) with 5% fetal bovine serum (FBS). The human brain 

microvascular pericytes (HBMVPs) were purchased from ScienCell and cultured in PC specific 

growth medium (Promocell).   

3.1.3 Cell culture medium and reagents 

Table 1. Medium and buffers for cell culture 

Components Company Catalog Number 

Endothelial Cell Growth Medium 2 (EGM2) Promocell C-22022 

Pericyte Growth Medium 2 Promocell C-28041 

Penicillin/Streptomycin (P/S) Sigma-Aldrich P4333 

FBS Sigma-Aldrich F-7524 

Trypsin-EDTA Sigma-Aldrich T3924 

Phosphate buffered saline (PBS) Sigma-Aldrich D-5652 

Opti-MEM™ Reduced Serum Medium Thermo Fisher 31985070 
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3.1.4 Retina digestion buffers 

Table 2. Retina digestion buffers 

Buffer Contents 

Fixation solution 4% Paraformaldehyde (PFA) 

Blocking buffer  1% FBS, 3% bovine serum albumin (BSA), 0.5% Triton X-100, 

0.01% sodium deoxycholate, 0.02% sodium azide in PBS at pH 7.4 

Wash buffer 1x PBS 

PBLEC buffer 1 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2 and 0.25% Triton X-100 in 

PBS 

Antibody dilution buffer Dilute in Blocking buffer 

 

3.1.5 Primary antibodies 

Table. 3 Primary antibodies for Immunofluorescence 

Antibody Company Catalog Number Dilution 

NG2 Millipore AB5320 1:200 

Isolectin B4 (IB4) Life Technologies 121412 10 μg/ml 

GOLPH4 Abcam ab28049 1:200 

ERG Abcam ab196149 1:200 

GM130 BD Biosciences 610823 1:600 

KLF4 R&D systems AF3158 1:200 

SOX17 R&D systems AF1924 1:200 

VE-Cadherin BD Biosciences 555289 1:400 

JAG1 R&D systems AF599 1:200 

Endomucin Santa Cruz sc-65495 1:200 

DLL4 R&D systems AF1389 1:200 

phospho-SMAD3 Abcam ab52903 1:100 

phospho-SMAD1/5 Cell Signaling 13820S 1:100 

ID1 R&D systems AF4377 1:100 

Endoglin R&D systems AF1320 1:100 
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BMP6 Abcam ab15640 1:100 

TGF-β1 R&D systems MAB7666 1:100 

PDGFRβ R&D systems AF1042 1:100 

Phalloidin Thermo Fisher R415 1:500 

αSMA Abcam ab184675 1:600 

ICAM2 BD Biosciences 553326 1:200 

Collagen IV Abcam ab6586 1:400 

DAPI Thermo Fisher 62248 1:1000 

VE-Cadherin Cell signaling 2500S 1:400 

Table 4. Primary antibodies for Western blot (WB) 

Antibody Company Catalog Number Dilution 

PDGFB Abcam ab23914 1:1000 

Smad1 Cell Signaling 6944S 1:1000 

Smad2/3 Cell Signaling 8685S 1:1000 

phospho-Smad1/5/8 Cell Signaling 13820S 1:1000 

phospho-Smad3 Abcam ab52903 1:1000 

TGF-β1 Santa Cruz sc-52893 1:500 

BMP6 Abcam ab15640 1:1000 

 

3.1.6 Secondary antibodies 

Table 5. Secondary antibodies for Immunofluorescence and WB 

Antibody Company Catalog Number Dilution 

Alexa Fluor donkey anti-goat  Thermo Fisher A-21432 1:500 

Alexa Fluor donkey anti-rabbit Thermo Fisher R37118 1:500 

Alexa Fluor donkey anti-rat Thermo Fisher A-21209 1:500 

Alexa Fluor donkey anti-mouse Thermo Fisher A-21202 1:500 

Goat anti-rabbit peroxidase Sigma-Aldrich A9169  1:10000 

Rabbit anti-mouse peroxidase Sigma-Aldrich A9044 1:10000 
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3.1.7 Human small interfering RNA (siRNA) 

Table 6. Human siRNA 

siRNA Company Catalog Number 

ON-TARGETplus Non-targeting Control siRNA Dharmocon D-001810-01-05 

ON-TARGETplus Human SMAD4 siRNA Dharmocon L-003902-00-0005 

ON-TARGETplus Human PDGFB siRNA Dharmocon L-011749-00-0005 

 

3.1.8 Polymerase chain reaction (PCR) Primers 

Table 7. Mouse and human primer sequence for quantitative PCR (qPCR) 

Primer Forward Sequence (5' to 3') Reverse Sequence (5' to 3') 

Mouse Dll4 TTCCAGGCAACCTTCTCCGA ACTGCCGCTATTCTTGTCCC 

Mouse Notch1 GATGGCCTCAATGGGTACAAG TCGTTGTTGTTGATGTCACAGT 

Mouse Notch4 GAACGCGACATCAACGAGTG GGAACCCAAGGTGTTATGGCA 

Mouse Hey1 CCGACGAGACCGAATCAATAAC TCAGGTGATCCACAGTCATCTG 

Mouse Hey2 CGCCCTTGTGAGGAAACGA CCCAGGGTAATTGTTCTCGCT 

Mouse Hes1 TCAACACGACACCGGACAAAC ATGCCGGGAGCTATCTTTCTT 

Mouse Klf4 GGCGAGTCTGACATGGCTG GCTGGACGCAGTGTCTTCTC 

Mouse Bmp6 GCGGGAGATGCAAAAGGAGAT ATTGGACAGGGCGTTGTAGAG 

Mouse Tgf-β1 CCACCTGCAAGACCATCGAC CTGGCGAGCCTTAGTTTGGAC 

Mouse Pdgfb  CATCCGCTCCTTTGATGATCTT GTGCTCGGGTCATGTTCAAGT 

Mouse Ephb4 GGAAACGGCGGATCTGAAATG TGGACGCTTCATGTCGCAC 

Mouse Nrp2 GCTGGCTACATCACTTCCCC  GGGCGTAGACAATCCACTCA  
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Mouse Nr2f2 CATCGAGAACATTTGCGAACTG GTCGGCTGACATGGGTGAAG 

Mouse Aplnr CCAGTCTGAATGCGACTACG CTCCCGGTAGGTATAAGTGGC  

Mouse Sox17 GATGCGGGATACGCCAGTG CCACCTCGCCTTTCACCTTTA  

Mouse Nrp1 ACCTCACATCTCCCGGTTACC AAGGTGCAATCTTCCCACAGA  

Mouse Unc5b CGGGACGCTACTTGACTCC GGTGGCTTTTAGGGTCGTTTAG 

Mouse Efnb2 TTGCCCCAAAGTGGACTCTAA  GCAGCGGGGTATTCTCCTTC 

Human PDGFB CTCGATCCGCTCCTTTGATGA CGTTGGTGCGGTCTATGAG 

 

3.1.9 Protein analysis buffers 

Table 8. Recipe for preparing solutions and buffers 

Buffer Contents 

Ponceau S (100 ml)  0.2 g Ponceau; 5 ml acetic acid; 95 ml H2O  

Tris-buffered saline (TBS) (10x)  100 mM Tris; 1.5 M NaCl; pH: 7.4 

TBST (1000 ml) 100 ml 10X TBS; 10 ml 10% Tween-20; 890 ml H2O 

Western Blot buffer (10x) (1000 ml) 32.5 g Tris, 144 g Glycine, 1000 ml H2O  

SDS-PAGE electrophoresis buffer (5X)  0.125 M Tris; 1.25 M Glycine; 0.5% SDS; in H2O  

Tris buffer for stacking gel  1 M Tris; pH 6.8  

Tris buffer for resolving gel 1.5 M Tris; pH 8.8 

 

3.1.10 Reagents 

Table 9. Reagents 

Reagent Company Catalog Number 

Lipofectamine™ RNAiMAX Thermo Fisher 13778150 

Dispase II Roche  04942078001 

Collagenase I Worthington  LS004194 

https://www.ncbi.nlm.nih.gov/gene/11819
https://www.ncbi.nlm.nih.gov/gene/20671
https://www.ncbi.nlm.nih.gov/gene/107449
https://www.ncbi.nlm.nih.gov/gene/13642
https://www.ncbi.nlm.nih.gov/gene/5155
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Clarity Western ECL Substrate  Bio-Rad 1705061 

Roti-Mount FluorCare Roth  HP19.1  

PowerUp™ SYBR™ Green Master Mix Thermo Fisher A25777 

CD31 Microbeads Mouse Miltenyi Biotec 130-097-418 

CD45 Microbeads Mouse Miltenyi Biotec 130-052-301 

Tamoxifen Sigma-Aldrich T5648 

Corn oil Sigma-Aldrich C8267 

Red Blood Cell Lysis Buffer Sigma-Aldrich 11814389001 

Recombinant Human PDGF-BB  PeproTech 100-14B 

Laemmli buffer Bio-Rad 1610747 

Latex Connecticut Valley Biological 868703 

Recombinant Human BMP9 R&D systems 3209-BP-010 

 

3.1.11 Kits 

Table 10. Kits 

Kits Company Catalog Number 

RNeasy Plus Universal Mini Kit  Qiagen 73404 

Click-iT™ EdU Cell Proliferation Kit Thermo Fisher C10337 

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher 4368813 

 

3.1.12 Chemicals 

Table 11. List of chemicals 

Chemicals Company Catalog Number 

Ammonium Persulfate Roth 9592.3 

BSA  Sigma-Aldrich  A9647  

Dimethyl sulfoxide Sigma-Aldrich D8418  

PFA  Merck 1.04005.100 

Ponceau S  Roth 5938.1 
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Precision Plus Protein Bio-Rad 1610395 

Roti-Block  Roth  A151.1 

TEMED  Sigma-Aldrich T9281 

Tris  Roth  4855.2  

Triton-X-100  Sigma-Aldrich  X100 

Tween 20  Roth 9127  

Gelatin Fluka 48720 

 

3.1.13 Consumable materials 

Table 12. Consumables 

Material Type Company 

Cell culture dishes 6 cm, 10 cm Sarstedt 

Cell culture flasks T75 cm2, T25 cm2 Sarstedt 

Cell culture multi-well plates 6-well, 12-well, 24-well Sarstedt 

Falcon tubes 50 ml, 15 ml Sarstedt 

MicroAmp® Fast Optical Reaction 

Plate 

96-well, 0.2 ml Applied Biosystems 

MicroAmp® Optical Adhesive Film  Applied Biosystems 

Microscope object slides 76×26 mm R. Langenbrinck 

Microscope square coverslips 24×24 mm, 24×60 mm Carl Roth 

PCR tubes Multiply® µStrip Pro 8-strip Sarstedt 

Pipette tips 1000 μl, 100 μl, 10 μl Sarstedt 

Nitrocellulose membrane 0.2 μm Amersham 

Serological pipettes 5 ml, 10 ml, 25 ml Sarstedt 

Insulin syringes 1ml/40 I.U., 0.5ml/ 50 I.U. NeoLab 

μ-Slide VI 0.4 ibiTreat  Ibidi 

Culture-Insert 2 Well in µ-Dish 35 mm, high Ibidi 

Cell Strainer 70 µm Nylon 70 µm Corning 

MS columns  Miltenyi Biotec 
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3.1.14 Equipment 

Table 13. List of equipment 

Equipment Company 

BioRad gel casting system Bio-Rad 

BioRad gel running system Bio-Rad 

BioRad Western Blotting equipment Bio-Rad 

Cell culture hood Thermo Fisher 

Cell culture incubator Thermo Fisher  

Centrifuge Thermo Fisher 

Freezing box Thermo Fisher  

Pipettes Eppendorf 

Surgery and dissection tools Fine Science Tools 

Vortex Neolab 

Water bath Julabo 

Dissecting microscope Leica 

Confocal Zeiss 

Pump system Ibidi 

Gel Imaging Systems Vilber 

 

3.1.15 Software 

Table 14. Software 

Software Company 

Graph Pad Prism (8.0) Graph Pad 

ZEN blue Zeiss 

Fiji Image J 
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3.2 Methods 

3.2.1 Maintenance of the animals 

This study was approved by the local ethics committee (Medical Faculty Mannheim, 

Heidelberg University, Germany) for the use of mice in this study. Animal care and 

experimental use were performed according to institutional guidelines and in accordance with 

the Association for Research in Vision and Ophthalmology (ARVO) statement. Mice were 

maintained under artificial lighting that mimicked a light and dark cycle of 12 h during the day 

and 12 h at night in the animal house building. The room temperature was kept constant at 

21 °C. The mice were provided with water and food free of charge. 

3.2.2 Tx application 

Tx (Sigma, T5648) was dissolved in corn oil (Sigma, C8267) at 2 mg/ml overnight at 37°C. I.p 

injections with 100 µg Tx in pups at P0-P2 or P5-P7 (50 μl) were used to induce gene deletion. 

Mice were sacrificed on day P6, P7 or P12, depending on the experiment. The corresponding 

protocol is indicated in the figures. Cre-negative littermates were also treated with Tx and 

subsequently used as control mice. 

3.2.3 Latex dye injection 

The P7 or P12 pups were anaesthetized and then perfused with 2 ml PBS. The left ventricle 

was slowly injected with latex dye using a 1-ml insulin syringe. For the pulmonary arteries, 

latex was injected into the right ventricle. The stained whole animals were fixed in 4 % PFA at 

4 °C overnight and washed in PBS following day. The organs were dissected and imaged using 

a dissecting microscope (Leica). 

3.2.4 Retina isolation and antibody staining 

The eyes from P6, P7 or P12 pups were fixed in 4 % PFA for 17 min at room temperature (rt). 

The eyes were dissected under a microscope, and the retinas were isolated. After dissection, 

the retinas were washed 3 times with PBS and incubated with blocking buffer for 15 min at rt. 

They were then incubated with specific primary antibodies diluted in blocking buffer at 4 °C 

overnight. The next day, the retinas were washed and incubated with IB4 together with the 

corresponding secondary antibody in PBLEC buffer for 1 h at rt, then post-fixed with 4 % PFA 

for 40 min at rt. The retinas were flattened by four radial incisions and the spherical structure 
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in the shape of a four-leaf clover was opened. The retinas were then covered with a thin glass 

with mounting medium (RotiMount FluorCare #HP19.1, CarlRoth). Images of the entire retina 

were acquired using a Zeiss LSM800 confocal microscope and Zeiss software. Quantification of 

retinal vasculature was analyzed using Image J. 

3.2.5 Proliferation assay  

To analyze cell proliferation in the retinas, I injected pups with 5-ethynyl-2-deoxyuridine (EdU, 

100 mg/Kg; Thermo Fischer) by i.p injection 4 h prior to dissection. The retinas were harvested 

and EdU labeling was detected using the Click-it EdU Alexa Fluor-488 Imaging Kit (C10337, Life 

Technologies) following the manufacturer's instructions. 

3.2.6 Isolation of mouse lung endothelial cells (mLECs) 

Isolation of mLECs was performed using MACS (Miltenyi Biotec). Mice were sacrificed and 

lungs were harvested immediately. The lungs were dissected into small pieces and then 

digested with collagenase I at 37 °C for 45 min. The tissue suspension was filtered with a 70 

μm cell strainer and incubated with red blood cell lysis Buffer (11814389001, Sigma) for 5 min 

and washed several times with PEB buffer (0.5% BSA, 2 mM EDTA in PBS). The cell suspension 

was incubated with CD45 MicroBeads (130-052-301, Miltenyi Biotec) at a ratio of 1:10 for 15 

min at 4 °C. After incubation, the mixture was passed through the MS columns (130-042-201, 

Miltenyi Biotec). Cells without labels were collected and then centrifuged at a speed of 

1000 rpm for 10 min at 4 °C. The cell pellets were resuspended in PEB buffer and then 

incubated with CD31 MicroBeads (diluted 1:10, 130-097-418, Miltenyi Biotec) for 15 min at 

4 °C. After incubation, the mixture was applied to MS columns and washed 3 times with PEB. 

The columns were then eluted with PEB buffer, and the eluate was used directly for RNA or 

protein extraction.  

3.2.7 Isolation of HUVECs 

HUVECs were isolated from the umbilical cords of newborns with the informed consent of the 

mothers. The umbilical cords were wiped with ethanol-soaked wipes. The umbilical cord was 

further examined for the presence of the vein, a 3-way valve was inserted into the vein to allow 

bidirectional flow of fluid through the vein. The vein was then washed with pre-warmed 

DMEM supplemented with 1% (P/S) until no blood was present. A solution of 1X DMEM-

Dispase II was then filled into the vein via the valve. The cord was then placed in a 15 cm dish 
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and placed in a humidified incubator at 37 °C for 30-40 min. The contents of the vein, including 

the detached cells, were then collected in a falcon tube containing 4 ml FBS to halt the 

enzymatic reaction. The collected suspension was centrifuged at 1000 rpm for 5 min to obtain 

a cell pellet, which was then resuspended in EGM medium. Cells were plated on a 1% gelatin-

coated T25 flask and maintained in a humidified incubator at 37 °C and 5 % CO2, changing the 

medium after 2 h. 

3.2.8 Cell culture  

The freshly isolated HUVECs in passage 0 were cultured in EGM2 containing 5 % FBS 

supplemented with 1X P/S solutions. Experiments were performed with HUVECs from 

passages 2 to 4. HBMVPs were cultured in PC growth medium on gelatin-coated flasks with 5% 

FBS supplemented with 1X P/S solutions. All cells were cultured under humid conditions at 

37 °C and 5% CO2.    

3.2.9 Gene silencing with siRNA transfection 

siRNA transfection was performed to silence the SMAD4 or PDGFB gene in HUVECs. SMAD4 or 

PDGFB siRNA (2 µl) were added to 200 µl of serum-free medium (Opti-MEM, Life Technologies). 

Lipofectamine RNAiMAX reagent (2 µl, Life Technologies) was added to another 200 µl of Opti-

MEM. The reagents were mixed and incubated at rt for 20 min. The mixture was then added 

to HUVECs (≈70% confluent) in 1.5 ml medium without P/S in a well of a 6-well plate. After 48 

h of culture, the cells were ready for experiments. 

3.2.10 Exposure of ECs to shear stress 

HUVECs transfected with siRNAs were carefully placed on a µ-Slide VI0.4 (Ibidi) and subjected 

to laminar FSS levels of 1 and 12 DYNES/cm2 for 24 h. This was accomplished by employing a 

pump system (Ibidi, #10902). For stimulation studies, 20 ng/ml recombinant human PDGFB 

was added to the culture medium for 24 h. 

3.2.11 HUVECs-PCs co-culture 

Ibidi culture-insert 2 well in μ-dish 35 mm high (Ibidi product #81176) were used to produce a 

gap between two different cell types (HUVECS and HBMVPs). HUVECs were transfected with 

CTRL siRNA or SMAD4 siRNA and PDGFB siRNA, followed by changing of fresh complete 

endothelial cell medium 24 h after transfection. After 48 h of transfection, cells were plated at 
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a density of 20-30,000 cells/well. Before gap-filling, cells were serum starved in 0.2% FBS 

medium for 12-16 h. The “wound” was created according to the manufacturer's protocols by 

removing the insert and carefully adding 2% FBS medium to the dish. Immediately after 

removal of the insert, images of the “wound” were taken to identify the initial locations of the 

cells. The culture dish was then incubated for 10 h. Cells were then fixed, stained and imaged 

as described above. 

3.2.12 qPCR 

Total cellular RNA was extracted using the RNeasy Mini Kit (Qiagen) according to the 

manufacturer’s protocol. RNA concentration was measured using a NanoDrop ND-1000 

spectrophotometer and stored at -80 °C. An aliquot of 500 ng-1 μg RNA was used for reverse 

transcription using the High-Capacity cDNA Reverse Transcription Kit (4368813, Thermo Fisher) 

according to the manufacturer’s protocol. GAPDH was used for normalization. All RT-PCR 

experiments were performed in triplicate. The differences in mRNA expression were 

determined by ΔCT against an internal control. The primer sequences can be found in Table 7. 

3.2.13 WB 

Total proteins from mLECS were lysed with Laemmli buffer (1610747, Bio-Rad). Equal amounts 

of proteins were separated using polyacrylamide separation and electrophoresis with SDS 

running buffer. The proteins were transferred to a nitrocellulose membrane by semi-dry 

transfer for 30 min. After-transfer, the membranes were washed 3 times with TBST and stained 

with 0.2 % Ponceau S solution to confirm successful protein transfer. The membranes were 

then washed with TBST to remove the Ponceau stain, and blocked with Roti Block for 1 h at rt. 

After blocking, the membranes were incubated with the primary antibodies overnight at 4 °C. 

The next day, the blots were washed 3 times with TBST for 10 min, and incubated with the 

respective secondary antibodies (diluted in TBST) for 1 h at rt. The secondary antibodies used 

were HRP-conjugated. After-incubation, the membranes were washed 3 times with TBST. The 

immunoblotted proteins were visualized with an enhanced chemiluminescent substrate in an 

imager (Vilber). The images obtained were analyzed and quantified using Image J. 

3.2.14 Immunofluorescence staining 

For Ibidi slides and co-cultured HUVECs and PCs, immunostaining was performed according to 

the following protocol: Cells were washed three times with 1x PBS and then fixed with 4% PFA 
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for 10-15 min at rt. After fixation, cells were washed and blocked with blocking buffer for 1 h 

at rt. The primary antibodies were then incubated overnight at 4 °C. The next day, cells were 

washed again three times with 1x PBS and incubated with secondary antibodies for 1 h at rt. 

Slides or co-culture dishes were mounted with mounting medium and imaged with the 

LSM800 Confocal. 

3.2.15 Statistical analysis 

The data are presented as mean ± standard error of the mean (S.E.M.). The experiments were 

performed in triplicate and repeated independently at least three times. Student's t-test was 

conducted to determine the statistical significance between the experimental groups. To 

compare multiple groups, one-way analysis of variance and conducted Tukey's posthoc test 

were used. A P value <0.05 was considered statistically significant. Statistical analyses were 

performed for all quantitative data using Prism 8.0 (Graph Pad). 
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4. RESULTS 

4.1 SMAD4 regulates BMP9 and FSS-induced PDGFB expression   

4.1.1 EC Smad4 deletion results in a decrease of PC coverage in AVMs 

To investigate the impact of Smad4 signaling on PC recruitment, I labelled Tx induced postnatal 

day 6 (P6) Smad4fl/fl (control) and Smad4iΔEC retinas with IB4 to visualize the ECs, and with NG2 

and PDGFRβ to identify MCs (Figure 7B). Smad4 depletion was achieved by administration of 

Tx at P1-P3 (Figure 7A). While the control retinas displayed regular PC abundance in all vessels, 

Smad4 depleted retinas displayed a significant loss of PC coverage specifically in AVM regions, 

as depicted in Figure 7B and quantified in Figure 7C, consistent with previous findings 47. Yet, 

as quantified by PDGFRβ labeling intensity per NG2 positive area within the AVMs regions, the 

remaining PCs within the AVMs showed decreased PDGFRβ expression (Figure 7D). These 

findings suggest that Smad4 loss results in a diminished capacity of PCs to associate with the 

endothelium in AVM-affected regions.  

 

Figure 7. Deletion of Smad4 in ECs reduces PC recruitment in AVM regions 
(A) Schematic representation of gene deletion strategy in Smad4iΔEC mouse model. EC-specific deletion of Smad4 was 
accomplished by Tx administration at P1-P3 and retina vasculature was analyzed at P6. (B) Immunofluorescence co-labeling 
for NG2 (green), PDGFRβ (white) and IB4 (red) in the vascular plexus of Smad4fl/fl and Smad4iΔEC retinas. Red arrowheads 
indicate loss of PCs in AVMs. (C) Quantification of PC coverage in the AVM and non-AVM regions. (D) Quantification of PDGFRβ 
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labeling intensity in the NG2+ PCs in AVMs and non-AVM regions. ns- non-significant, **P<0.01, ***P<0.001. a: artery, v: vein. 
 

4.1.2 PCs exhibit decreased migration and polarization in response to SMAD4-deficient ECs 

To investigate the effects of EC SMAD4 deficiency on PC recruitment in vitro, I depleted SMAD4 

in HUVECs using a siRNA strategy and cultured them with PCs in a dual chamber using an Ibidi 

culture-insert. This culture-insert contains a cell-free gap between EC and PC layers that allows 

us to assess the migration of PC towards the EC layer, with PCs in the right chamber and ECs in 

the left chamber. After 10 h incubation, PCs showed significantly reduced migration towards 

SMAD4 siRNA HUVECs compared with HUVECs treated with CTRL siRNA (Figure 8A, quantified 

in Figure 8B). As migration requires cell orientation (cell polarization), I next determined the 

impact of EC SMAD4 deficiency on PC polarization by measuring the orientation of Golgi 

apparatus. The co-cultured cells were stained with GM130, a specific marker for Golgi 

apparatus, with DAPI to distinguish the nucleus and with Phalloidin to visualize actin fibers. 

Cells at the wound edge were then divided into polarized (with the Golgi apparatus localized 

ahead of the nucleus in the wound direction) and non-polarized (when the Golgi apparatus 

was localized elsewhere in relation to the nucleus) (Figure 8D). Quantification showed that PCs 

co-cultured with SMAD4-deficient HUVECs exhibited a significant decrease in polarization 

towards the wound compared to PCs co-cultured with CTRL siRNA HUVECs (Figure 8C, 

quantified in Figure 8D). These findings indicate that SMAD4 in ECs is required for PC 

polarization and subsequent migration towards the EC layer.  
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Figure 8. PCs exhibit decreased polarization and migration towards SMAD4-deleted HUVECs. 
(A) Wound healing assay was performed to examine the migration of PCs cultured with CTRL or SMAD4 siRNA HUVECs. CTRL 
or SMAD4 siRNA HUVECs were positioned on left side, wherea PCs were placed on the right side. The white dashed lines 
represent the migration front after 10 h post-wounding. (B) Immunofluorescence staining for GM130 (green), Phalloidin (red) 
and DAPI (blue). (C) Quantification of PC migration distance following a 10 h co-culture with CTRL or SMAD4 siRNA HUVECs. 
(D) Quantification of percentage of PCs exhibiting polarized Golgi towards the wound area following their co-culture with CTRL 
or SMAD4 siRNA HUVECs. *P<0.05. PCs: pericytes.  
 

4.1.3 BMP9-SMAD4 regulates FSS-induced PDGFB expression 

Numerous studies have demonstrated that PC recruitment to developing blood vessels is due 

to factors produced and released by ECs that provide paracrine signals to PCs. One such factor 
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is PDGFB. To investigate if impaired polarization and migration of PCs towards the SMAD4 

depleted ECs is due to impaired PDGFB expression, PDGFB expression was analyzed by qPCR 

in SMAD4 depleted versus CTRL siRNA treated HUVECs. Cells were subject to laminar FSS (12 

DYNES/cm2) in the presence or absence of BMP9, mimicking the physiological conditions. 

BMP9 or FSS alone induced expression of PDGFB in ECs and BMP9 further augmented the FSS 

induced PDGFB mRNA expression. However, the upregulation of PDGFB in response to FSS and 

BMP9 was blocked upon SMAD4 depletion (Figure 9), emphasizing the cooperation between 

BMP9 and FSS to induce PDGFB expression in a SMAD4 dependent manner.  

 

Figure 9. SMAD4 regulates FSS and BMP9-induced expression of PDGFB. 
HUVECs were transfected with CTRL and SMAD4 siRNA and subject to stimulation with 1 ng/ml BMP9 and/or 12 DYNES/cm² 
for 24 h. The mRNA expression of PDGFB was determined by qPCR technique. *** P<0.001. 
 

4.1.4 Loss of PDGFB in ECs reduces PC migration and polarization   

To further understand if PDGFB downregulation upon SMAD4 depletion in HUVECs is 

responsible for impaired orientation and migration of PCs towards the ECs, PDGFB gene was 

depleted by siRNA in HUVECs and these cells were co-cultured with normal PCs. Similar to 

SMAD4 siRNA HUVECs, loss of PDGFB in ECs led to a decreased polarity and migration of PCs 

towards HUVECs (Figure 10A and C, quantified in Figure 10B and D).  
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Figure 10. PCs exhibit reduced migration and polarization towards PDGFB-deleted HUVECs. 
(A) Wound healing assay to evaluate migration of PCs towards CTRL or PDGFB siRNA HUVECs. CTRL or PDGFB siRNA HUVECs 
were positioned on the left side, whereas PCs were placed on the right side. The white dashed lines represent the migration 
front 10 h post-wounding. (B) Co-staining for GM130 (green), Phalloidin (red) and DAPI (blue). (C) Quantification of the 
migrating distance of PCs after a 10 h co-culture with CTRL or PDGFB siRNA HUVECS. (D) Quantification of percentage of PCs 
exhibiting polarized Golgi towards the wound following co-culture with CTRL or PDGFB siRNA HUVECs. *P<0.05, **P<0.01, PC: 
pericytes. 
 

4.1.5 Depletion of PDGFB in ECs leads to increased sensitivity to FSS 

Among the physiological FSS-induced cell responses, ECs increase in size and elongate and 

parallel to the direction of flow. To elucidate if PDGFB affects these cellular responses to flow, 
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I depleted PDGFB in ECs and evaluated its loss on FSS-mediated cell responses. HUVECs treated 

with PDGFB or CTRL siRNA were subject to low FSS (L-FSS) at a magnitude of 1 DYNE/cm2 and 

physiological (P-FSS) at a magnitude of 12 DYNES/cm2 for 24 h. PDGFB depleted HUVECs were 

already elongated in static condition as determined by quantifying the length/width ratio of 

individual ECs (Figure 11A, quantified in Figure 11B). Surprisingly, PDGFB siRNA HUVECs 

exposed to 1 DYNE/cm2 exhibited a greater increase in size and elongation, whereas no 

changes were observed in CTRL siRNA HUVECs. When subjected to 12 DYNES/cm2, PDGFB 

depleted HUVECs exhibited further elongation in comparison to the CTRL cells. These results 

demonstrate that loss of PDGFB increases the sensitivity of ECs to FSS-induced cellular 

responses, such as EC size and elongation. 

  

Figure 11. Depletion of PDGFB in ECs enhances sensitivity to FSS. 
(A) VE-Cadherin staining (negative images) of CTRL and PDGFB siRNA HUVECs under static conditions, 1 DYNE/cm2 and 12 
DYNES/cm2 for 24 h. Flow direction: right to left. (B,C) Quantification of length/width ratio and EC area in CTRL and PDGFB 
siRNAs HUVECs in static, 1 and 12 DYNES/cm2 . ns- non-significant, *P<0.05, **P<0.01. 

As shown in Figure 9, SMAD4 regulates the expression of PDGFB in response to FSS and SMAD4 

depleted HUVECs exhibit a more elongated shape under low FSS 62. To determine if this effect 

is due to loss of PDGFB upon SMAD4 depletion, SMAD4 depleted HUVECs were subjected to 

12 DYNES/cm2 with 20 ng/ml recombinant human PDGF-BB for 24 h. Interestingly, exogenous 

PDGFB treatment significantly rescued the increased elongation in SMAD4 siRNA HUVECs 

(Figure 12A, quantified in Figure 12B). Thus, the loss of PDGFB in SMAD4 depleted HUVECs 

might be responsible for the increased sensitivity of ECs to FSS.  
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Figure 12. Exogenous PDGFB reversed the excessive EC elongation of SMAD4 depleted HUVECs. 
(A) VE-Cadherin staining (negative images) of HUVECs transfected with CTRL and SMAD4 siRNAs subject to 12 DYNES/cm2 and 
treated with or without 20 ng/mL recombinant PDGF-BB for 24 h. (B) Quantification of the length/width ratio of CTRL and 
SMAD4 siRNA PBS versus PDGF-BB treated HUVECs. **P<0.01, ***P<0.001. rPDGF-BB: recombinant human PDGF-BB. 
 

4.2 Loss of EC derived Pdgfb contributes to AVM pathology 

4.2.1 PDGFB-mediated PC recruitment is critical for the regulation of retinal angiogenesis 

To further investigate the impact of PDGFB-mediated PC recruitment on AVM pathogenesis, 

Pdgfb was depleted in ECs in PdgfbiΔEC mice by crossing Pdgfbfl/fl mice with the Tx inducible 

Cdh5-CreERT2 mouse line (Figure 13A). Depletion of Pdgfb gene was achieved by 

administration of Tx by i.p. injection at P0-P2. Subsequently, pups were sacrificed and the 

retinal vasculature was analyzed at P7. Loss of Pdgfb did not cause any significant changes in 

body weight when compared to control neonates (Pdgfbfl/fl) (Figure 13B). Efficient deletion of 

the gene was confirmed by qPCR and WB in mLECs isolated from Tx induced P7 pups (Figure 

13C and 13D).  

As previously identified 107, 117, P7 PdgfbiΔEC retinas exhibited significant vascular abnormalities, 

including a reduction in vascular area and outgrowth, as well as loss of side branches in both 

arteries and veins (Figure 13E-H). Yet, it is worth noting that the most notable defect was 
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observed in the capillaries, where a marked increase in capillary enlargement was observed 

(Figure 13I). 

 

Figure 13. Loss of Pdgfb in ECs impairs retinal vascular development 
(A) Schematic representation of the experimental strategy used to delete Pdgfb in ECs (P0–P7). Arrowheads indicate i.p 
injection of 100 μg Tx at P0-P2 in Pdgfbfl/fl and Pdgfbi∆EC. (B) Body weight was measured in P7 in Pdgfbfl/fl and Pdgfbi∆EC mice. 
(C,D) Pdgfb mRNA and protein expression was assessed by qPCR (C) and WB (D), respectively, in purified mLECs from P7 
Pdgfbfl/fl and Pdgfbi∆EC mice. (E) Labeling with IB4 (negative images) of Pdgfbfl/fl and Pdgfbi∆EC P7 retinas. Yellow arrow indicates 
AV shunt. (F-J) Quantification of radial length (F), retinal vascular area (G) and the number of side branches (H), vessel diameter 
(I) and number of AV shunts (J) in Pdgfbfl/fl and PdgfbiΔEC retinas. ns- non-significant, **P<0.01, ***P<0.001. a: artery, v: vein. 
 

Furthermore, the number of tip cells as well as the number and length of filopodia were 

dramatically reduced in Pdgfb depleted retinas (Figure 14A-D). In addition to the previously 

described phenotypes, loss of Pdgfb resulted in the formation of direct connections between 

arteries and veins at the vascular front, on average 1.7 direct connections (arrowhead in Figure 

13E, quantified in 13J). 
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Figure14. Loss of Pdgfb in EC impairs vascular sprouting. 
(A) High-magnification images of the angiogenic growth front in Pdgfbfl/fl and Pdgfbi∆EC retinas. Red arrowheads indicate tip 
ECs. (B, C, D) Quantification of the number of tip cells (B), number of filopodia per tip cell (C) and the filopodia length (D). 
**P<0.01, ***P<0.001. 

To validate if these vascular abnormalities observed upon Pdgfb loss were linked to changes in 

the distribution of MCs, I labelled retinas for NG2 and α-SMA. Pdgfbi∆EC retinas showed a 

significant reduction of NG2+ PCs at the front and in the vascular plexus compared with the 

Pdgfbfl/fl retinas (Figure 15A, quantified in 15B). Labeling for α-SMA showed a decreased in 

SMC coverage in arteries simultaneously with ectopic expression of α-SMA in capillaries and 

veins in Pdgfb LOF retinas (Figure 15C, quantified in 15D). These results suggest that Pdgfbi∆EC 

mice exhibited loss of PC coverage and abnormal distribution of vSMCs. 
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Figure 15. Depletion of Pdgfb in ECs results in altered PC and α-SMA coverage.  
(A) Labeling for NG2 (white) and IB4 (green) of P7 Pdgfbfl/fl and Pdgfbi∆EC retinas. Yellow arrowheads point towards dilated 
capillaries. (B) Quantification of the PC coverage of P7 Pdgfbfl/fl and Pdgfbi∆EC retinas. (C) Labeling for α-SMA (red) and IB4 
(blue) of P7 Pdgfbfl/fl and Pdgfbi∆EC retinas. Green arrowheads in point towards αSMA+ cells in capillaries and veins and yellow 
arrowheads in point towards αSMA- capillaries. (D) Quantification of percentage of α-SMA coverage 
in Pdgfbfl/fl and PdgfbiΔEC retinas. ***P<0.001. a: artery, v: vein.   
 

The most striking phenotypes in the PdgfbiΔEC retinas were enlargement of capillaries (Figure 

13I) and a significant decrease in vascular area (Figure 13G). To confirm these data, P7 retinas 

were labelled for IB4 and ICAM2, a cell adhesion molecule found at the apical EC surface, and 

for Collagen IV, respectively. Immunostaining confirmed an increase in the ICAM2+ capillary 

lumen (Figure 16A, quantified in 16B). At the same time, PdgfbiΔEC retinas displayed a higher 

number of empty collagen sleeves compared to controls, indicating increased vascular 

regression (Figure 16C, quantified in 16D). These results emphasize that PDGFB plays a critical 

role in maintaining the capillary lumen size and structural integrity of retinal vasculature.  
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Figure 16. PdgfbiΔEC mice exhibit enhanced vessel regression. 
(A) Co-immunostaining with ICAM2 (green) and IB4 (blue) of P7 Pdgfbfl/fl and PdgfbiΔEC mouse retinas. Yellow arrowheads 
indicate dilated capillaries. (B) Quantification of Icam2+/IB4+ (%) area. (C) Co-immunostaining with ColIV (red) and IB4 (green) 
of P7 Pdgfbfl/fl and PdgfbiΔEC mouse retinas. White arrowheads indicate ColIV+/IB4- capillaries. (D) Quantification of the 
number of empty sleeves in P7 Pdgfbfl/fl and PdgfbiΔEC mouse retinas. *P<0.05.   
 

4.2.2 Depletion of Pdgfb in ECs leads to formation of AV shunting  

To further identify if the observed connections between arteries and veins are indeed AV 

shunts, I injected latex-red dye into the left side of the neonatal P7 heart in control versus 

Pdgfb deficient mice. The latex protrudes from the arteries and cannot bypass the capillary 

bed due to its molecular size. However, in PdgfbiΔEC retinas the latex was detected in the dilated 

capillaries and some retinal veins, indicating that these connections are indeed direct AV 

connections or AV shunts (Figure 17A).  

To determine whether loss of Pdgfb leads to AV shunting in other organs, I analyzed other 

vascular beds after intracardial latex injection. Interestingly, I also found AV shunting in the pial 

vessels on the top of the brain (Figure 17B) and veins perfused latex in the skin of the scalp, 

gastrointestinal (GI) tract (small intestine) and lungs of mutant neonates, whereas no perfused 

veins were seen in control neonates (Figure 17C-E). Thus, loss of Pdgfb leads to AV shunting in 

visceral organs, emphasizing a crucial role for PDGFB-mediated PC recruitment in regulating 
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capillary size in different vascular beds. 

 

Figure 17. Loss of Pdgfb in ECs results in organotypic AV shunting. 
(A-E) Images of P7 retinas (A), pial vessels (B), skin (C), GI tracts- small intestine (D) and lungs (negative images) (E) in Pdgfbfl/fl 
and PdgfbiΔEC mice perfused with latex dye (red). Perfused retinas were subsequently stained with IB4 (blue). Yellow 
arrowheads in A,B indicate AV shunts. Red arrowheads in images C, D, and E indicate latex-perfused veins in the skin, GI tracts 
and lungs. a: artery, v: vein. 
 

4.2.3 Endothelial PDGFB is required for PC maintenance to control the capillary size 

To gain a better understanding of whether PDGFB-mediated maintenance of PCs on developing 

endothelium is required for preservation of capillary EC size, I depleted Pdgfb at P5-P7 and 

subsequently examined the retinas at P12 (as depicted in Figure 18A). Loss of Pdgfb in ECs at 

this particular developmental stage resulted in an increase in retinal hemorrhages, as shown 
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in Figure 18B. In P12 control retinas, PCs are covering the already stabilized vasculature. 

Surprisingly, Pdgfb loss led to a substantial decrease in PC coverage of blood vessels as 

measured by the ratio of NG2+/IB4+ cells within the vasculature (Figure 18C, quantified in 

18D). Furthermore, when measuring the vessel diameter, only the capillaries were enlarged at 

this stage with no significant changes in the diameter of veins or arteries (Figure 18E). These 

results suggest that PDGFB-mediated PC maintenance on developing vessels is required to 

support capillary size. 

Interestingly, Pdgfb LOF retinas also exhibited AV shunting on average of 1.7 AVMs per retina, 

as indicated by IB4+ capillaries and veins filled with latex (Figure 18F, quantified in 18G). 

Notably, at this particular stage, the AVM-like structures formed closer to the optic nerve in 

regions with higher blood flow, as indicated by the arrows in Figure 18F. This observation 

suggests that blood flow may also potentially play a role in the AV shunting upon EC Pdgfb loss. 

In addition, latex dye-positive veins were also identified in the GI system, as depicted in Figure 

18H. Taken together, these findings suggest that PDGFB is crucial for maintaining PCs on 

developing endothelium to maintain capillary size and thus prevent AV shunting.  
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Figure 18. Endothelial PDGFB is required for PC maintenance to restrict the capillary size. 
(A) Schematic representation of Tx administration in Pdgfbfl/fl and PdgfbiΔEC mice from P5-P7 and analysis of retinas at P12. (B) 
Representative images of hemorrhagic whole retinas in Pdgfbfl/fl and PdgfbiΔEC P12 neonates. (C) Labeling for NG2 (white) and 
IB4 (green) of P12 Pdgfbfl/fl and Pdgfbi∆EC retinas. (D) Quantification of PC coverage in P12 retinas. (E) Quantification of retinal 
vessel diameter in P12 Pdgfbfl/fl and PdgfbiΔEC retinas. (F) Images of Pdgfbfl/fl and PdgfbiΔEC P12 retinas stained for IB4 (green) 
and latex perfusion (blue). (G) Quantification of the number of AV shunts in PdgfbiΔEC P12 retinas. (H) Images of latex-perfused 
P12 GI tracts in PdgfbiΔEC mice. Yellow arrowheads in F mark latex perfused retinal AV shunts. Red arrowheads in H mark the 
presence of latex-perfused veins in the GI tract. ns- non-significant, ***P<0.001. a: artery, v: vein. 
 

4.2.4 Endothelial PDGFB regulates capillary EC size and number 

The phenotype of the retina upon Pdgfb loss has been described previously 107, 117. Yet the 

impacts of Pdgfb depletion on other vascular beds and the formation of AV shunting have not 
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been documented so far. Therefore, the AVM-like structures in P7 PdgfbiΔEC retinas were 

further characterized. As capillary enlargement was identified as a common alteration in both 

P7 and P12 retinas, it is conceivable to reason that an increase in capillary diameter is the 

determining cause for AV shunting.  

To determine whether the increase in capillaries was due to an increase in the size of individual 

EC and/or an increase in the number of proliferating capillaries EC, retinas were labelled with 

VE-cadherin, ERG, and EdU incorporation was performed. Staining with VE-cadherin revealed 

larger capillary single ECs and disruption of VE-cadherin at cell-cell junctions (yellow arrow) 

(Figure 19A, quantified in 19B), thus explaining the increased hemorrhage observed in P12 

mutant retinas (Figure 18B). Co-staining of the retinas for IB4 and ERG transcription factor 118 

identified an increase in the number of capillary EC nuclei per capillary width. Whereas in 

control retinas, capillaries contained a single EC, capillaries in PdgfbiΔEC retinas contained two 

to three EC nuclei (Figure 19C, quantified in 19D).  

To determine if EC proliferation drives capillary expansion, I quantified the S-phase ratio 

(EdU+ERG+/ERG+) in capillary ECs at the vascular retinal front in Pdgfbfl/fl and PdgfbiΔEC 

neonates. Interestingly, the total percentage of S-phase (EdU+ERG+/ERG+) in P7 PdgfbiΔEC 

retinas was decreased within the AVMs-like structures (Figure 19E, quantified in 19F). In 

addition, retinas were labelled for P21, which is encoded by Cdkn1a (cyclin dependent kinase 

inhibitor 1A) and is used as an indicator of cell cycle arrest in ECs 119. Quantification of the 

number of (P21+ERG+/ERG+) cells identified an increase in the number of arrested ECs within 

the dilated capillaries (Figure 19G, quantified in 19H). Taken together, these data suggest that 

capillary enlargement in PdgfbiΔEC retinas is not accompanied by proliferation but by an 

increase in the size of individual ECs.  
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Figure 19. PDGFB maintains EC size independent of EC proliferation. 
(A) Co-immunolabeling of VE-cadherin (green) and IB4 (white) of P7 Pdgfbfl/fl and PdgfbiΔEC retinas. Yellow arrows in A point 
towards ECs with loss of VE-cadherin at the cell-cell junctions. (B) Quantification of the single EC area of P7 Pdgfbfl/fl and 
PdgfbiΔEC retinas. (C) Co-immunolabeling of ERG (white) and IB4 (blue) of P7 Pdgfbfl/fl and PdgfbiΔEC retinas. Yellow arrows in C 
towards the dilated capillaries containing more than one EC. (D) Quantification of the number of EC nuclei per capillary width. 
(E) Co-immunolabeling for EdU (red), ERG (blue) and IB4 (white) in P7 Pdgfbfl/fl and PdgfbiΔEC retinas 4 h after EdU incorporation. 
The yellow arrowheads indicate the EdU- ECs in the AV shunt. (F) Quantification of the S-phase ratio (EdU+ ERG+/ERG+) in the 
capillaries of P7 Pdgfbfl/fl and PdgfbiΔEC retinas. (G) Co-immunolabeling of P21 (green), IB4 (blue) and ERG (red) in P7 Pdgfbfl/fl 
and PdgfbiΔEC retinas. Yellow arrowheads indicate AV shunts. (H) Quantification of the percentage of P21+ERG+ ECs in P7 
Pdgfbfl/fl and PdgfbiΔEC retinas. **P<0.01, ***P<0.001. a: artery, v: vein. 
 

4.2.5 Endothelial PDGFB regulates capillary EC polarity 

Pdgfb LOF retinas were characterized by fewer ECs accompanied by decreased EC proliferation, 

yet the dilated capillaries contained larger individual ECs but also more ECs. These results 

emphasize that a different cellular mechanism is responsible for the increased number of ECs 

per capillary width. Migration of ECs against the direction of flow, from low to higher flow 

regions is essential for both vessel regression-mediated vascular remodeling and artery 

formation 52, 120. Also, maladapted migration against the bloodstream was proposed to be the 
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triggering event for AVMs upon Alk1 or Eng EC depletion 49, 53. As vascular regression was 

significantly increased in Pdgfb LOF retinas, it was plausible to further test if abnormal EC 

orientation (polarization), a prerequisite for EC migration was responsible for capillary dilation 

and AV shunting. To determine whether defective flow-mediated EC migration plays a role in 

capillary enlargement and AV shunting, Pdgfbfl/fl and PdgfbiΔEC retinas were labelled for GM130, 

ERG and IB4. Quantification of the orientation of Golgi apparatus toward the flow direction in 

retinal vessels (in an angle ≤ 45° in relation to predicted flow direction-EC orientation) showed 

that in PdgfbiΔEC retinas, more ECs were oriented towards the direction of blood flow in arteries, 

veins and capillary ECs involved in AV shunts, whereas ECs in Pdgfbfl/fl retinas were strongly 

polarized against the direction of flow (Figure 20A and quantified in 20B).  

To confirm these data in vitro, I depleted PDGFB in HUVECs and measured EC orientation under 

P-FSS. After 24 h, HUVECs were labelled with GM130, DAPI and VE-cadherin to visualize the 

Golgi apparatus, nucleus and EC junctions. Under P-FSS, approximately 50% of CTRL siRNA cells 

polarized in the opposite direction to against the flow, whereas PDGFB-depleted HUVECs 

polarized more in the direction of flow (Figure 20C and quantified in 20D). Collectively, these 

findings imply that capillary enlargement is a result of the accumulation of ECs within the 

capillaries due to a failure of ECs to migrate against the bloodstream together with an 

increased in individual EC size. 
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Figure 20. PDGFB regulates EC polarity in vivo and in vitro. 
(A) Co-immunolabeling with ERG (green), IB4 (blue) and GM130 (red) in the arteries, veins and capillaries of P7 Pdgfbfl/fl and 
PdgfbiΔEC retinas. The right panels illustrate EC polarization, determined by the position of Golgi apparatus ahead of nucleus 
in the direction of migration (indicated by green arrows). (B) Quantification of EC polarization: against the direction of flow 
(indicated by green arrows), towards the direction of flow (indicated by red arrows) and non-oriented (indicated by blue 
arrows) in arteries, veins and capillaries from P7 Pdgfbfl/fl and PdgfbiΔEC retinas. (C) HUVECs labelled with GM130 (red), VE-
cadherin (white) and DAPI (blue) for nuclei. (D) Quantification of EC orientation against the direction of flow, with the flow 
and others (non-oriented). ns- non-significant, *P<0.05, **P<0.01, ***P<0.001.  
 

4.2.6 Loss of Pdgfb in ECs results in an altered capillary AV zonation 

scRNA sequencing of brain ECs isolated from Pdgfb hypomorphs (Pdgfbret/ret) revealed  
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defective capillary zonation with venous skewing, supporting the role of PCs in maintaining 

capillary AV differentiation 90. To determine whether loss of Pdgfb leads to a similar phenotype 

in retinal capillaries, retinas from PdgfbiΔEC and control groups were immunolabelled for 

arterial and venous markers. While JAG1 was expressed in the arteries and arterioles in control 

retinas, in Pdgfb LOF retinas, JAG1 expression decreased in the arterioles but was maintained 

in the main arteries (red arrowheads in Figure 21A, quantified in 21B). In contrast, expression 

of endomucin 121, a transmembrane mucin found exclusively on the surface of capillary and 

venous endothelium in control retinas, showed a contrasting pattern with extended labeling 

in all capillary ECs and arterioles in PdgfbiΔEC retinas (blue arrowheads in Figure 21C, quantified 

in 21D). These findings reveal that loss of Pdgfb in ECs leads to loss of arterial identity with a 

concomitant increase in venous identity. 

To further confirm the occurrence of venous skewing in PdgfbiΔEC retinas, qPCR analysis was 

performed on isolated mLECs. The results showed an increase in venous markers, such as 

Ephb4, Nrp2, Nr2f2 and Aplnr, as shown in Figure 21E. Nevertheless, qPCR analysis also 

identified upregulation of arterial markers, e.g Sox17, Nrp1, Unc5b and Efnb2 upon Pdgfb loss 

(Figure 21F). 

 

Figure 21. Endothelial PDGFB is essential for maintaining capillary AV zonation. 
(A,C) P7 Pdgfbfl/fl and PdgfbiΔEC retinas immunostained with IB4 (red) and JAG1 (white) (A), IB4 (red) and Endomucin (white) 
(C). (B,D) The labelling intensity for JAG1 (B) and Endomucin (D) in P7 Pdgfbfl/fl and PdgfbiΔEC retinas was quantified. (E, F) qPCR 
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analysis was performed to compare the expression of venous markers (E) and arterial markers (F) in mLECs isolated from 
Pdgfbfl/fl and PdgfbiΔEC mice. Red arrowheads in A indicate loss of JAG1 expression in arterioles. Blue arrowheads in C indicate 
endomucin expression in arterioles. ns: non-significant, *P<0.05, **P<0.01, ***P<0.001. a: artery, v: vein. 
 

To perform a more comprehensive study of arterial identity acquisition, retinas were 

subsequently labelled for SOX17, an important regulator of arterial identity 122. Remarkably, 

SOX17 expression was maintained in the artery after loss of Pdgfb and spread towards the vein 

via the AV shunt (Figure 22A, quantified in 22C). Moreover, SOX17+ ECs were observed in the 

veins (indicated by yellow arrowheads in Figure 22B). Thus, these results suggest that the AV 

shunt upon Pdgfb loss is associated with the acquisition of arterial properties.  

 

Figure 22. Depletion of Pdgfb in ECs results in SOX17+ cells in the vein.  
(A) Immunostaining for SOX17 (green) and IB4 (white) on P7 Pdgfbfl/fl and PdgfbiΔEC retinas. (B) Higher magnification from A 
(the white squares in A). (C) Quantification of the labelling intensity of SOX17 per vascular area in P7 
Pdgfbfl/fl and PdgfbiΔEC retinas. Yellow arrowheads indicate SOX17+ ECs. **P<0.01, a: artery, v: vein. 
 

4.2.7 PDGFB-mediated PC recruitment is associated with activation of TGF-β/BMP and 

NOTCH signaling pathways  

As loss of Pdgfb leads to a defective capillary AV zonation, I next investigated the signaling 

pathways that regulate AV identity. In addition to the well-described role of NOTCH signaling 

in maintaining arterial identity 71, 123, a recent study identified TGF-β and BMP signaling 

pathways in regulating arterial and venous identity, respectively 124. To assess activation of 

TGF-β and BMP pathways, Pdgfbfl/fl and PdgfbiΔEC retinas were labelled for activated canonical 

SMADs. Interestingly, the PdgfbiΔEC retinas exhibited an increase in activated canonical 

SMAD1/5 and SMAD3, with the highest intensity in the ECs within the AVMs-like structures 

(Figure 23A, C, quantified in 23B, D).  
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Figure 23. Loss of endothelial Pdgfb is associated with activation of TGFβ/BMP signaling pathways. 
(A) Co-labelling of P7 Pdgfbfl/fl and PdgfbiΔEC retinas with IB4 (blue), ERG (white) and pSMAD3 (green). The yellow arrowheads 
indicate positive pSMAD3 ECs. (B) Quantification of the percentage of pSmad3+/ERG+ ECs in P7 Pdgfbfl/fl and PdgfbiΔEC retinas. 
(C) Co-labelling of P7 Pdgfbfl/fl and PdgfbiΔEC retinas with IB4 (blue), ERG (white) and pSMAD1/5 (green). The yellow 
arrowheads indicate positive pSMAD1/5 ECs (D) Quantification of the percentage of pSMAD1/5+/ERG+ ECs in P7 
Pdgfbfl/fl and PdgfbiΔEC retinas. *P<0.05, ***P<0.001.  
 

In addition, activation of canonical SMADs resulted in upregulation of TGFβ/BMP target genes, 

including ID1 (Figure 24A, quantified in 24C) and ENG (Figure 24B, quantified in 24D). WB 

analysis on mLECs isolated from P7 Pdgfbfl/fl and PdgfbiΔEC mice confirmed an increase in 

phosphorylation of SMAD3 and SMAD1/5 upon Pdgfb loss (Figure 24E). 
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Figure 24. Loss of endothelial Pdgfb regulates TGFβ/BMP pathway downstream targets. 
(A) Images of P7 Pdgfbfl/fl and PdgfbiΔEC retinas were stained with IB4 (blue), ERG (white) and ID1 (green). Yellow arrowheads 
indicate positive ID1 ECs. (B) Images of P7 Pdgfbfl/fl and PdgfbiΔEC retinas were stained with IB4 (red) and Eng (white). Yellow 
arrowheads indicate increased Eng expression in capillaries. (C) Quantification of the percentage of ID1+/ERG+ ECs in P7 
Pdgfbfl/fl and PdgfbiΔEC retinas. (D) Quantification of the labelling intensity per vascular area (%) of Eng in P7 
Pdgfbfl/fl and PdgfbiΔEC retinas. (E) WB analysis of Pdgfbfl/fl and PdgfbiΔEC mLECs for activated pSMAD1/5, pSMAD3, total 
SMAD1, SMAD2/3 and VE-Cadherin. *P<0.05, **P<0.01, ***P<0.001. a: artery, v: vein. 
 

NOTCH signaling has been suggested as a regulator of PC function in the developing 

vasculature 125 and gain of function mutations in Notch4 126, 127 or Notch1 128 in ECs also result 

in AVM formation. To identify if increased Notch occur upon Pdgfb loss, Pdgfbfl/fl and Pdgfb iΔEC 

retinas were labelled for DLL4. Surprisingly, DLL4 expression was upregulated in the arteries 

and within the capillaries engaged in the AV shunting (Figure 25A, quantified in 25B). To 

further validate increased NOTCH signaling upon Pdgfb loss, the expression of NOTCH 

transducers and transcriptional effectors was further analyzed. The qPCR results revealed  

upregulation of Notch1 and Notch4 receptors, as well as increased levels of the transcription 
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factors Hey1, Hey2, and Hes1 (Figure 25C). These findings provide evidence of EC NOTCH 

activation upon Pdgfb loss. The findings here, thus emphasize that an altered AV zonation upon 

Pdgfb depletion is correlated with activation of TGFβ/BMP and NOTCH signaling pathways in 

ECs. 

 

Figure 25. Loss of EC Pdgfb is associated with activation of NOTCH signaling pathways. 
(A) Labeling for Dll4 (green) and IB4 (red) at the sprouting vascular fronts of P7 Pdgfbfl/fl and PdgfbiΔEC retinas. Yellow 
arrowheads indicate Dll4 expression in AV shunt. (B) Quantification of the labelling intensity per vascular area (%) of Dll4 in 
P7 Pdgfbfl/fl and PdgfbiΔEC retinas. (C) qPCR analysis of the expression of notch pathway-associated genes in isolated mLECs 
from P7 Pdgfbfl/fl and PdgfbiΔEC mice. *P<0.05, **P<0.01, ***P<0.001. a: artery, v: vein. 
 

4.2.8 Capillary enlargement induces pathological flow-mediated KLF4 upregulation 

Vascular homeostasis is under a permanent control by biochemical and mechanical stimuli. 

Mechanical stimuli such as the physiological FSS regulates MC recruitment and contributes to 

maintenance of arterial cell fate 45, 129. In turn, MCs have a crucial role in the regulation of 

blood flow and vascular tone, as well as the directionality of blood flow at the cell-cell junctions 

130. 

Loss of Pdgfb in ECs leads to capillary enlargement and thus resulting in an altered blood flow 

pattern within the capillaries. To visualize alterations in flow patterns upon Pdgfb loss, I 

labelled retinas for KLF4, a robust FSS indicator in the retina vasculature 47. In control retinas, 

KLF4 expression was the highest in arteries and arterioles containing the highest blood flow, 

followed by veins, and little expressed in low flow regions such as the vascular front and 
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capillary ECs. However, in PdgfbiΔEC retinas, KLF4 expression increased and spread throughout 

the dilated capillary plexus (Figure 26A, B), with more KLF4+ ECs in the capillaries and veins 

(Figure 26C). Interestingly, measurement of the intensity of KLF4 labeling per individual EC as 

an indicator of activation in response to blood flow revealed that KLF4 was more activated in 

capillaries and veins involved in AV shunts than in control retinas, where KLF4 was more active 

in arteries and arterial branch points (Figure 26D). The upregulation of Klf4 mRNA expression 

was also confirmed by qPCR in PdgfbiΔEC mLECs (Figure 26E). These findings collectively suggest 

that the activation of KLF4 within the capillaries and veins upon Pdgfb depletion is likely a 

result of the combined influence of pathological flow and enhanced sensitivity of ECs to flow, 

as supported by the vitro data (Figure 11A, B). 

 

Figure 26. Capillary enlargement induces pathological flow-mediated KLF4 upregulation. 
(A,B-small insets) Co-labelling of P7 Pdgfbfl/fl and PdgfbiΔEC retinas for KLF4 (white) and IB4 (red). KLF4+ ECs are indicated by 
red arrowheads that point to veins and expanded capillaries, respectively. (C,D) The number of KLF4+ ECs and the intensity of 
KLF4 labeling per EC in arteries, capillaries, and veins quantified in Pdgfbfl/fl and PdgfbiΔEC retinas. (E) mRNA expression of Klf4 
in mLECs isolated from P7 Pdgfbfl/fl and PdgfbiΔEC mice. ns: non-significant, **P<0.01, ***P<0.001. a: artery, v: vein. 
 

KLF4 has been previously recognized as a direct transcriptional activator of BMP6, TGF-β1, and 
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DLL4 ligands 131-133. As an increase in DLL4 ligands and activation of canonical SMADs 

downstream of TGF-β1 and BMP ligands were already identified, qPCR and WB was performed 

to identify changes in the expression levels of Tgf-β1 and Bmp6 in Pdgfbfl/fl and PdgfbiΔEC mLECs 

mice. The results confirmed an increase in the expression of Tgf-β1 and Bmp6 at both, mRNA 

and protein levels (Figure 27A, B). To validate these findings, I labelled of retinas for BMP6 

(Figure 27C) and TGF-β1 (Figure 27E). In control retinas, both ligands were expressed at very 

low levels. Nevertheless, in Pdgfb LOF retinas, the expression of BMP6 and TGF-β1 was 

increased at the vascular front and within the AV shunts (Figure 27C, E and quantified in Figure 

27D, F). These findings were further validated by reanalysis of the previously published 

Betsholtz database of Pdgfbret/ret mice (Figure 27G and H, 

https://betsholtzlab.org/Publications/RetECscRNAseq/database.html). These results suggest 

that hyperactive KLF4 expression in dilated capillaries of PdgfbiΔEC retinas is associated with 

upregulation of TGF-β1 and BMP6. 

https://betsholtzlab.org/Publications/RetECscRNAseq/database.html


 
 

58 

 

 

Figure 27. Flow-mediated KLF4 upregulation is associated with increased TGF-β1 and BMP6 expression. 
(A) mRNA expression of Bmp6 and Tgf-β1 in mLECs isolated from P7 Pdgfbfl/fl and PdgfbiΔEC mice. (B) WB for TGF-β1 and BMP6 
in mLECs isolated from P7 Pdgfbfl/fl and Pdgfbi∆EC mice. (C) Representative confocal images of BMP6 (white) and IB4 (red) 
staining in P7 Pdgfbfl/fl and PdgfbiΔEC retinas. Red arrowheads point towards BMP6+ vessels. (D) Quantification of BMP6 
immunolabelling intensity from P7 Pdgfbfl/fl and PdgfbiΔEC retinas. (E) Representative confocal images of TGF-β1 (white) and 
IB4 (red) staining in P7 Pdgfbfl/fl and PdgfbiΔEC retinas. Red arrowheads point towards TGF-β+ vessels (F) Quantification of TGF-
β1 immunolabelling intensity from P7 Pdgfbfl/fl and PdgfbiΔEC retinas. (G,H) Images of Tgf-β1 and Bmp6 gene expression by 
scRNA seq in ECs from Pdgfbret/ret brains. **P<0.01, ***P<0.001, a: artery, v: vein. 
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5. DISCUSSION 

AVMs are direct connections between arteries and veins with a missing intervening capillary 

bed and are characterized by a plethora of cellular abnormalities, including an increased in EC 

size and number, excessive elongation and an altered orientation and EC fate. Interestingly, the 

same similar cellular features are under physiological FSS regulation, underlying implication of 

FSS-mediated EC quiescence as an additional mechanism to protect the endothelium against 

AVM formation. Indeed, recent advances in the field have identified loss of FSS regulation of 

vessel stability as a key determinant factor in AVM pathogenesis 49, 53, 62. While in Alk1 and Eng 

mutants, it has been proposed that disrupted EC orientation against the flow direction is the 

cellular event that triggers formation of AVMs, the AVMs upon Smad4 depletion form due to 

loss of FSS-induced cell cycle arrest accompanied by loss of arterial identity. 

Nevertheless, either inherited or sporadically occurring, PC drop accompanied by increased 

SMA coverage is another hallmark of AVMs. MCs and ECs act in a permanent crosstalk to 

maintain vascular stabilization and homeostasis. In one hand, by regulating the production of 

the MC recruitment genes in ECs, FSS promotes PC recruitment and its maintenance in the 

endothelial layer. Which of these factors regulated by FSS is crucial for protection against AVMs 

is still poorly understood. In turn, MCs provide dynamic control of blood perfusion within the 

vascular networks and, therefore, maintain an appropriate vascular tone. Yet, despite recent 

advances, it is still not entirely clear how dysfunction in this crosstalk contributes to the 

progression of many diseases and how FSS interferes with this crosstalk to protect the 

endothelium. Whether PC loss within the former capillaries is the primary cause of AVM 

formation or secondary to pathological hemodynamics-mediated AVMs remains an open 

question in the field. Which angiocrine-paracrine signals are implicated in maintaining 

functional PCs on developing endothelium to stabilize the vessels and the contribution of the 

FSS remains largely unknown.  

Thus, the present study was set up to address the role of EC SMAD4 signaling at the 

convergence with physiological FSS in maintaining vascular stability with a focus on PC biology 

and function. Furthermore, this study examined how the FSS-SMAD4 signaling crosstalk 

regulates the angiocrine-paracrine PDGFB-PDGFRβ and how genetic disruption of PDGFB 

signaling-mediated recruitment and maintenance of PCs contribute to the pathogenesis of 
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AVMs.  

The data obtained in the present study indicate that decreased PC coverage within the HHT-

like AVMs is due to a specific loss of FSS-mediated PDGFB expression in ECs engaged in AVMs. 

Genetic dysregulation of angiocrine-paracrine PDGFB-PDFRβ signaling pathway by depletion 

of Pdgfb in ECs in developing vessels leads to loss of PCs accompanied by enlargement of 

capillaries and formation of organotypic AV shuntings. These results point on one side to an 

increased sensitivity of ECs depleted of PCs to FSS, due to loss of SMAD4 regulation of PDGFB 

expression, whereas on the other side, emphasize the origin of AVMs in the capillaries, as PC 

unsheathed capillary enlargement is the common feature of all AVMs irrespective of being 

inherited or sporadically appearing. Capillary enlargement further leads to an altered 

hemodynamics accompanied by an increased in KLF4 expression-mediated activation of BMP, 

TGF-β and NOTCH signaling pathways in ECs causing an altered capillary zonation and 

misdirected EC migration against the flow. Similar to the ‘which came first, the egg or the 

chicken’ conundrum, further studies with partial depletion of Pdgfb and Smad4 in ECs or using 

Cre specific lines for ECs subtypes will allow us to discern the precise disrupted cellular and 

molecular mechanisms of EC-PC crosstalk that initiate AVM development versus AVM 

progression. 

5.1 SMAD4-induced PDGFB expression-mediates PC recruitment  

Genetic studies with depletion of Smad4 in the ECs emphasize the crucial role for SMAD4 

signaling in PC recruitment. Whereas in developing brains, Smad4-deficient endothelium 

showed ubiquitous impaired PC coverage accompanied by a decrease in the expression of 

NOTCH receptors and N-cadherin 43, mouse retinas from these mice show a reduction in PC 

coverage specifically in the AVMs 47, 134, indicating dysregulation of FSS-mediated PC 

recruitment or maintenance. Building on previous findings, the remaining PCs loose the 

expression of PDGFRβ, suggesting a specific disruption of PDGFB-PDGFRβ in AVM 

pathogenesis. Furthermore, BMP9 or FSS-induced PDGFB expression requires active SMAD4 

signaling as HUVECs depleted for SMAD4 and subject to FSS fail to upregulate PDGFB. Taking 

a step forward in identifying the cellular outcome of loss of EC PDGFB on PCs, in vitro 

experiments identified that downstream of SMAD4, PDGFB is required for mediating the 

orientation and migration of PCs towards the EC layer. 
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Yet, the implication of FSS-SMAD4 signaling crosstalk mediated PDGFB expression in 

controlling EC-PC communication to maintain vascular stability has never been addressed. 

Recently, it has been suggested that SMAD4 maintains the FSS set point and SMAD4 depleted 

ECs show an exaggerated response to FSS in their elongation, size, alignment and orientation62. 

Interestingly, exogenous PDGFB treatment reversed the excessive EC elongation induced upon 

SMAD4 depletion in HUVECs, suggesting that PDGFB is among the SMAD4 downstream 

regulators for FSS-mediated EC responses. Furthermore, HUVECs depleted for PDGFB showed 

increased sensitivity to FSS in regards to EC elongation and EC size. Yet, further studies are 

required to evaluate if PDGFB is also responsible for increased proliferation and/or altered EC 

orientation upon Smad4 depletion and more interestingly, how PDGFB can mediate these 

effects in a cell autonomous manner, as the receptor is PC specific.  

5.2 Key signaling components in MCs to protect ECs against AVMs formation 

MCs and ECs act in a permanent crosstalk to maintain EC quiescence and vascular homeostasis. 

Loss of the physiological intercellular communication leads to multiple vascular abnormalities 

including AVM formation. In the recent years, key signaling components in MCs with a critical 

role in protecting the endothelium against AVM formation have been identified. One such 

example is the NOTCH signaling pathway, which regulates the survival and proliferation of PCs 

by acting upstream of PDGFRβ. Deletion of Rbpj in MCs results in AVM formation in 6 weeks 

old mice retinas 135. Impaired migration of PCs to EC layer and loss of vascular tone upon 

depletion of serum response factor (Srf) in MCs also leads to AV shunting in developing retinas. 

136. These findings imply that MCs are required to maintain vascular quiescence and protect 

the endothelium against AVMs.  

On the other hand, upstream of PDGFB, the activation of NOTCH 127 or inhibition of BMP9/10 

signaling in ECs results in AVM development 35, 46, 47, and both signaling axis regulate PDGFB 

expression 45, 137. Interestingly, these two pathways converge in regulating numerous shared 

downstream genes. One of these genes is N-cadherin 24, which plays a crucial role in facilitating 

EC-PC communication acting downstream of PDGFB-PDGFRβ signaling 43. Instead, 

physiological FSS plays a role in regulating the activation of NOCTH and BMP9/10 in ECs 138. 

Additionally, BMP9 is required for the FSS-induced expression of key regulators involved in the 

recruitment of MCs in ECs 45, such as PDGFB, JAG1 or TGF-β1. These studies highlight the 
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multiple signaling crosstalk and the importance of upstream regulatory mechanisms for the 

angiocrine PDGFB production to maintain vascular homeostasis.  

The impact of disrupted PDGFB/PDGFRβ signaling in EC-MC communication and the impact on 

vascular development has been extensively studied. Blockade of the PDGFRβ receptor by 

administration of an antagonistic PDGFRβ antibody (APB5) leads to partial inhibition of PC 

recruitment to developing retinal vessels inducing a sustained inflammation and irreversible 

BRB breakdown 139. Yet, this study did not provide evidence for AVM-like structures. This might 

be due to either impartial depletion of PCs or rather to the experimental difficulty in identifying 

the AVMs. Interestingly, pathogenic mutations of PDGFRβ have been identified in a small 

fraction of patients with bAVMs 140 and its association with fusiform cerebral aneurysms 141, 

142. Elevated PDGFB expression has been found in a specific subgroup of surgically removed 

human sporadic bAVMs 143. In contrast, enhancing PDGFB signaling by overexpression or 

administration of exogenous PDGFB leads to an increase in PC coverage promoting vessel 

protection against AVMs 116. Thalidomide has also been shown to enhance the recruitment of 

MCs in the retinas of Eng+/− and Alk1+/− mutant mice, which is likely achieved by increasing the 

activity of PDGFB/PDGFRβ signaling 115, 116. Thalidomide-induced PDGFB expression has been 

found to stabilize small capillaries in individuals with telangiectasias, leading to a reduction in 

nose bleeds in patients with HHT 144. Furthermore, in a recent clinical study involving 18 

patients with AVMs, thalidomide treatment for a course of 18 month improved the AVMs and 

the patient quality of life 145. These findings represent a promising avenue for the development 

of targeted therapies aimed at stabilizing the vasculature to prevent AVM formation. It will be 

interesting to determine whether AVMs can be reversed by increasing PDGFB expression, the 

AVMs could be reversed also upon Smad4 EC depletion. The molecular mechanisms underlying 

the effect of thalidomide on PC recruitment stimulation and maintenance is not well 

understood. Also, it remains unclear how thalidomide mechanistically upregulates PDGFB 

expression. 

5.3 PDGFB-mediated PC recruitment and maintenance protects against AVMs  

The present study is the first to establish a genetic connection between PDGFB signaling and 

the development of high flow-AVMs. Yet, further research is required to investigate the 

significance of PDGFB expression levels in individuals with HHT to uncover the molecular 
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mechanisms.  

Upon EC Pdgfb ablation before PC recruitment occur, AV shunts develop at the vascular front 

characterized by low flow, while the AVMs develop close to the optic nerve in regions of high 

flow when Pdgfb is depleted at P5 when already the PCs were recruited. Yet, dilation of 

capillaries containing larger and more ECs was the most common aberrant cell event. These 

results suggest on one side that PDGFB-mediated PC recruitment and maintenance is required 

to maintain capillary EC size and number and on the other side that these aberrant cell 

responses initiate AVM development independent of flow. Nevertheless, the formation of AV 

shunts when PCs are already being recruited to the endothelium suggests flow implication is 

a secondary mechanism and resemble more the HHT-like AVMs. However, further investigation 

is needed to determine if other cell-disrupted features characterize these PC post-recruitment 

AV shunts. Furthermore, if capillary ECs are the origin of the AV shunts also in AVMs-like HHT 

remains to be further addressed with capillary EC specific Cre lines.     

It has been proposed that the dysregulated EC migration against the direction of flow is the 

triggering event in AVM formation upon depletion of Eng or Alk1 49, 53, 146. However, a recent 

study has demonstrated that upon Smad4 depletion, the triggering event for AVM formation 

is the increase in EC proliferation-mediated loss of arterial identity 62. 

Interestingly, upon Pdgfb depletion the enlarged capillaries contain non-proliferative, 

hyperplastic, and hypertrophic ECs with disorganized cell-cell junctions. Similar to previous 

findings in Pdgfbret/ret brain capillaries 90, retina vasculature upon EC Pdgfb loss also showed 

capillary venous skewing, highlighting the significance of PDGFB signaling in maintaining 

capillary AV zonation in multiple vascular beds. Yet upon further validation, these dilated 

capillaries directly connected to the draining veins and arteries contained ECs positive for 

SOX17 and DLL4. As EC proliferation was not responsible for the increased number of ECs 

within the dilated capillaries, a disruption in flow-migration coupling was the most plausible 

cell event triggering the lesions. Indeed, an altered orientation against the direction of flow 

within the arteries, capillaries and venous ECs would explain the migration of arterial ECs 

towards the veins. As AVMs upon inactivation of Eng, Alk1, or Smad4 have a capillary-venous 

origin characterized by loss of arterial identity, it will be interesting to identify if the AV 

shunting upon Pdgfb depletion originate in arteries. AVMs are characterized by venous 

skewing, yet upon pdgfb depletion arterial EC are specifically identified within the AV shunts. 
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Further investigation is required to determine whether the perturbed migration against the 

flow is a consequence of defective hemodynamics in the hyperplastic and hypertrophic 

capillaries or whether an altered attraction-repulsive mechanisms that exacerbate AV shunting. 

Indeed, the loss of Pdgfb mediated reduced PC recruitment led to the activation of the 

EphrinB2-EphB4 signaling pathway, which mediates the repulsive-attraction of arterial-venous 

ECs 147.  

5.4 Altered hemodynamics mediated molecular mechanisms in AVMs  

AVMs are distinguished by increased blood flow and increased sensitivity of ECs to FSS. Similar 

to Smad4 depletion derived AVMs, Pdgfb loss led to over-activation of KLF4 within the dilated 

capillaries with a switch in KLF4 activation from the arteries towards the veins, accompanied 

by hypertensive veins (gain of α-SMA) at the expense of hypotensive arteries (loss of α-SMA). 

Taken together, these results suggest an altered hemodynamic pattern due to an increase in 

capillary size and an impaired regulation of vascular tone. At the same time, these findings are 

also consistent with the histology of human sporadic AVMs 113.  

Yet, KLF4 activation can also be interpreted as increased sensitivity of ECs to FSS. In vitro 

experiments suggest that ECs become more sensitive to FSS when PDGFB is lost, as observed 

in AVMs when Smad4 is depleted 62. Further investigation is required to determine whether 

PDGFB cell autonomously limits FSS-mediated EC responses to maintain capillary EC size and 

AV zonation by restricting KLF4-mediated hemodynamic changes. Additionally, it is unclear 

whether these cellular events are a result of intrinsic and/or extrinsic signaling mediated by 

ensheathing PCs. Currently, it is only possible to speculate that the observed vascular 

malformations in these mutant mice are likely to be secondary effects of PC coverage defects. 

However, the possibility that autocrine mechanisms contribute to the development of AVMs 

cannot be completely excluded.  

Our research findings suggest a model in which the loss of PCs due to EC Pdgfb ablation leads 

to the enlargement of capillaries, disrupting blood flow and increasing EC sensitivity to flow by 

upregulating KLF4. Excessive KLF4 induces alterations in regulatory programs that control 

arterial-venous identity. This leads to the simultaneous activation of arterial identity through 

NOTCH and TGF-β1-Smad3 pathways, as well as the activation of venous identity through 

BMP6-mediated Smad1/5 activation. The modified fate pattern of ECs and the disruption of 
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regulatory mechanisms that control their movement result in a migration confusion of ECs 

against the bloodstream. This confusion leads to an accumulation of ECs in capillaries, causing 

an increase in capillary size and ultimately their direct connections to the draining veins and 

arteries, causing direct AV shunting.  

5.5 Limitations and future plans 

The present study has several limitations, as follows:  

1. Endothelial Pdgfb deletion results in an almost complete lack of PC coverage on the 

endothelium, making it challenging to determine whether the observed vascular 

malformations are primarily due to a cell autonomous effect of Pdgfb loss in the ECs or if the 

defect in the endothelium is secondary to complete loss of PCs. This impedes elucidation of a 

complete molecular mechanism, therefore the further research involving partial LOF of Smad4 

and/or Pdgfb is required to validate these findings and to thoroughly investigate the precise 

role and potential clinical applications of PDGFB in the development of AVMs. 

2. AVMs upon inactivation of Eng, Alk1, or Smad4 have a capillary-venous origin characterized 

by loss of arterial identity. However, the AV shunts observed in this study showed an increase 

in arterial characteristics, with the presence of arterial ECs in the veins. Yet, capillary dilation 

is characteristic of all AVMs, raising the possibility that AV shunts may have a capillary origin. 

Therefore, further studies are needed to address the EC subtype and the clonogenicity of 

lesions by developing novel genetic tools with Cre mediated depletion in different EC 

populations.  

3. The mechanism of how SMAD4 signaling regulates FSS-induced PDGFB regulation as well as 

the molecular link between FSS induced KLF4 and PDGFB expression should also be further 

elucidated.  
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6. CONCLUSIONS 

In conclusion, SMAD4 signaling is required for FSS induced PDGFB-mediated PC recruitment 

and maintenance in order to maintain capillary EC size and fate as well as proper axial polarity 

and directed migration. The main messages of the study are as follows: 

1. SMAD4 is required for FSS and BMP9 induced PDGFB expression in ECs. 

2. SMAD4 signaling is required for PDGFB-mediated PC orientation and subsequent migration 

towards the endothelial layer. 

3. PDGFB signaling is indispensable for PC recruitment and maintenance on developing 

endothelium to protect against loss of PCs and vascular lesions. 

4. PDGFB-mediated PC recruitment and maintenance regulates restricts capillary EC size and 

diameter, capillary cell fate and directed migration to maintain EC quiescence.  

5. EC PDGFB preserve capillary size to restrict hemodynamics changes and upregulation of 

KLF4-mediated NOTCH, BMP and TGF-β activation in ECs.  
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7. SUMMARY 

Arterial-venous malformations (AVMs) are direct connections between arteries and veins with 

a missing capillary bed that lacks pericytes (PCs). Recent studies have highlighted the 

significance of PCs and their recruitment in maintaining vascular integrity. Whether impaired 

PC coverage triggers AVMs or is secondary to hemodynamics changes in high-flow AVMs 

remains unclear. Among a plethora of regulators, PDGFB signaling has emerged as a key 

pathway involved in PC recruitment to the endothelial cells (ECs).  

The aim of my study was to i) investigate the effects of the BMP9/10 - flow signaling pathway 

crosstalk on PDGFB-mediated PC biology and function and ii) elucidate the role of endothelial 

PDGFB-mediated PC recruitment and maintenance in the pathogenesis of AVMs.  

Consistent with previous findings identifying loss of PCs on the AVM endothelium, this study 

identified a specific loss of PDGFRβ in the remaining PCs, indicating dysfunctional PDGFB 

signaling as the responsible mechanism for the PC deficit. Further in vitro studies confirmed 

this hypothesis, as PDGFB was synergistically upregulated by BMP9 and fluid shear stress and 

this effect was SMAD4 dependent. Cellularly, SMAD4 was required for PDGFB-mediated PC 

migration in vitro. Endothelial specific Pdgfb depleted mouse line (Pdgfbi∆EC) was generated 

for in vivo experiments to determine whether disrupted EC-PC crosstalk contributes to AVM 

formation. Interestingly, disruption of EC Pdgfb-mediated PC loss and maintenance leads to 

AVM-like structures. In addition, endothelial PDGFB signaling-mediated PC recruitment is 

required to maintain capillary EC size and diameter, cell fate, arterial-venous identity and EC 

migration against the bloodstream to promote appropriate vascular tone and stability of 

vessels and protect against AVM formation. Mechanistically, I identified that PDGFB protects 

the developing endothelium against hemodynamics changes by restricting KLF4-mediated 

NOTCH, BMP and TGF-β activation in ECs. Taken together, these results suggest that SMAD4-

flow synergy modulate the PDGFB signaling mediated PC recruitment and maintenance to 

maintain EC quiescence. Targeting SMAD4-PDGFB signaling may be a potential therapeutic 

approach to prevent AVM formation by restoring and enhancing PC recruitment and 

maintenance.  
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