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1 Summary 
 

Characterization of von Willebrand disease during pregnancy in a porcine 

model 

Hanna Allerkamp 

Von Willebrand disease (VWD) is the most common inherited bleeding disorder in 

humans with a prevalence of approximately 1.3 %. The disease is characterized by 

any quantitative or qualitative aberration of von Willebrand factor (VWF), a 

glycoprotein produced in endothelial cells (EC) and megakaryocytes. Since VWF 

primarily mediates blood coagulation by promoting platelet aggregation under high 

shear stress and stabilizing coagulation factor VIII (FVIII), VWD patients develop 

symptoms due to reduced blood coagulation. Additionally, VWD was correlated to 

angiodysplasia, which was described in all VWD subtypes mainly in the 

gastrointestinal tract but also for example in the nail fold. Up to 20 % of VWD patients 

show gastrointestinal bleeding related to angiodysplastic lesions but as the 

underlying pathomechanisms have not been fully elucidated yet, treating options are 

still insufficient. Apart from that, women affected by VWD additionally face symptoms 

of the reproductive tract related to increased bleeding tendency such as 

menorrhagia. Furthermore, the rare data on miscarriages in VWD patients point to 

slightly increased rates but no underlying cause was identified so far.  

Taking together the insufficient knowledge on both, angiodysplasia and miscarriages 

in VWD, this study aims to characterize a porcine model for VWD type 1 and 3 with 

special regard to expression and distribution of angiogenic mediators in the 

reproductive tract of non-pregnant and pregnant animals. For this purpose, the first 

part of the study was conducted on six non-pregnant sows of three different 

genotypes (wildtype, heterozygous for a VWF-mutation or VWD type 1, and 

homozygous for a VWF-mutation of VWD type 3) and the second part examined four 

pregnant sows (wildtype and VWD type 1) at time of placentation. General histology 

of the uteri, oviducts, ovaries and placentae was investigated as well as gene 

expression by using quantitative real time PCR and protein expression and 

distribution by means of immunohistochemistry. According to previous studies, the 

following angiogenic mediators were chosen for possible connection to VWF and 

angiogenesis: VWF, vascular endothelial growth factor (VEGF), VEGF receptor-2 
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(VEGFR-2), integrin αVβ3, angiopoietin (Ang)-1 and -2 as well as the two receptors 

tyrosine kinase with immunoglobulin and epidermal growth factor homology domains 

(Tie)-1 and Tie-2. 

Angiodysplasia was found in the uteri of both non-pregnant VWD type 3 animals, 

which is presumable the first description of angiodysplasia in an animal model for 

VWD. Regarding the VEGF/VEGFR-2 system, VEGF gene expression was increased 

in the uteri of non-pregnant VWD type 3 sows and in placentae of VWD type 1 

animals, which also showed higher VEGF protein expression. In contrast, VEGFR2 

gene expression was reduced in uteri of pregnant VWD type 1 sows and VEGFR-2 

protein expression was reduced in placentae of this group. These findings implicate 

increased pro-angiogenic influence of VEGF in all of these tissues, which might be 

prevented in the uteroplacental unit, as expression of the associated receptor was 

reduced. In contrast, VEGF protein expression was lower in the oviducts and ovaries 

of pregnant animals, accompanied by increased VEGFR2 gene expression in the 

oviducts, which can be a possible sign of a try to overcome deficient angiogenic 

signaling. Alterations of the VEGF/VEGFR-2 system in VWD were found in previous 

studies as well as in this study. Thus, it seems likely that VWF influences 

angiogenesis via this pathway.  

For integrin αVβ3 protein in the non-pregnant animals, a shift from the apical 

membrane of the uterine epithelial cells to the cytoplasm in VWD animals most 

pronounced in VWD type 3 as well as a loss of apical staining in epithelial cells of 

VWD type 3 oviducts were found. In placentae of VWD type 1 animals, ITGB3 gene 

and integrin αVβ3 protein expression were significantly reduced. Since integrin αVβ3 is 

involved in angiogenesis as well as attachment of the trophoblast, this might affect 

blood vessel development in the uteroplacental unit as well as successful 

implantation of the embryos. Furthermore, integrin αVβ3 protein expression was lower 

in vascular smooth muscle cells (VSMC) of ovaries of pregnant VWD type 1 sows 

accompanied by increased ITGAV gene expression. This points to involvement of 

both integrin subunits probably depending on the respective tissue and 

microenvironment. Impact on integrin αVβ3 was also found in other VWD models used 

so far. Thus, this pathway seems to likely be connected to VWF and angiogenesis 

probably resulting in impaired interactions between integrin αVβ3 and VEGFR-2.  

Regarding components of the ANG/TIE system, most differences between the groups 

were seen for Ang-2. Immunohistochemistry results revealed varying staining 
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patterns among the genotypes in both non-pregnant and pregnant animals. In 

placentae of VWD type 1 animals, protein and gene expression were significantly 

lower probably leading to insufficient angiogenic signaling, which is required during 

physiologic placentation. These inconsistent findings support the hypothesis of tissue 

specific influence of VWF on Ang-2 expression and release. Varying results were 

found previously, presumably related to different disease-causing mutations of the 

VWF gene. Together with findings of this study, that supports the suggestion of 

varying Ang-2 phenotype in different patients and different tissues in VWD.  

Differences between genotypes were also found for Tie-1, Tie-2, and for Ang-1 but 

for the latter in pregnant animals only. These differences varied between tissues, but 

also had influence of the ratios between respective components of the ANG/TIE 

system. For example, the TIE2/TIE1 ratio was significantly lower in placentae of VWD 

type 1 animals with the relative lower TIE2 levels probably favoring Tie-1 influence 

and hence a quiescent state of EC maybe preventing sufficient angiogenesis in 

placentae. 

To summarize, it can be noted that differences between wildtype and VWD animals 

were observed for the VEGF/VEGFR-2 system, the ANG/TIE system as well as for 

integrin αVβ3. Furthermore, angiodysplastic blood vessels were shown in the uteri of 

non-pregnant VWD type 3 animals. All of these findings make these animals a 

promising model to further investigate the influence of VWF on angiogenesis in 

general and in the female reproductive tract in particular in an in vivo situation. 
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2 Zusammenfassung 
 

Charakterisierung des Von-Willebrand-Defektes während der Schwangerschaft 

im porzinen Modell 

Hanna Allerkamp  

Der Von-Willebrand-Defekt (VWD) ist mit einer Prävalenz von 1,3 % die beim Men-

schen häufigste erblich bedingte Blutgerinnungsstörung. Der VWD umfasst sämtliche 

quantitative oder qualitative Abweichungen des Von-Willebrand-Faktors (VWF), eines 

Glykoproteins, das von Endothelzellen und Megakaryozyten produziert wird. Da der 

VWF durch die Vermittlung von Plättchenaggregation unter hohen Scherkräften und 

die Stabilisierung des Gerinnungsfaktors VIII vor allem eine Rolle in der Blutgerin-

nung spielt, zeigen VWD-PatientInnen hauptsächlich Symptome, die Folge einer 

verminderten Blutgerinnung sind. Darüber hinaus wurde der VWD mit Angiodyspla-

sien korreliert, die in allen VWD-Subtypen unter anderem im Gastrointestinaltrakt und 

im Nagelbett beschrieben wurden. Bis zu 20 % der VWD-PatientInnen zeigen gastro-

intestinale Blutungen in Verbindung mit angiodysplastischen Läsionen. Da die zu-

grundeliegenden Pathomechanismen bisher nicht vollständig aufgeklärt werden 

konnten, sind die verfügbaren Therapieoptionen noch mangelhaft. Abgesehen davon 

sind Frauen mit VWD mit zusätzlichen Symptomen des Reproduktionstraktes, wie 

Menorrhagien, konfrontiert. Die mangelhafte Datenlage zu Fehlgeburten bei VWD-

Patientinnen deuten außerdem auf leicht erhöhte Fehlgeburtsraten hin, für die bisher 

allerdings keine zugrundeliegende Ursache ermittelt wurde.  

Dem unzureichenden Kenntnisstand über sowohl Angiodysplasien als auch Fehlge-

burten bei VWD-Patientinnen Rechnung tragend, ist das Ziel dieser Studie die Cha-

rakterisierung eines porzinen Modells für den VWD Typ 1 und 3 unter besonderer 

Beachtung der Expression und Verteilung angiogenetischer Mediatoren im Repro-

duktionstrakt. Zu diesem Zweck wurde der erste Teil der Studie an sechs nicht-

tragenden Sauen drei verschiedener Genotypen (Wildtyp, heterozygot für eine VWF-

Mutation oder VWD Typ 1 und homozygot für eine VWF-Mutation oder VWD Typ 3) 

durchgeführt. Im zweiten Teil der Studie wurden vier tragende Sauen (Wildtyp und 

VWD Typ 1) zum Zeitpunkt der Plazentation untersucht. Die generelle Histologie der 

Uteri, Eileiter, Ovarien und Plazenten wurde begutachtet, sowie die Genexpression 

mittels quantitativer real time PCR und die Proteinexpression und -verteilung mittels 
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Immunhistochemie. In Anlehnung an vorherige Studien wurden die folgenden angio-

genetischen Mediatoren aufgrund möglicher Verbindungen zum VWF und Angioge-

nese ausgewählt: VWF, Vascular endothelial growth factor (VEGF), VEGF Rezeptor-

2 (VEGFR-2), Integrin αVβ3, Angiopoetin (Ang)-1 und -2 und die beiden Rezeptoren 

“tyrosine kinase with immunoglobulin and epidermal growth factor homology do-

mains” 1 (Tie-1) und 2 (Tie-2).  

Angiodysplasien wurden in den Uteri beider nicht-tragender VWD Typ 3 Tiere gefun-

den, was die vermutlich erste Beschreibung von Angiodysplasien in einem VWD-

Tiermodell darstellt. Hinsichtlich des VEGF/VEGFR-2-Systems ließ sich ein erhöhte 

VEGF Genexpression in den Uteri der nicht-tragenden VWD Typ 3 Tiere und in den 

Plazenten der VWD Typ 1 Tiere feststellen, wobei die Plazenten auch eine erhöhte 

VEGF Proteinexpression zeigten. Im Gegensatz dazu war die VEGFR2 Genexpres-

sion in den Uteri der tragenden VWD Typ 1 Tiere und die VEGFR-2 Proteinexpressi-

on in den Plazenten dieser Gruppe vermindert. Diese Ergebnisse deuten auf einen 

erhöhten pro-angiogenetischen Einfluss von VEGF in diesen Geweben hin, der mög-

licherweise in der Utero-plazentaren Einheit durch die verminderte Expression des 

zugehörigen Rezeptors verhindert wird. Im Gegensatz dazu war die VEGF Protein-

expression in den Eileitern und Ovarien der tragenden VWD Typ 1 Tiere geringer und 

von erhöhter VEGFR2 Genexpression in den Eileitern begleitet. Diese könnte ein 

Zeichen für den Versuch sein, eine defizitäre angiogenetische Signalgebung zu 

kompensieren. Veränderungen des VEGF/VEGFR-2-Systems beim VWD wurden in 

dieser, sowie auch in vorausgegangenen Studien festgestellt. Deshalb scheint eine 

Beeinflussung der Angio-genese durch VWF über diesen Signalweg wahrscheinlich. 

In den nicht-tragenden Tieren wurde beim VWD eine Verschiebung der Integrin αVβ3 

Proteinexpression von der apikalen Membran der uterinen Epithelzellen ins Zyto-

plasma festgestellt, die am deutlichsten bei den VWD Typ 3 Tieren zu sehen war, 

sowie ein Verlust der apikalen Färbung der Epithelzellen der VWD Typ 3 Eileiter. In 

den Plazenten der VWD Typ 1 Tiere waren die ITGB3 Gen- und die Integrin αVβ3 

Proteinexpression signifikant vermindert. Da Integrin αVβ3 sowohl in die Angiogenese 

als auch in die Anheftung des Trophoblasten involviert ist, könnten diese Verände-

rungen die Blutgefäßentwicklung in der Utero-plazentaren Einheit sowie die erfolgrei-

che Implantation der Embryonen beeinflussen. Zusätzlich war die Integrin αVβ3 Prote-

inexpression in glatten Gefäßmuskelzellen der Ovarien von tragenden VWD Typ 1 

Tiere geringer und von erhöhter ITGAV Genexpression begleitet. Dies deutet auf Be-
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teiligung beider Integrin-Untereinheiten hin, möglicherweise vom jeweiligen Gewebe 

und der direkten Umgebung abhängend. Einfluss auf Integrin αVβ3 wurde auch in an-

deren VWD-Modellen gezeigt, sodass dieser Signalweg womöglich in die Verbindung 

von VWF und Angiogenese involviert ist und dabei eine Veränderung der Interaktio-

nen zwischen Integrin αVβ3 und VEGFR-2 verursacht.  

Für die Komponenten des ANG/TIE-Systems wurden die meisten Unterschiede zwi-

schen den Gruppen für Ang-2 festgestellt. Die immunhistologischen Ergebnisse zeig-

ten variierende Färbemuster zwischen den Genotypen in nicht-tragenden und tra-

genden Tieren. In den Plazenten der VWD Typ 1 Tiere war die Protein- und Genex-

pression signifikant geringer, was möglicherweise zu unzureichenden angiogeneti-

schen Signalen führt, die während der physiologischen Plazentation benötigt werden. 

Diese inkonsistenten Ergebnisse unterstützen die Hypothese einer gewebsspezifi-

schen Beeinflussung von Ang-2-Expression und -Freisetzung durch den VWF. Sol-

che Variationen, möglicherweise bedingt durch unterschiedliche krankheitsbedingen-

de Mutationen des VWF-Gens, wurden auch in vorausgegangen Studien beschrie-

ben. Zusammen mit den Ergebnissen dieser Studie bestärkt das die Annahme eines 

variierenden Ang-2-Phänotyps in verschiedenen PatientInnen und verschiedenen 

Geweben beim VWD. Unterschiede zwischen den Genotypen wurden auch für Tie-1, 

Tie-2 und Ang-1 festgestellt, wobei sich die Unterschiede hinsichtlich der Ang-1-

Expression auf die tragenden Tiere beschränkten. Diese Unterschiede variierten zwi-

schen den Geweben, aber beeinflussten auch die Verhältnisse der jeweiligen Kom-

ponenten des ANG/TIE-Systems. So war zum Beispiel das TIE2/TIE1-Verhältnis in 

den Plazenten der VWD Typ 1 Tiere signifikant geringer. Diese relativ geringeren 

TIE2-Level mögen dabei zu einer Förderung des Tie-1-Signalings und damit zur För-

derung eines ruhenden Endothelzellzustandes führen und eventuell ausreichende 

Angiogenese in diesen Plazenten verhindern. 

Zusammenfassend lässt sich sagen, dass Unterschiede zwischen Wildtyp- und 

VWD-Tieren bezüglich des VEGF/VEGFR-2-Systems, des ANG/TIE-Systems und 

des Integrin αVβ3 festgestellt wurden. Außerdem konnten angiodysplastische Blutge-

fäße in den Uteri der VWD Typ 3 Tiere gezeigt werden. All diese Ergebnisse machen 

diese Tiere zu einem vielversprechenden Modell, um den Einfluss des VWF auf die 

Angiogenese im Allgemeinen und im weiblichen Reproduktionstrakt im Speziellen in 

der in vivo Situation näher zu untersuchen.    
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3 General introduction  

 

3.1 Aims of the study 

 

With a reported prevalence of up to 1.3 %, VWD is the most common inherited 

bleeding disorder in humans (Keeney and Cumming 2001). Besides symptoms 

related to increased bleeding tendency, up to 20 % of patients show gastrointestinal 

bleeding accompanied by angiodysplastic lesions (Selvam and James 2017). The 

pathogenesis of these blood vessel alterations is hitherto barely investigated and 

understood. As women with VWD face special problems due to the increased 

bleeding tendency affecting the menstrual cycle, pregnancy and delivery (James 

2007), some studies examined the outcome of pregnancy in VWD patients. Those 

studies revealed either normal (Ito et al. 1997; Castaman et al. 2010) or slightly 

increased (Kadir et al. 1998; Shahbazi et al. 2012; Skeith et al. 2017) miscarriage 

rates, but the data situation is still insufficient. The herein provided study was 

designed to further elucidate the influence of VWF on angiogenesis, especially in the 

female reproductive tract. To investigate angiogenesis at a sufficient scale, a porcine 

model of VWD type 1 and 3 was chosen. The aims of this study were to investigate 

the influence of VWF on the expression of possibly related angiogenic factors and 

the histological morphology of blood vessels in (I) the non-pregnant female 

reproductive tract, (II) the pregnant female reproductive tract and (III) the 

uteroplacental unit by comparing different VWD genotypes. 

3.2 Von Willebrand disease 
 

The first report of VWD was made in 1926 by Dr Erik von Willebrand, after whom the 

disorder was named. He described a family from Föglö in the Åland islands, affected 

by severe mucocutaneous bleeding episodes (Von Willebrand 1926). VWD is defined 

as any quantitative or qualitative aberration of VWF (Budde and Schneppenheim 

2001). It is further divided into three types from which VWD type 1 classifies mild to 

moderate reduction of VWF antigen (VWF:Ag) and VWD type 3 classifies the severe 

reduction or virtual absence of VWF:Ag. Those deficiencies are basically a 

consequence of reduced production, secretion, or increased clearance of VWF 

depending on the causal mutation of the VWF gene (De Jong and Eikenboom 2017). 
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VWD type 2 comprises all kinds of qualitative aberrations and is further subdivided 

into four groups (2A, 2B, 2M, 2N) (Castaman et al. 2013).   

VWF is a multimeric glycoprotein composed of a signal peptide, a propeptide, and a 

mature protein synthesized by EC and megakaryocytes (De Jong and  

Eikenboom 2017). These parts are encoded by 52 exons on human chromosome 

twelve (Schneppenheim 2004). After synthesis of VWF, the signal peptide is cleaved 

off and the propeptide passes to a post-translational modification process at whose 

end it is cut off the mature protein but still non-covalently linked to it (Mayadas and 

Wagner 1989; Vischer and Wagner 1994). This enables multimerization of VWF 

leading to VWF multimers, of which the smallest are dimers with a mass of 450 kDa 

and the largest are high molecular weight multimers (HMWM) with a mass of more 

than 10,000 kDa (Dent et al. 1991). HMWM are then stored inside alpha-granules of 

platelets or as compacted tubules in the Weibel-palade bodies (WPB) inside the 

cytoplasm of EC (Mourik et al. 2015). WPB are cigar-shaped storage organelles 

containing not only VWF, but also a variety of proteins involved in hemostasis, 

inflammation, vascular tone, and angiogenesis and their content varies between 

different endothelial tissues (Metcalf et al. 2008). VWF is not merely stored in WPB, 

but also drives biogenesis of them. The coincident presence of the pro-peptide and 

the mature VWF protein in a low pH environment is required to drive the formation of 

WPB (Vischer and Wagner 1993). In this process, VWF and other secretory proteins 

are incorporated into WPB at the trans Golgi network where tubules begin to form by 

folding of the VWF multimers. After extension, immature WPB are situated in the 

perinuclear region of the cell, containing disorganized tubules. They mature by 

sorting of the tubules, budding from the trans Golgi network and compacting their 

content. The storage in WPB enables EC to exocytose VWF and the co-stored 

components, depending on specific stimuli which can be both, pro-thrombotic and 

pro-angiogenic (Metcalf et al. 2008). These processes lead to a distribution of VWF in 

three different compartments: first, cellular VWF stored inside of EC and platelets; 

second, circulating VWF in the plasma; and third, subendothelial VWF bound to 

either extracellular matrix (ECM) or VSMC after abluminal release from EC (Randi 

and Laffan 2017).   

The VWF protein is composed in a domain structure (Fig. 1), which enables the 

protein to undergo conformation changes necessary under high shear stress and 

provides distinct binding sites for its ligands (Lenting et al. 2012). The D1 and D2 
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domains constitute the propeptide, which is together with the D’ and D3 domain 

necessary for multimerization, formation of WPB and thereby intracellular storage  

(Journet et al. 1993) while the CK knot facilitates dimerization (Schneppenheim and 

Budde 2011). The D’ and D3 domain is furthermore a binding site for FVIII  

(Foster et al. 1987). Collagen binds to the A3 and A1 domain (Pareti et al. 1987), 

which additionally provides a binding site for glycoprotein Ibα and thereby facilitates 

interaction with platelets (Fujimura et al. 1986). The A1-A3 domains contain the 

cleavage site for a disintegrin and metalloproteinase with a thrombospondin type one 

motif, member 13 (ADAMTS13), the enzyme that physiologically cleaves mature 

VWF (Schneppenheim and Budde 2011). The C1 and C2 domains are probably 

involved in binding fibrin under high sheer stress conditions (Keuren et al. 2003) and 

the C4 domain in binding platelet integrin (Xu et al. 2018). Even more binding 

partners of VWF were identified and assigned to certain domains so far (Randi et al. 

2018), while other domains seem to have a rather structural role. 

Regarding hemostasis, VWF has mainly two roles. Firstly, it facilitates binding of 

thrombocytes under high sheer stress after vessel injury and thereby initial clot 

formation and secondly, it is bound to circulating FVIII in a non-covalent complex to 

prevent its degradation (Budde and Schneppenheim 2001). Circulating VWF is 

predominantly derived from EC (Kanaji et al. 2012) and plays the primary role in 

hemostasis. After a vascular injury, VWF is immobilized at the exposed vessel wall, 

binds platelets via glycoprotein Ibα, and thereby facilitates platelet adhesion and 

aggregation (Ruggeri 2001).   

  

Fig. 1 Simplified domain structure of the mature VWF protein. A This revised 

structure of VWF protein was suggested by Zhou et al. (2012). B Two VWF pro-

teins compose a dimer, entwining from the A2 domain to the CK knot. 
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Symptoms of VWD patients are mainly related to impaired hemostasis such as 

epistaxis, tendency for bruises or prolonged bleeding after surgery. Those symptoms 

in combination with an autosomal inheritance pattern are characteristical for VWD. 

However, VWD may also manifest in aberrations of laboratory parameters only, 

without clinical signs (Budde and Schneppenheim 2001). The commonly used 

diagnostic tests for VWD are measurement of VWF:Ag levels, of FVIII activity and the 

ristocetin cofactor activity assay (VWF:RCo) for assessment of VWF-dependent 

platelet-binding activity. Ristocetin is an antibiotic, which mimics VWF-dependent 

binding of platelets via glycoprotein Ibα under shear stress. Additionally, several 

subtyping assays and the evaluation of the VWF multimeric patterns are used 

(James et al. 2016). 

Treatment of VWD involves primarily the use of desmopressin or VWF and FVIII 

containing concentrates. Desmopressin induces release of endogenous VWF and 

FVIII from EC and is therefore not effective in VWD type 3 patients, as they do not 

produce VWF in the first place (Mannucci et al. 1977). In patients, that do not 

respond sufficiently to desmopressin treatment, parenteral application of 

concentrates containing VWF, FVIII or both is required to normalize blood levels  

(Lethagen et al. 1992).  

VWD type 1 is the most common type as it affects around 60 % of VWD patients  

(De Wee et al. 2010). These patients are usually diagnosed with reduced VWF:Ag 

levels in the blood of 20 – 40 international units (IU)/deciliter (dl) as a precise cut off 

is not determined due to wide variations among healthy patients. Besides reduced 

VWF:Ag, the VWF:RCo is reduced proportionally to VWF:Ag. Additionally, FVIII 

activity is reduced and patients show bleeding symptoms, which can range from mild 

to moderate mucocutaneous bleeding. The proportion of VWF multimers is normal 

(Roberts and Flood 2015). Concerning the genetic background, heterozygous 

missense mutations leading to incorporation of a wrong amino acid into the protein 

are most frequently identified in VWD type 1 patients. If the cause for VWD is 

reduced VWF production, heterozygous segregation of a null allele is the most 

common underlying aberration (De Jong and Eikenboom 2017). A null allele can 

result from either nonsense, frameshift or splice site mutations and will lead to VWF 

protein production from only one allele and therefore half of the physiological amount. 

Nonsense and frameshift mutations may lead to premature stop codons and thereby 

nonsense-mediated decay of the mRNA product. This mechanism of degradation of 
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complete mRNAs is activated, if the premature stop codon occurs fifty or more 

nucleotides upstream of the final exon-exon junction (Hug et al. 2016). Splice site 

mutations may cause skipping of exons or retention of introns, which can evoke 

premature stop codons or a truncation/elongation of the protein, depending on 

whether the base count of these exons or introns is a multiple of three. While in many 

cases the exact mechanism leading to decreased VWF secretion is only partly 

understood, a variety of mutations is described located in different domains of VWF  

(Groeneveld et al. 2014). The same is true for mutations leading to increased 

clearance of VWF, although the most frequent mutation is located in the D3 domain 

(De Jong and Eikenboom 2017). So far, hundreds of variations of the VWF gene 

have been identified but not all of them are causative for the disease. 

VWD type 3 patients present with severe bleeding symptoms such as joint bleeding 

and VWF:Ag activity as well as multimers are usually not detectable. Additionally, 

FVIII activity is severely reduced (Roberts and Flood 2015). The reason for this 

severe reduction of VWF levels is most often a lack of VWF production due to 

homozygous or compound heterozygous null alleles. Those are usually induced by 

frameshift, nonsense or splice site mutations as described in VWD type 1 patients 

and most probably lead to nonsense-mediated decay. A conversion of the VWF gene 

with the VWF pseudogene located on human chromosome 22 or a whole VWF gene 

deletion are more scarce (De Jong and Eikenboom 2017). The minority of VWD type 

3 patients produces mutant VWF protein, which is promptly cleared or not secreted 

from EC. Those patients can show very low VWF:Ag levels and usually have 

homozygous or compound heterozygous missense mutations (De Jong and 

Eikenboom 2017). These mutations frequently influence the multimerization process 

of VWF and consequently are located at the C- or N-terminal ends of the VWF 

protein (Yin et al. 2015). 

3.3 Histology of the female reproductive tract 

 

3.3.1 Ovary 

 

The human as well as the porcine mature ovary consists of two parts: the peripheral 

zona vasculosa or cortex and the central zona parenchymatosa or medulla. The 

cortex is the place of follicular development, while the medulla incorporates blood 

vessels and autonomic nerves. At the periphery of the medulla, blood vessels are 
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organized in a capillary network providing blood supply for the cortex. This network 

continuously remodels depending on the ovarian cycle. Follicles are embedded in 

connective tissue of metabolic highly active cells. Capillaries mainly involved in 

follicle and corpus luteum development interfuse the connective tissue. Each follicle 

is composed of an oocyte and surrounding follicle cells, which are demarked from the 

surrounding tissue by a basement membrane. Follicles can be observed in four 

different stages according to the development of the follicle sheath within in the 

medulla: primordial, primary, secondary, tertiary and Graafian follicles. Primordial 

follicles consist of the oocyte and one layer of undifferentiated, flat follicle cells 

surrounded by a single capillary loop and constitute a quiescent follicle state, which 

starts to develop into a primary follicle upon activation. In this state, follicle cells 

become isoprismatic. It further develops into a secondary follicle by division and 

layering of follicle cells, increasing volume of the oocyte, development of a zona 

pellucida (a glycoprotein rich interface between oocyte and follicle cells), and 

differentiation of the surrounding stromal cells into the theca follicularis. 

Subsequently, the follicle develops into a tertiary follicle, which is characterized by a 

fluid filled cavity, the antrum folliculare, further differentiation of follicle cells, 

development of the cumulus oophorus and layering of the theca follicularis in an 

steroid hormone producing internal and an external layer (Liebich 2004;  

Nickel et al. 2004). A basket-like capillary network within the theca interna surrounds 

the avascular stratum granulosum. The cells of the follicle wall can be divided into 

three layers from the inside out: follicle fluid producing granulosa cells, intermediate 

cells and estrogen-producing basal cells. The oocyte is sheathed by follicle cells 

forming the cumulus oophorus. A single layer of follicle cells (corona radiata) 

surrounds the zona pellucida and nourishes the oocyte. Further maturation into the 

Graafian follicle is accompanied by an increase of blood vessel density, tortuosity 

and diameter as well as vascular permeability evoking tissue edema. Oocyte and 

corona radiata detach from the cumulus oophorus and finally ovulation occurs by 

rupturing of the follicle wall and release of the oocyte. As the majority of follicles does 

not develop into a Graafian follicle, follicles can undergo atresia in every state, which 

is accompanied by reduced vascularization of the theca interna. Ovulation is followed 

by the development of the corpus luteum. Due to rupture of the follicle wall, 

capillaries of the theca interna tear and filling of the follicle cavity with serum and 

clotting blood builds the corpus hemorrhagicum. This is subsequently organized by 
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macrophages by means of phagocytosis of blood and follicle components into the 

corpus luteum. Granulosa cells and cells of the theca interna become hypertrophic, 

hyperplastic, and transform into luteal cells. A rich vascular network, that can take up 

progesterone produced by lutein cells into the blood stream is established by 

angiogenesis as capillaries of the theca interna sprout and invade the transforming 

granulosa cell layer. Angiogenesis still occurs in the mature corpus luteum although 

to a lesser extent than in the developing one. If no pregnancy is established the 

corpus luteum regresses accompanied by regression of the majority of blood vessels 

(Plendl 2000). Cells of the blood vessels enlarge by hypertrophy leading to occlusion 

of the vessel lumina and subsequent degeneration of the capillary network. Lutein 

cells become autolytic and are degraded by macrophages while connective tissue 

increases and the corpus luteum transforms into a corpus albicans (Liebich 2004). 

3.3.2 Oviduct 

 

The oviduct receives the oocyte via the funnel-shaped infundibulum, which is lined by 

fimbriae. It is followed by the ampulla where fertilization of the oocyte occurs, and 

which subsequently narrows into the isthmus. The end part of the oviduct proceeds 

within the uterine wall and opens into the uterine horn with the ostium uterinum. The 

wall of the oviduct can be separated into four layers from the inside out: tunica 

mucosa, tunica muscularis, tunica serosa, and tela subserosa. The tunica mucosa is 

a monolayer of ciliated cells and gland cells, which produce fluid for nourishing and 

differentiation of the germ cells depending on the ovarian cycle. The tunica 

muscularis is composed of three muscular layers of which the inner is the peristalsis-

generating one. The middle layer is interfused with blood vessels and thus regulating 

blood flow of the oviduct and the outer one provokes movement of the oviduct and its 

fimbriae (Leonhardt 1985). 

3.3.3 Uterus 

 

The human uterus is unpaired and consists of a corpus, which is separated into the 

fundus uteri, where the ostium uterinum of each oviduct opens into the uterus, and 

the cavitas uteri (Leonhardt 1985). In contrast, the porcine uterus consists of two long 

horns, which converge into the corpus (Nickel et al. 2004). The distal third of the 

uterus or cervix opens with the ostium uteri into the vagina. The uterus is basically 

composed of three layers: the endometrium, the myometrium and the perimetrium. 
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The luminal layer of the endometrium is a simple columnar epithelium composed of 

ciliated cells and secreting cells with microvilli. Beneath the epithelium, the lamina 

propria is composed of cell rich connective tissue with only few fibers, that encloses 

the tubular uterine glands. In both species, the stratum functionale is subject to cyclic 

changes but is discharged during menstruation in women only, while the stratum 

basale is not rejected serving as a reservoir.   

The cyclic changes of the endometrium are more pronounced in the human, and 

described related to endometrial changes, whereas the porcine cycle is separated 

according to sexual activity (Lorenzen et al. 2015). Following phases are described 

for the human endometrium. The proliferation phase is determined by influence of 

estrogen and the endometrium gets thicker. Proliferation of the superficial epithelium, 

glands, connective tissue cells and blood vessels occurs. Epithelial cells become 

higher; glands elongate and become more tortuous. Blood vessels invade the 

endometrium in a contorted course and are thus named spiral arteries. The 

subsequent secretion phase is determined by influence of progesterone. The glands 

expand their lumen, enhance their secretion, and the endometrium becomes 

edematous. Blood vessels elongate and expand beneath the surface of the 

endometrium. If no pregnancy is established during the secretion phase, it is followed 

by the ischemic phase. The glands stop their secretion and the edema is regressed 

leading to shrinkage of the endometrium. Additional contraction of the spiral arteries 

leads to ischemia and thus damage of the endometrium accompanied by infiltration 

of leucocytes. The last phase is the desquamation phase, during which production of 

progesterone is further reduced and production of estrogen restarts. Estrogen evokes 

dilation of the blood vessels and subsequent bleeding into the damaged tissue 

leading to the rejection of the stratum functionale. Towards the end of menstruation, 

the endometrium is composed of the stratum basale only and lacks a superficial 

epithelium, which is then rebuilt during regeneration of the stratum functionale. The 

desquamation phase is followed by the next proliferation phase (Junqueira and 

Carneiro 1984).  

In the pig, the phases of the estrus cycle are separated into estrus (sexually receptive 

phase) followed by the metestrus, diestrus, and proestrus preceding the next estrus. 

However, the porcine endometrium also shows a proliferation phase during proestrus 

and estrus as well as a secretion phase during metestrus and early diestrus. This is 

followed by an involution phase during late diestrus but without menstrual discharge 



3 General introduction 

17 
 

(Schnorr and Kressin 2006). Epithelial cells of the endometrium are cuboidal during 

late diestrus, become low columnar during pro-estrus, high columnar during estrus 

and early diestrus, and then again low columnar during diestrus. At the latter time 

point, most cross-sections of uterine glands can be observed in tissue sections. The 

number of capillaries beneath the epithelium changes during the cycle. Most 

capillaries are present during estrus and fewest during diestrus. As in the human 

endometrium, grade of edema changes and is most pronounced during proestrus 

and estrus (Kaeoket et al. 2001). 

3.4 Human and porcine early placentation  

 

The human blastocyst implants into the endometrium seven to nine days after 

fertilization. The endometrium decidualizes spontaneously before implantation by 

means of stromal cell differentiation and enlargement of fibroblasts close to the spiral 

arteries. After initial apposition and attachment, the conceptus penetrates the 

endometrial epithelium and invades the stroma. At this time point, two populations of 

trophoblast cells can be found: the primitive syncytium and the primitive 

cytotrophoblasts. The syncytium expands by building trabeculae, which are invaded 

by cytotrophoblasts forming primary villi in the second week of gestation. Subsequent 

invasion of mesenchymal cells gives rise to secondary villi, which further proliferate. 

In the third week of gestation tertiary villi are formed, surrounded by the two 

trophoblast cell layers, containing fetal blood vessels and macrophages (Hofbauer 

cells). By the fourth week of gestation, the basic placental structure is completed. 

However, connection of the maternal circulation with the intervillous space via 

channels from the maternal spiral arteries, characterizing the human placenta as 

hemochorial, is not observed until week ten to twelve of gestation  

(James et al. 2012).   

The porcine conceptus sheds its zona pellucida between day seven and nine after 

fertilization and subsequently elongates, which is most pronounced on day twelve. At 

this time, the conceptus is fixed to the uterine epithelium by adhesion. Now microvilli 

on the surface reform and interdigitate with microvilli on the uterine epithelium, 

leading to attachment of the conceptus. Subsequently, blood vessels start developing 

in the chorioallantoic membrane connected to the embryo via the umbilical cord. 

During the fourth week of gestation, ridges of the chorion and folds of the 

corresponding endometrium are formed, leading to enlargement of the placental 
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surface. Additionally, the chorioallantoic membrane lies undulated over the mouths of 

the uterine glands, enlarging the surface for absorbing the glandular secretion in so-

called areolae. The porcine placenta is basically formed on day 30 after fertilization 

and maintains its epitheliochorial type throughout gestation (King 1993).  

3.5 Angiogenesis 

 

Angiogenesis is defined as “the growth of blood vessels from the existing 

vasculature” (Adair and Montani 2010). All blood vessels have a lining of an EC 

monolayer, connected by gap junctions and tight junctions, forming a common 

basement membrane at their abluminal side. EC can be interrupted by pores or 

intercellular gaps and are sheathed by pericytes found within the basement 

membrane. Depending on the size of blood vessels, a layer of connective tissue is 

surrounding the endothelium bordered by the membrana elastica interna. All of these 

components form the intima. It is surrounded by the media, a layer of mainly VSMC 

of varying thickness. The outermost layer is the adventitia composed of connective 

tissue with elastic fibers (Junqueira and Carneiro 1984).  

Distinction is made between sprouting angiogenesis, where new capillaries originate 

from pre-existing blood vessels and non-sprouting angiogenesis or intussusception, 

during which a pillar of periendothelial cells is built to split the lumen of an existing 

vessel in half (Risau 1997). In the adult organism, EC usually are in a quiescent 

state, forming a monolayer of phalanx cells enclosed by pericytes. In response to an 

angiogenic signal, the pericytes part from the blood vessel wall and EC loosen their 

junctions leading to dilation as well as increased permeability of the vessel. 

Subsequently, plasma proteins extravasate providing a surface for EC to migrate 

towards an angiogenic signal. To facilitate organization of this process one of the 

migrating EC becomes a tip cell leading other EC. The adjacent EC become stalk 

cells, which divide to elongate the sprout and create a lumen. Blood flow is initiated 

after fusion with a pre-existing vessel. At the end of this process, EC switch back to a 

quiescent and stable state as phalanx cells and are encased by pericytes again 

(Carmeliet and Jain 2011). These newly formed blood vessels are sustained as long 

as endogenous signals promote EC-survival (Carmeliet 2000).  
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3.5.1 Von Willebrand factor and angiogenesis  

 

Angiodysplasia defines a vascular malformation, characterized by dilated, thin-walled 

and tortuous blood vessels (Gunjan et al. 2014). The relation of VWD and 

angiodysplasia was first discovered by Quick (1967), who reported on patients 

showing both VWD and telangiectasia in the nose or nail fold. In 1993, Fressinaud 

and Meyer reported angiodysplasia in 2 % of VWD type 2 and 4.5 % of VWD type 3 

patients (Fressinaud and Meyer 1993). According to this, Koscielny et al. (2000) 

showed significantly higher incidence of angiodysplasia in the nail fold of patients 

affected by VWD type 1 and 2A compared to other bleeding disorders. Taking these 

studies together, results provide evidence for involvement of VWD in systemic 

vascular malformations in the blood vessels of the mucosa.   

Gastrointestinal bleeding with confirmed occurrence of angiodysplasia is diagnosed 

in all three types of VWD (Makris et al. 2015). A special condition in this context is the 

Heyde’s syndrome, in which gastrointestinal bleeding occurs in connection with either 

aortic stenosis or a left ventricular assist device. These conditions elevate the shear 

stress in the aorta leading to elongation of circulating VWF with unfolding of the A2 

domain. This evokes increased cleavage of VWF by ADAMTS13 and thus reduction 

of HMWM, which is classified as acquired von Willebrand syndrome (AVWS) (Selvam 

and James 2017). So far, this condition was proposed to result from the combination 

of pre-existing angiodysplasia and the additional increase of bleeding tendency due 

to the HMWM loss. In this theory, occurrence of angiodysplastic lesions was seen as 

an age-related condition due to chronic low-grade obstruction of submucosal veins 

and only the bleeding from these lesions was seen as consequence of AVWS  

(Warkentin et al. 2003).  

Starke et al. were the first to prove influence of VWF on angiogenesis in 2011 by in 

vitro studies on human umbilical vein endothelial cells (HUVEC) and in VWF-

knockout mice (Starke et al. 2011), which showed increased angiogenesis in the 

Matrigel plug model as well as increased mature blood vessel density in the ear. This 

led to a first hypothesis on possible relations of VWF with several angiogenic factors  

(Randi et al. 2013). These results were supported by further in vitro studies on blood 

outgrowth endothelial cells (BOEC), that were derived from VWD patients’ blood 

(Starke et al. 2013; Wang et al. 2013; Groeneveld et al. 2015; Selvam et al. 2017) 

and by analysis of circulating angiogenic mediators in VWD patients  
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(Gritti et al. 2011; Groeneveld et al. 2018). In vivo studies on VWF-knockout mice 

also provided further evidence of a probably tissue-specific influence of VWF, as 

these mice showed microvascular damage in the heart but not in the liver and kidney 

(Yuan et al. 2016) and also showed increased angiogenesis in the brain after hypoxia 

(Xu et al. 2017). Overall, VWF seems to mainly act as an inhibiting mediator of 

angiogenesis via the VEGF/VEGFR-2 system, the angiopoietins with the 

corresponding Tie receptors, as well as integrin αVβ3 and thus a lack of VWF has 

been proposed to enhance angiogenesis (Randi and Laffan 2017). 

3.5.2 In vitro models of angiogenesis in von Willebrand disease 

 

Two in vitro models were established to examine influence of VWF or VWD on 

angiogenesis. The first model for this purpose was used by Starke et al. (2011). They 

induced a VWF-knockdown in a HUVEC line by transfection of the cells with siRNA. 

In this method, a small antisense RNA complementary to VWF RNA is incorporated 

into the cells leading to endonucleolytic cleavage and thus complete degradation of 

the VWF mRNA (Scherer and Rossi 2003). In this model, VWF-knockdown led to an 

increase of capillary tube formation using a Matrigel assay. Tube formation was 

decreased by adding soluble VWF protein, but to a lesser extent in the VWF-

knockdown cells than in controls, indicating influence of extracellular VWF but also 

VWF-dependent intracellular mechanisms. Furthermore, migration of VWF-

knockdown cells was increased and accompanied by a loss of directionality using a 

scratch wound assay. The second in vitro approach used were BOEC cultures. 

Circulating endothelial progenitor cells derived from patients’ blood have been 

described earlier and were further characterized by their ability to differentiate into 

mature EC under culturing conditions (Asahara et al. 1997). During the first week of 

culture, growth of early endothelial progenitor cells was observed followed by a 

second population of cells called late outgrowth endothelial progenitor cells or BOEC. 

These cells were characterized by a cobblestone like morphology and expression 

profiles similar to those of EC including endothelial markers (cluster of differentiation 

(CD) 31, VEGFR-2, VWF, VE-cadherin). Nowadays, BOEC are used for investigation 

of several diseases associated with dysfunction of EC (Ormiston et al. 2015) and 

BOEC of VWD patients were characterized by several groups.   

In BOEC of healthy controls, the amount of intracellular VWF levels and basal VWF 

release varied, but VWF protein released from BOEC correlated with VWF:Ag in 
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patients’ plasma (Selvam et al. 2017). Release of intracellular VWF could be induced 

by phorbol 12-myristate 13-acetate (PMA) leading to appearance of VWF strings at 

the cell surface. Multimeric analysis of VWF protein of BOEC showed the typical 

distribution of multimers in healthy individuals (Starke et al. 2013) or increase of 

HMWM due to absence of ADAMTS13 in culture (Wang et al. 2013). Most VWF was 

localized in tubules in WPB similar to findings on EC in tissues (Starke et al. 2013; 

Wang et al. 2013; Groeneveld et al. 2015; Selvam et al. 2017). These results were 

reproducible when using several isolations from one person.   

BOEC derived from VWD type 1 patients showed no morphological changes, but 

Starke et al. (2013) found lower VWF mRNA expression correlating with plasma 

levels of VWF:Ag. In contrast, Selvam et al. (2017) found increased VWF mRNA 

expression in BOEC of one patient but as in controls, release of VWF protein 

correlated with VWF:Ag in patients plasma. Phenotypes of BOEC cultures of VWD 

type 1 patients with different mutations of the VWF gene were heterogeneous  

(Starke et al. 2013). According to that, WPB were either normal or rounded. VWF 

production and basal secretion was either normal or reduced like response to PMA 

and formation of VWF strings on the cell surface (Wang et al. 2013;  

Selvam et al. 2017). Furthermore, Starke et al. (2011) observed increased tube 

formation and VEGF-dependent proliferation and migration compared to healthy 

controls. In contrast, Groeneveld et al. (2015) did not observe differences in migration 

velocity but impaired directionality and decreased total tube length. Furthermore, 

Selvam et al. (2017) observed varying proliferation and reduced migration velocity. 

Directionality was either normal or increased and total tube length did not differ.   

BOEC derived from VWD type 3 patients showed no detectable intracellular and 

released VWF protein. WPB were either not present or limited in number. VWF 

mRNA expression was either reduced or increased. Proliferation varied, migration 

velocity was reduced and directionality was increased. The total tube length did either 

not differ or was increased (Groeneveld et al. 2015; Selvam et al. 2017). These 

results reflect the wide heterogeneity of different phenotypes of BOEC derived from 

patients with the same VWD phenotype. Only some results, such as correlation of 

VWF protein release and VWF:Ag in patients’ plasma, seem to be valid for the entity 

of BOEC from VWD type 1 and 3 patients, respectively. To what extent findings on 

the angiogenic properties of BOEC correlate with occurrence of angiodysplasia in the 

patient had not yet been studied.  
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3.5.3 VEGF/VEGFR-2 system 

 

The VEGF family contains the four members VEGF-A, VEGF-B, VEGF-C and  

VEGF-D, of which all play a role in vasculogenesis, angiogenesis and 

lymphangiogenesis. Of these factors, VEGF-A is the major stimulating mediator of 

angiogenesis. This study concentrates on VEGF-A, which is further referred to as 

VEGF. VEGF can act via either VEGFR-1 or VEGFR-2 (Shibuya 2013). VEGF-Rs 

are tyrosine kinase receptors composed of an intracellular domain, a transmembrane 

region, and a ligand binding extracellular domain organized in immunoglobulin-like 

folds. As such, VEGFR-2 activity is regulated by the availability of ligands. Ligand 

binding is followed by auto-phosphorylation of the receptor and signal transduction 

via second messengers.   

During angiogenesis, VEGF increases permeability of blood vessels by loosening the 

junctions between neighboring EC, leading to fenestrations of blood vessels. To 

allow passage of larger molecules it also induces caveolae formation and formation 

of transendothelial pores. This function of VEGF is depending on nitric oxide 

production (Olsson et al. 2006). Additionally, it converts the extracellular matrix 

(ECM) into an angio-competent milieu. VEGF is upregulated under hypoxic 

conditions and its gradient influences tip and stalk cells by ensuring the maintenance 

of the respective cell type (Carmeliet and Jain 2011). Furthermore, it induces 

upregulation of integrin αVβ3 at the tip cells. Summed up, these actions enhance EC 

migration and proliferation (Hoeben et al. 2004).  

There is evidence that VEGF may play an important role in the development of 

angiodysplasia. Tan et al. (2012) examined patients with gastrointestinal bleeding 

due to angiodysplasia apart from VWD. They found VEGF protein expression only in 

gastrointestinal angiodysplastic lesions and not in healthy tissue and thus suggested 

that the increased expression might subsequently lead to abnormal stimulation of 

angiogenesis. These findings are substantiated by a study showing that suppression 

of VEGF by thalidomide led to reduction of gastrointestinal bleeding and 

angiodysplasia, which was demonstrated macroscopically (Bauditz et al. 2006). The 

VEGF/VEGFR-2 system was shown to play an important role in human placental 

angiogenesis as VEGF increases permeability of blood vessels and cell migration 

and was demonstrated to be expressed in varying patterns in the uteroplacental unit 

throughout pregnancy in the pig (Vonnahme et al. 2001) as well as in the human. 
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Beside angiogenesis, influence of VEGF on placental blood flow was suggested. This 

is supposed to be mediated via estrogen stimulation of VEGF production, which acts 

pro-angiogenic and stimulates nitric oxide production. Nitric oxide induces 

vasodilation via VSMC and acts in a positive feedback mechanism on VEGF 

production enhancing this effect as well as placental blood flow (Reynolds and 

Redmer 2001).  

VEGFR-2-signaling-dependent influence of VWF on angiogenesis was shown in 

HUVEC. These cells showed increased migration after VWF-knockdown, which was 

not seen when VEGFR-2 was inhibited. Additionally, increased proliferation due to 

VEGF stimulation was higher in VWF-knockdown HUVEC as well as in BOEC of 

patients with VWD type 1 and 2 compared to healthy controls. Both effects were not 

influenced by addition of soluble VWF. These results suggest that intracellular VWF 

inhibits EC migration and proliferation via VEGFR-2-signaling (Starke et al. 2011). 

Furthermore, VWD patients had significantly higher serum levels of VEGF than 

healthy controls (Gritti et al. 2011) and those of VWD type 3 patients were 

significantly higher than those of VWD type 1 and 2 patients (Groeneveld et al. 2018). 

3.5.4 Integrin αVβ3 

 

Integrins are transmembrane receptors (Argraves et al. 1986) and the pairing of 

different integrin subunits evokes specific binding to the ECM or other substrates as 

receptors on neighboring cells or soluble ligands mainly via the arginine-glycine-

aspartic acid sequence (Pytela et al. 1985), which also mediates binding of VWF 

(Cheresh 1987). Thus, integrin trafficking between the cell membrane and the 

cytoplasm decisively influences their function. Regarding EC, integrins crucially 

influence sprouting ability during angiogenesis (Weis and Cheresh 2011). In the 

adult, integrin αVβ3 is expressed on angiogenic EC in remodeling or pathological 

tissue but not in the quiescent vasculature (Brooks et al. 1995). Integrin αVβ3 consists 

of two protein subunits translated from the two genes ITGB3 and ITGAV  

(Du et al. 2010). On angiogenic EC, integrin β3 forms a complex with VEGFR-2 

leading to synergistic stimulation of angiogenesis due to growth factors as VEGF or 

the ECM (Mahabeleshwar et al. 2007). This makes presence of integrin αVβ3 

essential for full VEGFR-2 activity (Soldi et al. 1999). According to this observation, 

blocking of integrin αVβ3 can decrease angiogenesis and prevent maturation of 

vessels (Drake et al. 1995). However, it was also shown that use of an antagonist of 
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integrin αVβ3 led to enhanced VEGFR-2 recycling and thus increased presence of 

VEGFR-2 on the cell surface increasing the pro-angiogenic VEGF response 

(Reynolds et al. 2009). Additionally, integrin β3-knockout in mice led to a phenotype 

showing increased angiogenesis (Reynolds et al. 2002). This was suggested to 

constitute a compensatory increase of VEGFR-2 expression (Reynolds et al. 2005) 

and VEGF hypersensitivity (Weis et al. 2007). According to these results, mice 

expressing mutant integrin β3 did not show affection of VEGFR-2 signaling and thus 

reduced angiogenesis (Mahabeleshwar et al. 2008). These partly opposing results 

regarding blocking of integrin αVβ3 were supposed to be a consequence of the ability 

of integrin αVβ3 to bind both pro- and anti-angiogenic ligands. Furthermore, it can be 

expressed on the cell, but in an inactive form. Thus, the respective environment 

would determine if influence of integrin αVβ3 was mainly pro- or anti-angiogenic 

(Hodivala-Dilke 2008).  

Influence of VWF on integrin αVβ3 regarding its expression and trafficking was shown 

in HUVEC (Starke et al. 2011). VWF-knockdown in those cells led to decreased 

expression of ITGB3 mRNA as well as integrin β3 protein. Additionally, surface levels 

of integrin αVβ3 were decreased while internalization rates were increased. 

Furthermore, integrin αVβ3-dependent binding was decreased implicating functional 

defects. Latter result was not confirmed in BOEC of VWD patients  

(Selvam et al. 2017). Integrin αVβ3-dependent binding was not impaired. BOEC of 

one VWD type 1 and 2N patient, respectively, even displayed improved function of 

integrin αVβ3.  

Since integrins play a crucial role in cell differentiation, motility and attachment 

(Sheppard 2000) they are also crucially involved in implantation of the trophoblast 

(Lessey et al. 1996b). Integrin αVβ3 expression is depending on the ovarian cycle, 

regulated by estrogen and progesterone and in humans especially observed during 

the so-called “window of implantation” (Lessey and Arnold 1998). Furthermore, 

impaired integrin expression patterns of the endometrium are associated with 

infertility (Lessey and Arnold 1998). Integrin αVβ3 is expressed at the apical cell 

membrane of human endometrium (Lessey et al. 1996a) as well as at the outer 

surface of the embryo (Campbell et al. 1995) indicating interaction during attachment 

and invasion (Lessey and Arnold 1998). According to this, strong expression of 

integrin αVβ3 in the porcine endometrium was observed during mid-implantation, 

suggesting a role in implantation of the porcine embryo as well. As the expression 



3 General introduction 

25 
 

continued at least until day 25 after insemination, it might also be involved in embryo 

survival (Lin et al. 2007). 

3.5.5 ANG/TIE system 

 

Function of the ANG/TIE system and its components was researched in more detail 

during the last years, but still is not completely elucidated. In the human, this system 

consists of the two receptors Tie-1 and Tie-2 and their ligands Ang-1, Ang-2 and  

Ang-4, of which the latter has not been studied well yet. The main function of the 

system in general is supposed to be the enabling of EC to switch from a quiescent 

state to a state, in which they are approachable by angiogenic signals. The Tie 

receptors are predominantly expressed in EC. Additionally, Tie-1 expression is found 

in hematopoietic cell lineages and Tie-2 expression in a monocyte subpopulation, 

hematopoietic stem cells and muscle satellite cells (Eklund et al. 2017). As Ang-1 

and Ang-2 play different roles, Ang-1 is expressed by perivascular cells such as 

VSMC whereas Ang-2 is expressed by EC. By acting via Tie-2, Ang-1 maintains 

quiescence of EC, sheathing of blood vessels by perivascular cells and thus obtains 

the basement membrane and blood vessel density (Carmeliet and Jain 2011). 

However, overexpression of ANG1 leads to vascular remodeling resulting in blood 

vessels with a wider diameter and overexpression of TIE2 is causative for venous 

malformations. This underlines the context dependent role of Ang/Tie signaling.  

Ang-2 is released from tip cells in response to angiogenic stimuli such as VEGF 

during switch from a quiescent to an activated state. This is facilitated by its storage 

in the WPB of EC, along with VWF. It acts as an antagonist of Ang-1 signaling via 

Tie-2 and thus leads to detachment of perivascular cells and higher permeability of 

the blood vessels. Thus, Ang-2 subsequently enables sprouting (Augustin et al. 

2009). This antagonistic role is even promoted if the Ang-2/Ang-1 ratio is increased 

such as in the vasculature in disease. Furthermore, increased Ang-2 levels were 

connected to arteriovenous malformations (Redondo et al. 2007).  

Tie signaling is dependent on the microenvironment. If EC are in a quiescent state 

and tightly connected, angiopoietins induce a complex formation with Tie receptors in 

trans across the cell junctions. In contrast, if EC are mobile, Ang-1 bound to the ECM 

can activate Tie-2 on junctions between EC and the ECM promoting cell migration 

and matrix adhesion. Although no direct ligand of Tie-1 was discovered so far, Tie-1 

can inhibit Tie-2 presentation on the surface and thereby influence the phenotype of 
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tip cells and Ang-2 signaling (Eklund et al. 2017). In contrast to observations in tip 

cells, Tie-1 maintains Tie-2 signaling on remodeling EC in a cooperative manner and 

this coordination between both Tie receptors was found to be crucial in angiogenesis 

and remodeling (Savant et al. 2015). Furthermore, interaction of Ang-2 with  

integrin αVβ3 was suggested, as Ang-2/Tie-2 signaling promotes internalization and 

degradation of integrin αVβ3 and thus destabilization of blood vessels and 

angiogenesis (Thomas et al. 2010). 

In HUVEC, VWF-knockdown led to increased Ang-2 protein release  

(Starke et al. 2011) but Ang-2 plasma levels of VWD patients were significantly lower 

compared to controls (Groeneveld et al. 2015). Both groups suggested these findings 

to result from impaired storage of Ang-2 within the WPB. Selvam et al. (2017) 

demonstrated co-localization of Ang-2 and VWF in WPB of control BOEC. This 

storage was defective in all VWD BOEC examined. Furthermore, BOEC of all but one 

VWD type 1 and of all VWD type 3 patients showed enhanced ANG2 expression, but 

basal Ang-2 protein secretion was elevated in only half of the patients’ BOEC. Thus, 

they suggested that the impaired storage of Ang-2 would not primarily determine the 

basal release of the protein. 

3.6 Von Willebrand disease and female reproduction 

 

VWD affects female reproduction primarily because of the increased bleeding 

tendency, as physiological hemostasis is required during the menstrual cycle, 

pregnancy and delivery. It should be noted that females are more likely to be 

diagnosed with VWD than males (James et al. 2007; De Wee et al. 2010;  

Federici et al. 2014) putting even more emphasis on women’s issues.   

The most common symptom of women with VWD is menorrhagia (Kirtava et al. 2004; 

James 2005) as described in section 1 and VWD patients have a higher incidence of 

ovarian cysts, endometriosis, fibroids, endometrial hyperplasia, and other bleeding 

associated conditions (Kirtava et al. 2003). Ovarian cysts include hemorrhagic cysts, 

which are more likely to occur in VWD patients as they result from bleeding into the 

residual follicle after ovulation. Endometriosis can be evoked by retrograde bleeding 

during menstruation, which more likely occurs during heavy menstrual bleeding. 

Consequently, women with VWD are more likely to undergo hysterectomy than 

control cases (James 2007).  

VWF:Ag increases significantly in healthy women during pregnancy. Increase starts 
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in the first trimester and is most evident in the last trimester. This is supposed to 

happen to prepare for the hemostatic challenges during and after delivery  

(Castaman 2013). Most VWD type 1 patients also show a progressive increase of 

VWF:Ag up to physiological levels during pregnancy (Kadir et al. 1998) and are likely 

to reach those levels if they have VWF:Ag levels of > 30 IU/dl before pregnancy 

(Leone et al. 1975). If levels prior to pregnancy are < 20 IU/dl, patients tend to still 

range below physiological levels at the end of pregnancy and thus tend to bleed 

(Castaman et al. 2010). These insufficient increases are often linked to either 

autosomal dominant mutations of the VWF gene or to compounded heterozygous 

null or missense mutations. In contrast, patients with VWD type 3 do not show any 

increase of VWF:Ag levels during pregnancy as there are no endogenous reservoirs 

(Castaman 2013). Consequently, women with VWD are more often affected by 

postpartum hemorrhages (Kouides et al. 2000; Kirtava et al. 2003) directly 

postpartum and also more than 24 hours after delivery (James 2007).   

Up to now, there is only few data on miscarriages in VWD patients and most studies 

do not distinguish between treated and untreated patients. The normal rate of 

miscarriages in all pregnancies after clinical evidence of pregnancy is reported 

around 15 % (Warburton and Fraser 1964). If all conceptions before pregnancy is 

clinically determined are included, the rate rises up to 50 % (Edmonds et al. 1982). 

Ito et al. (1997) reported one spontaneous abortion out of ten pregnancies of six 

VWD type 1 patients (10 %). This woman was not treated for VWD previously, as she 

was diagnosed with VWD after the abortion occurred. In accordance with that, 

Castaman et al. (2010) observed two (6.5 %) spontaneous miscarriages in one 

woman with VWD type 2 during the first trimester accompanied by intermittent 

vaginal bleeding in a study of 31 deliveries in VWD patients. In contrast, Foster 

(1995) observed increased rates of miscarriages (22 %) in 69 pregnancies of VWD 

patients unresponsive to desmopressin treatment. Interestingly, miscarriages were 

clustered as ten out of 15 miscarriages affected only four women. According to that, 

Kadir et al. (1998) also found increased rates of miscarriages (21 %) in 84 

pregnancies in women with VWD, which all were accompanied by bleeding and 

occurred between week six and 16 of pregnancy. Furthermore, threatened 

miscarriage in the first trimester was reported in 33 % of VWD pregnancies, of which 

64 % were subsequently miscarried spontaneously. In a study including 55 deliveries 

of VWD patients and 402 deliveries in healthy women, miscarriages occurred slightly 
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more frequently in VWD patients (7.4 % versus 5.4 %) as well as bleeding 

complications in each trimester (Shahbazi et al. 2012). Kirtava et al. (2003) included 

86 VWD patients versus 70 healthy controls and observed an elevated rate of 

miscarriages in VWD patients (15 %) compared to controls (9 %). In the latest study 

by Skeith et al. (2017), 80 pregnancies of VWD patients were compared to 50 of 

healthy women. Incidence of miscarriages was with 25 % higher in VWD patients 

than in healthy women (16 %). None of the studies reports any underlying 

pathomechanisms for the observed miscarriages.   

Summing up, VWD influences female reproduction reflected by higher incidences for 

various pathologies of the reproductive tract compared to healthy women. There is 

first evidence of VWD increasing the rate of miscarriages, but studies including larger 

cohorts and more detailed information about severity and type of VWD as well as 

treatment prior to and during pregnancy are required.  

 

3.7 Porcine model of von Willebrand disease type 1 and 3 

 

The pig is widely used for modelling human diseases because of high similarities on 

the genetic, anatomic, and physiologic level. An identity of 85 % is found between the 

transcribed porcine and human genome with high functional similarity  

(Schomberg et al. 2016).   

The porcine model used in this study originates from a colony, of which was first 

reported in 1941 as swine with a “hemophilia-like disease” (Hogan et al.). As studies 

on these pigs continued, the disease was defined as an autosomal-recessively 

inherited type of VWD (Bowie et al. 1973). In 1976, the pigs were described to have 

severe VWD, when showing a bleeding time by ear incision of > 10 minutes, VWF:Ag 

levels of < 3 %, FVIII coagulant activity decreased to < 30 IU/dl and platelet retention 

decreased to ≤ 30 %. The heterozygous pigs were described to show no clinical 

bleeding, reduction of VWF:Ag by approximately 60 % and either normal or slightly 

decreased FVIII coagulant activity and platelet retention (Fass et al.). Later the 

homozygous pigs were described to be phenotypical identically to human VWD 

type 3 patients (Brouland et al. 1999). The disease causing mutation in this colony 

was recently identified as a tandem duplication of exons 17 and 18 of the VWF gene 

leading to a premature stop codon and subsequent nonsense-mediated decay of the 

mRNA (Lehner et al. 2018). The porcine VWF gene is located on chromosome five 



3 General introduction 

29 
 

with a protein alignment identity of 84 % to human VWF and an equal division of 

propeptide and mature VWF. Synthesis of VWF in EC and megakaryocytes as well 

as storage in and release from EC and platelets was confirmed for the pig  

(Nichols et al. 2010). Furthermore, distribution of VWF multimers comparable to 

humans as well as undetectable multimers in severe VWD are described. Thus, this 

pig model had successfully been used as a phenotypic model for human VWD  

(Denis and Wagner 1999).   

Hitherto, the porcine VWD model was mainly used to investigate disorders of 

thrombosis and hemostasis such as arteriosclerosis (Nichols et al. 1990) or 

thrombotic thrombocytopenic purpura (Sanders et al. 1995). Additionally, porcine 

models are frequently used to investigate disorders related to angiogenetic 

processes (Hacker et al. 2016; Potz et al. 2018; Wang et al. 2018).   

As this study puts focus on reproductive processes, advantages of a porcine model 

are a rather short generation interval of twelve months, sexual maturity of females at 

the age of five to six months, and large litter size (Schomberg et al. 2016) allowing 

comparison of different genotypes and phenotypes within the same litter. Humans 

and pigs differ regarding placentation type as humans develop a hemochorial 

placenta with invasion of the blastocyst and development of maternal blood 

sinusoids. In contrast, pigs develop an epitheliochorial placenta, which does not 

show degradation of the endometrium or invasion of the trophoblast. Thus, both the 

endometrium and trophectoderm stay intact during pregnancy and nutrition of the 

conceptuses is ensured by developing a large placental surface. However, stages 

prior to placentation and invasion of the trophoblast (apposition and attachment) are 

well comparable in both species (Bazer et al. 2009). In the porcine model used, 

affected pigs show a reduced litter size by 8 % (Fass et al. 1979). This was 

corroborated by the working group of Prof Drouet, Hôpital Lariboisière, France, where 

the average litter size is approximately eight to nine piglets and VWD type 3 sows 

often render sterile for so far unknown reasons (personal communication,  

Bal Dit Sollier 2018).  
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Abstract 

Von Willebrand disease (VWD), a blood coagulation disorder, was shown to 

additionally cause angiodysplasia. Hitherto, no animal model was described in which 

angiodysplasia can be studied in vivo. Additionally, VWD patients tend having a 

higher incidence of miscarriages for reasons unknown. Thus, we aimed to 

characterize influence of von Willebrand factor (VWF) on the female reproductive 

tract concerning histology, expression, and distribution of angiogenic factors using a 

porcine model for VWD types 1 and 3. The disease-causing tandem duplication 

within the VWF gene occurred naturally in these pigs, making them a rare and 

valuable model. Reproductive organs of six animals (two of each genotype) were 

harvested. Genotype plus phenotype were confirmed. Several angiogenic factors 

were chosen for possible connections to VWF and analyzed alongside VWF by 

immunohistochemistry and quantitative gene expression studies. VWD type 3 

animals showed angiodysplasia in the uterus and shifting of integrin αVβ3 from the 

apical membrane of uterine epithelium to the cytoplasm accompanied by increased 

vascular endothelial growth factor (VEGF) expression. Varying staining patterns for 

angiopoietin (Ang)-2 among the genotypes were observed. In the ovaries, decreased 

gene expression of ANG2 and increased gene expression of TIE (tyrosine kinase 

with immunoglobulin and epidermal growth factor homology domains) 2 was 

observed as well as changes within the ANG/TIE system among the genotypes. In 

conclusion, severely reduced VWF seems to evoke angiodysplasia in the porcine 

uterus. Varying distribution and expression of angiogenic factors suggest this large 

animal model as promising to investigate influence of VWF on angiogenesis in larger 

groups.  

Keywords: Angiogenic Proteins; Blood Vessels; Genitalia, Female; Models, Animal; 

Sus scrofa; Vascular Malformations 
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endothelial growth factor receptor-2; VSMC, vascular smooth muscle cells; VWD, von 
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Introduction 

 

With a prevalence of 1-2 % (Budde and Schneppenheim 2001) VWD is the most 

common inherited coagulation disorder. VWD type 1 usually follows an autosomal-

dominant inheritance, while the inheritance for the most severe VWD type 3 is 

autosomal-recessive (Ng et al. 2015). Individuals heterozygous for VWD type 3 are in 

some instances also classified as VWD type 1, as both phenotypes can be 

indistinguishable (Sutherland et al. 2009). Since VWF plays a main role in 

hemostasis, an increased bleeding tendency is the primary symptom in VWD 

patients. This affects the female reproduction system in various ways and may cause 

symptoms as menorrhagia, spontaneous vaginal bleeding during pregnancy, or 

excessive bleeding during and after delivery (James 2007; James and Jamison 

2007). Additionally, women affected by VWD show a trend toward higher rates of 

miscarriages (Kadir et al. 1998; Skeith et al. 2017), whereas the underlying 

pathomechanisms are unknown so far.  

In contrast to the reproductive tract, the impact of VWD on the gastrointestinal tract 

has been studied in more detail. 4.5 % of VWD type 3 patients develop a phenotype 

characterized by impaired angiogenesis (Fressinaud and Meyer 1993) leading to 

angiodysplastic lesions in the gastrointestinal tract or the nail fold  

(Koscielny et al. 2000) and angiodysplasia has been proven to be causal for 

gastrointestinal bleeding in up to 20 % of VWD patients (Selvam and James 2017). 

As the reasons for development of angiodysplasia in these patients remain elusive so 

far, treatment options are still insufficient (Franchini and Mannucci 2013). Although 

previous in vitro studies and studies in knockout mice revealed first evidence for 

pathways possibly connecting VWF and angiogenesis, angiodysplasia was described 

in none of the models (Starke et al. 2011; Yuan et al. 2016; Selvam et al. 2017). In 

those studies, VWF-deficient endothelial cells (ECs) showed enhanced angiogenic 

properties due to increased VEGFR (vascular endothelial growth factor receptor)-2 

signaling. A model of pathways connecting VWF with angiogenesis and vessel 

maturation via Ang-2, the receptor tyrosine kinase Tie-2, integrin αVβ3 and VEGFR-2 

was developed (Randi 2016), but there might be more angiogenic factors not yet 

studied in this context (Fig. 1). For example, the still not completely elucidated 

ANG/TIE system (also including Ang-1 and Tie-1 (James and Jamison 2007)) is 

essential for angiogenesis, vessel maturation and remodeling (Augustin et al. 2009) 
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and as VEGFR-2 shows a connection to VWF, its strong ligand and major regulator 

of angiogenesis VEGF (Shibuya 2013), may also be considered to be influenced by 

VWF. However, for a better understanding of the mechanisms leading to the vascular 

malformations there is a demand for a model in which the connections of VWD and 

angiodysplasia can be studied in vivo in a systemic approach.  

Considering these previous findings as well as available data on miscarriages in 

VWD patients, we hypothesize that impaired angiogenesis might be involved in the 

fertility of female VWD patients. This might influence (I) ovulation and development of 

sufficient corpora hemorrhagica as well as corpora lutea, (II) the process of 

implantation and/or (III) angiogenic processes during placentation leading to impaired 

nutrition of the fetuses and (IV) the development of a receptive endometrium. The 

porcine model is more suitable for our purposes than a murine model, as embryos in 

VWD-affected pigs show an increased intrauterine embryo mortality (Fass et al. 

1979), while the litter size is normal in VWD-affected mice (Denis et al. 1998). The 

intrauterine mortality as well as difficulties in breeding of VWD type 3 sows hampers 

the provision of large animal numbers for conducting animal studies. Nonetheless, 

we were able to characterize two animals of each genotype in this study with the aim 

to determine if this model is suitable to investigate the influence of VWF on the 

female reproductive tract in vivo at a sufficient scale in a large animal model. We 

demonstrate altered blood vessel conformation in the uterus of VWD type 3 animals 

and varying gene expression and protein distribution of several angiogenic factors 

among the genotypes. 

 

Methods 

 

Sampling 

 

Samples were provided by the Thrombosis and Atherosclerosis Unit of the Blood and 

Vessels Institute, Hôpital Lariboisière, Paris, France. Tissues were harvested from six 

female pigs aged between seven and 15 months, carrying a natural nonsense 

mutation of the VWF gene (Lehner et al. 2018). These pigs were part of a colony 

originating from Mayo Clinic (Rochester, Minnesota, USA by collaboration with 

E.J.W. Bowie). All animal experiments had been approved by the French Ethical 

Committee for Animal Experimentation as well as the French Ministry of Research, 

Department of Animal Experimentation and Project Authorization (approval number: 
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0130001) and were performed in accordance with relevant guidelines and 

regulations. Of the examined animals for this study, two were heterozygous for the 

VWF mutation (corresponding to VWD type 1), two were homozygous (corresponding 

to VWD type 3) and two were wildtype (WT) individuals, serving as controls. The 

samples of the six animals are referenced by a combination of the respective 

genotype (WT, V1, V3) and a number indicating the respective pig (1, 2). Samples of 

both uterus horns, both ovaries and both oviducts (ampulla and isthmus) were taken 

immediately after euthanasia. To minimize the influence of the female cycle, all pigs 

were euthanized in late estrus. 

Validation of phenotypes and genotypes 

Blood was collected in 3.2 % citrate, and plasma was prepared in a standard manner. 

VWF antigen (VWF:Ag) levels were measured using the STA®-Liatest® vWF:Ag test 

kit (Diagnostica Stago S.A.S, Asnières sur Seine, France) adapted for usage in pig. 

DNA was isolated using the Maxwell®16 system and the 16 LEV Blood DNA Kit 

(Promega GmbH, Mannheim, Germany). The genotype of each pig was determined 

using quantitative real time PCR (qPCR) and the ΔΔCT method by comparing the 

amount of PCR product of the mutant VWF gene to 12 VWD type 3 pigs of the same 

colony previously published by our group (Lehner et al. 2018). 

Tissue processing for histological examinations 

Tissue samples were fixed in neutral buffered formalin, dehydrated, and embedded in 

paraffin wax. For hematoxylin-eosin (HE), immunohistochemical and immuno-

fluorescent staining sections of 3-5 µm thickness were cut and transferred to slides. 

HE-staining 

HE-staining was conducted according to standard procedures. The histological 

evaluation of the sections was done by light microscopy using the Axioskop (Carl 

Zeiss Jena GmbH, Jena, Germany) with the camera DP 70 and the corresponding 

software (Olympus Europa GmbH, Hamburg, Germany). 

Immunohistochemistry (IHC) 

The angiogenic factors Ang-1 and -2, Tie-1 and -2, integrin αVβ3 (consisting of the 

two components integrin αV and integrin β3), VEGF and VEGFR-2 as well as VWF 
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were analyzed in tissues from porcine uterus, oviduct and ovaries, respectively. 

Sections were treated according to standard procedures (for specifications see Tab. 

1). All antibodies were polyclonal. The incubation with primary antibody diluted in 

phosphate buffer solution + 1 % bovine serum albumin was done overnight at 4 °C in 

a humidity chamber. DAB (3,3’-diaminobenzidine) was added for visualization. All 

sections were counterstained with Delafield’s hematoxylin. As negative controls, the 

primary antibody was replaced by pure dilution medium and IgG controls were 

implemented for all antibodies, respectively. Assessment of the staining intensity and 

patterns was done semi-quantitatively by blinded light microscopic analysis. At least 

two sections per animal and tissue were stained and evaluated by cell types relevant 

for the different tissues. Staining intensity was scored 0 (= none), 0.5 (= very weak), 1 

(= weak), 2 (= moderate) and 3 (= strong) for each cell type. To evaluate uterine and 

oviduct tissues, randomly chosen areas were assessed on each slide until every cell 

type included in the analysis (uterine epithelial cells (UE), glandular epithelial cells 

(GE), oviduct epithelial cells (OE), ECs and vascular smooth muscle cells (VSMC)) 

had been scored five times at different positions on the slides. To evaluate ovary 

tissues, two follicles of each type (primary, secondary, and tertiary follicles) and two 

corpora lutea were randomly chosen (if present) and granulosa and theca cells or 

luteal cells were scored. Additionally, five blood vessels were randomly chosen to 

score their ECs and VSMC. The evaluation was performed dually and the mean of 

the staining intensity for each cell type of the different genotypes was calculated. 

Immunofluorescence 

Immunofluorescence was performed for each one WT, VWD type 1, and both VWD 

type 3 individuals (WT-1, V1-1, V3-1, V3-2). For immunofluorescent double-staining 

for VWF and DAPI, slides were dewaxed according to standard procedures. Antigen 

retrieval, blocking, and incubation with the primary antibody were done as described 

for IHC. As secondary antibody goat anti-mouse IgG Alexa Fluor® 546 (Invitrogen, 

Waltham, USA) was used and cell nuclei were visualized with DAPI by fluorescent 

microscopy (Axiovert 200M and according software, Carl Zeiss Jena GmbH). 

Gene expression 

Expression of genes specified in Table 2 was quantified using qPCR. One sample of 

each reproductive organ of each pig was placed in RNAlater RNA-stabilizing solution 
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immediately after harvesting. RNA was isolated using the Maxwell®16 system and 

the Tissue LEV Total RNA Purification Kit (Promega GmbH). Transcription of RNA to 

cDNA was performed using the GoScript™ Reverse Transcription System (Promega 

GmbH). Procedures were performed as suggested in the manufacturer’s manual. 

Specific primers (Tab. 2) were designed based on the sequence of each chosen 

gene (NCBI Nucleotide Database; https://www.ncbi.nlm.nih.gov/). For ITGB3, 

different primers were designed or chosen from literature (Du et al. 2010). The 

expression of all genes analyzed in this study mainly takes place in blood vessel 

correlated cells, which results in mRNA amounts of these genes influenced by the 

number of vessels in each sample. Thus, standard housekeeping genes, which are 

uniformly in all tissue types, were not suitable for normalization of the mean CT 

values in this study. Therefore, we chose the endothelial specific genes PROCR 

(protein c receptor) and CD31 (platelet and endothelial cell adhesion molecule 1) as 

housekeeping genes. All primers were obtained from Eurofins Genomics (Louisville, 

USA). For performing qPCR, a LightCycler® 2.0 (Roche Pharma AG, Reinach, 

Switzerland) was used. Results were calculated from the threshold cycle (CT) for 

each sample. All assays were performed in duplicates. After ensuring a deviation of 

both values below 5 %, the mean CT value was calculated.  

Data evaluation 

The means for both housekeeping genes were used to calculate the relative 

expression levels by the ΔΔCT method (Livak and Schmittgen 2001). The relative 

changes of gene expression were calculated for each individual animal, using the 

mean of the WT individuals as calibrator leading to the ΔΔCT values and the x-fold 

changes (2-ΔΔCT) compared to the WT mean. To compare the gene expression levels 

of WT animals with VWD animals, the differences between expression levels 

relatively to the WT mean of 100 % (or 1-fold expression) of both animals were 

calculated for each tissue and each gene. Expression levels of VWD animals were 

compared only if the difference of the x-fold expression between both WT animals 

was <50 %. Since effects of components of the ANG/TIE system notably rely on their 

ratio to each other (Augustin et al. 2009), the variation of relative gene expression 

ratios among the genes of the ANG/TIE system was determined for each individual. 

Therefore, the ΔΔCT was calculated between the respective genes for each individual 

sample, resulting in the x-fold change. Means and standard errors of the means 
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(SEM) of IHC and qPCR data were generated using SAS® Enterprise Guide, Version 

7.1 (SAS Institute Inc., Cary, USA). 

 

Results 

Characterization of wildtype animals WT-1 and WT-2 

VWF. The sows were aged 15 (WT-1) and 13 (WT-2) months at time of sacrifice and 

had VWF:Ag Plasma levels of 103 % and 112 %, respectively. Tissue contained no 

mutant VWF gene product. Immunofluorescent staining of VWF in the wildtype 

animal showed strong and grained staining patterns (Fig. 3A). Immunohistochemical 

staining for VWF revealed moderate to strong (ovary) or strong (uterus (Fig. 3B) and 

oviduct) staining of ECs. Additionally, staining of the apical membrane (AM) of UE 

and OE was found in the WT animals only.  

Histology. HE-staining of all organs revealed physiological architecture of tissue and 

blood vessels (Fig. 3E).  

Gene expression. In the uterus, the difference of gene expression between both 

animals was > 56 % for all genes except VEGF and TIE2, which showed differences 

of < 1.6 %. In the oviduct, continuously opposing observations were made for both 

WT animals. While animal WT-1 showed gene expression levels below the WT mean 

for all genes, animal WT-2 showed increased levels for all genes and the difference 

was ≥ 248 % except for TIE2 (19 %). In the ovary, the difference of gene expression 

between both WT animals was ≤ 23 % for VEGFR2, ANG2 and TIE2 (Fig. 2A). qPCR 

using three pairs of primers (ITGB3 I – III) did not show measurable gene expression 

in most samples. When an additional fourth pair of primers chosen from literature  

(Du et al. 2010) did result in measurable results neither, we assume these results 

reflect a non-existent ITGB3 gene expression in the respective samples.  

Protein expression and distribution. In the uterus, integrin αVβ3 was located at the 

epithelial AM only in WT animals, while there was no or very weak cytoplasmic 

staining of UE (Fig. 3K; 3L). Ang-2 showed very weak (WT-2) (Fig. 3H) and no 

staining (WT-1) of the epithelial AM (Fig. 3F) and was located in the cytoplasm of UE 

and GE (Fig. 3J). Ang-1 displayed moderate to strong (UE) and weak (GE) staining 

intensity of the AM. Tie-1 stained very weakly in ECs and VSMCs, but moderately to 

strongly at the AM of GE. No staining of cytoplasm of UE and GE was seen. In the 
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oviduct staining intensity of integrin αVβ3 contrasted with the uterus weak (WT-1) or 

weak to moderate (WT-2) in the cytoplasm of OE and only very weak in the epithelial 

AM. For Ang-2, WT animals showed very weak (WT-1) (Fig. 3G) and weak (WT-2) 

(Fig. 3I) staining of the cytoplasm of OE only (Fig. 3J). Tie-1 stained very weakly in 

ECs of both WT animals but not in VSMC. As in GE, the AM was stained, but only 

with weak to moderate intensity. The ovary did not show any trends for both WT 

animals.  

Summary. VWF protein was detected clearly in immunofluorescent staining and 

immunohistochemistry. Histology of blood vessels was physiological. Differences in 

gene expression of < 50 % accounting for analyzable results were observed for 

VEGF and TIE2 in the uterus, for TIE2 in the oviduct, and for VEGFR2, ANG2, and 

TIE2 in the ovary. Integrin αVβ3 was located at the uterine epithelial AM and very 

weak at the oviduct epithelial AM. Staining of Ang-2 of the AM was very weak or 

absent in UE. It was located in the cytoplasm of UE, GE and OE. 

Comparative characterization of VWD type 1 animals V1-1 and V1-2 

VWF. The sows were 13 (V1-1) and 7.5 (V1-2) months old at time of sacrifice and 

had VWF:Ag Plasma levels of 20 % and 34 %, respectively. Tissue contained 43.4 % 

and 40.5 % of the mutant VWF gene product compared to the reference group and 

therefore corroborated the identified genotype (Lehner et al. 2018). The amount of 

VWF mRNA in the reproductive organs ranged from 7.6 % to 34.6 % (V1-1) and from 

4.7 % to 78.6 % (V1-2) compared to the wildtype mean (Fig. 2B) and in any case 

below the WT mean. Immunofluorescent staining of VWF in the VWD type 1 animal 

showed the same staining patterns as observed in the wildtype animal (Fig. 4A). 

Immunohistochemical staining for VWF revealed moderate (oviduct), moderate to 

strong (ovary) or strong (uterus) (Fig. 4B) staining of ECs. In contrast to WT animals, 

no staining of the epithelial AM was found.  

Histology. As for the WT animals, HE-staining of all organs revealed physiological 

architecture of tissue and blood vessels (Fig. 4C).  

Gene expression. In the uterus, the VEGF expression level ranged below that seen 

in the WT animals for animal V1-1 but above them for animal V1-2. The reverse trend 

was found for TIE2. In the oviduct, both VWD type 1 animals displayed increased 

TIE2 expression compared to the WT animals of 1.6-fold (V1-1) and 1.3-fold (V1-2) 

compared to the WT mean. In the ovary, there were no obvious differences in 
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expression levels between VWD type 1 and WT animals for VEGFR2, ANG2 and 

TIE2. 

Protein expression and distribution. In the uterus, in contrast to WT animals, 

integrin αVβ3 was not located at the epithelial AM and staining of the cytoplasm of UE 

was weak (V1-1) and very weak (V1-2) (Fig. 4K; 4L). Staining of Ang-2 of epithelial 

AM in both VWD type 1 animals was moderate (Fig. 4F; 4H; 4J) and hence stronger 

than in WT animals. Ang-1 staining was comparable to the one seen in WT animals 

and showed moderate to strong staining of the epithelial AM but only weak (V1-1) or 

no (V1-2) staining of the AM of GE. Tie-1 staining intensity was similarly to the one in 

WT animals and thus displayed very weak staining in VSMC and very weak (V1-2) or 

weak staining in ECs, but moderate (V1-1) and moderate to strong (V1-2) staining at 

the AM of GE. As in WT animals, no staining on UE and GE was seen. In the oviduct, 

staining intensity and distribution of integrin αVβ3 was comparable to the conditions 

found in WT animals. The cytoplasm of OE stained weak (V1-2) or weak to moderate 

(V1-1) and the epithelial AM stained weakly (V1-1) and very weakly (V1-2). While 

animal V1-2 did not display any staining for Ang-2 (Fig. 4i), animal V1-1 showed 

weak staining of the cytoplasm of OE (Fig. 4G; 4J) as seen in animal WT-2. Tie-1 did 

not stain ECs or VSMC but showed strong (V1-1) and moderate to strong (V1-2) 

staining of the AM and thus stronger than seen in WT animals.   

Summary. VWF expression ranged below WT mean but VWF protein was detected 

clearly in ECs. Histology of blood vessels was physiological. TIE2 expression was 

increased in the oviduct. Integrin αVβ3 was located in the cytoplasm of UE and very 

weak at the oviduct epithelial AM. Ang-2 showed moderate staining of the uterine 

epithelial AM. 

Comparative characterization of VWD type 3 animals V3-1 and V3-2 

VWF. The animals were 15 (V3-1) and 8.5 (V3-2) months old at time of sacrifice and 

both had VWF:Ag Plasma levels of < 3 %. Tissue contained 89.1 % and 89.9 % of 

the mutant VWF gene product compared to the reference group and therefore 

corroborated the identified genotype (Lehner et al. 2018). The amount of VWF mRNA 

in the reproductive organs ranged from 0.8 % to 25.9 % (V3-1) and from 2.1 % to 

4.5 % (V3-2) compared to the wildtype mean (Fig. 2C), which is partly overlapping 

with the VWD type 1 animals, but not with WT animals and always below the WT and 

VWD type 1 mean. Mild profuse to no immunofluorescent staining was seen in the 
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ECs of the VWD type 3 animal (Fig. 5A). Immunohistochemical staining for VWF in 

ECs varied between both animals and the different organs. In uterus (Fig. 5B) and 

ovary, staining was very weak and weak, in the oviduct weak (V3-1) and weak to 

moderate (V3-2). As in VWD type 1 animals, no staining of the epithelial AM was 

found.  

Histology. In the entire lamina propria and in particular close to the uterine 

epithelium groups of blood vessels with a noticeable wider diameter were a frequent 

occurrence. Those vessels were surrounded either by a tunica media comprising 

several layers of VSMC or by a rather thin tunica media with only few layers of VSMC 

(Fig. 5C). No differences in size or number of blood vessels were found in the ovaries 

or oviduct.  

Gene expression. In the uterus, VEGF showed expression levels 4.2- and 1.4-fold to 

the ones detected in WT animals. In the oviduct, no clear trend was found for TIE2. In 

the ovary, ANG2 expression of both VWD type 3 animals ranged below the one of 

WT and VWD type 1 animals (0.1- and 0.5-fold compared to WT mean). In contrast, 

TIE2 expression ranged above the one of both WT and VWD type 1 animals (both 

1.6-fold compared to WT mean) (Fig. 2C).  

Protein expression and distribution. As in VWD type 1 animals, integrin αVβ3 in the 

uterus was not located at the epithelial AM. Staining of the cytoplasm of UE was 

moderate and thus stronger than in VWD type 1 animals (Fig. 5I; 5K). Staining of 

Ang-2 of epithelial AM varied in both animals and was either not seen (V3-1) (Fig. 

5D) or moderate to strong (V3-2) (Fig. 5D; 5F). Ang-1 staining of the epithelial AM 

varied and was either moderate to strong (V3-2) or very weak (V3-1). Comparable to 

the conditions in VWD type 1 animals, staining of the AM of GE was very weak (V3-

1) or not seen (V3-2). Tie-1 staining in VSMC was similarly to the one in WT and 

VWD type 1 animals weak (V3-1) or very weak (V3-2) and staining in ECs was weak 

(V3-1) but also moderate (V3-2). Very weak (V3-1) or weak (V3-2) cytoplasmic 

staining of UE and GE was seen in VWD type 3 pigs only. In the oviduct, cytoplasm 

of OE stained weak to moderate for integrin αVβ3 as in WT and VWD type 1 animals, 

but no staining of the AM was found. Only VWD type 3 animals displayed weak to 

moderate and moderate staining of the cytoplasm of OE for Ang-2 and were the only 

group showing staining of the AM (Fig. 5E; 5G; 5H). For Tie-1, ECs stained weakly 

(V3-1) or weakly to moderately (V3-2). Comparably to the one in VWD type 1 

animals, staining of the AM was moderate (V3-1) or moderate to strong (V3-2).  
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Summary. VWF expression ranged below WT and VWD type 1 mean. Staining for 

VWF protein in ECs was weaker compared to WT and VWD type 1. Altered histology 

of blood vessels in the uterine lamina propria was found in both animals. VEGF 

expression was increased compared to WT in the uterus. ANG2 expression was 

decreased and TIE2 expression was increased compared to WT and VWD type 1 in 

the ovary. Integrin αVβ3 was not located at the uterine and oviduct AM and showed 

stronger staining of the cytoplasm of UE compared to WT and VWD type 1. Both 

animals showed staining of the AM of OE for Ang-2. 

ANG/TIE system ratios 

A relatively higher expression of ANG2 over ANG1 was shown for all but three 

tissues (uterus of animal WT-2 and ovaries of animals WT-1 and V3-1). A particularly 

high expression of ANG2 relatively to ANG1 (25.1-fold compared to ANG1) was 

found in the ovary of animal V3-2. In contrast, the ovary of animal V3-1 displayed a 

relative overexpression of ANG1 over ANG2 (0.6-fold expression of ANG2 compared 

to ANG1). Both VWD type 1 animals showed stronger overexpression of ANG2 

compared to ANG1 (2.2- and 4.9-fold) than both WT animals (0.6- and 1.9-fold). 

Furthermore, only in the ovary tissues of both VWD type 3 animals, a higher 

expression of ANG1 over TIE2 was seen (expression of ANG1 compared to TIE2 

2.0- and 4.5-fold vs. VWD type 1 0.2- and 0.5-fold, and WT 0.1- and 0.2-fold). No 

trends were found for other relations within the ANG/TIE system. 

Discussion 

This study aimed to characterize a porcine model for VWD type 1 and 3 to further 

investigate its influence on angiogenic mediators focused on the female reproductive 

tract. Our results demonstrate an influence of VWD on the female reproductive 

organs in the investigated model. In a first step, the phenotypes and genotypes of the 

samples were confirmed to establish a basis for in vivo experiments with respect to 

VWD and female reproduction. The genetic test by quantification of the mutant VWF 

PCR product (Lehner et al. 2018) matched with the genotype determination by blood 

VWF:Ag levels and therefore seems to provide reliable results to determine the 

genotype of the animals. These results were further confirmed by immunofluorescent 

and immunohistochemical staining for VWF, which was very weak to weak in the 

VWD type 3 animals. VWD type 1 and wildtype animals differed by the staining of the 
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epithelial AM, which was present only in wildtype pigs. Concerning the amount of 

VWF gene expression, a clear discrimination was only possible between WT and 

VWD type 3 animals. Results of VWD type 1 animals overlapped with WT as well as 

VWD type 3 animal, which is probably caused by different stages of nonsense-

mediated mRNA decay of the mutant VWF allele among the samples. Nonsense-

mediated mRNA decay is a mechanism, which degrades complete mRNAs that 

contain a premature stop codon 50 or more nucleotides upstream of the final exon–

exon junction (Hug et al. 2016). This applies for the causal porcine VWD mutation, a 

big intragenic duplication causing a frameshift and a premature termination (Lehner 

et al. 2018). The granulated staining pattern of VWF in WT and VWD type 1 animals 

indicates staining in Weibel-Palade bodies (WPBs) (Weibel 2012) and thus missing 

granules in immunofluorescent staining indicate a loss of WPBs in that group. 

The occurrence of angiodysplastic lesions has most frequently been described in the 

gastrointestinal tract of VWD patients (Selvam and James 2017), but also in the nail 

fold (Koscielny et al. 2000) or the nasal mucosa (Quick 1967). However, studies 

investigating angiodysplastic lesions in different tissue types of animal models for 

VWD are rare. Enhanced angiogenesis due to VWF-knockout was described in mice  

(Starke et al. 2011) and the detection of fecal occult blood in mice carrying a VWF 

mutation (Denis et al. 1998) might indicate the presence of angiodysplastic lesions in 

their gastrointestinal tract (Makris 2006).  

However, this study is the first to report angiodysplastic lesions of arteries and veins 

in an animal model for VWD. We identified angiodysplasia in both VWD type 3 pigs 

examined. Many blood vessels in the lamina propria of both uteri were notably dilated 

and thin-walled with a wider diameter. Therefore, this animal model allows in vivo 

investigations of the connection between VWF and angiodysplasia for the first time. 

In addition to these histological changes, alterations concerning expression and 

distribution of investigated angiogenic factors were identified on genetic and protein 

level.  

A shift of integrin αVβ3 from the apical cell membrane to the cytoplasm in VWD type 3 

animals was mainly seen in the uterus but also in the oviduct. A decreased gene 

expression of the integrin αVβ3 component ITGB3 was detected in one of the VWD 

type 1 (all tissues) and both VWD type 3 pigs (all tissues but one tissue sample). All 

pigs considered, both VWD type 3 pigs showed the lowest ITGB3 expression (0-fold 
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to 0.14-fold compared to WT mean) for all tissues except from one uterus sample. 

Both findings are in accordance with a previous in vitro study, in which internalization 

of the integrin αVβ3 protein as well as an decreased gene expression was shown in 

human umbilical vein ECs after VWF-knockdown (Starke et al. 2011). Integrin αVβ3 is 

compounded of proteins translated from the genes ITGB3 and ITGAV. As reviewed 

(Weis and Cheresh 2011), the different integrin subunits have several functions in 

physiological as well as pathological angiogenesis, also depending on the 

microenvironment. Therefore, it must be taken into consideration that VWF might 

influence angiogenesis not only via the β3-subunit, as suggested by Starke et al. 

(2011), but also via the αV-subunit. We investigated the expression of ITGAV, but WT 

animals showed variation of 56 %. As only data ensuring a variation of < 50 % and 

no overlapping among the genotype groups were included in the interpretation of our 

results, we were not able to reveal a clear trend for this gene. The polyclonal 

antibody used for IHC of integrin αVβ3 allows no discrimination between its subunits 

integrin αV and integrin β3. However, our observations made on porcine UE 

correspond to findings in human umbilical vein ECs (Starke et al. 2011), supporting 

the hypothesis of VWF promoting stabilization of integrin αVβ3 on the cell surface. 

Beyond the influence on angiogenesis, the role of integrin αV and integrin β3 in 

reproductive processes such as implantation of the embryo is noteworthy (Pozzi and 

Zent 2003). While the fundamental role of integrins in establishment of uterine 

receptivity was described earlier (Lessey and Arnold 1998), both integrin-subunits 

were shown to be expressed in the porcine endometrium at least until day 25 after 

insemination (Lin et al. 2007). This allows the presumption that the described 

differences among the genotypes concerning integrin αVβ3 distribution in the UE may 

also influence uterine receptivity. Whether the loss of apical staining for VWF in the 

affected animals in UE and OE might also affect these processes requires further 

investigation. 

VWD type 3 animals showed increased gene expression of VEGF in the uterus 

compared to WT animals, but no trends were seen in IHC. It was already proposed 

that VWF acts on angiogenesis via the VEGF/VEGFR-2-pathway (Starke et al. 2011; 

Randi and Laffan 2017). Connecting this pathway to our findings concerning integrin 

αVβ3 mentioned above, mice lacking integrin β3 show over-sensitivity of VEGFR-2 to 

VEGF (Reynolds et al. 2002). In contrast, interaction of VEGFR-2 and integrin αVβ3 

was described to be crucial for full VEGFR-2 activity (Soldi et al. 1999). These 
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bimodal effects of integrin αVβ3 in connection with the influence of VWF on its activity 

remain speculative so far. Presumably, the internalization of the β3-subunit found in 

vitro (Starke et al. 2011) mimics the situation of a β3-knockout and thus leads to 

VEGFR-2-hypersensitivity for VEGF as well. Since VEGF is a potent proangiogenic 

ligand of VEGFR-2 (Shibuya 2013), this influence on sensitivity of the receptor 

accompanied by higher VEGF expression seen in the uteri of VWD type 3 animals 

may lead to an additive effect resulting in angiodysplastic blood vessels due to 

excessive VEGF/VEGFR-2-signalling (Fig. 1). Furthermore, significantly higher VEGF 

plasma levels were recently found in human VWD type 3 compared to VWD type 1 

and 2 patients (Groeneveld et al. 2018). Fragility of capillaries caused by an 

overexpression of VEGF was described earlier (Schwarz et al. 2000). Thus, our 

results support the hypothesis that a lack of VWF may alter angiogenesis via 

increased VEGF expression and VEGFR-2 signaling. 

Another important factor connecting VWF and angiogenesis is Ang-2 (Randi 2016). 

In our study, the IHC staining patterns of Ang-2 indicate a modified distribution of this 

protein. This is in concordance with in vitro findings on varied Ang-2 secretion and 

storage among genotypes as well as among individuals (Selvam et al. 2017). This is 

supposed to be mediated by alterations of the WPBs. VWF is required for 

maintenance of WPBs, but vice versa, size of WPBs has an influence on VWF 

function (Ferraro et al. 2016) and possibly function of other stored proteins. Among 

the genotype groups in our study, variation of Ang-2 protein distribution was obvious 

in UE, GE, and OE, but not in ECs. In blood outgrowth ECs of VWD patients, altered 

intracellular staining of Ang-2 has been described. However, this was not necessarily 

in accordance with ELISA data (Selvam et al. 2017). In our VWD type 3 animals, 

ANG2 expression in the ovary ranged below WT and VWD type 1 animals. 

Conversely, ANG2 expression was increased in all VWD type 3 blood outgrowth ECs 

and some VWD type 1 blood outgrowth ECs. However, gene expression did not 

necessarily correlate with basal secretion levels, which were also reduced in some 

samples (Selvam et al. 2017). In other tissues, expression differences of ANG2 

between both WT animals was > 100 % and thus not compared to the VWD affected 

animals. Regarding Ang-1 protein, we found increased or decreased amounts at the 

uterine epithelial AM in the VWD type 3 animals depending on the individual. Thus, 

based on our findings, the ANG/TIE system requires cell type specific 

characterization.   
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For the members of the ANG/TIE system, clear trends of the gene expression levels 

were only seen in the ovary. Expression of ANG2 was lower in the VWD type 3 

animals. Ang-2 acts as an antagonist of Ang-1/Tie-2-signaling. Therefore, higher 

ANG2 levels associated with angiodysplasia would be expected, as Ang-2 leads to 

an activated phenotype of ECs, which allows plasticity of the endothelium (Augustin 

et al. 2009). This was already shown in humans with sporadic small bowel 

angiodysplasia (Holleran et al. 2015), in connection with reduced VWF in human 

umbilical vein ECs (Starke et al. 2011) and blood outgrowth ECs  

(Selvam et al. 2017), and also tissue specific in the heart of VWF-knockout mice 

(Yuan et al. 2016). However, the unexpectedly decreased ANG2 expression in our 

VWD type 3 animals was accompanied by simultaneously decreased ANG1 

expression. Thus, ANG2 expression was in animal V3-2 still relatively higher than 

ANG1 expression and this relative difference was even more pronounced than in the 

other animals. Conversely, animal V3-1 displayed relative overexpression of ANG1. 

The impact of this ratio remains speculative so far, as no angiodysplasia was found in 

the ovaries of this animals but it might contribute to the histological alterations 

observed.  

Our study is the first one investigating alterations concerning Tie-1 and -2 due to 

VWD. The increased expression of TIE2 seen in the ovaries of VWD type 3 animals 

indicates the involvement of ANG1-TIE2 signaling. Overexpression of TIE2 was 

described earlier in venous malformation (Vikkula et al. 1996) and altered dermal 

angiogenesis (Voskas et al. 2005). The latter observations were accompanied by 

increased ANG1 expression. Looking at the ratios we also found a relatively higher 

expression of ANG1 over TIE2 in VWD type 3 animals only. Thus, not only increased 

activation of Tie-2 due to higher secretion of Ang-2 should be considered in terms of 

connecting VWF and angiogenesis as suggested by Randi (Randi 2016), but also the 

ratios within the ANG/TIE system. Further evidence for pathways connecting VWF 

and the Tie receptors is given by the varying staining patterns observed for Tie-1. 

Examination of a higher number of animals will be necessary to validate our findings, 

as this study is limited in number of animals studied. However, we were able to show 

a comprehensive discrimination between the different genotypes due to VWF 

associated characteristics on genetic as well as protein level. Therefore, animals in 

this model can be chosen in order to minimize variation concerning VWF geno- and 
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phenotype ahead of sacrifice. The related angiogenic factors examined showed 

higher variations. Although higher numbers of animals will be necessary to verify 

those first observations, the presence of angiodysplasia as seen in the uteri of VWD 

type 3 animals is very likely related to the trends for differences among the genotypes 

shown. This indicates an influence of VWF on angiogenesis in the female 

reproductive tract demonstrated here for the first time. The pigs constitute a suitable 

large animal in vivo model, which enables further investigation of larger groups on the 

influence of VWF on angiogenesis in general and on female fertility in particular.  
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Figures 

 

Figure 1. Schematic illustration of hypothesized influence of VWD on 

angiogenesis. The influence of VWD on angiogenesis is illustrated according to our 

own results combined with those of Augustin et al. (2009), Savant et al. (2015), and 

Randi and Laffan (2017). Green arrows indicate influence on angiogenesis under 

physiological conditions; red arrows indicate influence on angiogenesis with missing 

VWF. A VWF binds to integrin αVβ3 stabilizing it on the cell surface, facilitating 

association with VEGFR-2 and thereby controlled pro-angiogenic action of VEGF. 

With missing VWF, integrin αVβ3 is internalized into the cell leading to hypersensitivity 

of VEGFR-2 for VEGF and subsequently to an increased migration and proliferation 

of ECs. Moreover, VWF is required to build Weibel-Palade bodies (WPBs) and 

regulates their synthesis. Ang-2 is stored within these organelles inside of the ECs 

and negatively regulates its synthesis. Ang-1/Tie-2 signaling keeps ECs in a 

quiescent state. Ang-2, usually released from WPBs in a controlled manner, is 

released continuously if WPBs are missing. It subsequently antagonizes Ang-1/Tie-2 

signaling leading to destabilization of ECs and enhanced response to cytokines. Tie-
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1 is the counter-regulator of Tie-2, enabling signaling depending on the EC type. B 

The graphic illustrates our results of qPCR in the ovary. Although gene expression of 

both, ANG1 and ANG2, is reduced compared to WT animals, a more pronounced 

relative overexpression of ANG2 over ANG1 promotes angiodysplasia. Furthermore, 

a relative overexpression of TIE2 over ANG1 only seen in the VWD type 3 animals 

may lead to destabilization of blood vessels. 
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Figure 2. Results of qPCR of wildtype (A), VWD type 1 (B) and VWD type 3 (C) 

animals for all genes examined. Results are presented as x-fold change compared 

to the WT mean (indicated by dashed lines). Only if results of wildtype animals, which 
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were used as calibrator, showed < 50 % difference between both animals, the 

corresponding genes and tissues were regarded evaluable for this study. These 

results are marked by asterisks. 
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Figure 3. Representative results of histological examinations of wildtype 

animals. Presence of VWF protein in ECs in the uterus was shown by red granulated 

staining in immunofluorescence (A) and by brown staining in IHC (B), complemented 

by respective negative controls (C; D). Histological architecture of blood vessels in 

the uterus was physiological (E). * = blood vessel lumina. Divergent Ang-2 staining 

patterns of uterus (F; H) and oviduct (G; I) were observed for both animals. (J) 

Results of blinded light microscopic analysis presented as mean of all slides 

examined ± SEM. (K) Representative staining for integrin αVβ3 of the uterus with 

corresponding results of blinded analysis (L) presented as mean of all slides 

examined ± SEM.  

∆ = uterine/oviduct lumina. ↑ = staining of the apical membrane. Scale bar represents 

50 µm if not specified. 
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Figure 4. Representative results of histological examinations of VWD type 1 

animals. Presence of VWF protein in ECs in the uterus as seen in WT animals was 

shown by red granulated staining in immunofluorescence (A) and by brown staining 

in IHC (B). As in WT animals, histological architecture of blood vessels in the uterus 

was physiological (C). * = blood vessel lumina. Staining patterns for Ang-2 of uteri (D; 

F) were comparable in both animals, while animal 1-1 stained stronger in the oviduct  

(E; G). Respective negative controls are shown for uterus (H) and oviduct (I). (J) 

Results of blinded light microscopic analysis presented as mean of all slides 

examined ± SEM. (K) Representative staining for integrin αVβ3 of the uterus, showing 

no staining of the AM, with corresponding results of blinded analysis (L) presented as 

mean of all slides examined ± SEM. ∆ = uterine/oviduct lumina. ↑ = staining of the 

apical membrane. Scale bar represents 50 µm if not specified.  
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Figure 5. Representative results of histological examinations of VWD type 3 

animals. No presence of VWF protein in ECs in the uterus was found in 

immunofluorescence (A) but very weak staining of ECs in IHC indicates presence of 

at least partial VWF protein (B). Both animals showed dilated blood vessels with 

wider diameter in the uterine lamina propria (C). * = blood vessel lumina. Only animal 

3-2 showed staining for Ang-2 of the uterine AM (D; F), while staining of oviduct was 

comparable for both animals (E; G). (H) Results of blinded light microscopic analysis 

presented as mean of all slides examined ± SEM. (I) Representative staining for 

integrin αVβ3 of the uterus, showing moderate staining of the cytoplasm of epithelial 

cells with respective negative control (J) and corresponding results of blinded 

analysis (K) presented as mean of all slides examined ± SEM. ∆ = uterine/oviduct 

lumina.  

↑ = staining of the apical membrane. Scale bar represents 50 µm if not specified.
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Table 1. Protocols and materials used for IHC.  

 

Antibody/ 
Product 
code 

Manufacturer 
Host 
species 

Antigen retrieval 
Blocking 
agent 

Dilution Detection 

VWF/               
Nr. A0082 

DAKO, Santa 
Clara, USA 

Rabbit Tris/EDTA/ 
Citrate (TEC) 
buffer (pH 7.8, 30 
min at 96–99 °C) 

Normal 
goat 
serum 
(NGS) 

1:3000 EnVision+System-
HRP detection kit 
system (DAKO) 

Integrin 
αVβ3/ 
251672 

Abbiotec, San 
Diego, USA 

Rabbit Citrate buffer 
(0.1M, pH 6, 20 
min at 96– 
99 °C) 

NGS 1:100 EnVision+System-
HRP detection kit 
system (DAKO) 

VEGF/                              
sc-152 

Santa Cruz 
Bio- 
technology, 
Dallas, USA 

Rabbit TEC buffer (pH 
7.8, 30 min at 96–
99 °C) 

NGS 1:1000 EnVision+System-
HRP detection kit 
system (DAKO) 

VEGFR-2/ 
ab45010 

Abcam, 
Cambridge, 
UK 

Rabbit Uterus and 
oviduct: EDTA 
buffer (pH 9, 15 
min at 96–99 °C); 
Ovary: citrate 
buffer (0.1M, pH 
6, 20 min at 96– 
99 °C) 

NGS 1:50 EnVision+System-
HRP detection kit 
system (DAKO) 

Ang-1/             
sc-6319 

Santa Cruz 
Biotechnology 

Goat EDTA buffer (pH 
9, 15 min at 96–
99 °C) 

Bovine 
serum 
albumin 

1:350 SUPERVision 2 
HRP-polymer 
system (DCS, 
Hamburg, 
Germany) 

Ang-2/ 
paa009po01 

Cloud-Clone, 
Katy, USA 

Rabbit Citrate buffer 
(0.1M, pH 6) 
microwaved 
(800W, 15 min) 

NGS 1:250 EnVision+System-
HRP detection kit 
system (DAKO) 

Tie-1/ 
ab64477 

Abcam Rabbit Citrate buffer 
(0.1M, pH 6, 20 
min at 96-99°C) 

NGS 1:250 EnVision+System-
HRP detection kit 
system (DAKO) 

Tie-2/               
sc-9026 

Santa Cruz 
Biotechnology 

Rabbit Citrate buffer 
(0.1M, pH 6, 20 
min at 96– 
99 °C) 

NGS 1:250 EnVision+System-
HRP detection kit 
system (DAKO) 
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Table 2. Primer pairs used for qPCR. 

Gene Primers (5' → 3') 

VWF 
TCCAGAACAACGACCTCACC 

TCACAGAAGCAGGCACAGTC 

ITGAV 
AGAGCAGCGAGGACTTTGG 

TCAGCGTAATCATCCCCATT 

ITGB3 (Du et al. 2010) 
CCACCTTCACCAACATCACCT 

GACAGCAGAGACACCCACAATC 

ITGB3 (I) 
CCTCAAAAACCCCTGCTATG 

TTCCTCCAGCCAATCTTCTC 

ITGB3 (II) 
CAACCATTACTCTGCCTCCA 

TTTGCCATAAGCATCCACAA 

ITGB3 (III) 
AAGAGCCAGAGTGTCCCAAG 

TCCAGATGAGCAGAGTAGCAAG 

VEGF 
CTTGCCTTGCTGCTCTACCT 

TTCGTGGGGTTTCTGGTCT 

VEGFR2 
CCAGATGACAGCCAGACAGA 

AGCCTTCAGATGCCACAGAC 

ANG1 
TAATGGGGGAGGTTGGACT 

TGAATAGGCTCGGTTTCCTT 

ANG2 
TGAGAGACTGGGAAGGCAAC 

CCTCCTGTGAGCATCTGTGA 

TIE1 
CATCACCCCAACATCATCAA 

GCAGCATCACTGGCAAAAC 

TIE2 
TGCCCAGAGAGGTGACATAG 

AAAGTCCCAGACAGACAGCAA 

PROCR 
GAAACACATCACCACGCATAAC 

CCGTCCACCTACATACAGGAA 

CD31 
CCCCTTCCAAAAACTTCCTC 

TGCGATGAGTCCTTTCTTCC 
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Abstract 

 

Background: Von Willebrand disease (VWD) is known to have effect on blood 

coagulation and also angiogenesis. Data on women affected by VWD point to slightly 

increased rates of miscarriages as well as other symptoms regarding the 

reproductive tract, all based on an increased bleeding tendency. Recently, 

angiodysplasia was shown to occur in the uteri of non-pregnant VWD type 3 sows. 

Therefore, we aimed to investigate the impact of von Willebrand factor (VWF) on 

angiogenesis in the reproductive tract of pregnant pigs of the same model. Methods: 

Uteri, oviducts, ovaries, placentae, and embryos were harvested on day 29-31 of 

pregnancy (time of placentation) from two wildtype (WT) sows and two sows 

heterozygous for a disruptive mutation of the VWF gene and diagnosed with VWD 

type 1 (V1). V1 sows were bred to a V1 boar creating embryos of three different 

genotypes: WT, V1 or homozygous for the VWF mutation. The latter genotype was 

previously shown to correspond with VWD type 3 (V3). All tissues were histologically 

examined by light microscopy. Embryos were genotyped, which correlates to the 

genotype of the respective placenta. Several angiogenic factors were chosen for 

possible connection with VWF. Their gene expression was determined by 

quantitative real time PCR. Protein expression and distribution were analyzed by 

immunohistochemistry. Results: Genotyping revealed 35.3 % WT, 52.9 % V1 and 

5.9 % V3 embryos. No histological alterations were found. Gene expression of VEGF 

and ANG1 was significantly increased in V1 placentae, while gene expression of 

ANG1 and VEGFR2 was decreased in V1 uteri. Additionally, TIE2/TIE1 ratios were 

significantly lower in V1 placentae. In contrast, gene expression of ANG2, TIE2, and 

ITGB3 was significantly reduced in V1 placentae. This was confirmed on protein level 

for VEGF, integrin αVβ3 and Ang-2. Gene expression of VEGFR2 and TIE2 was 

increased in V1 oviducts. Conclusions: Distribution of embryo genotypes indicates a 

selection of WT over V3 embryos prior to placentation. Significant differences of 

expression of angiogenic factors in the uteroplacental unit point to an influence of 

VWF on these factors during placentation, although no angiodysplastic vessels were 

found at this distinct time point. Findings in oviducts and ovaries correlate partly. The 

observed differences concerning VEGF/VEGFR-2 signaling, integrin expression as 

well as the ANG/TIE system may influence angiogenesis during implantation and 

placentation and thus the overall outcome of pregnancy.  
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Introduction 

 

The inherited bleeding disorder VWD is subdivided into three different types. Type 1 

and 3 are characterized by the quantitative reduction of VWF antigen. Type 2 

comprises functional defects of VWF. In contrast to VWD type 1 patients, who 

present mildly or moderately reduced VWF antigen levels, VWD type 3 patients show 

severely reduced levels (Ng et al. 2015). Heterozygous and homozygous null alleles 

causative for VWD type 1 and type 3, respectively, have been described for human 

patients (De Jong and Eikenboom 2017) and are reflected by a porcine model 

characterized and used by our group (Lehner et al. 2018).  

The quantitative or qualitative reduction of VWF leads to increased bleeding 

tendency, entailing symptoms related to blood coagulation. Female patients face 

menorrhagia and bleeding risks during and after delivery (James et al. 2016). 

Concerning miscarriages, studies report varying results with unaffected  

(Ito et al. 1997; Castaman et al. 2010) or slightly increased (Kadir et al. 1998; 

Shahbazi et al. 2012; Skeith et al. 2017) rates, but the data situation is still 

insufficient. 

Besides coagulation related symptoms, up to 20 % of all patients developed 

angiodysplasia (Selvam and James 2017). Pathogenesis is largely unknown, but in 

vitro studies revealed a mainly inhibiting effect of VWF on angiogenesis  

(Randi et al. 2013; Groeneveld et al. 2015; Selvam et al. 2017), apparently mediated 

via angiopoietin (Ang)-2 as well as integrin αVβ3 and the vascular endothelial growth 

factor (VEGF)/vascular endothelial growth factor receptor (VEGFR)-2 system  

(Starke et al. 2011). Recently, additional influence of VWF on Ang-1 as well as Tie 

(tyrosine kinase with immunoglobulin like and EGF like domains)-1 and -2 was 

suggested in porcine VWD. Moreover, angiodysplasia was detected in the uteri of 

non-pregnant sows affected by V3 (Allerkamp et al., in press) and V3-affected sows 

were reported to show increased embryonic mortality (Fass et al. 1979). 

Taking all these findings into account, we hypothesized to find alterations concerning 

expression of angiogenic factors and angiodysplasia during early pregnancy in 

reproductive organs of VWD affected sows. This might influence establishment and 

maintenance of pregnancy, as physiological angiogenesis in the uteroplacental unit is 

decisive for pregnancy outcome (Tayade et al. 2007). In this study we demonstrate 
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differences regarding expression of angiogenic factors in the uteroplacental unit, 

oviducts and ovaries in porcine VWD type 1 at time of placentation. 

 

Methods 

 

Sampling 

 

Samples originated from the Thrombosis and Atherosclerosis Unit of the Blood and 

Vessels Institute, Hôpital Lariboisière, Paris, France and the Friedrich-Loeffler-

Institut, Mariensee, Germany. Tissues were taken from four female pigs, which were 

pregnant at time of placentation (day 29-31). Two sows were heterozygous for a 

natural nonsense mutation of the VWF gene, leading to a phenotype and genotype 

corresponding to VWD type 1 (V1) (Lehner et al. 2018). The pregnant V1 sows were 

bred to a V1 boar, allowing development of embryos that were either wildtype (WT), 

V1, or homozygous for the mutation. The homozygous mutant genotype was shown 

to correspond to VWD type 3 (V3). The remaining two sows were WT animals and 

bred to WT boars. Samples of both uterus horns, both ovaries, both oviducts 

(ampulla and isthmus), placentae of each WT sow (n=7 each) and all placentae of V1 

sows  

(n=17 each), as well as all embryos of the V1 sows were harvested immediately after 

sacrifice. Both V1 pigs were purchased from Thrombosis and Atherosclerosis Unit of 

the Blood and Vessels Institute, Hôpital Lariboisière and originated from a colony of 

the Mayo Clinic (Rochester, Minnesota, USA by collaboration with E.J.W. Bowie). 

The pregnant WT sows originated from the Friedrich-Loeffler-Institut. All animal 

experiments in France had been approved by the French Ethical Committee for 

Animal Experimentation as well as the French Ministry of Research, Department of 

Animal Experimentation and Project Authorization (approval number: 0130001). All 

animal experiments at the Friedrich-Loeffler-Institut had been approved by the Lower 

Saxony State Office for Consumer Protection and Food Safety (approval number:  

33.19-42502-04-16/2343) and were performed in accordance with relevant guidelines 

and regulations. 
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Genotyping 

Genomic DNA was isolated with the Maxwell®16 system and the 16 LEV Blood DNA 

Kit (Promega GmbH, Mannheim, Germany). The genotype of the V1 sows (using 

uterine tissue) and of all embryos was determined using a combined approach of 

common PCR as well as quantitative real time PCR (qPCR) on genomic DNA  

(Lehner et al. 2018). In a first step, common PCR was applied using a pair of primers 

located in intron 16 and 18, which resulted in a 215 bp product only, if the causative 

duplication was present, indicating a heterozygous (V1) or homozygous mutant (V3) 

genotype. A pair of primers within GAPDH was simultaneously used to provide PCR 

control. In a second step, qPCR of tissue showing the 215 bp product was conducted 

to differentiate V1 from V3 individuals. For the sows, the amount of PCR product of 

the mutant VWF gene was determined using the ΔΔCT method. PROCR was used as 

calibrator and two groups of pigs (V1 and V3, each n=12) examined earlier  

(Lehner et al. 2018) were used as reference.  

The genotype of the embryo determines the genotype of the respective embryonic 

part of the placenta. To determine the genotype of the embryo, we slightly modified 

the protocol described above, by using a product of primers within VWF exon 23 and 

intron 23, distant to the causal duplication, as calibrator. As a reference, DNA of V3 

(n = 6) and V1 (n = 4) animals with secured phenotype was additionally analyzed with 

the new calibrator product. Results are presented relatively to the V3 reference 

group. Samples containing up to 65 % of the mutant VWF gene product compared to 

the respective controls were classified as heterozygous for the mutation and samples 

containing ≥ 90 % of the product were classified as homozygous. 

Tissue processing for histological examinations 

All tissues except for the total embryos were fixed, processed and stained with 

hematoxylin-eosin as described before (Allerkamp et al., submitted). The histological 

evaluation of the sections was done by light microscopy using the Leica LMD7000 

microscope with the camera DFC310DX and Leica Application Suite, Version 3.4.1 

(Leica Microsystems GmbH, Wetzlar, Germany). 

Immunohistochemistry (IHC) 

The proteins VWF, VEGF, VEGFR-2, Ang-1 and -2, Tie-1 and -2 and integrin αVβ3 

(formed by integrin αV and integrin β3) were analyzed in all tissues prepared for 
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histology. Sections were treated as described in Table 1. All sections were 

counterstained with Delafield’s hematoxylin. To provide a negative control in each 

run, pure dilution medium instead of the primary antibody was used. For IgG controls, 

sections of every tissue and protocols for each antibody were used, respectively. 

Staining patterns and staining intensity was assessed in a blinded manner by light-

microscopy using the HScore (Lavorato-Rocha et al. 2015), leading to a score 

between 0 and 300 for each cell type on a slide. For uterus, oviduct and ovary, four 

slides of each animal were analyzed. Regarding the uterus, uterine epithelial cells 

(UE), glandular epithelial cells (GE), endothelial cells (EC), and vascular smooth 

muscle cells (VSMC) were scored. For the oviduct, epithelial cells (OE), EC, and 

VSMC were scored and for the ovary granulosa cells (GC) of different follicle states 

(primary, secondary and tertiary) as well as theca cells (TC), luteal cells (LC), EC, 

and VSMC. Regarding the placentae of V1 sows, three WT and three V1 placentae 

of each sow were chosen for IHC randomly. Since both sows had only one V3 

placenta each, three slides of each of these V3 placentae were analyzed. Of each 

WT sow, also seven different placentae were chosen. The same placentae were 

used for IHC as for qPCR. For the placentae, UE and the trophectoderm, maternal 

GE and VSMC as well as maternal and chorionic EC were scored. HScores of each 

animal were then converted into a classified HScore as follows: 0 = 0; 1 = > 0-100, 2 

= > 100-200; 3 = > 200-300. For uterus, oviduct and ovary, differences between 

pregnant WT and V1 sows were described, if they were true for both animals of each 

group. 

Gene expression 

One sample of each organ was placed in RNAlater RNA-stabilizing solution 

immediately after harvesting. Isolation of RNA, transcription to cDNA and design of 

specific primers was done as described before (Allerkamp et al., in press). All primers 

were obtained from Eurofins Genomics (Louisville, USA). The expression of the 

following genes was quantified using qPCR: VWF, VEGF, VEGFR2, ITGAV, ITGB3, 

ANG1, ANG2, TIE1, TIE2, PROCR (protein C receptor), and CD31 (platelet and 

endothelial cell adhesion molecule 1) (Tab. 2). The two latter ones were used as 

endothelial specific housekeeping genes, as all genes examined are expressed by 

blood vessel correlated cells. For performing qPCR, a LightCycler® 2.0 (Roche 

Pharma AG, Reinach, Switzerland) was used. As results for further calculations, the 
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threshold cycle (CT) for each sample was used. All assays were performed in 

duplicates and the mean CT value was calculated after ensuring a deviation of both 

values < 5 %.  

ANG/TIE ratios 

The ANG/TIE system is involved in regulation of placental angiogenesis. This 

regulation is determined by the ratio of the different components (Reynolds and 

Redmer 2001; Eklund et al. 2017). Therefore, the ratios between the components 

were evaluated by calculating the ΔΔCT between the two genes compared leading to 

the relative x-fold changes. 

Data evaluation 

The respective CT of each housekeeping gene was used to normalize the measured 

CT values of the genes leading to two values for ΔCT. The means of both ΔCT were 

used to calculate the relative expression levels by the ΔΔCT method (Livak and 

Schmittgen 2001). The relative changes of gene expression were calculated for each 

genotype and additionally for each individual animal or placenta. Different groups 

were compared using the mean x-fold changes (2-ΔΔCT) after calibration as described 

before (Allerkamp et al., submitted). For samples showing no detectable expression 

levels, > 38 was used as CT value and 0 was used as x-fold change. Concerning 

uterus, ovary, and oviduct gene expression of V1 sows was compared to WT sows. 

Furthermore, protein expression in uterus, oviduct and ovary was compared between 

the genotypes. Concerning the placentae, all placentae of the two WT animals 

(referred to as WT placentae) were compared to all placentae of the three different 

genotypes of the V1 animals (referred to as V1 placentae). This was conducted using 

the x-fold change for each individual sample. For statistical analysis, the Mann-

Whitney-Test was used after control for normal distribution. The same tests were 

applied to compare protein expression data using the classified HScore of each 

animal. Differences among the groups were considered significant, if the p-value was 

< 0.05. For this purpose, GraphPad Prism version 7.00 for Windows, GraphPad 

Software (La Jolla, USA) was used. Regarding comparison of gene expression data 

for uterus, ovary and oviduct, gene expression levels were compared, but not 

statistically assessed and only mentioned if the difference of the x-fold expression of 
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both WT animals was < 50 % and expression levels of both animals of each group 

did not overlap. 

Results 

Genotyping of tissue and embryos 

The V1 sows expressed 55.8 % ± 2.8 % of the amount of mutant VWF gene 

compared to the V3 control group characterized by our group before  

(Lehner et al. 2018). Twelve of the embryos produced no PCR product resulting from 

the mutant VWF gene and were therefore classified as WT (V1_WT). Two of the 

embryos expressed 94.6 % and 107.0 % of the mutant VWF gene product compared 

to the V3 control group used and were classified as homozygous for the mutation 

(V1_V3). 18 of the embryos expressed 12.8 % to 59.9 % compared to the controls 

and were classified as heterozygous for the mutation (V1_V1). Two embryos 

expressed 72.6 % and 68.4 % of the mutant VWF gene product compared to the 

controls. Therefore, these could not be classified confidently. The distribution of 

embryos by genotype was 35.3 % V1_WT, 52.9 % V1_V1 and 5.9 % V1_V3 

embryos. 

Histology of reproductive tissues  

None of the tissue samples showed histological alterations of blood vessel 

architecture that could have been classified as angiodysplasia as seen in non-

pregnant V3 animals (Allerkamp et al., in press). 

Uteroplacental units of V1 animals showed significantly altered gene and protein 

expression of angiogenic factors 

While all placenta samples underwent statistical analysis, the uteri of WT animals 

showed a gene expression difference of < 50 % for VEGFR2 and ANG1 and thus 

only these genes were compared with V1 sows.  

For VWF, staining intensity of GE was stronger in WT sows, while placentae did not 

show any significant differences.  

Regarding the VEGF/VEGFR-2 system, VEGF gene expression was significantly 

higher in V1 placentae (p = 0.03) and expression of VEGF protein was significantly 

stronger in chorionic (p = 0.02) and maternal EC (p < 0.0001) and VSMC (p = 0.02) 

of V1 placentae (Fig. 1). In contrast, VEGFR-2 staining was significantly lower in 
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chorionic EC (p = 0.03) and trophectoderm (p = 0.004) as well as UE (p = 0.004) and 

GE (p = 0.001) of V1 placentae. According to that, VEGFR2 gene expression was 

lower in V1 uteri (Fig. 2).   

Regarding expression of integrin αVβ3, gene expression of ITGAV showed no 

differences. Gene expression of ITGB3 was significantly reduced in the V1 placentae 

compared to WT placentae (p < 0.001). This was also found for protein expression 

of integrin αVβ3 for all cell types scored in placentae (p < 0.001) (Fig. 3).  

Several observations were made regarding the ANG/TIE system. ANG1 gene 

expression was reduced in V1 uteri, which was also seen on protein level in GE. In 

contrast, gene expression was significantly increased in V1 placentae (p = 0.04), but 

with contrasting findings on protein level: Ang-1 staining intensity was significantly 

lower in V1 placentae for the trophectoderm (p = 0.0007) and chorionic EC  

(p = 0.003) as well as UE (p = 0.047), GE (p = 0.0001) and maternal VSMC  

(p = 0.04) (Fig. 4). For Ang-2, staining intensity was lower in GE of V1 uteri. 

Additionally, ANG2 gene expression was significantly reduced in the V1 placentae  

(p = 0.001) and staining intensity was significantly reduced in the trophectoderm  

(p < 0.0001) and GE (p = 0.006) of all V1 placentae compared to WT placentae  

(Fig. 5). For Tie-1, staining of the trophectoderm was significantly lower in V1 

placentae (p = 0.02) (Fig. 6). TIE2 gene expression was significantly lower in V1 

placentae (p = 0.02) and staining intensity of maternal VSMC in V1 placentae was 

significantly reduced (p = 0.02) but staining of chorionic EC was higher in V1 

placentae (p = 0.048) (Fig. 7). Regarding ANG/TIE ratios, TIE2/TIE1 ratio was 

significantly lower in V1 placentae (p = 0.01). Other ratios did not show clear 

differences among the genotypes. In all tissues and cell types not mentioned, no 

clear trends for the uteri and no significant differences for placentae were observed. 

Expression of angiogenic factors in ovary and oviduct differed between WT and V1 

sows 

For the oviduct, WT animals showed gene expression differences of < 50 % for 

VEGFR2 and TIE2, while in the ovary this was true for ITGAV only.  

As in the uterus, staining of GC of primary and secondary follicles for VWF was 

stronger in WT animals.  

Regarding VEGF, the oviduct epithelial cells (OE) showed apical staining only in WT 

animals (Fig. 1). Additionally, gene expression of VEGFR2 was higher in V1 oviducts 
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(Fig. 2). In the ovary, GC of tertiary follicles and EC of the ovary showed weaker 

staining for VEGF in V1 animals.   

While no differences for ITGB3 expression could be determined, gene expression of 

ITGAV was increased in V1 ovaries. Conversely, protein expression of integrin αVβ3 

in VSMC was reduced in V1 ovaries (Fig. 3).  

For the ANG/TIE system, protein expression of Ang-1 was lower in all cell types of V1 

oviducts (Fig. 4) as well as in the V1 ovaries in GC of primary and secondary follicles 

and LC. For Ang-2 in the ovary, staining of GC of primary and secondary follicles and 

EC was increased in WT animals, which also showed apical staining of OE in the 

oviduct in contrast to V1 animals (Fig. 5). Tie-1 staining was stronger in VSMC in the 

oviduct of WT animals and apical staining of OE was only found in WT sows (Fig. 6). 

Additionally, TIE2 gene expression was increased in V1 oviducts with no differences 

on protein level (Fig. 7). Regarding ANG/TIE ratios, WT ovaries showed relative 

overexpression of ANG2 compared to TIE2 while a relative TIE2 expression over 

ANG2 was found in V1 ovaries. In all tissues and cell types not mentioned, no clear 

trends for differences between WT and V1 animals were found. 

Discussion 

Our study demonstrates influence of the VWD genotype on expression of angiogenic 

factors in the female reproductive tract as well as in placentae at time of placentation 

in the porcine model used. In this model, VWD follows an intermediate inheritance 

(Lehner et al. 2018). Therefore, distribution of 50 % V1 embryos and 25 % WT and 

V3 embryos, respectively, is expected (Fass et al. 1979). The two litters examined in 

this study showed a shift from V3 embryos (5.9 %) to WT embryos (35.3 %). This 

indicates a selection of WT over V3 embryos prior to placentation, which might take 

place during implantation or even earlier. Genotyping of embryos around day 15 of 

pregnancy and of larger numbers of litters will be necessary. Furthermore, our 

findings are not in accordance with experiments of Fass et al. (1979), who reported 

22 % and thus nearly the expected numbers of V3 offspring after term delivery of 20 

matings. 

This porcine model aims to further elucidate the influence of VWF genotype on 

angiogenesis during pregnancy and to translate results to human pregnancies. In this 

context it is important to note that the porcine placenta is a real epitheliochorial 

placenta and thus non-invasive. Therefore, processes related to invasion of the 
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trophoblast into the endometrium and to remodeling of spiral arteries, which are 

found in human placentation, cannot be investigated in this model. However, the very 

early stages of implantation before invasion of the conceptus are well comparable in 

both species (Bazer et al. 2009) and the pig is widely used as a model for several 

pathologies related to angiogenesis (Hacker et al. 2016; Potz et al. 2018;  

Wang et al. 2018). Although no alterations of blood vessel histology were obvious at 

the investigated time point, several differences regarding expression of the 

angiogenic factors examined were found, which may lead to alterations of 

angiogenesis in the course of pregnancy and are subsequently discussed in more 

detail. 

In all tissues examined, no differences in VWF gene expression were found, but 

stronger protein expression in the WT uterus and ovary was seen as expected. 

Healthy women show an increase of VWF antigen during pregnancy, which can 

already be seen during the first trimester, but is most obvious in the last trimester. A 

less pronounced increase is found in some V1 women, but non-significant increase is 

described for women segregating for a heterozygous null allele or missense mutation 

(Castaman 2013), which is comparable to the mutation of those pigs. Since samples 

were taken during the first trimester, the time point might be too early to find clear 

differences between WT and V1 animals on VWF gene expression level or changes 

related to early pregnancy lead to an overlap at this time point. However, differences 

were obvious when samples were genotyped. Nevertheless, no significant difference 

in VWF gene or protein expression was found for placentae. Our study confirms 

previous findings (Persson and Rodriguez-Martinez 1997), describing VWF staining 

in only some embryonic blood vessels and stronger staining of maternal EC. In our 

study, staining for VWF was found in only some chorionic EC. It remains unclear so 

far at which time point vessels of porcine placentae start to express VWF protein and 

thus from which time point VWD genotype influences development of the embryonic 

part of the placenta. However, an unmeasurable VWF gene expression was only 

found in five placentae from V1 sows and not at all in those of WT sows. Apart from 

that, angiogenic stimuli in early pregnancy seem to be mainly initiated by the 

endometrium (Tayade et al. 2007) indicating stronger influence on placental efficacy 

from the maternal than embryonic side. According to that, Tayade et al. (2007) 

proposed that insufficient regulation of angiogenesis by the maternal endometrium 

can be a major factor for fetal loss. Beyond those considerations, several authors 
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proposed that in humans not only resident cells of the tissues influence angiogenesis 

in the uteroplacental unit, but also intravascular cells like neutrophils (Gargett and  

Rogers 2001) or Hofbauer cells (Seval et al. 2007). Influence of this cell population is 

not assessed separately in this study but must be kept in mind when translating the 

porcine model to human pregnancies.  

The uteroplacental unit in porcine VWD type 1 

The uteroplacental unit has special tasks at the time of placentation. Influence of 

VWF on the VEGF/VEGFR-2 system resulting in an increased stimulation of this 

pathway if VWF is missing was indicated by several studies (Starke et al. 2011;  

Groeneveld et al. 2018). In concordance to that, VEGF gene expression was 

increased in V1 placentae and VEGF protein expression was higher in chorionic and 

maternal EC and maternal VSMC of V1 placentae. In contrast, VEGFR2 gene 

expression was decreased in V1 uteri and VEGFR-2 protein expression in V1 

placentae was lower in UE, GE and chorionic EC and trophectoderm. Vonnahme et 

al. (2001) showed positive correlation of placental VEGF increase during pregnancy 

with blood vessel density in placentae and corresponding endometrium as well as 

placental efficacy in the pig. Subsequently, they proposed an active role of VEGF in 

coordination and progressive vascularization during pregnancy. Thus, increased 

VEGF expression seems to be beneficial for placental function. Physiologically 

however, VEGF increase is accompanied by VEGFR-2 increase, as this receptor 

mediates the pro-angiogenic actions of VEGF. The lower expression of VEGFR2 in 

V1 uteri and of VEGFR-2 in placentae may prevent sufficient pro-angiogenic action of 

VEGF. An increased expression of VEGFR2 was found in arresting embryos 

compared to healthy ones, which was supposed to be a try to overcome deficient 

vascular development (Garcia Fernandez et al. 2015). This also supports the 

hypothesis that the reduced VEGFR-2 protein expression might evoke insufficient 

pro-angiogenic signaling of VEGF in the V1 placentae. 

Another crucial link between VWF and angiogenesis seems to be integrin αVβ3 due to 

its interactions with VEGFR-2 (Randi and Laffan 2017). Regarding expression of 

integrin αVβ3, we found significantly reduced ITGB3 gene and protein expression in 

V1 placentae. This is in concordance to previous in vitro results showing reduced 

ITGB3 expression in EC after VWF-knockdown (Starke et al. 2011). During 

pregnancy, integrin αVβ3 plays at least two major roles. Firstly, integrin αVβ3 seems to 
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contribute to attachment of trophectoderm to the uterine epithelium, as it is expressed 

intensively in both cell types during estrus cycle and early pregnancy  

(Bowen et al. 1996). This was also found in this study regarding 

immunohistochemistry results. Secondly, integrin αVβ3 is expressed on EC and 

development of blood vessels seems to be impaired in absence or by blocking of 

integrin αVβ3 (Weis and Cheresh 2011). Furthermore, a polymorphism in the  

β3-subunit is significantly linked to recurrent fetal loss in women (Ivanov et al. 2010), 

indicating a fundamental role beyond implantation. Reduced gene expression of 

ITGB3 and reduced protein expression of integrin αVβ3 in V1 placentae may therefore 

lead to i) impaired implantation and ii) impaired angiogenesis during placentation, 

which will lead to reduced placental efficacy.  

Regarding Ang-2, findings were consistent in uteri and placentae, as protein 

expression was reduced in GE of V1 uteri and ANG2 gene expression was 

significantly lower in V1 placentae accompanied by significantly reduced staining 

intensity in the V1 trophectoderm and GE. As implicated by in vitro results  

(Starke et al. 2011), increased Ang-2 expression probably leading to uncontrolled 

angiogenesis was expected for V1 sows. However, our group also found reduced 

ANG2 expression in the ovary of non-pregnant V3 sows (Allerkamp et al., in press). 

Ang-2 excess in the placenta is needed at this early time point of pregnancy to 

facilitate destabilization of blood vessels and thereby angiogenesis  

(Plaisier et al. 2007). The higher Ang-2 expression in WT tissues might therefore 

reflect a physiologically necessary amount to facilitate blood vessel growth during 

placentation, which might be insufficient or imbalanced in V1 animals. 

The role of the ANG/TIE system during pregnancy and placentation seems to be 

related to vascular adaptive processes rather than initial vascularization  

(Plaisier et al. 2007). ANG1 gene expression was reduced in V1 uteri, but 

significantly increased in V1 placentae. This was confirmed on protein level in the GE 

of uteri, but the opposite to the genetic level and hence a reduction was found for 

Ang-1 protein in most cell types of V1 placentae. Therefore, gene and protein 

expression do not coincide in placentae. Similar findings were made previously in 

blood outgrowth EC of some VWD type 3 patients for Ang-2, as these cells showed 

elevated gene expression, but no change in protein release (Selvam et al. 2017). 

Ang-1/Tie-2 signaling promotes vessel quiescence (Carmeliet and Jain 2011). Thus, 
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reduced expression implicates reduced Ang-1/Tie-2 signaling in V1 uteri. This 

contrasts with the increased expression in V1 placentae. However, overexpression of 

ANG1 was also described to lead to vascular remodeling and widening of the blood 

vessel diameter (Augustin et al. 2009) and protein expression in V1 placentae was 

also reduced pointing to a different effect on protein level. Which of both findings 

exerts the predominant influence on placental angiogenesis in V1 in this case 

remains elusive so far. However, considering the dominant role of the endometrium 

regarding angiogenesis (Tayade et al. 2007), the influence of reduced expression in 

the uterus accompanied by reduced protein expression might be the decisive factor. 

Tie-1 staining was significantly reduced in the trophectoderm of V1 placentae 

accompanied by reduced TIE2 gene expression and reduced Tie-2 protein 

expression in maternal VSMC. However, increased Tie-2 protein expression was 

found in chorionic EC of V1 placentae. Therefore, gene expression does not 

correlate with protein expression in this case. Furthermore, overexpression of TIE2 

relatively to TIE1 was significantly reduced in V1 placentae. The cellular Tie-2/Tie-1 

ratio was described to be a major determinant in Ang signaling in vitro with high ratios 

and high amounts of Tie-2 favoring Ang-1/Tie-2 signaling and thus EC quiescence 

(Singh et al. 2012). This implicates reduced quiescence signaling in V1 placentae, 

which may lead to pronounced angiogenesis. These findings on the ANG/TIE system 

may lead to impaired maturation of newly formed blood vessels in the uteroplacental 

unit, which can influence the overall success of pregnancy (Plaisier et al. 2007).  

All of these findings might be more pronounced in V3 placentae explaining the 

decreased number of V3 embryos, as those embryos may not survive until 

placentation. Unfortunately, continuous breeding seemed not possible with V3 sows 

so far, either because those animals render sterile (personal communication Claire 

Bal dit Sollier, Hôpital Lariboisière, Paris, France) or die during puerperium  

(Fass et al. 1979). Further investigations on the reasons for those circumstances are 

necessary. 

Oviduct and ovary in pregnant VWD type 1 sows 

The results for oviduct and ovary partly were in accordance with those of uterus and 

placenta and partly showed the opposite trend. Angiogenesis in the ovary is most 

pronounced during final follicle maturation and during the first days of CL 

development (Berisha et al. 2016). In the oviduct, angiogenic processes are shown 
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for the time point when the unfertilized oocyte passes the oviduct, fertilization takes 

place and the developing fertilized oocyte is transported to the uterus to generate an 

appropriate environment (Krawczynski and Kaczmarek 2012). Thus, in both organs 

at day 30 of pregnancy angiogenetic processes would not be expected to be as 

prominent as in the uteroplacental unit. However, VEGF protein expression was 

lower in both organs from V1 sows in contrast to previous studies on VWD showing 

increased VEGF serum levels in patients (Gritti et al. 2011). In contrast, VEGFR2 

gene expression was increased in oviducts of V1 animals. Starke et al. (2011) 

suggested VWF as an intracellular regulator of VEGFR-2 signaling as enhanced 

angiogenesis after VWF-knockdown was VEGFR-2 dependent. This is in 

concordance with our observations for the oviduct, as the lower VWF levels of V1 

animals may lead to higher VEGFR2 expression. However, VEGFR-2 activity 

depends on VEGF availability (Olsson et al. 2006) and thus it is questionable, if pro-

angiogenic signaling is enhanced in the V1 oviduct and ovary. The differences to 

previous studies might be associated with the regulation of VEGF/VEGFR-2 signaling 

by ovarian steroid hormones (Shifren et al. 1996; Ziecik et al. 2018), which are 

altered during pregnancy.  

ITGAV expression was increased in V1 oviducts, while protein expression of integrin 

αVβ3 was reduced in blood vessels of V1 oviducts. This implicates affection of both 

integrin subunits, although gene and protein expression do not seem to correlate in 

the ovaries. The αV-subunit can pair with various other integrins than β3. In 

angiogenesis, integrin αVβ5 does also play a role as it reacts to different ligands and 

activates different downstream pathways than integrin αVβ3 (Weis and  

Cheresh 2011). Thus, it seems possible that angiogenic signaling of other integrins 

than integrin αVβ3 can be influenced by VWF.  

Ang-2 protein expression was reduced in the V1 ovaries and oviducts. This contrasts 

with previous results (Starke et al. 2011) and might reflect a difference of the in vitro 

and in vivo situation in VWD. Latest findings implicate tissue-specific and individual 

influence of VWF on Ang-2 regulation, which can lead to both increased or 

decreased protein release (Randi et al. 2018).  

As in the uteroplacental unit reduced Ang-1 protein expression in V1 animals was 

seen in the oviduct and ovary. Hence, similar mechanisms may reduce Ang-1/Tie-2 

signaling and thus favor a destabilized state of EC. Tie-1 protein expression was 

reduced in V1 oviducts, while TIE2 gene expression was increased, but ratios did not 
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show a clear trend. This is another finding pointing to impaired angiogenesis in V1 

sows, as overexpression of TIE2 was described earlier in venous malformation 

(Vikkula et al. 1996). The role of Tie-1 in angiogenesis is mainly described as a 

counter-regulator of Tie-2 leading to the requirement of a coordination of Tie-1 and 

Tie-2 (Savant et al. 2015). This balance might be altered in the V1 sows. In the WT 

ovaries however, relatively higher expression of ANG2 over TIE2 was found while 

this was the opposite in V1 ovaries. This implicates insufficient Ang-2/Tie-2 signaling 

in the V1 ovaries, which might influence establishment of a sufficient corpus luteum, 

as angiogenesis on the ovary occurs to a large extent during this process 

(Berisha et al. 2016). 

Conclusions 

To our knowledge, this is the first study examining the influence of VWD on 

angiogenesis during pregnancy. Although no alterations of the microscopic histology 

of blood vessels were found, several differences regarding the VEGF/VEGFR-2 

system, integrin αVβ3, and the ANG/TIE system were observed in the reproductive 

tract and placentae. Some of these findings are in accordance with the previously 

developed hypothesis of VWF acting as a mainly inhibiting factor in terms of 

angiogenesis (Randi and Laffan 2017). Other findings require new explanations and 

must be interpreted in the context of pregnancy, that is accompanied by many 

physiological changes in general, and especially concerning angiogenetic processes. 

Therefore, examinations on higher numbers of animals and at different time points of 

pregnancy are necessary. However, our results provide first evidence that 

imbalances of the angiogenetic mediators examined occur in V1 sows, which may 

influence the overall success of pregnancy.  
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Figures 

 

Figure 1. Gene and protein expression of VEGF in placentae and oviducts. 

A Gene expression was significantly increased in V1 placentae. Mann-Whitney test;  

* p ≤ 0.05 B Staining intensity was significantly increased in chorionic EC, maternal 

EC and VSMC of V1 placentae when comparing the classified HScores of each slide. 

Mann-Whitney test; * p ≤ 0.05; **** p ≤ 0.0001 C + D Representative IHC staining for 

VEGF in a WT (C) and a V1 (D) placenta. M = maternal side, C = chorionic side. The 

red dotted lines indicate the border between both parts. Arrows mark EC. E 

Respective isotype control of placenta tissue. F + G Representative IHC staining for 

VEGF in a WT (F) and a V1 (G) oviduct. Arrowheads mark staining of the apical 

membrane of OE found in both WT animals only. H Respective isotype control of 

oviduct tissue. I Corresponding results of assessment of staining intensity of OE 

presented as mean of the classified HScore of all slides examined. The hatched area 

indicates apical staining. Scale bars = 50 µm.  
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Figure 2. Gene and protein expression of VEGFR-2 in placentae, uteri and 

oviducts. A Staining intensity was significantly decreased in V1 placentae regarding 

chorionic EC, trophectoderm, UE, and GE. Mann-Whitney test; * p ≤ 0.05; ** p ≤ 0.01 

B Gene expression of VEGFR2 was decreased in both V1 uteri but increased in both 

V1 oviducts. C + D Representative IHC staining for VEGFR-2 in a WT (C) and a V1 

(D) placenta. M = maternal side, C = chorionic side. The red dotted lines indicate the 

border between trophectoderm and UE. Arrows mark EC. E Respective isotype 

control of placenta tissue. Scale bars = 100 µm. 

  



5 Expression of angiogenic factors in the reproductive tract is altered at time of placentation in a 
porcine model of von Willebrand disease type 1 

81 
 

 

Figure 3. Gene and protein expression of integrin αVβ3 in placentae and 

ovaries. A Gene expression of ITGB3 was significantly reduced in V1 placentae. 

Mann-Whitney test; *** p ≤ 0.001 B Staining intensity of integrin αVβ3 was significantly 

decreased in all cell types scored in V1 placentae when comparing the classified 

HScores of each slide. Mann-Whitney test; *** p ≤ 0.0001 C + D Representative IHC 

staining for integrin αVβ3 in a WT (C) and a V1 (D) placenta. M = maternal side, C = 

chorionic side. The red dotted lines indicate the border between UE and 

trophectoderm. Arrows mark EC. E + F Representative IHC staining for integrin αVβ3 

in a WT (E) and a V1 (F) blood vessel of the oviduct with stronger staining in WT 

VSMC. Squares mark the blood vessel lumen. Inlets show the respective isotype 

control showing no staining. Scale bars = 100 µm. G Gene expression of ITGAV was 

increased in both V1 ovaries. 
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Figure 4. Gene and protein expression of Ang-1 in placentae, uteri and 

oviducts. A Gene expression of ANG1 was significantly increased in V1 placentae. 

Mann-Whitney test; * p ≤ 0.05 B Staining intensity was significantly decreased in all 

cell types scored in V1 placentae except for maternal EC when comparing the 

classified HScores of each slide. Mann-Whitney test; * p ≤ 0.05, ** p ≤ 0.01, 

*** p ≤ 0.001 C + D Representative IHC staining for Ang-1 in a WT (C) and a V1 (D) 

placenta. M = maternal side, C = chorionic side. The red dotted lines indicate the 

border between UE and trophectoderm. Arrows mark chorionic EC. Asterisks mark 

the lumen of uterine glands exemplarily. E Results of assessment of staining intensity 

for Ang-1 of the oviduct presented as mean of the classified HScore of all slides 

examined for GE and all cell types assessed in the oviduct. WT animals showed 

stronger staining in these cells. F + G Representative IHC staining for Ang-1 in a WT 

(F) and a V1 (G) uterus. Asterisks mark the lumen of uterine glands exemplarily. GE 
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stained stronger in WT animals. Inlets show the respective isotype control showing 

no staining. Scale bars = 100 µm.  
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Figure 5. Gene and protein expression of Ang-2 in placentae, uteri and 

oviducts. A Gene expression of ANG2 was significantly decreased in V1 placentae. 

Mann-Whitney test; *** p ≤ 0.001 B Staining intensity was significantly decreased in 

the trophectoderm and GE of V1 placentae when comparing the classified HScores 

of each slide. Mann-Whitney test; ** p ≤ 0.01; **** p ≤ 0.0001 C Results of 

assessment of staining intensity for Ang -2 of OE in the oviduct and GE in the uterus 

presented as mean of the classified HScore of all slides examined. The hatched area 

indicates staining intensity of the apical membrane found in OE of both WT animals 

only. D + E Representative IHC staining for Ang-2 in a WT (D) and a V1 (E) placenta. 

M = maternal side, C = chorionic side. The red dotted lines indicate the border 

between trophectoderm and UE. F + G Representative IHC staining for Ang-2 in a 

WT (F) and a V1 (G) uterus. Asterisks mark the lumen of uterine glands exemplarily. 

GE of WT animals showed stronger staining than V1 animals. H + I Representative 

IHC staining for Ang-2 in a WT (H) and a V1 (I) oviduct. Arrowheads mark apical 

staining of OE found in WT animals. J – L Respective isotype control of placental (J), 

uterine (K) and oviduct tissue (L). Scale bars = 100 µm.  
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Figure 6. Gene and protein expression of Tie-1 in placentae and oviducts.  

A Protein expression of Tie-1 was significantly decreased in in the trophectoderm of 

V1 placentae when comparing the classified HScores of each slide. Mann-Whitney 

test; * p ≤ 0.05 B +C Representative IHC staining for Tie-1 in a WT (B) and a V1 (C) 

placenta. M = maternal side, C = chorionic side. The red dotted lines indicate the 

border between UE and trophectoderm, which shows stronger staining in WT 

animals. D Results of assessment of staining intensity for Tie-1 of the oviduct 

presented as mean of the classified HScore of all slides examined for OE and VSMC. 

The hatched area indicates staining intensity of the apical membrane found in OE of 

both WT animals only. E +F Representative IHC staining for Tie-1 in a WT (E) and a 

V1 (F) oviduct. Arrowheads mark apical staining of OE found in WT animals only. 

Inlets show the respective negative controls showing no staining. Scale bars 

= 100 µm. 
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Figure 7. Gene and protein expression of Tie-2 in placentae. A Gene expression 

of TIE2 was significantly decreased in V1 placentae. Mann-Whitney test; * p ≤ 0.05 B 

Staining intensity was significantly increased in chorionic EC but significantly 

decreased in maternal VSMC of V1 placentae when comparing the classified 

HScores of each slide. Mann-Whitney test; * p ≤ 0.05 C + D Representative IHC 

staining for Tie-2 in a WT (C) and a V1 (D) placenta. Arrows mark chorionic EC 

showing stronger staining in V1 placentae. The inlet shows the respective negative 

control with no staining. Scale bars = 100 µm. E Gene expression of TIE2 was 

increased in both V1 oviducts. 
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Tables 

Table 1. Protocols and materials used for IHC. TEC = Tris/EDTA/Citrate, BSA = bovine 

serum albumin 

Antibody/ 
Product code 

Manufacturer 
Host 
species 

Antigen 
retrieval 

Blocking 
agent 

Dilution Detection 

VWF/               
Nr. A0082 

DAKO, Santa 
Clara, USA 

Rabbit TEC buffer 
(pH 7.8, 30 
min at 96– 
99 °C) 

BSA 1:3000 EnVision+System-
HRP detection kit 
system Anti-rabbit 
(DAKO) 

Integrin αVβ3/ 
ab7166 

Abcam, 
Cambridge, UK 

Mouse EDTA buffer 
(pH 9, 15 min 
at 96–99 °C); 
Trypsin 30 
min at 37 °C 

BSA 1:50 EnVision+System-
HRP detection kit 
system Anti-mouse 
(DAKO) 

VEGF/                              
sc-152 

Santa Cruz Bio- 
technology, 
Dallas, USA 

Rabbit TEC buffer 
(pH 7.8, 30 
min at 96– 

99 °C) 

BSA 1:1000 EnVision+System-
HRP detection kit 
system Anti-rabbit 

(DAKO) 

VEGFR-2/ 
ab45010 

Abcam Rabbit Uterus and 
oviduct: 
EDTA buffer 
(pH 9, 15 min 
at 96–99 °C); 
Ovary: citrate 
buffer (0.1M, 
pH 6, 20 min 

at 96–99 °C) 

BSA 1:50 EnVision+System-
HRP detection kit 
system Anti-rabbit 
(DAKO) 

Ang-1/             

ab8451 
Abcam Rabbit EDTA buffer 

(pH 9, 15 min 
at 96–99 °C) 

BSA 1:2000 EnVision+System-
HRP detection kit 
system Anti-rabbit 
(DAKO) 

Ang-2/ 
paa009po01 

Cloud-Clone, 
Katy, USA 

Rabbit Citrate buffer 
(0.1M, pH 6) 
microwaved 
(800W,  
15 min) 

BSA 1:250 EnVision+System-
HRP detection kit 
system Anti-rabbit 

(DAKO) 

Tie-1/ 
ab64477 

Abcam Rabbit Citrate buffer 
(0.1M, pH 6, 
20 min at 96-
99°C) 

BSA 1:250 EnVision+System-
HRP detection kit 
system Anti-rabbit 
(DAKO) 

Tie-2/               
sc-9026 

Santa Cruz 
Biotechnology 

Rabbit Citrate buffer 
(0.1M, pH 6, 
20 min at 96–

99 °C) 

BSA 1:250 EnVision+System-
HRP detection kit 
system Anti-rabbit 

(DAKO) 
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Table 2. Primer pairs used for qPCR. 

 

 

 

 

 

 

 

Gene Primers (5' → 3') 

VWF 
TCCAGAACAACGACCTCACC 

TCACAGAAGCAGGCACAGTC 

ITGAV 
AGAGCAGCGAGGACTTTGG 

TCAGCGTAATCATCCCCATT 

ITGB3 (Du et al. 2010) 
CCACCTTCACCAACATCACCT 

GACAGCAGAGACACCCACAATC 

VEGF 
CTTGCCTTGCTGCTCTACCT 

TTCGTGGGGTTTCTGGTCT 

VEGFR2 
CCAGATGACAGCCAGACAGA 

AGCCTTCAGATGCCACAGAC 

ANG1 
TAATGGGGGAGGTTGGACT 

TGAATAGGCTCGGTTTCCTT 

ANG2 
TGAGAGACTGGGAAGGCAAC 

CCTCCTGTGAGCATCTGTGA 

TIE1 
CATCACCCCAACATCATCAA 

GCAGCATCACTGGCAAAAC 

TIE2 
TGCCCAGAGAGGTGACATAG 

AAAGTCCCAGACAGACAGCAA 

PROCR 
GAAACACATCACCACGCATAAC 

CCGTCCACCTACATACAGGAA 

CD31 
CCCCTTCCAAAAACTTCCTC 

TGCGATGAGTCCTTTCTTCC 
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6 General discussion 
 

6.1 Suitability of the porcine model of von Willebrand disease 

type 1 and 3 

 

This study is the first to investigate the connections of VWD and angiogenesis in the 

female reproductive tract in a large animal model. As our study aims to translate 

these results to human VWD patients, suitability of the chosen model should be 

carefully evaluated.  

The pig is widely used as a translational model for various diseases and for drug 

development due to high genetic and physiological similarities to humans  

(Schomberg et al. 2016). The scientific questions addressed by this study concern 

VWD in correlation with angiodysplasia. The pig was used as a model for 

angiogenesis as well as for VWD in other studies before. Angiogenesis in a porcine 

model was for example investigated in terms of tissue regeneration (Wang et al. 

2018) and recently a porcine model developing brain arteriovenous malformations 

was established (Papagiannaki et al. 2017). The porcine model used in this study 

has been utilized to elucidate VWD and particularly function of VWF and FVIII for 

decades, but mainly with a focus on the hemostatic functions (Nichols et al. 2010). 

These studies revealed high homology of the porcine VWF protein including 

multimeric distribution and function (Denis and Wagner 1999). Additionally, a big 

advantage of this model is the recent identification of the disease-causing mutation of 

the VWF gene (Lehner et al. 2018). Heterozygosity for a null allele is the most 

common genetic mutation causing VWD type 1 due to reduced VWF production in 

humans. In the case of the pig colony, VWD is evoked by a naturally occurred 

frameshift mutation leading to nonsense-mediated decay and thus, VWF protein is 

produced from one allele only as described for human patients. According to this, 

VWD type 3 animals show homozygous null alleles. Human VWD type 3 is also 

caused by homozygous or compound heterozygous null alleles, which can be 

induced by frameshifts and often subsequent nonsense-mediated decay (De Jong 

and Eikenboom 2017). Thus, these pigs share high homology of the genetic 

background with many human VWD type 1 and 3 patients and additionally develop 

the corresponding phenotype (Brouland et al. 1999). This is particularly important as 

VWD phenotype varies among patients with different disease-causing mutations of 
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the same type (De Jong and Eikenboom 2017) and among BOEC of different 

patients (Groeneveld et al. 2015; Selvam et al. 2017).   

Our study focuses on angiogenesis in the female reproductive tract. Histology and 

physiology of human and porcine ovary, oviduct and uterus are well comparable and 

as a multiparous mammal, the pig brings the advantage of multiple embryos and 

placentae of different VWD genotypes within one litter. Thus, especially the findings 

on the non-pregnant sows should be well translatable to the situation in women. 

However, the porcine epitheliochorial placenta is markedly less invasive than the 

human hemochorial placenta and thus, both species develop different strategies of 

nutrition of the conceptus during the course of pregnancy. Therefore, observations 

should be translated carefully and only for the first gestational weeks until the basic 

placenta is established. Although invasion of the human trophoblast starts around 

day nine after fertilization, phases prior to invasion (adhesion, attachment) are well 

comparable in both species (Buse et al. 2014). Consequently, day 30, at which the 

basic structure of the porcine placenta is established, was chosen for examining the 

pregnant sows. Apart from differences concerning invasiveness of the trophoblast, 

miscarriages in women as well as in the pig occur most frequently during the first 

trimester (Kridli et al. 2016; Freis et al. 2018) making this a timeframe of special 

interest.   

Although Starke et al. (2011) described enhanced angiogenesis in VWF-knockout 

mice, they did not observe angiodysplasia. Other VWD animal models used are 

either canine or murine (Lozier and Nichols 2013), but no description of 

angiodysplastic lesions exists so far.  

The porcine VWD model is a valuable one to investigate connection of VWD and 

angiogenesis as it provides a similar genetic background and phenotype to human 

patients as well as high similarity of examined tissues, although translation of findings 

on the porcine placenta are limited. It must be emphasized that to the current state of 

knowledge this is the only in vivo model described showing angiodysplastic lesions in 

VWD type 3. 

6.2 Angiogenesis in von Willebrand disease in the porcine female 

reproductive tract from non-pregnant animals 

 

In the first part of our study, the porcine model of VWD type 1 and 3 was 

characterized particularly regarding the influence of VWD on the non-pregnant 
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female reproductive tract. For this purpose, uteri, oviducts, and ovaries of six mature 

sows of the three different genotypes were analyzed for histologic morphology and 

gene and protein expression of several angiogenic factors probably connected to 

VWF.  

While storage of VWF in WPB was shown for the wildtype and VWD type 1 animals, 

this was not seen in VWD type 3 animals, concordant with in vitro results on BOEC 

(Selvam et al. 2017). The general impact of this loss of WPB on expression and 

release of Ang-2 -as one of the many proteins stored as cargo of WPB- seems 

unclear so far. In our study, a trend for changed genetic expression of ANG2 was 

observed only in the VWD type 3 ovaries, as it was decreased compared to wildtype 

and VWD type 1 animals. Regarding Ang-2 protein, varying distribution among the 

animals and genotypes was observed. These findings confirm the observed 

heterogeneity of Ang-2 expression and distribution in different in vitro models, in 

BOEC of patients with different disease-causing mutations and in vivo. Heart tissue 

of VWF-knockout mice showed increased gene expression accompanied by vascular 

defects, while liver and kidney tissue did not display expression changes  

(Yuan et al. 2016). Increased gene expression was also seen in HUVEC and some 

BOEC, which also displayed increased protein release. BOEC of other patients did 

not show expression changes and decreased protein release. Furthermore, Ang-2 

protein levels were decreased in VWD patients’ plasma (Starke et al. 2011;  

Selvam et al. 2017; Groeneveld et al. 2018). Thus, loss of VWF and consequential 

alterations or absence of WPB does not always seem to result in increased Ang-2 

expression but can affect Ang-2 levels rather in both ways. The subsequent influence 

on angiogenesis is mediated via Ang/Tie signaling and hence needs further 

observation of the ratios of the respective components. Regarding ANG2/ANG1 ratio, 

the ovary of one VWD type 3 animal displayed pronounced overexpression of ANG2 

while the ovary of the other VWD type 3 animal showed overexpression of ANG1. As 

Ang-2 acts as an antagonist on Ang-1/Tie-2 signaling and thus, has destabilizing and 

pro-angiogenic effects on blood vessels, a high ratio would be expected in pro-

angiogenic tissue. Apart from that, ANG2 overexpression is found in angiodysplastic 

lesions of the small bowel of humans (Holleran et al. 2015). The observed relatively 

high expression of ANG2 might therefore lead to vessel alterations, which could 

influence the process of ovulation probably by pronounced bleeding. This may 

subsequently lead to hemorrhages seen by ultrasound probably at the time of 
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ovulation resulting in a fibrotic cap surrounding the ovary and rendering the VWD 

type 3 sows sterile (personal communication Claire Bal dit Sollier, Hôpital 

Lariboisière, Paris, France).  

When investigating expression of the Tie receptors, increased TIE2 expression was 

found in the ovaries of VWD type 3 animals and the oviducts of VWD type 1 animals, 

which was also described in venous malformations (Vikkula et al. 1996). Additionally, 

relatively higher ANG1 expression over TIE2 expression was seen in ovaries of VWD 

type 3 animals only. In contrast to balanced Ang-1/Tie-2 signaling, ANG1 

overexpression was described to result in vascular remodeling with widening of the 

vessel diameter (Redondo et al. 2007). This indicates that the ANG/TIE system of 

these animals might be influenced by high TIE2 expression levels as well as 

relatively high ANG1 expression levels, which can both result in impaired vascular 

development. Additionally, imbalanced Ang-1/Ang-2 ratios in connection with VWD 

were proposed to alter vascularization previously (Randi et al. 2018).  

Internalization of integrin αVβ3, which was shown in HUVEC, was observed in uterine 

epithelial cells of all VWD animals. In HUVEC, this was accompanied by decreased 

ITGB3 expression (Starke et al. 2011), which was also shown for all but one tissue 

sample of the VWD type 3 animals. The impact of these findings on angiogenesis 

might be determined by the respective microenvironment, as integrin αVβ3 can have 

both pro- and anti-angiogenic effects. Considering the increased angiogenic 

properties of the VWF-knockdown HUVEC and the angiodysplastic blood vessels in 

the VWD type 3 uteri, the internalization and reduced expression might mimic the 

situation of an integrin β3-knockout, which would subsequently lead to increased 

VEGFR-2 recycling and VEGF sensitivity (Reynolds et al. 2009). This is also 

supported by the increased VEGF expression in the uteri of VWD type 3 animals. In 

the HUVEC model, connection of pro-angiogenic properties, decreased integrin αVβ3 

and VEGF/VEGFR-2 signaling was confirmed. However, angiogenic properties were 

not increased in all BOEC and in this study, angiodysplasia was observed in the uteri 

only. This seems to be in accordance with the described bimodal effect of integrin 

αVβ3 on angiogenesis and the fact that it is expressed in angiogenic or pathological 

tissues only (Brooks et al. 1995).  

Angiogenesis in the non-pregnant human endometrium occurs in correlation to the 

menstrual cycle during menstruation, the proliferative phase and during secretory 

phase (Gargett and Rogers 2001). Hence, the environment is often in a pro-
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angiogenic state. In the ovary, angiogenesis mainly occurs during late maturation of 

the follicles and during establishment of the corpus luteum directly at the side of the 

ovulated follicle (Plendl 2000). In contrast, vascular supply of the porcine non-

pregnant oviduct seems to be stably established before puberty (Gutierrez et al. 

2015) and the human oviduct even seems to be in an anti-angiogenic state during 

passage of the oocyte (Hess et al. 2013). Therefore, the most pronounced influence 

of integrin αVβ3 on angiogenesis would be expected in the uterus and a less 

pronounced influence in the oviduct, which might explain the fact that angiodysplasia 

was seen in both VWD type 3 uteri only. Furthermore, VWF expression was shown to 

vary between tissues and even between single EC of the same tissue. According to 

that, control of VWF over Ang-2 was already proposed to be tissue specific  

(Randi et al. 2018), which might be true for other probably connected angiogenic 

mediators as well. Combining these findings with results of our study, the idea of 

tissue specific influence of VWF on angiogenesis is supported and this influence 

might be pronounced particularly in the uterus.  

Overall, this part of the study confirms influence of VWD on the VEGF/VEGFR-2 

system, integrin αVβ3 and the ANG/TIE system in the porcine non-pregnant female 

reproductive tract in vivo, which may result in enhanced or impaired angiogenesis. 

This influence seems to be heterogenic depending on the disease-causing mutation 

and on the tissue. Angiodysplasia in the non-pregnant VWD type 3 uteri was 

demonstrated, which is the first description of angiodysplasia in a VWD animal 

model.  

6.3 Influence of von Willebrand disease on angiogenesis in the 

porcine uteroplacental unit and the ovary and oviduct from 

pregnant sows 

 

The aim of the second part of the study was to investigate, if VWD influences 

histological morphology and expression of angiogenic factors in the porcine 

uteroplacental units of different VWD genotypes. Additionally, influence of VWD on 

angiogenesis in the oviduct and ovary in two pregnant VWD type 1 sows was 

compared to two pregnant wildtype sows and investigated by studying gene and 

protein expression of the same angiogenic mediators as examined in the first part of 

the study.  

The placenta is a tissue characterized by intense angiogenesis in the fetal and 
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maternal compartments during placentation but also throughout gestation. Sufficient 

angiogenesis in the placenta is decisive for a successful pregnancy outcome, as it 

influences the degree of metabolic exchange between mother and conceptus from 

placentation and beyond (Reynolds et al. 2010). This role is emphasized by studies 

showing that reduced vascular development in the placenta is associated with early 

embryonic loss in humans (Reynolds and Redmer 2001) and that impaired 

angiogenic regulation by the uterine endometrium can evoke fetal loss in pigs 

(Tayade et al. 2007). Since hitherto no study described the underlying 

pathomechanisms for miscarriages observed in VWD patients, we hypothesized 

influence of VWD on angiogenesis in the uteroplacental unit, which subsequently can 

lead to miscarriages.   

Regarding gene expression of angiogenic factors in the embryonic part of the 

placenta, significant differences were observed for VEGF, ITGB3, ANG1, ANG2 and 

TIE2. Results were confirmed on protein levels for VEGF, integrin αVβ3 and Ang-2, 

while for VEGFR-2 and Tie-1 results were significant on protein level only. Regarding 

gene expression in the endometrium, clear differences between VWD type 1 and 

wildtype animals were seen for VEGFR2 and ANG1 and differences in IHC staining 

for VWF and Ang-2. Interestingly, for ANG1 tendencies for altered gene expression 

were contrary in the embryonic and maternal part and were not reflected on protein 

level. 

The ANG/TIE system was identified to be involved in regulation of placental 

angiogenesis earlier (Reynolds and Redmer 2001). It mainly seems to affect vascular 

adaptation rather than initial vascularization (Plaisier et al. 2007). According to that, 

ANG2 mRNA expression correlates positively with vascularization of the maternal 

placenta compartment in sheep (Reynolds et al. 2010) and in the human placenta, 

higher amounts of Ang-2 protein were observed in parts of the placenta with higher 

vascular surface (Plaisier et al. 2007). This implicates the requirement of higher Ang-

2 amounts to promote angiogenesis during placentation. Previous results regarding 

Ang-2 expression in VWD in vitro and in humans were heterogeneous and seemed to 

depend on the model used as well as on the disease-causing mutation of the VWF 

gene as outlined above (section 6.2). In this study, gene expression of ANG2 was 

reduced in the VWD type 1 uteri as well as in the VWD type 1 placentae and 

according to that, Ang-2 protein expression was reduced in glandular epithelial cells 

of the endometrium and in the trophectoderm. These findings are in contrast to the 
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previous suggestion that a lack of VWF might increase Ang-2 release leading to 

enhanced pro-angiogenic action via Ang-2/Tie-2 signaling (Randi et al. 2013). 

However, it must be emphasized that the placenta is a tissue in which angiogenesis 

is needed physiologically and especially during placentation. The overall reduced 

expression of Ang-2 gene and protein implicates expression of insufficient amounts in 

the uteroplacental units of VWD type 1 animals. This probably results in insufficient 

angiogenesis and thus insufficient placental function. If this has any impact on 

nutrition of the conceptus and at which time of pregnancy this affects development of 

the conceptus remains speculative so far.  

As the ratios of components of the ANG/TIE system determine Ang/Tie signaling and 

the role of each component can change with varying ratios of the components and 

different conditions in the microenvironment (Augustin et al. 2009), further findings on 

the ANG/TIE system must be discussed in this particular context. In the VWD type 1 

uteri, ANG1 gene expression was reduced, while in VWD type 1 placentae, ANG1 

gene expression was significantly higher. While TIE1 gene expression did not differ 

among placentae, Tie-1 protein expression was decreased in in the trophectoderm of 

VWD type 1 placentae. TIE2 gene expression was decreased in VWD type 1 

placentae as well as Tie-2 protein in expression in maternal VSMC, but Tie-2 protein 

expression was increased in chorionic EC of VWD type 1 placentae. Although the 

relative expression compared to wildtype samples showed different tendencies in 

uterus and placenta, the TIE2/TIE1 expression ratio was significantly lower in VWD 

type 1 placentae. By their cellular ratio to each other, Tie receptors primarily 

determine Ang signaling in vitro. High amounts of Tie-2 relatively to Tie-1 favor blood 

vessel stabilizing Ang-1/Tie-2 signaling (Singh et al. 2012). This implicates an EC 

phenotype in VWD type 1 placentae, which is more responsive to angiogenic signals 

and remodeling than in wildtype placentae. However, these results were not 

confirmed on protein level. Thus, it remains speculative so far, if the ratio of gene 

expression levels really affects cellular protein ratios and hence activation of 

respective Tie receptors.  

Extensive pro-angiogenic influence of the VEGF/VEGFR-2 system in placental 

development was shown for the pig (Vonnahme et al. 2001) as well as for the human. 

Beyond vascular development, VEGF also promotes placental blood flow via nitric 

oxide production (Reynolds and Redmer 2001) (section 3.5.3). Thus, increase of 

VEGF and VEGFR-2 expression is observed during placentation  
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(Garcia Fernandez et al. 2015). The examined placentae of the VWD type 1 animals 

showed significantly higher VEGF gene and protein expression, while there was no 

trend observed for the uterus. These findings support previous studies showing 

increased VEGF serum levels in VWD patients and increased VEGF-dependent EC 

proliferation in the HUVEC and BOEC model (Gritti et al. 2011; Starke et al. 2011). In 

the context of placental angiogenesis, blood flow and placental efficacy, higher VEGF 

expression in the placenta seems to be a beneficial characteristic. In contrast, it 

seems to promote development of angiodysplasia in other tissues as shown in the 

gastrointestinal tract (Tan et al. 2012). Hitherto, it remains unclear whether the effect 

of increased VEGF expression in the placenta can switch at a certain point promoting 

formation of impaired or angiodysplastic blood vessels rather than a beneficial 

increase of angiogenesis. Furthermore, the pro-angiogenic properties of VEGF are 

mediated mainly via VEGFR-2 (Shibuya 2013). Expression of this receptor was not 

increased on the genetic level and even decreased on protein level in VWD type 1 

placentae. Thus, it appears questionable if the higher VEGF production results in 

increased pro-angiogenic signaling. Additionally, upregulation of VEGFR-2 

expression was previously demonstrated in implantation sites of arresting porcine 

embryos probably as a takeover approach to overcome deficient angiogenic 

signaling (Garcia Fernandez et al. 2015). This emphasizes the presumable anti-

angiogenic effect of a downregulation of VEGFR-2 in the uteroplacental unit.  

While gene expression of ITGAV did not differ between the genotypes, ITGB3 

expression and protein expression of integrin αVβ3 were significantly reduced in VWD 

type 1 placentae. This is concordant with in vitro results in HUVEC showing reduced 

gene expression and increased internalization of integrin αVβ3 (Starke et al. 2011). 

Apart from the possible influence on angiogenesis outlined above, reduced 

expression may also affect adhesion and attachment of the embryo. In the human 

endometrium, expression is enhanced during the previously mentioned “window of 

implantation” (section 3.5.4) at the apical cell membrane (Lessey et al. 1996a). 

Protein expression was previously shown in the porcine endometrium most intense 

during mid-implantation but also on day 25 of pregnancy and probably beyond  

(Lin et al. 2007) as seen in this study on day 30. The reduced gene and protein 

expression in the VWD type 1 placentae strongly indicate impaired expression 

pattern of integrin αVβ3 in the uterus and placenta in VWD, which seems to affect not 

only angiogenesis but also implantation and probably survival of the conceptuses. 
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This is supported by the presence of 17 embryos in each VWD type 1 sow at time of 

placentation, while the reported litter size in this colony is eight to nine piglets per 

litter (personal communication Claire Bal dit Sollier). That indicates a loss of fetuses 

after placentation. In the pig, revoked vascular supply of the uteroplacental unit is 

suggested as main reason for early and mid-gestational pregnancy loss (Kridli et al. 

2016) and impaired regulation of angiogenesis by the endometrium can be a major 

factor for fetal loss (Tayade et al. 2007). Thus, it is likely that influence of VWD on 

angiogenic mediators also results in conceptus loss as pregnancy develops, when 

fetuses grow, and demand higher nutritional supply.  

In contrast to angiogenetic processes in the uteroplacental unit, pro-angiogenic 

signaling in oviduct and ovary is expected to occur mainly prior to placentation. In the 

oviduct, this is primarily right before establishment of pregnancy when the oocyte is 

transported through and fertilized in the oviduct (Krawczynski and Kaczmarek 2012). 

The human oviduct even demonstrates an anti-angiogenic state during that process 

(Hess et al. 2013). In the ovary, angiogenesis is pronounced during final maturation 

of the dominant follicles and subsequent establishment of the corpus luteum  

(Berisha et al. 2016). Hence, both organs do not provide such a pro-angiogenic 

environment as the uteroplacental unit during placentation, which must be 

considered when discussing these results.   

Regarding the VEGF/VEGFR-2 system, VEGF protein expression was reduced in 

oviducts and ovaries of VWD type 1 animals and VEGFR2 gene expression was 

higher in VWD type 1 oviducts. Previous studies proposed VEGF/VEGFR-2-

dependet influence of VWF on angiogenesis as outlined above (section 6.2). 

Reduction of VEGF expression in VWD type 1 animals contrasts findings on VWD 

patient’s serum with higher VEGF levels (Gritti et al. 2011). These reduced VEGF 

levels in VWD type 1 may prevent enhanced angiogenic signaling due to the 

increased VEGFR2 expression, as availability of the ligand limits activity of the 

receptor (Olsson et al. 2006). Furthermore, increase of VEGFR-2 expression was 

previously discussed as a sign of insufficient angiogenic signaling in the placenta 

(Garcia Fernandez et al. 2015) as discussed above and might therefore point to 

insufficient angiogenic signaling in the oviduct from pregnant sows.  

ITGAV expression was increased in VWD type 1 ovaries, while protein expression of 

integrin αVβ3 was reduced in blood vessels of VWD type 1 ovaries. This suggests an 

influence of VWF on both integrin subunits, as the αV-subunit can pair with other 
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subunits beside the β3-subunit. Hence, it influences angiogenesis by reacting to 

different ligands and activating other downstream pathways, for example when paired 

with the β5-subunit instead (Weis and Cheresh 2011). However, the exact 

mechanism remains elusive so far and a distinction of the subunits on protein level 

will be necessary to further reveal the influence of VWF on integrin expression.  

In our study, several findings were made for the ANG/TIE system. Ang-2 protein 

expression was lower in both VWD type 1 oviducts and ovaries as seen in the VWD 

type 1 placentae. In the context of the previous in vitro and mice studies  

(Yuan et al. 2016; Selvam et al. 2017) these observations support the assumption of 

tissue specific influence of VWF on Ang-2 gene and protein expression, as increased 

as well as decreased expression and different phenotypes were seen in different 

models and also different organs of the same knockout-mice. Concerning the Tie 

receptors, Tie-1 protein expression was reduced in VWD type 1 oviducts 

accompanied by increased TIE2 gene expression. It was shown earlier that 

coordinated expression due to counter-regulation of both receptors is required in 

terms of physiological angiogenesis (Savant et al. 2015). While it was already 

proposed that altered Ang-1/Ang-2 ratios may impair angiogenesis in VWD  

(Randi et al. 2018), the same may be assumed for Tie-1/Tie-2 ratios. Both sides of 

the systems are involved in altered ANG2/TIE2 ratios within the ovaries. While 

wildtype sows expressed higher levels of ANG2 compared to TIE2, the opposite was 

true for VWD type 1 ovaries. If this directly favors Ang-2/Tie-2 signaling in the 

wildtype ovaries but not in the VWD type 1 ovaries, needs to be determined. Hitherto, 

Tie-1/Tie-2 ratios on cellular level seem to predominantly determine if Ang-1 or Ang-2 

influence is decisive (Singh et al. 2012). 

The results of this study need to be interpreted with certain reservations, as only a 

limited number of animals was examined so far. Nonetheless, this is the first study 

raising evidence for imbalances of angiogenic mediators in the reproductive tract of 

pregnant VWD type 1 sows. These imbalances might be even more pronounced in 

pregnant VWD type 3 animals, which have not been studied so far. The described 

alterations may affect angiogenic processes in all parts of the reproductive tract but 

predominantly in the uteroplacental unit and thus the overall outcome of pregnancy. 
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6.4 Comparison of influence of von Willebrand disease on the 

porcine reproductive tract of non-pregnant and pregnant 

animals 

 

To recapitulate the observed differences between the genotypes regarding 

angiogenic mediators in the porcine female reproductive tract, findings on non-

pregnant and pregnant animals are considered comparatively. Although no pregnant 

VWD type 3 animals were examined, the overall picture for the different groups 

should be discussed.  

Angiodysplastic blood vessels were observed in the VWD type 3 uteri of non-

pregnant sows only. This implicates that an almost complete absence of VWF has a 

greater influence on blood vessel formation than only a reduction of VWF. 

Angiodysplasia was also not observed in the placentae of VWD type 3 embryos of 

VWD type 1 sows. However, since it is not clear yet, when and to what extent the 

porcine embryo expresses VWF, the influence of the embryonic VWD-genotype on 

placental blood vessel development remains questionable so far.  

A gradation of gene and protein expression of VWF was seen most clearly in the uteri 

of non-pregnant sows. Only the uteri and ovaries from pregnant sows showed a trend 

for higher protein expression in wildtype animals. In the pregnant animals, this trend 

is likely to be more pronounced in VWD type 3 animals. A possible reason for less 

pronounced differences between pregnant wildtype and VWD type 1 animals might 

be the increase of VWF:Ag levels observed in pregnant women (Castaman 2013), 

which may lead to overlapping expression levels at this early time point of pregnancy.  

Differences regarding the VEGF/VEGFR-2 system were found in non-pregnant as 

well as in pregnant animals. VEGF gene expression was increased in the uteri from 

non-pregnant VWD type 3 sows as well as in VWD type 1 placentae. The latter also 

showed increased protein expression, which is concordant to previous studies 

showing higher VEGF serum levels in VWD patients (Gritti et al. 2011;  

Groeneveld et al. 2018). Pro-angiogenic action of VEGF is mainly mediated via 

VEGFR-2 (Shibuya 2013), which was reduced on gene level in uteri from pregnant 

VWD type 1 sows and on protein level in VWD type 1 placentae. Thus, it seems 

reasonable that a pro-angiogenic influence of higher VEGF levels in the pregnant 

VWD type 1 animals is prevented by reduced receptor levels. These findings contrast 

with the VEGF protein expression in the oviduct and ovary from pregnant sows, 
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which tended to be lower in VWD type 1 animals. However, in the oviduct from 

pregnant VWD type 1 sows this was accompanied by increased VEGFR2 gene 

expression. A reason for these contrary results might be given by the higher 

angiogenic activity of the uteroplacental unit compared to oviduct and ovary during 

placentation. Regulation of the VEGF/VEGFR-2 system was described to depend on 

several mediators from the microenvironment (Olsson et al. 2006). Therefore, varying 

influence of VWF in different environments exerting different pro- or anti-angiogenic 

signals seems possible. Since alterations regarding the VEGF/VEGFR-2 system 

were found not only in our study but also reported by other groups (Gritti et al. 2011; 

Starke et al. 2011; Groeneveld et al. 2018), it seems very likely that VWF influences 

angiogenesis via this pathway although the exact mechanisms were not revealed yet. 

For integrin αVβ3, clear alterations regarding staining patterns were found in the uteri 

of non-pregnant sows, where a shift from the apical membrane of the uterine 

epithelial cells to the cytoplasm in VWD animals was seen, most pronounced in the 

VWD type 3 uteri. A loss of apical staining was also seen in epithelial cells of oviducts 

from non-pregnant VWD type 3 sows. No shift of the staining pattern was seen in the 

tissues from pregnant animals, but ITGB3 gene and integrin αVβ3 protein expression 

were significantly reduced in VWD type 1 placentae. Taking both findings together, 

influence of the loss or reduction of VWF seems to lead to lower expression levels of 

ITGB3, internalization of integrin αVβ3 at the endometrium from non-pregnant sows 

and lower integrin αVβ3 protein expression in the VWD type 1 uteroplacental unit. This 

may subsequently affect not only blood vessel development, but also proper 

adhesion, attachment, and thus, successful implantation of the embryos even beyond 

the time of implantation. One could speculate that these findings may also be 

connected to the reduced number of VWD type 3 embryos found in the pregnant 

VWD type 1 sows. Additionally, decreased integrin αVβ3 protein expression in the 

VSMC of ovaries from pregnant VWD type 1 sows was accompanied by increased 

ITGAV gene expression. This implicates affection of both integrin subunits, which 

might depend on the specific tissue and microenvironment. Affection of integrin αVβ3 

is a recurrent finding in different VWD models used so far. Thus, this seems to be a 

pathway very likely to connect VWF and angiogenesis beside the VEGF/VEGFR-2 

system probably complemented by interactions between integrin αVβ3 and VEGFR-2 

as outlined above. 
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Regarding the ANG/TIE system, most differences were observed for Ang-2. The 

staining patterns differed among the genotypes in the tissues of non-pregnant as well 

as pregnant animals. Additionally, protein and gene expression were significantly 

reduced in VWD type 1 placentae. A clear difference was found between the oviduct 

from non-pregnant and pregnant sows, as apical staining of epithelial cells was seen 

in the oviduct of non-pregnant VWD type 3, but in the pregnant wildtype animals only. 

These findings underline the hypothesis of a tissue specific regulation of Ang-2 by 

VWF (Randi et al. 2018) and alterations of Ang-2 expression, storage and distribution 

in different directions found in several different models. Thus, influence of VWF on 

Ang-2 is very likely, although this influence varies under different conditions. This 

impact may also vary between tissues from pregnant and non-pregnant animals and 

furthermore be influenced by the ratios of the respective components within the 

ANG/TIE system.   

Tie-2, which was proposed to be connected to VWF via Ang-2/Tie-2 signaling, was 

not examined in previous studies and showed differences in various porcine tissues 

in our study. Both, oviducts of non-pregnant and pregnant VWD type 1 sows, showed 

increased TIE2 gene expression and thus probably increased Ang-2/Tie-2 signaling. 

This was also shown for ovaries from non-pregnant VWD type 3 sows. Conversely, 

VWD type 1 placentae showed significantly decreased TIE2 gene expression, 

decreased Tie-2 protein expression in maternal VSMC but increased protein 

expression in chorionic EC, while no differences were obvious in uterus samples. 

This implicates again a different influence of VWF in a pro-angiogenic environment 

as present primarily in placentae. Additionally, the TIE2/TIE1 ratio was significantly 

reduced in VWD type 1 placentae. In these samples, relatively lower TIE2 levels 

might favor Tie-1 influence (Singh et al. 2012) and thus a quiescent state of EC. For 

Tie-1, none of the tissues showed differences in gene expression among the 

genotypes. Staining patterns of the protein differed and showed both stronger as well 

as lower expression in VWD tissues, which supports the hypothesis of a particularly 

environment specific regulation of the ANG/TIE system, which requires further 

detailed elucidation on cellular level.   

Ang-1 showed differences among the genotypes in the pregnant animals only. While 

gene and protein expression were reduced in VWD type 1 uteri, placentae showed 

contrasting results with increased gene, but decreased protein expression. 

Decreased protein expression was also found in oviducts and ovaries from pregnant 
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VWD type 1 sows. Interestingly, in a previous study, Ang-1 plasma levels of VWD 

patients only differed significantly when comparing different VWD type 2 subtypes. 

Thus, Ang-1 might be influenced by VWF only under special conditions, such as in a 

pro-angiogenic environment as found during placentation or if VWF shows rather 

qualitative aberrations. In tissues from pregnant VWD type 1 sows, reduction of Ang-

1 protein expression seems to be the predominant effect.  

Different changes regarding the ANG/TIE gene expression ratios were found in the 

ovaries from non-pregnant sows (stronger overexpression of ANG2 compared to 

ANG1 in both VWD type 1 and 3 ovaries; relative overexpression of ANG1 over TIE2 

in VWD type 3 ovaries only) and in placentae (significantly lower TIE2/TIE1 ratio in 

VWD type 1 placentae). These findings support the hypothesis of a rather complex 

and varying influence of VWD on components of the ANG/TIE system, which might 

depend on the respective tissue and the microenvironment. Changes of expression 

of single components will then affect the ratios within the system, which determine 

the preference of pro- or anti-angiogenic signaling. A general statement of VWF’s 

influence on the ANG/TIE system cannot be made yet, but this study raises evidence 

that beside Ang-2 as proposed in several previous publications (Randi et al. 2018) 

Ang-1 and the Tie receptors are also involved in angiogenic mediation via VWF. 

6.5 Concluding remarks  

 

The correlation of VWD and angiodysplasia was already shown in 1967 (Quick) and 

confirmed in several studies until today. Nevertheless, the underlying 

pathomechanisms and thus, the connection of VWF and angiogenesis was not 

revealed comprehensively, yet. Hence, treating options for VWD patients diagnosed 

with angiodysplasia and related bleeding from these blood vessels are still 

insufficient. Additionally, data on pregnancy outcome of VWD patients is hitherto 

unsatisfactory, but points to increased rates of miscarriages although reasons for that 

have not been found before. This emphasizes the requirement to elucidate these 

mechanisms in general and in the female reproductive tract in particular, to which 

attempt this study contributes.  

First in vitro studies pointed to a mainly inhibiting influence of VWF on angiogenesis 

(Starke et al. 2011). However, subsequent studies on BOEC derived from VWD 

patients revealed that there is a clear variability of angiogenic properties and 
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expression of possibly related angiogenic mediators between cells of different 

patients with different disease-causing mutations (Wang et al. 2013;  

Selvam et al. 2017). Furthermore, murine models implicated tissue specific 

angiogenic mediation of VWF (Yuan et al. 2016) and even led to contrasting results 

showing decreased angiogenesis in VWF-knockout mice in response to hypoxia and 

thus an assumable angiogenesis-promoting effect of VWF (De Vries et al. 2017).  

This in vivo variation also becomes apparent in our study, as diverse observations 

were made regarding the occurrence of angiodysplastic blood vessels as well as 

gene and protein expression of angiogenic factors presumably related to VWF in 

different tissues and under non-pregnant and pregnant conditions. It further 

emphasizes the necessity to take all the different influences of the in vivo situation 

into account when examining the connections of VWF and angiogenesis, as these 

seem to contribute to the variability of the results. A larger animal number in 

combination with cellular based methods will be necessary to validate our findings 

and to further elucidate the exact mechanisms connecting VWF and angiogenesis 

under different conditions. However, this study provides the first characterization of 

an animal model developing (i) angiodysplasia correlated to VWD and (ii) expression 

differences of angiogenic mediators in tissues of the female reproductive tract and 

placentae between non-pregnant as well as pregnant wildtype and VWD animals. 
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