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Chapter 110

In 1998, Andrew Fire and Craig Mello discovered that double-stranded RNA molecules 

corresponding to the coding region of specific genes, can interfere with the production of 

proteins.1 Fire and Mello named this phenomenon RNA interference (RNAi) and the invention 

of it has had many implications in fundamental as well as translational medical sciences.2 It 

is therefore not without merit that both inventors received the Nobel Prize in physiology or 

medicine for this discovery in 2006. The discovery of RNAi was quickly followed by studies that 

shed light on the mechanism of RNAi.3-6 Most importantly, it was established that small double-

stranded RNA molecules of about 20-25 nucleotides are responsible for the interference 

process.3-5 These short double-stranded RNA molecules are called small interfering RNAs 

(siRNAs) and can be generated intracellularly as a cleavage product of long double-stranded 

RNA molecules or can chemically be synthesized and experimentally introduced into cells.7,8 

For fundamental scientific purposes, siRNAs are used as a tool to inhibit the production of 

proteins and follow the consequences of this inhibition to better understand functional 

aspects and cellular mechanisms of proteins.9 In translational science, synthetic siRNAs 

are used to minimize production of mutant or deleterious proteins and correct for disease 

phenotypes.10,11 The use of synthetic siRNAs are also central to this thesis. Here, siRNAs are 

applied to correct phenotypes of the bleeding disorder von Willebrand disease (VWD).

Von Willebrand disease and von Willebrand factor

VWD is the most common inherited bleeding disorder, named after Erik von Willebrand who 

first described the disease in 1926.12 VWD is mainly associated with easy bruising, post-surgical 

or traumatic bleeding, and mucocutaneous bleeding (e.g. nose or menstrual bleeding).13 The 

bleeding phenotype of patients varies from mild, with only bruises and sparse nose bleeding, 

to severe, with bleeding from the gastrointestinal tract or joints.13,14 In the past, many patients 

with mild bleeding symptoms have gone unnoticed since bleeding also occurs in the normal 

population. However, better awareness of the disease among clinicians and developments in 

the diagnostic procedures for VWD have resulted in better recognition of the disease.15 This is 

especially essential when a patient undergoes surgical or dental procedures. 

VWD is caused by defects in the multimeric protein von Willebrand factor (VWF), a highly 

glycosylated protein produced by endothelial cells and megakaryocytes.16 Upon expression 

in the endothelial cells, VWF undergoes several modifications before it is constitutively 

secreted or stored as multimers in the endothelial storage organelles, the Weibel-Palade 

bodies (WPBs).17-20 Endothelial activation by vascular damage or inflammation leads to the 

release of VWF from the WPBs.21 The released VWF multimers will unroll into ultra-large VWF 

strings, a process that is mediated by shear stress induced by vascular flow.22,23 These ultra-

large VWF strings expose their A1 domain, allowing platelet binding through the platelet 
24 The 

elongated form of VWF also opens up the cleavage site for the metalloprotease ADAMTS13 
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(a disintegrin and metalloprotease with thrombospondin type motifs 13) in the A2 domain. 

Cleavage of VWF by ADAMTS13 degrades the ultra-large VWF multimers in smaller sized 

multimers that are present in a globular form in the circulation.25,26 In the circulation, VWF 

is the binding partner of coagulation factor VIII (FVIII), thereby increasing the FVIII half-life.27

Three types of VWD can be distinguished, VWD types 1, 2 and 3 (an overview of the VWD types 

is summarized in Table 1).28 VWD type 1 is associated with decreased VWF plasma levels (<30 

IU/dL) and is mainly caused by dominant negative mutations in VWF.28-30 These mutations 

are distributed throughout the whole protein and may lead to decreased secretion of VWF 

from the endothelial cells, or increased clearance of VWF from the circulation.20 VWD type 2 is 

associated with qualitative defects in VWF and patients are categorized among VWD types 2A, 

2B, 2M and 2N, depending on the specific defect.28 VWD type 2A patients have abnormal plasma 

multimers which is the result of either defective intracellular multimerization or increased 

cleavage of VWF by ADAMTS13.20 VWD type 2B patients have gain-of-function mutations in the 

globular form.20 This VWF-platelet complex is cleared fast from the circulation which results 

in VWF results in decreased affinity of VWF to platelets. Also, patients with a collagen binding 

defect are categorized among VWD type 2M.20,28,31 VWD types 2A, 2B and 2M are all caused 

by dominant negative mutations in specific domains of VWF. VWD type 2N patients have a 

decreased binding to coagulation FVIII caused by homozygous or compound heterozygous 

mutations in the FVIII binding site.20,32 Lastly, VWD type 3 patients have a complete absence 

of plasma VWF, which is generally caused by homozygous or compound heterozygous null 

mutations.20,28

Treatment of von Willebrand disease

The choice of VWD treatment depends on the type and severity of VWD. Mild cases of VWD 

are generally treated on demand using desmopressin (DDAVP).33 DDAVP mediates the release 

of VWF from the endothelial cells through the Vasopressin receptor 2.34 This leads to a short-

term increase of endogenously produced circulating VWF, which is usually sufficient to stop 

bleeding after trauma or prevent bleeding during a planned intervention. DDAVP is, however, 

not effective in VWD type 3 patients since they do not synthesize VWF at all. Furthermore, 

DDAVP is contra-indicated in VWD type 2B patients, because increased release of endogenous 

mutant VWF will capture circulating platelets and therefore induce thrombocytopenia.35

In cases where DDAVP is not effective or contra-indicated, a second treatment option is 

the administration of VWF-containing concentrates.36,37 VWF-containing concentrate is an 

exogenous source of VWF and is either plasma-derived or recombinant. Recombinant VWF is 

only recently approved by the FDA and superiority of recombinant VWF over plasma-derived 

VWF has yet to be proven.38-41
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Table 1. Overview of the VWD types, detailing the phenotype, pathophysiological mechanism, main VWF 
defect, affected domains and main inheritance

VWD 
type:

Phenotype Pathophysiological 
mechanism:

Main VWF 
defect:

Affected 
domains:

Main inheritance 
pattern:

1 Decreased VWF 
plasma levels

• Decreased synthesis 
of VWF

• Decreased secretion 
of VWF from 
endothelial cells

• Increased clearance 
of VWF from 
circulation

Null alleles

Missense 
mutations

Missense 
mutations

Any domain

Any domain

D3, A1, A3

Autosomal 
dominant

2A Decreased high 
molecular weight 
VWF multimers

• Affected 
intracellular VWF 
dimerization/
multimerization

• Increased cleavage 
of VWF by ADAMTS13

Missense 
mutations

Missense 
mutations

Propeptide, 
D3, A1, A2, CK

A2

Autosomal 
dominant

2B Increased VWF-
platelet binding

• 
binding site

Missense 
mutations

A1 Autosomal 
dominant

2M Decreased VWF-
platelet binding
Decreased VWF 
collagen binding

• 
binding site

• Mutant collagen 
binding site

Missense 
mutations
Missense 
mutations

A1

A1, A3

Autosomal 
dominant

2N Decreased VWF-
FVIII binding

• Mutant factor VIII 
binding site

Missense 
mutations

D’, D3 Autosomal 
recessive

3 Absence of VWF 
plasma levels

• No VWF synthesis Null alleles Any domain Autosomal 
recessive

Although both treatment modalities are generally sufficient to stop bleeding, multiple 

limitations can be described. Firstly, repeated dosing of DDAVP has been associated with 

tachyphylaxis, and side-effects like flushing of the face, nausea and headaches.42 Incidentally, 

also deep-vein thrombosis has been reported as adverse event to administration of VWF-

containing concentrates.43 Secondly, the effects of both treatments are short-term and, 

unless being on long-term prophylaxis of VWF-containing concentrates, patients are not 

protected for sudden bleeding which decreases the quality of life.44,45 Then, mutant VWF 

remains to be produced and secreted into the circulation. This may lead to dangerously deep 

thrombocytopenia in VWD type 2B patients during stress-induced VWF release of mutant 

VWF.46-48 Lastly, both DDAVP and VWF-containing concentrates cannot correct for phenotypes 

developed by long-term exposure to mutant VWF. An important example is the development of 

intestinal angiodysplasia, resulting in severe intestinal bleeding. A trait that is more common 

among VWD patients compared to the normal population.49,50 Recent evidence showed that 

angiodysplasia is the result of defective VWF and cannot be corrected by DDAVP or VWF-

containing concentrates.9,51-54
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Since presence of mutant VWF is detrimental in several situations, we hypothesized that 

inhibition of mutant VWF in dominant negative VWD improves the function of VWF and 

ameliorate VWD phenotypes. In this thesis, we propose the use of allele-specific siRNAs to 

target mutant VWF alleles.

Small interfering RNAs 

siRNAs are small double-stranded RNA molecules, containing a passenger (sense) strand and 

a guide (antisense) strand. siRNAs can intracellularly be generated by cleavage of long double-

stranded RNA molecules by the endo-ribonuclease dicer, or can chemically be synthesized 

and experimentally introduced into cells.8 In this thesis, we make use of synthetic siRNAs. 

Synthetic siRNAs generally have a length of 21 nucleotides and are asymmetric because of a 

two nucleotide overhang at the 3’ end of both strands. When an siRNA enters a human cell, 

it associates with proteins from the RNA-induced silencing complex (RISC; Fig. 1).55 Although 

siRNAs were discovered already 30 years ago, the precise mechanism of siRNA loading into 

RISC is not yet fully elucidated. In humans, it is known that RISC consists of at least Dicer, 

a double-stranded RNA binding protein, the endonuclease Argonaute 2 (Ago2) and the 

chaperone heat shock protein 90 (HSP90).56 Dicer and the trans-activation responsive RNA 

binding protein (TRBP) bind the asymmetric siRNA and attract Ago2 and HSP90.57 HSP90 

facilitates direct binding of Ago2 to the siRNA, which is followed by unwinding of the duplex 

and passenger strand removal.58 Ago2 then directs the guide strand to the targeted mRNA. 

The guide strand of the siRNA binds the target mRNA through Watson-Crick base pairing.59

Ago2 then cleaves the mRNA, preventing translation of the mRNA into protein.60

siRNAs are able to downregulate genes when the siRNA sequence is in full complementarity 

with the mRNA sequence. Mismatches between the siRNA and the mRNA might prevent the 

cleavage ability.59 This feature enables the use of siRNAs for allele-specific inhibition of 

mutant alleles in diseases caused by dominant negative mutations. This approach already 

proved successful in vitro as well as in vivo for several dominant negative diseases.61-65 Two 

approaches of allele-specific inhibition based on single nucleotide mismatches might be 

applied. You could target the dominant negative mutation itself, because a patient is always 

heterozygous for that mutation.61,63,64 Or you could target a single-nucleotide polymorphism 

(SNP) for which a patient is heterozygous.63,65 In the latter, linkage analysis should be performed 

to identify which of the SNP-alleles is located on the diseased allele. Both approaches have 

been described in this thesis to target dominant negative VWD. 
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Cytoplasm

Outside cell

RISC

Passenger strand 
removal

Mismatch between
siRNA and mRNA

Full complementarity
siRNA and mRNA

mRNA

mRNA degrada�on
No protein produc�on

siRNA

siRNA

Protein produc�on
D1 D2 D’ D3 A1 A2 A3 D4 CKC1 - C6SP

VWF

Figure 1. Allele-specific siRNA mechanism. After experimental introduction of a synthetic siRNA into the cell, it 
associates with the RNA-induced silencing complex (RISC). In humans, RISC consists of at least Dicer, Argonaute 
2, the trans-activation responsive RNA binding protein (TRBP) and heat shock protein 90 (HSP90). RISC binding 
induces unwinding of the siRNA and passenger strand removal. The guide strand is then transported by RISC 
to the targeted mRNA. Full complementarity of the guide strand to the mRNA leads to mRNA degradation. A 
nucleotide mismatch between the siRNA and the mRNA might prevent cleavage of the mRNA, which results in 
normal translation of the mRNA into protein. This feature allows the use of siRNAs to inhibit single (mutant) 
alleles when a heterozygous variation within a gene is targeted. mRNA, messenger RNA; siRNA, small interfering 
RNA; VWF, von Willebrand factor
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Outline of the thesis

This thesis brings together the fields of the hemorrhagic disorder VWD and RNA therapeutics. 

First, in Chapter 2, the developments in the diagnostic procedures for VWD are reviewed. This 

chapter explains the diagnostic tests that are required for correct diagnosis of VWD patients. 

Diagnosis of VWD can especially be challenging because of the heterogeneity of the disease.

The heterogeneity of VWD and the disease-causing protein VWF clearly emerges from Chapter 

3. In this chapter, all VWF mutations that have been described in literature until early 2017 

are reviewed and assessed with respect to pathogenic mechanisms. The disease-causing 

mechanisms of the mutations are explained throughout this chapter per VWD type. Also, an 

elaborative description of the VWF synthesis is included.

Most mutations that cause VWD are dominant negative mutations, meaning that only one 

of the two alleles is affected. This allows the hypothesis that allele-specific inhibition of 

the mutant VWF allele would improve VWF function and ameliorate VWD phenotypes. This 

hypothesis is tested in several cellular and animal models. 

Chapter 4 describes the first in vitro proof of principle studies of allele-specific VWF inhibition 

in Human Embryonic Kidney 293 (HEK293) cells. In this study, we show that allele-specific 

siRNAs that target frequent SNPs in VWF can discriminate between two VWF alleles in VWF 

overexpressing HEK293 cells. When we targeted a SNP located on the same allele as a known 

VWF mutation causing a VWD type 2A phenotype, we were able to correct for the VWD type 2A 

multimerization defect.

HEK293 cells are a good model to prove the principle of allele-specific inhibition and to select 

a set of effective siRNAs. They, however, have no endogenous VWF expression. An endothelial 

VWD cell model is therefore necessary to extend the proof of principle to a more physiological 

relevant environment. Endothelial colony forming cells (ECFCs) are cultured endothelial cells 

that can be isolated from peripheral blood. These cells can be isolated from VWD patients and 

are therefore an ideal model to test the approach of allele-specific inhibition to correct for a 

patient’s phenotype.

Chapter 5 describes the validation of the ECFCs as ex vivo model for VWD. In this study we 

standardized the experimental procedures of ECFCs. With this standardized experimental set-

up, we show clear variations in cell morphologies and VWF expression. These variations are 

important to keep in mind when performing experiments with (patient-derived) ECFCs. 

The effects of siRNA-mediated inhibition of VWF on healthy control ECFCs are described 

in Chapter 6. Interestingly, we observed that downregulation of the production of VWF in 
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healthy control ECFCs does affect the processing of VWF. In VWF downregulated ECFCs, a 

larger proportion of the produced VWF is secreted from the cells and this VWF has decreased 

high molecular weight VWF multimers.

Chapter 7 describes allele-specific inhibition of VWF in healthy control and patient-derived 

ECFCs. We show that the allele-specific siRNAs that were selected in Chapter 4, are also 

effective in ECFCs. Furthermore, we show the characterization and correction of ECFCs that 

have been isolated from a VWD type 2A patient.

In Chapter 8, we extend the proof of principle of allele-specific VWF inhibition to a heterozygous 

VWD type 2B mouse model. We use a mouse model based on hydrodynamic injection of Vwf 
cDNA in a VWF deficient mouse resulting in hepatic VWF expression, and show that an siRNA 

against mouse Vwf p.Val1316Met is able to improve the VWD type 2B platelet phenotype.
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Abstract

Von Willebrand disease (VWD) is the most common inherited bleeding disorder but its diagnosis 

can be challenging due to the heterogeneity of the disease. VWD is mainly associated with 

mild mucocutaneous bleeding, although there are more severe phenotypes with bleeding 

from the gastrointestinal tract or even the joints. Also, surgical interventions and trauma may 

lead to critical bleeding events. These bleeding episodes are all related to quantitative or 

qualitative defects of von Willebrand factor (VWF), a multimeric glycoprotein produced by 

endothelial cells and megakaryocytes, which mediates platelet adhesion and aggregation 

and binds factor VIII (FVIII) in the circulation. This review describes the diagnostic procedures 

required for correct diagnosis. Accurate diagnosis and classification is required for proper 

treatment and counseling. Assessment of bleeding starts with the medical history. After a 

positive bleeding or family history, subsequent laboratory investigations will start with a 

panel of standard screening tests for hemostatic defects. Patients suspected of having VWD 

will be tested for plasma VWF antigen levels, the ability of VWF to bind platelets and FVIII 

activity. When VWD is confirmed, a set of subtyping tests can classify the patients as VWD 

types 1, 2 (A, B, M or N) or 3. The performance of some additional assays and analyses, such 

as VWF propeptide measurement or genetic analysis, may help in identifying the pathological 

mechanism behind certain defects or can guide in the choice of treatment.
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Introduction

von Willebrand disease (VWD) is the most common inherited bleeding disorder and is mainly 

associated with mucocutaneous and postoperative bleeding. The underlying cause of these 

symptoms is a qualitative or quantitative defect of the von Willebrand factor (VWF) protein. 

According to population studies, about 1% of the population shows defects of VWF fitting 

the diagnostic criteria; however, only about 0.01% of the population is reported to develop 

clinically significant bleeding.1-5 The actual prevalence probably lies somewhere in the middle, 

with many people having undiagnosed VWD-related bleeding. 

VWF is a large multimeric glycoprotein produced in endothelial cells and megakaryocytes. 

Endothelial cells are the main source of circulating VWF and store VWF multimers in cigar-

shaped vesicles called Weibel-Palade bodies (WPBs).6 Signals released after vascular injury 

stimulate the secretion of the contents of WPBs, including VWF, into the circulation. There, 

VWF unfolds under flow into ultra-long VWF (UL-VWF) strings that attract platelets by binding 

the platelet glycoprotein Ib (GPIb) receptor to the A1-domain of VWF. The multimeric size, and 

therefore the platelet binding activity of VWF, is regulated by cleavage of the UL-VWF strings by 

ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 

13).7 In the circulation, VWF has a half-life of about 12 hours and functions, apart from its 

platelet binding activity, as a binding protein and stabilizer of coagulation factor VIII (FVIII).8,9

Defects in VWF synthesis, storage, secretion or clearance, or a combination thereof, can lead 

to a deficiency of plasma VWF.10-15 This can be either a partial deficiency leading to VWD type 

1 or a (virtually) complete deficiency causing VWD type 3. Qualitative defects of plasma VWF 

cause VWD type 2, which can be subcategorized into types 2A, 2B, 2M and 2N.16 VWD type 2A 

is characterized by a decreased ability of VWF to bind platelet GPIb due to a decreased level 

of high-molecular-weight (HMW) VWF multimers. In VWD type 2B, a gain-of-function mutation 

in the GPIb binding site of VWF leads to the spontaneous binding of VWF to platelets without 

prior activation of VWF. The spontaneously formed VWF-platelet aggregates are quickly 

cleared, resulting in a variable degree of thrombocytopenia and consumption of HMW VWF 

multimers. In VWD type 2M, usually a loss-of-function mutation in the region of GPIb binding 

leads to a decreased binding affinity for platelets. However, other defects, such as an isolated 

defect in collagen binding, are also classified among VWD type 2M. Binding of FVIII to VWF is 

decreased in VWD type 2N, as a result of mutations in the FVIII binding site on VWF. Most VWD 

types 1 and 2 are inherited as an autosomal dominant trait with mainly dominant negative 

missense mutations in VWF as the causative factor.17 VWD type 2N and type 3 are inherited as 

an autosomal recessive trait mainly caused by homozygous or compound heterozygous VWF
mutations, although co-dominant VWF mutations are also observed (Table 1).18
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Table 1. Classification and etiology of VWD

Type Disease mechanism Inheritance Genetic defects*

1 Partial quantitative deficiency of 
VWF

Autosomal 
dominant

Missense mutations (85-90%), null alleles 
(10-15%), variable penetrance

2A Decreased VWF-dependent 
platelet adhesion due to a selective 
deficiency of HMW VWF multimers

Autosomal 
dominant
Autosomal 
recessive

Missense mutations, mainly in D3, A2, and 
CK domains
Missense mutations in propeptide

2B Increased affinity of VWF for platelet 
GPIb

Autosomal 
dominant

Missense mutations in A1 domain

2M Decreased VWF-dependent platelet 
adhesion without a selective 
deficiency of HMW VWF multimers

Autosomal 
dominant

Missense mutations in A1 domain

2N Decreased binding affinity of VWF 
for factor VIII

Autosomal 
recessive

Missense mutations in D’ and D3 domains

3 Virtually complete deficiency of VWF Autosomal 
recessive

Mainly null alleles, often consanguinity

* The majority of the genetic defects are found in the indicated domains, however there are exceptions. VWF, 
von Willebrand factor; HMW, high molecular weight; GPIb, glycoprotein Ib.

Accurate diagnosis and classification of VWD patients is of importance in the choice of 

treatment and in counseling regarding inheritance. However, a good diagnosis of VWD is 

difficult due to the heterogeneity of the disease and several different diagnostic tests are 

required. An overview of the diagnostic tests required can be found in Fig. 1. In this review we 

will describe and discuss the diagnostic approach from a first suspicion of a patient having 

a bleeding disorder to the specific sub-classification of VWD. Finally, additional tools will be 

described that can help to identify the pathophysiologic mechanisms behind VWF defects.

Assessment of bleeding history

The assessment of bleeding history is the first and possibly the most important test in the 

analysis of a suspected bleeding tendency, as laboratory evaluation will only be initiated 

after the suspicion has arisen. In general, hemostatic defects are more likely when 

someone has multiple bleeding symptoms or bleeding at different sites. The severity of 

the bleeding disorder can be judged from the frequency of bleeding and the age at which 

the bleeding problems started. The nature of the bleeding symptoms is also important 

and may already be suggestive of specific defects of hemostasis. In VWD, mucocutaneous 

bleeding is particularly present: bruises, bleeding from minor wounds, gum bleeding, 

epistaxis, menorrhagia, and bleeding from the gastrointestinal tract. Apart from 

spontaneous bleeding, patients with VWD also experience bleeding after procedures such 

as surgery or tooth extraction and at hemostatic challenges such as childbirth or trauma. 

The severity of VWD ranges from very mild with bleeding after major procedures only, up 

to spontaneous bleeding, including muscle and joint bleeding, in the most severe cases. 
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Figure 1. Overview of the phases in diagnosis of von Willebrand disease (VWD). Each phase describes the 
diagnostic tests required for diagnosing VWD. In the assessment of the bleeding history, hemostatic defects 
can be identified by the medical history, which can be guided by the bleeding assessment tool. Screening 
assays are performed to exclude other hemostatic disorders. Suggested VWD is confirmed by a set of standard 
diagnostic tests and the subtyping assays can categorize VWD into VWD types 1, 2 (A, B, M and N) and 3. PFA, 
platelet function analyzer; APTT, activated partial thromboplastin time; PT, prothrombin time; VWF:Ag, VWF 
antigen; FVIII:C, FVIII activity; RIPA, ristocetin-induced platelet aggregation; VWF:FVIIIB, VWF-FVIII binding 
assay; VWF:CB, VWF collagen binding.

To improve bleeding history as a diagnostic tool, structured questionnaires and quantitative 

scoring systems have been developed.19-21 The bleeding score most often used, and frequently 

referred to as the ‘Tosetto’ bleeding score, was validated in a European population of 417 

patients with a mild form of VWD, 295 unaffected family members of those patients and 

195 healthy controls.21 The scoring system evaluates 12 different bleeding symptoms and 

the symptoms are scored from -1 (e.g. no bleeding after multiple tooth extractions) to +4 

(e.g. requirement of blood transfusion after tooth extraction) depending on the presence 

and severity of the symptom. This leads to a cumulative score reflecting the severity of 

the bleeding history. Recently, more condensed, pediatric and self-administered versions 
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of the bleeding score have been developed.22-24 Also, a web-based version of the bleeding 

assessment tool, endorsed by the International Society on Thrombosis and Haemostasis, has 

been published (ISTH-BAT; https://bh.rockefeller.edu/ISTHBATR/). These bleeding scores are 

evidently valuable in research and allow quantitative comparison between different types of 

VWD patients and between cohorts of patients. However, the individual diagnostic value of 

the scores is limited: the scores are age dependent (increasing with age); the scores record 

the severest bleeding event only (lacking information on frequency); the symptoms are 

not diagnosis specific; and the questionnaires are time consuming. The main clinical value 

of the bleeding assessment tools may be in excluding a bleeding disorder. We found in a 

a negative predictive value of 99.2%. The positive predictive value was limited when assuming 

a low prevalence of the bleeding disorder in the general population. However, the positive 

predictive value was reasonable (about 70%) among patients referred for evaluation of an 

abnormal clotting test or family investigation.23

Screening assays for bleeding disorders

When the bleeding or family history of a patient suggests the possible presence of a bleeding 

disorder, a series of standard hemostatic screening assays will usually be performed. In the 

context of this review on the diagnosis of VWD it should be remembered that those assays 

are not intended for the diagnosis of VWD per se, but are performed to exclude alternative 

diagnoses. 

Screening tests for defects in primary hemostasis include platelet count and functional tests 

such as bleeding time (BT) or platelet function analyzer (PFA-100TM), which has replaced BT 

measurements in most laboratories.25-27 Decreased platelet count may be indicative of the 

thrombocytopenia that can be present in VWD type 2B. An increased PFA-100TM closure time 

indicates a defect in primary hemostasis. More severe platelet function disorders, such as 

Glanzmann thrombasthenia, Bernard–Soulier syndrome and severe forms of VWD, can be 

excluded using this test.28 However, the test is not sensitive enough to detect all forms of 

VWD.26,29,30 Therefore, more specific diagnostic tests for VWD are required. 

Screening tests for defects in secondary hemostasis include the activated partial 

thromboplastin time (APTT) and the prothrombin time (PT). Prolonged APTT indicates a 

defect in the intrinsic pathway of coagulation, whereas prolonged PT identifies defects in the 

extrinsic pathway of coagulation. Prolongation of the APTT can be indicative of the diagnosis 

of VWD as it may reflect the concurrent decrease of FVIII in VWD, especially in VWD types 3 and 

2N. The results of the above-mentioned screening tests can guide in the selection of further 
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specific VWD testing. A prolonged BT or PFA-100TM in combination with prolonged APTT may 

suggest VWD, but milder cases of VWD may show normal results for all these screening tests.

Diagnostic assays for VWD

To confirm or exclude VWD, a set of diagnostic tests needs to be performed. These tests 

include determination of the quantity of circulating VWF, VWF-platelet binding activity and 

FVIII activity. Based on these results, VWD can either be excluded or the patients can roughly 

be categorized as type 1, 2 or 3 VWD. Only when these tests indicate VWD, are additional 

subtyping assays required.

VWF antigen levels

The quantity of VWF antigen (VWF:Ag) in plasma can be determined by enzyme-linked 

immunosorbent assay (ELISA) or automated latex immunoassay (LIA).31,32 LIA has the 

advantage that it is an automated assay and that it is very reproducible, but has limitations 

when measuring VWF plasma levels lower than 10 IU/dL or higher than 125 IU/dL.33 Therefore 

it may not be possible to distinguish severe VWD type 1 and VWD type 3. The lower limit 

of detection of the VWF:Ag ELISA in the study by Castaman et al.33 was 5 IU/dL, but with 

adaptation of the ELISA lower limits are possible. The VWF:Ag ELISA is, however, somewhat 

less reproducible than the LIA. 

Plasma VWF:Ag levels of a healthy population are very variable and depend on many factors. 

Most studies have been performed on subjects from European descent and do not reflect 

all subjects worldwide. In a large European study among 1049 healthy individuals, the mean 

VWF:Ag level was determined to be 100.1 IU/dL, with a standard deviation (SD) of 31.9 IU/dL.33

This results in a normal reference range for the Caucasian population, defined as mean ± 2 SD 

of 36.3-163.9 IU/dL. Higher levels of VWF:Ag are, however, found in subjects with African and 

Korean ancestry.34-36 Blood group and age are other important determinants: blood group O is 

associated with 25% lower VWF:Ag levels37,38 and VWF:Ag levels increase with age.37,39,40 Other 

factors leading to fluctuating VWF:Ag levels are the menstrual cycle, stress, pregnancy and 

immune responses.41-44

Diagnosis of VWD by VWF:Ag measurements can only be conclusive in VWD type 3, where there 

is a virtually complete deficiency of VWF:Ag, or VWF:Ag is < 5 IU/dL.16 In VWD type 1, VWF:Ag 

is by definition decreased. It is, however, very difficult to define a clear cut-off point. Usually, 

levels below 30 IU/dL are considered diagnostic; however, levels between 30 and 50 IU/dL 

should be interpreted in the context of the clinical bleeding phenotype. In VWD type 2, plasma 
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VWF:Ag may vary from normal to mildly reduced.16 Due to the variable VWF:Ag levels, the 

interpretation of borderline levels may be ambiguous and repeated measurements are often 

required. It is important not to over-diagnose patients, which leads to unnecessary use of 

costly medication and unjustified labelling of patients. Depending on the clinical phenotype, 

borderline levels of VWF may be considered as a risk factor for bleeding rather than a disease.45

VWF-platelet binding activity

The major function of VWF is VWF-dependent platelet adhesion. VWF-platelet binding activity 

can be determined by several different assays. The VWF ristocetin cofactor activity (VWF:RCo) 

assay has been the gold standard for many years.46 However, several new assays have been 

developed to overcome imprecision and insensitivity of the classical VWF:RCo assay. Recently, 

a new nomenclature for platelet-dependent VWF activity has been adopted and published by 

the VWF subcommittee of the Scientific and Standardization Committee (SSC) of the ISTH to 

recognize differences between the tests (Table 2).47 

Table 2. Nomenclature of platelet-dependent VWF activity

Assay Activator Description of activity

VWF:RCo Ristocetin Ristocetin-induced VWF binding to GPIb on platelets

VWF:GPIbR Ristocetin Ristocetin-induced VWF binding to recombinant wild type GPIb fragment

VWF:GPIbM - Spontaneous VWF binding to recombinant gain-of-function mutant GPIb 
fragment

VWF:Ab - Binding of monoclonal antibody to the GPIb binding site in VWF (A1 domain 
epitope)

Adapted from Bodó et al.47  VWF, von Willebrand factor; GPIb, glycoprotein Ib.

The VWF:RCo assay uses the antibiotic ristocetin with platelet-poor plasma to agglutinate an 

external source of formalin-fixed platelets. Low VWF:RCo indicates a defect in VWF-platelet 

binding. A drawback of the assay is the low sensitivity and precision; however, newer fully 

automated assays have been developed and show better sensitivity and precision.48 The 

binding site of ristocetin in VWF is found to be inside the A1 domain and some mutations 

in this region affect ristocetin-mediated activation of VWF, leading to a false-positive VWD 

diagnosis. Mutations or variations known to interfere with VWF-ristocetin binding are 

p.Asp1472His and p.Pro1476Ser, with p.Asp1472His being a common variant found in the Afro-

American population.49,50

An improved limit of detection and coefficient of variation (CV) compared with the standard 

VWF:RCo assays is obtained by ristocetin-triggered GPIb binding (VWF:GPIbR) assays.47 In these 

assays, the external source of platelets has been replaced by a recombinant GPIb fragment 

bound to a monoclonal antibody51,52 or latex or magnetic particles.53 As the VWF:GPIbR assay 
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uses ristocetin to induce platelet agglutination, this assay has the same drawbacks as the 

VWF:RCo assay with respect to the variations in the ristocetin binding site. Another drawback 

is the use of different monoclonal antibodies and GPIb sources in all the assays, rendering 

substitution of reagents impossible. 

The drawback of misclassification of certain subjects by the use of ristocetin can be bypassed 

by platelet-dependent VWF assays using recombinant mutant gain-of-function GPIb 

fragments (GPIbM assay). These GPIb fragments contain gain-of-function mutations that 

spontaneously bind VWF without the need for VWF activation by ristocetin. Several assays 

have been developed, including ELISA-based assays54 and automated systems.55

In addition to the above-mentioned VWF-platelet binding activity assays, an alternative assay 

has been developed in which the platelets have been replaced by a monoclonal antibody 

detecting an epitope in the GPIb binding site (A1 domain) of VWF (indicated as VWF:Ab).56,57

Although the results of this assay are closely correlated with the VWF:RCo assay, it is not an 

activity assay in the strict sense. 

The VWF:RCo, VWF:GPIbR and GPIbM assays can be used to identify qualitative defects of VWF 

in the platelet binding. In VWD type 3 there is no platelet binding activity due to the absence 

of VWF:Ag and in VWD type 1 the platelet binding activity correspondingly decreases with the 

VWF:Ag level. Significantly decreased levels of platelet binding activity in comparison with 

VWF:Ag levels are found in VWD types 2A and 2M. This reduction, although less pronounced, is 

also observed in VWD type 2B. In VWD type 2N, there is no defect in platelet binding and hence 

no decrease in platelet binding activity in comparison with VWF:Ag levels (Table 3).

Table 3. Interpretation of laboratory assays in VWD

Assay Type 1 Type 2A Type 2B Type 2M Type 2N Type 3 PT-VWD

Bleeding time or PFA-100TM n

VWF:Ag n

VWF:RCo* n

FVIII:C

VWF:RCo*/VWF:Ag > 0.6 < 0.6 < 0.6 < 0.6 > 0.6 NA < 0.6

RIPA n absent

Multimers n loss HMW loss HMW n n absent loss HMW

VWF:FVIIIB n n n n NA n

VWF:CB n

PFA-100™, platelet function analyzer; VWF, von Willebrand factor; VWF:Ag, VWF antigen; VWF:RCo, VWF 
ristocetin cofactor activity; FVIII:C, FVIII coagulant activity; RIPA, ristocetin-induced platelet aggregation; 
VWF:FVIIIB, VWF-FVIII binding; HMW, high molecular weight; PT-VWD, platelet-type VWD; VWF:CB, VWF collagen 

*Or other assays measuring platelet binding activity (see Table 2).
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VWF-platelet binding activity/VWF:Ag ratio

The ratio between VWF-platelet binding activity (VWF:RCo, VWF:GPIbR or VWF:GPIbM) and 

VWF:Ag level is used to roughly distinguish qualitative VWD from quantitative VWD.16,58 

Qualitative defects of VWF (except for VWD type 2N) are associated with decreased VWF-

platelet binding and therefore a decreased VWF-platelet binding activity/VWF:Ag ratio. Most 

studies that analyzed ratios reported the VWF:RCo/VWF:Ag ratio; however, the results are 

likely to be equally true for the other platelet binding activity assays.58 Generally, a VWF:RCo/

VWF:Ag ratio below 0.6 is used for diagnosis of VWD type 2A, 2B and 2M. VWD type 2N patients 

do not have a defect in platelet binding and therefore no decreased VWF:RCo/VWF:Ag. When 

using VWF:RCo, repeated measurements are needed for correct diagnosis, due to a high CV 

of the VWF:RCo assay. In some cases with very low levels of VWF:Ag and/or VWF:RCo, the 

ratio may not be reliably calculated and the distinction between quantitative and qualitative 

defects may be difficult. However, after administration of desmopressin (DDAVP), VWF levels 

and potentially the VWF-platelet binding activity will rise above the detection limit. It will 

then be possible to calculate the VWF-platelet binding activity/VWF:Ag ratio. This may help in 

subtyping newly diagnosed VWD patients.

Factor VIII activity

VWF binds coagulation FVIII in the circulation, increasing the FVIII half-life.9 Reduction of 

the FVIII activity (FVIII:C) can be due to either a decreased VWF:Ag level or a reduced binding 

affinity of VWF for FVIII. In VWD type 3, FVIII:C is severely decreased due to the absence of 

VWF:Ag. The remaining level of FVIII:C in VWD type 3 is an important determinant of the 

bleeding risk.59 Due to very low FVIII:C levels, type 3 patients also experience hemophilia-

like bleeding as joint and muscle bleeding.59 In VWD types 1 and 2 (except for 2N), FVIII:C may 

be variable, sometimes reduced in line with the VWF:Ag level, sometimes within the normal 

range. Finally, decreased levels of FVIII:C may be the only detectable defect in VWD type 2N, 

which may thus be missed when relying on VWF:Ag and VWF:RCo levels as diagnostic tests 

only.

Subtyping assays

Diagnosis of VWD can be confirmed or excluded by the diagnostic assays described in the 

previous section. However, for conclusive diagnosis of the respective types of VWD, specific 

subtyping assays are required.
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Ristocetin-induced platelet aggregation

VWF mutations found in VWD type 2B patients force a conformational change in the GPIb 

binding site leading to spontaneous binding of VWF to GPIb. Due to this increased affinity of 

VWF to GPIb, lower in vitro concentrations of ristocetin are already sufficient to induce binding 

of VWF to GPIb.60 Using this feature, a distinction between VWD type 2B and VWD types 2A 

and 2M can be made by the ristocetin-induced platelet aggregation (RIPA) assay using low 

concentrations of ristocetin. However, an increased binding of VWF to GPIb can also be caused 

by a gain-of-function mutation in the GPIb receptor itself. Patients having such mutations 

are classified as platelet-type VWD (PT-VWD) and will also test positive in the low-dose RIPA 

assay.61 To distinguish VWD type 2B from PT-VWD, one can vary the source of plasma and 

platelets in the low-dose RIPA assay.62 It is, however, difficult to distinguish with certainty, so 

nowadays mutation analysis is usually performed to confirm either diagnosis. 

VWF multimer analysis

A decreased VWF-dependent platelet adhesion may be due to a selective deficiency of HMW 

VWF multimers as seen in types 2A, 2B and PT-VWD or due to an intrinsic decreased GPIb 

binding affinity of VWF as seen in type 2M. To make this distinction, VWF multimers should be 

analyzed. Defects in the multimerization of VWF can be identified by VWF multimer analysis 

in which non-reduced plasma samples are run through medium (1.4–2%) and low (0.7–1.2%) 

resolution agarose gels. Subsequently, the VWF multimers can be visualized by Western blot.63

The VWF multimer analysis is a complex and laborious assay, which is generally performed 

by specialized laboratories only. Even in those laboratories there is a high error rate, with 

inconsistent interpretation of multimer profiles and false classification.64 The multimer 

pattern, when performed with high quality in specialized laboratories, may, however, be 

indicative of specific genetic defects in VWF.65

Normal plasma VWF shows an equal distribution of low, intermediate and HMW VWF multimers. 

In a high resolution gel, each multimeric band is reproduced as a triplet structure, with the 

outer bands reflecting the proteolytic cleavage of VWF by ADAMTS13. Decreased levels of HMW 

VWF multimers are found in VWD type 2A as a consequence of defects in dimerization and 

multimerization, or due to enhanced susceptibility to proteolysis by ADAMTS13. The decrease 

of HMW multimers in type 2B and PT-VWD is the consequence of enhanced in vivo binding 

of VWF to platelets, which leads to increased VWF proteolysis and clearance of the HMW 

multimers from the circulation. In VWD type 2M there is no decrease in HMW multimers as the 

decrease in VWF-dependent platelet adhesion is mainly due to loss-of-function mutations in 

the GPIb binding site of VWF (A1 domain). Although VWD type 1 is defined as a quantitative 

defect of VWF, a subtle decrease in HMW VWF multimers is occasionally observed. According 

to the recommendation of the SSC of the ISTH, this subtle decrease in HMW VWF multimers 
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(if VWF:RCo/VWF: Ag > 0.6) is classified as VWD type 1.16 As these patients do show a minimal, 

qualitative defect in the multimerization of VWF, there is still an ongoing debate over whether 

they should be diagnosed as VWD type 1 or 2A. Nevertheless, this will not influence the 

management of treatment.

VWF-FVIII binding

Decreased FVIII:C can be found in all VWD types as a consequence of reduced VWF:Ag levels. 

However, in VWD type 2N there is a more obvious decrease in FVIII:C due to a mutation in 

the FVIII binding site of VWF disrupting the affinity for FVIII. Defects in the capacity of VWF 

to bind to FVIII, as found in VWD type 2N, can be identified by the VWF-FVIII binding assay 

(VWF:FVIIIB).66 Decreased binding affinity of a patient’s plasma VWF to recombinant FVIII 

in this ELISA-based assay indicates a binding defect. The assay is especially important for 

distinguishing VWD type 2N and mild hemophilia A, characterized, respectively, by reduced 

and normal VWF:FVIIIB. VWF:FVIIIB cannot be measured in type 3 due to absence of VWF:Ag. 

In all other VWD types, the VWF:FVIIIB is within the normal range. 

VWF collagen binding

UL-VWF strings bind collagen types I and III in the VWF A3 domain and collagen types IV and VI 

in the A1 domain after vascular damage.67-70 Reduced collagen binding may be a consequence 

of a decrease in VWF:Ag as in types 1 and 3, a specific lack of HMW VWF multimers as in types 

2A and 2B, or specific collagen binding defects, categorized among type 2M. 

The ability of VWF to bind collagen can be measured by the VWF collagen binding assay 

(VWF:CB). Many commercial VWF:CB assays are available, mainly using collagen I or III, or 

a combination of both. Drawbacks of these tests are the different sources of collagen and 

reference plasmas used, which makes the optimization and standardization of the VWF:CB 

assay difficult.71 Furthermore, patients with defects in binding to collagen IV and VI will be 

missed using any of these assays.68,69 However, defects in collagen IV and VI binding are found 

in affected patients as well as in healthy controls and are therefore considered to only increase 

the risk of bleeding rather than being a causative factor for VWD.68,69

Currently, the VWF:CB is not generally included among the standard diagnostic tests for VWD. 

However, there is reason to reconsider this. First of all, VWF:CB is able to identify patients with 

an isolated collagen binding defect that will go unnoticed with any of the other diagnostic 

assays.68 This would, however, force to test all the collagen types separately. Secondly, the 

VWF:CB assay has been shown to be as effective in distinguishing VWD type 1 from type 2 as 

the VWF:RCo assay.71,72 The best distinction between VWD types 1 and 2 has been observed 
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when a mixture of collagen I and III is used. As a subtyping test, the VWF:CB assay may even 

be a substitute for the complicated VWF multimer assay in the identification of patients with 

reduced HMW VWF multimers.73 Although there are many reasons to include the VWF:CB 

assay in standard diagnosis, it is difficult to pinpoint which test is best. At this time, a mixture 

of collagen types I and III seems most appropriate. However, more optimization of the 

commercial tests is necessary. 

The interpretation of the diagnostic and subtyping tests and the corresponding classification 

of VWD is summarized in Table 3 and a diagnostic algorithm is shown in Fig. 2.

VWF:Ag VWFppUndetectable

Absent

Present Type 1 (severe)

Type 3

VWF:RCo*/
VWF:Ag

> 0.6

> 0.6**

< 0.6

Type 1

Type 2N***

Type 2 RIPA Increased Type 2B/PT-VWD

Mul�mers

HMW absent

HMW present

Type 2A

Type 2M
Detectable

< 0.6

FVIII:C/
VWF:Ag

VWF:FVIIIB Reduced

Figure 2. Diagnostic algorithm for von Willebrand disease (VWD) classification. Diagnosis of VWD is based 
on abnormal levels found in one or more of the standard diagnostic tests: VWF:Ag, VWF:RCo and FVIII:C. 
Specific VWD subtypes can be identified by performing the RIPA assay using low-dose ristocetin, VWF multimer 
analysis and the VWF:FVIIIB assay. VWFpp can be used to distinguish between true VWD type 3 and severe VWD 
type 1, and can help in the identification of the pathophysiological mechanism behind VWD. *VWF:RCo or other 
assays measuring VWF-platelet binding activity (see Table 2). **VWD is excluded when FVIII:C/VWF:Ag is > 0.6 
and VWF:Ag and VWF:RCo are within the normal range. ***Normal VWF:FVIIIB but FVIII:C/VWF:Ag < 0.6 suggests 
hemophilia A. VWF, von Willebrand factor; VWF:Ag, VWF antigen; VWF:RCo, VWF ristocetin cofactor activity; 
FVIII:C, FVIII activity; RIPA, ristocetin-induced platelet aggregation; VWF:FVIIIB, VWF-FVIII binding; VWFpp, VWF 
propeptide; PT-VWD, platelet-type VWD.

The value of VWF ratios and VWF mutation analysis

The tests outlined above are sufficient to diagnose and classify most VWD. Additional assays 

and analyses can be performed to confirm certain subtypes or identify the underlying 

pathophysiological mechanisms. The pathophysiological mechanisms are of scientific 

interest, but may also guide the choice of treatment. 
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VWF propeptide and its ratio to VWF:Ag 

VWF is synthesized as pre-proVWF. The signal peptide is cleaved off right after synthesis. The 

propeptide is cleaved off in the endoplasmic reticulum (ER) and functions as a chaperone 

for the formation of VWF multimers.74 VWF and its propeptide (VWFpp) are synthesized and 

secreted into the circulation in a 1:1 ratio.75 However, in the circulation both molecules are 

cleared at different rates, with a circulating half-life of about 12 hours for VWF and about 2-3 

hours for VWFpp.8,76

VWFpp levels in plasma can be determined by an ELISA-based assay and may be indicative of 

synthesis, secretion or clearance defects of VWF. Decreased VWFpp levels indicate reduced 

synthesis of VWF or impaired secretion of VWF from the WPBs, and may be found in VWD type 

1 patients having a null allele or ER retention.14,15 In VWD type 2, the qualitative defect of VWF 

is generally not caused by impaired synthesis or secretion and normal VWFpp plasma levels 

are expected.14 Although VWD type 3 is associated with undetectable VWF:Ag levels, a subset 

of patients does show circulating VWFpp.14 We found that patients historically diagnosed as 

VWD type 3 with undetectable VWFpp were homozygous or compound heterozygous for null 

alleles, whereas the majority of patients with detectable VWFpp were heterozygous for a 

missense mutation associated with increased VWF clearance.14 The patients with detectable 

VWFpp also had a lower bleeding score. We therefore suggest that these patients should 

be reclassified as severe type 1 VWD instead of type 3. Altogether, VWFpp can discriminate 

between VWD type 3 with a complete absence of VWF:Ag and VWFpp and severe type 1 VWD 

with extremely low VWF:Ag levels. 

The ratio of VWFpp to VWF:Ag gives a measure of the clearance rate of mature VWF, assuming 

a constant clearance rate for VWFpp.14,15,77,78 Clearance defects can be found in all types of VWD 

and can be due to a mutation in VWF itself, such as the Vicenza mutation p.Arg1205His, or 

due to variations in proteins involved in the clearance of VWF.13,79,80 In VWD type 2B, almost all 

patients show increased clearance rates. This is suggested to be caused by increased uptake 

of the VWF-platelet complex by macrophages, mediated by increased lipoprotein receptor 1 

binding.81 

Information about clearance defects may have therapeutic implications. DDAVP is for example 

the treatment of choice in VWD type 1 patients, but increasing the endogenous VWF levels 

may not be sufficient in patients with a major VWF clearance defect. 

FVIII:C/VWF:Ag ratio 

Binding of coagulation FVIII to VWF occurs at a 1:50 molar ratio. However, coagulation factors 

are determined in arbitrary units per milliliter and therefore the ratio of FVIII:C to VWF:Ag in 
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healthy controls is by definition approximately one.82 Due to the excess of FVIII binding sites 

on VWF, a reduction in VWF synthesis will not lead to a concomitant decrease of FVIII levels. 

However, when VWF is reduced due to increased clearance of the protein, then the FVIII levels 

drop accordingly as VWF-FVIII is cleared as a complex. The ratio of FVIII:C to VWF:Ag could 

therefore identify defects in the synthesis or secretion of VWF.14,83 Heterozygous VWF null 

mutations, mainly found in carriers of VWD type 3 and some carriers of VWD type 1, have been 

shown to be associated with a FVIII:C/VWF:Ag ratio of > 2.15,83 As VWF and FVIII are cleared as 

a complex, FVIII:C/VWF:Ag is not altered in patients showing a pure clearance defect of VWF. 

However, a combined effect of decreased synthesis and increased clearance is possible and 

could be identified by plotting VWFpp/VWF:Ag to FVIII:C/VWF:Ag.14 Finally, the FVIII:C/VWF:Ag 

ratio when reduced (< 0.6) suggests VWD type 2N or hemophilia A. 

Mutation analysis

In most cases of VWD, a proper diagnosis and classification can be made based on the 

phenotypic assays and thus mutation analysis is not required. Also, because of the large size of 

VWF, it is suggested that mutation analysis should only be performed when phenotypic assays 

fall short and when additional mutation analysis is relevant for management or counseling 

of the patient. However, new developments, such as next generation sequencing, resulted 

in the implementation of routine gene analysis of VWF in some laboratories.84 Deletions or 

duplication of exons can furthermore be identified by multiplex ligation-dependent probe 

amplification dosage analysis.85 When it is decided to use sequencing for diagnosis, special 

care should be taken with regard to the VWF pseudogene located on chromosome 22.86 The 

pseudogene corresponds to exons 23-34 of the VWF gene with a 97% similarity. 

Quantitative defects of VWF found in VWD type 1 are mainly caused by missense mutations 

spread throughout the whole gene, and mutations have been identified only for ~ 70% of the 

sequenced patients.17,87-89 Sequencing these patients would be labor intensive and costly, 

and would in most cases not benefit the patient. Especially in VWD type 1 with its variable 

penetrance, identification of a mutation is no proof of disease and not identifying a mutation 

does not reject the bleeding phenotype. 

Qualitative defects, found in VWD type 2, are usually restricted to specific VWF domains and 

mutations have been identified in almost all sequenced patients.17 When a qualitative defect 

of VWF is expected, sequencing the restricted domain would be sufficient and is usually 

performed to distinguish VWD from VWF-related diseases. An example is the distinction 

between VWD type 2N and mild hemophilia A, which has major implications for genetic 

counseling as well as the choice of treatment. Another example is the differentiation between 
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VWD type 2B and PT-VWD, which is also relevant for treatment. 

The quantitative defect in VWD type 3 is largely explained by VWF null alleles.17 Important 

reasons for sequencing these patients are genetic counseling and prenatal diagnosis. 

Furthermore, homozygous gene deletions that may predict the formation of VWF inhibitors 

after replacement therapy can be identified.90

Conclusion

The heterogeneity of VWD necessitates undertaking multiple diagnostic tests, which may 

have to be repeated several times before a proper diagnosis can be made. Adequate diagnosis 

and classification is important for the choice of treatment and for counseling with regard to 

inheritance. The broad diagnostic armamentarium for VWD is still insufficient as it does not 

take some very important aspects of VWF into account. All current tests are performed in 

static conditions, although flow plays a major role in the structural and functional properties 

of VWF. Also, the contribution of the vascular wall and the VWF string formation on the 

endothelial surface are not considered in the diagnosis. Recently, patient-derived blood 

outgrowth endothelial cells (BOECs) have been described as a model to study VWF in its 

native environment.10,11 Although BOECs are not feasible for diagnostic purposes at this time, 

new innovative diagnostic tests could be focusing on combining patient-derived BOECs with 

aspects of flow for a more physiological evaluation of VWF function.
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Abstract

Von Willebrand disease (VWD) is a bleeding disorder that is mainly caused by mutations in the 

multimeric protein von Willebrand factor (VWF). These mutations may lead to deficiencies in 

plasma VWF or dysfunctional VWF. VWF is a heterogeneous protein and over the past three 

decades, hundreds of VWF mutations have been identified. In this review we have organized all 

reported mutations, spanning a timeline from the late eighties until early 2017. This resulted 

in an overview of 750 unique mutations that are divided over the VWD types 1, 2A, 2B, 2M, 2N 

and 3. For many of these mutations the disease-causing effects have been characterized in 
vitro through expression studies, ex vivo by analysis of patient-derived endothelial cells, as 

well as in animal or (bio)physical models. Here we describe the mechanisms associated with 

the VWF mutations per VWD type. 
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Introduction

Von Willebrand factor (VWF) is a multimeric hemostatic protein produced solely by endothelial 

cells and megakaryocytes. 1,2 VWF is transcribed from the small arm of chromosome 12 (12p13.31) 

and translates into a 2813 amino acid protein. Newly synthesized VWF consists of 16 domains: 

a 22 amino acid signal peptide at the N-terminal end of the protein, a propeptide comprising 

the D1 and D2 domains, and mature VWF comprising the D’-D3-A1-A2-A3-D4-C1-C2-C3-C4-C5-

C6-CK domains ( Fig. 1A). 3 The signal peptide is cleaved off after synthesis in the endoplasmic 

reticulum (ER). Then, proVWF undergoes several post-translational modifications, like 

glycosylation and C-terminal dimerization. 4,5 In the trans-Golgi network (TGN), the propeptide 

is cleaved by furin, but remains non-covalently linked to mature VWF and helps to chaperone 

mature VWF in the multimerization process. 6 VWF multimers can contain up to 80 subunits, 

which are translocated from the TGN to the alpha granules in megakaryocytes and to the 

cigar-shaped vesicles called Weibel-Palade bodies in endothelium. 7,8 Upon vascular damage, 

VWF multimers are released from the endothelial cells and through the aid of vascular flow 

form ultra-large VWF strings attached to the exposed collagen. 9 The unwinding of VWF into 

large strings exposes the binding site for platelet glycoprotein Ib (GPIb) in the A1 domain, 

thereby attracting platelets to sites of vascular damage and starting primary hemostasis .10

Opening up the A2 domain exposes the cleavage site of the metalloprotease ADAMTS13 (A 

Disintegrin And Metalloprotease with ThromboSpondin motif repeats 13), which cleaves VWF 

between amino acid positions 1605 and 1606.9 This leads to the release of smaller and larger 

VWF multimers into the circulation. In the circulation factor VIII (FVIII) is bound to VWF, which 

extends the half-life of FVIII. 11 VWF has a half-life of 8-12 hours and remains in the circulation 

until it is cleared from the system by macrophages in the liver and spleen. 12,13

Malfunction in one of the processes described above may lead to von Willebrand 

disease (VWD), the most common inherited bleeding disorder that is mainly associated 

with mucocutaneous and surgical bleeding. 14 Based on the plasma phenotype, VWD patients 

are categorized into one of the VWD types: 1, 2A, 2B, 2M, 2N and 3. 15 VWD type 1 and 3 patients 

are typified by a partial or complete deficiency in plasma VWF respectively. These deficiencies 

are caused by loss of production, reduced secretion from endothelial cells and platelets, 

or increased clearance of VWF from the circulation. Four different qualitative defects lead 

to VWD type 2, and include a defect in plasma multimers in type 2A, increased binding to 

GPIb in type 2B, decreased binding to GPIb or collagen in type 2M and defective binding to 

coagulation FVIII in type 2N.

In 1985 four independent groups succeeded to clone and sequence the VWF gene. 16-19 From 

this moment on many groups sequenced VWF of VWD patients and this led to the identification 

of hundreds of variations in VWF. To prove that the identified variations are indeed disease-

causing, VWF constructs containing many of these variants have been overexpressed in 
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heterologous cell systems. For VWF, studies have been performed in stable furin producing 

BHK, COS-7, AtT-20, HEK293, HEK293T and HEK293 EBNA cells, with only HEK293 and AtT-20 

cells being able to store VWF in pseudo-Weibel-Palade bodies.20 Expression studies led to the 

identification of secretion and multimerization defects and binding defects to FVIII and GPIb. 

Recent advances also allow for the culture of endothelial cells from VWD patients directly and 

have been helpful in unraveling mutation mechanisms in a patient-specific environment.21,22 

Although the in vitro systems have been useful, the effects of flow on VWF and clearance of 

the protein are difficult to determine. However, by the use of several plasma parameters and 

VWD mouse models, clearance defects and the in vivo effect of ADAMTS13 on VWF have also 

been investigated.23-26

In this review we endeavored to organize all published VWF mutations and their disease 

causing mechanism based on an extensive literature search (search term in supplemental 

information). Throughout this review the mutations and mechanisms will be explained per 

VWD type. Some mutations have been assigned in literature to different VWD types, which 

could be explained in various ways: a patient could have been misdiagnosed, the mutation 

may truly result in different phenotypes or a mutation may have combined phenotypic 

characteristics of multiple VWD types. We have depicted mutations in this review as they were 

assigned in literature. Furthermore, it is important to note that if more than one mutation was 

reported for a single patient and the disease-causing mutation was not certain, the mutations 

were not included in this review. Also for many candidate mutations the disease causing 

effect has not been proven yet, however for simplicity we call them mutations throughout 

this review.

VWD type 1

VWD type 1 is the most common type comprising about 60-70% of the patient population.27 

Type 1 patients show a partial deficiency in VWF with a comparable decrease of VWF 

antigen (VWF:Ag) and VWF activity (VWF ristocetin cofactor activity, VWF:RCo). A VWF:Ag 

below a cut-off of 30 IU/dL in combination with a VWF:RCo/VWF:Ag ratio > 0.6 and a normal 

VWF collagen binding is diagnostic for type 1 VWD, thereby accepting minor abnormalities 

in VWF multimers.14,15,28 VWF:Ag levels between 30 and 50 IU/dL may be considered as VWD 

depending on the bleeding phenotype. Although VWD type 1 is the most frequent type of VWD, 

extensive investigations to the mutation mechanisms of VWD type 1 started only between 

2000 and 2010 with three large studies conducted in the United Kingdom, Europe and 

Canada.29-31 In these studies mutations were identified in 53-70% of the patients. Later studies 

in Sweden and Canada confirmed these numbers.32,33 Importantly, some type 1 patients 

included in the European MCMDM-1VWD study showed minor multimer abnormalities and 

were later reassessed to other VWD types. Those cases with minor multimer abnormalities 
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showed a higher proportion of mutations, whereas in individuals with completely normal VWF 

multimers mutations were identified in approximately 50% of the individuals. 34 More recently, 

large VWD population studies increased the number of identified type 1 mutations, with the 

most recent studies reporting identification of mutations in about 90% of the patients.27,35,36

These studies, however, had strict inclusion criteria increasing the chance to identify 

mutations. Overall, a little more than 250 unique mutations have been assigned to VWD type 

1 patients (Table S1A-D; in supplemental data online). However, the disease-causing effect 

was only proven by in vitro investigations for about one quarter of these mutations.

Mutations associated with VWD type 1 are dispersed throughout the whole VWF protein (Fig. 

1A-C). Most mutations identified are heterozygous missense mutations, however also (small) 

deletions/insertions, splice site and nonsense mutations have been reported. The mutation 

mechanisms can roughly be divided in three groups: decreased VWF production, decreased 

secretion and increased clearance.

Decreased VWF production

A lower VWF production has mostly been reported for patients heterozygous for a null allele. 

These heterozygous null alleles can be the result of nonsense mutations, frameshift mutations 

caused by (small) deletions or insertions and by splice site mutations. Heterozygosity for a 

null allele leads to production of protein from the non-mutated allele only, resulting in an 

expected production of only 50% of the normal VWF production. Since normal levels of VWF 

in plasma range between ~50 and 200 IU/dL, heterozygosity for a null allele will lead to VWF 

levels ranging between ~25 and 100 IU/dL. 37 Therefore, some people at the lower end of this 

distribution will be diagnosed as VWD type 1 and some people will be considered unaffected 

and are probably asymptomatic.

Small deletions and insertions often lead to a frameshift, which generates a premature 

stop codon usually within a few amino acids (indicated as for example p.Pro812Arg fs*31). 

Premature stop codons caused by frameshift or nonsense mutations lead to an mRNA product 

which is mostly degraded by nonsense-mediated decay. Splice site mutations are also found 

in VWD type 1 patients and may lead to exon skipping or intron retention. Depending on the 

reading frame of an exon, this could lead either to the production of a truncated protein or to 

a premature stop codon. Whether exon skipping forms a truncated or nonsense allele is partly 

predicted by the reading frame (Fig. 1B), however this can only be proven by investigating 

RNA products in platelets or patient-derived endothelial cells .38-41   For example, in the case 

of c.1534-3C>A and for c.5842+1G>C, this results in three different mRNA products.39,41

Although not frequently reported, some mutations have been identified in the promoter 

region of VWF as well.29-31,42  These may lead to altered binding of transcription factors to 

the VWF promoter region.42
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Decreased secretion

Some patients have normal VWF production, but a decreased secretion of VWF from the 

endothelial cells. Existence of secretion defects from platelets is likely but has so far not been 

studied. Secretion defects encompass retention of VWF in the ER or Golgi, decreased Weibel-

Palade body exocytosis and possibly degradation of mutant VWF by the proteasome. 

Secretion defects have been studied on a cellular level by in vitro overexpression of mutant 

VWF constructs in heterologous cell systems, or by studies on patient-derived endothelial 

cells. Decreased secretion from mutant VWF producing cells compared to normal VWF 

producing cells has been identified for many of the VWD type 1 mutations tested in vitro and 

decreased secretion is often seen in combination with an in vitro multimerization defect 

(Fig. 1A, Table S1A-D; in supplemental data online). Whether decreased secretion of VWF is 

caused by retention of VWF in the ER or Golgi can easily be studied by co-staining of VWF 

with an ER or Golgi marker and this defect has been identified for among others: p.Arg782Gln, 

p.Cys1130Phe, p.Cys1149Arg, p.Ser1285Pro, p.Val1822Gly and p.Cys2693Tyr.22,43-47 For many 

mutations decreased VWF:Ag levels were found in conditioned medium, while normal VWF:Ag 

levels were found in the cell lysates. A suggested mechanism for the loss of VWF within the 

cell is the degradation of mutant VWF by the proteasome, which has been studied by Bodó 

et al. for VWF p.Cys1149Arg.48,49 Besides in vitro investigations, the response of a patient to 

DDAVP could also be indicative for a secretion defect. However, DDAVP unresponsiveness can 

also relate to production defects, and therefore only in vitro studies can be conclusive in the 

identification of secretion defects.

Increased clearance

VWF has a half-life in the circulation of about 8-12 hours. Increased clearance rates result 

in lower steady state plasma VWF:Ag levels and are associated with VWD type 1 and type 

2B. Clearance defects of VWF are identified by an increased VWF propeptide to VWF:Ag 

ratio (VWFpp/VWF:Ag) and by shortened survival of plasma VWF:Ag levels after a DDAVP 

infusion.26,50,51 Also, mouse experiments in which mutant VWF constructs are intravenously 

administered, or expressed in the hepatocytes after a hydrodynamic tail vein injection, 

proved clearance defects for a few mutations.26,52-54 For VWD type 1, some mutations have 

been described that cause a clearance defect. Most mutations described are located in the D3 

domain and include mutations at positions p.Cys1130, p.Trp1144, p.Cys1149 and p.Arg1205. 

The most common described variant is the VWD Vicenza mutation, p.Arg1205His, for which 

a macrophage-dependent increased clearance has been described.54,55 Besides mutations 

in the D3 domain, also mutations in the A1, A3 and D4 domains have been associated with 

increased clearance in VWD type 1.30,34-36,51,56,57
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Figure 1. Overview of VWD type 1 mutations. (A) Representation of the VWD type 1 missense mutations 
dispersed throughout the VWF protein. The distribution of all VWD type 1 missense mutations reported so far 
is indicated below the VWF domain structure and the VWF exon numbering. In the second line all missense 
mutations are displayed for which the disease-causing mechanisms have been studied in in vitro studies in 
heterologous cell systems, or patient-derived endothelial cells. In the middle line all missense mutations 
are shown in which intracellular multimerization defects have been observed. In the fourth line all missense 
mutations are displayed showing decreased secretion in in vitro studies. And in the lower line all missense 
mutations are indicated that have been associated with increased clearance, which was based on increased 
VWFpp/VWF:Ag ratio, low survival after DDAVP infusion, or in vivo studies. Some mutations have multiple 
defects and are indicated multiple times in the figure. (B) Representation of the open reading frame of VWF
including all VWD type 1 deletions and duplications and mutations described in splice acceptor (solid circles) 
and splice donor sites (open circles). All exons are depicted to scale. When the exon ends with >, the end of 
the exon contains one nucleotide of a new codon. When the exon ends with <, the end of the exon contains 
two nucleotides of a new codon. When the exon ends with |, the end of the exon contains a whole codon. Exon 
skipping/duplication caused by splice site mutations or deletions/duplications usually results in a truncated 
protein when the reading frame is maintained (>>, <<, II). Exon skipping usually results in a null allele when the 
reading frame gets disrupted (<>, ><, >|, etc.). Below the reading frame are the VWF domains depicted matching 
the color code of panel A. (C) Representation of all VWD type 1 nonsense mutations throughout the VWF protein.
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VWD type 2A

VWD type 2A is associated with defective plasma multimers as a result of an intracellular 

multimerization defect or an increased susceptibility of VWF for cleavage by ADAMTS13. 

Diagnosis is based on a decreased VWF activity (VWF:RCo/VWF:Ag < 0.6), absent ristocetin 

induced platelet aggregation (RIPA) using low-dose ristocetin and lack of high molecular 

weight (HMW) multimers visualized by the VWF multimer analysis.28 In total, a little more 

than 170 different type 2A mutations have been described in literature and for about half of 

these mutations, the disease-causing mechanism has been proven by in vitro studies (Fig. 

2A, Table S2A-C; in supplemental data online). Type 2A mutations can be found in many 

VWF domains, although there is a cluster in the region D3-A2. Several different mutation 

mechanisms can be distinguished based on the location within the protein (Fig. 2A).

propeptide

D1 D2 D’ D3 A1 A2 A3 D4 C1-C6 CKSP

VWD type 2A

0 500 1000 1500 2000 2500

Increased proteolysis
by ADAMTS13

Intracellular 
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B C

Cys2773
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AA position

VWF domains

VWF exons28155 35 421

Figure 2. Overview of VWD type 2A mutations. (A) Representation of VWD type 2A mutations. The distribution 
of all VWD type 2A missense mutations reported so far is indicated in the upper line below the VWF domain 
structure and the VWF exon numbering. In the second line all missense mutations are displayed that have 
been associated with an intracellular multimerization defect proven by in vitro studies. In the lower line all 
missense mutations are displayed that result in increased proteolysis by ADAMTS13. (B) Crystal structure of 
the CK domain of VWF that is involved in the C-terminal dimerization process of VWF (PDB: 4NT5). The three 
amino acids, p.Cys2771, p.Cys2773 and p.Cys2811, involved in intermolecular disulfide bonding are indicated 
in red. Mutations p.Cys2771Arg/Ser/Tyr and p.Cys2773Ser/Arg are associated with VWD subtype 2A (IID). (C) 
Crystal structure of the VWD A2 domain (PDB: 3ZQK), which contains the cleavage site for ADAMTS13. ADAMTS13 
cleaves VWF between Tyr 1605 and Met1606. Both amino acids are buried in the A2 domain and are indicated 
as ribbon structure in red.

Intracellular multimerization defects

VWF dimerization and multimerization takes place in the ER and TGN of endothelial 

cells and megakaryocytes. First, VWF dimers are formed by C-terminal dimerization 
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of the cysteine knot (CK) (Fig. 2B). 58 This process involves the formation of 

three intermolecular disulfide bonds Cys2771-2773’, Cys2771’-2773 and Cys2811-2811’ which 

was recently shown to be catalyzed by protein disulfide isomerase (PDI) (Fig. 2B).58 Mutations 

described at positions Cys2771 and Cys2773 are associated with an intracellular dimerization 

defect, showing loss of HMW VWF a nd the presence of uneven bands.59-61 These mutations 

have historically been subcategorized as subtype 2A (IID). Also a few other mutations in the 

CK domain have been assigned to subtype 2A (IID), including homozygous p.Ala2801Asp and 

heterozygous p.Ser2775Cys. 62,63 Interestingly, homozygous cysteine mutations in the CK 

domain causing disruption of intramolecular disulfide bonds are associated with VWD type 

3. 64

 After dimerization of VWF, two VWF monomers will align to form a so-called dimeric bouquet .65

The low pH and high Ca2+ concentration present in the TGN facilitate dimerization of two D1-D2 

domains and allow intermolecular disulfide bond formation between two cysteine residues 
66,67  Defects in N-terminal 

dimerization can be caused by two different mechanisms. First, homozygous mutations in 

the propeptide (D1 and D2 domains) of VWF, or patients being compound heterozygous for a 

propeptide mutation and a null allele, are associated with severely affected multimerization 

and intracellular retention and are described as both subtype 2A (IIC) and type 3 VWD.63,68-

72  Co-expression of normal and mutant VWF constructs in heterologous cell systems show a 

normal multimers profile and heterozygous carriers of propeptide mutations are unaffected 

or diagnosed with VWD type 1.72 Secondly, several type 2A mutations have been described in 

the D3 domain as well, and are mostly inherited in a heterozygous fashion. These mutations 

are assigned as subtype 2A (IIE) and generally show some loss of HMW VWF and a decrease 

of proteolytic bands in the multimeric pattern in plasma. The exact mechanism behind the 

reduced proteolytic bands has not been elucidated yet, but could potentially be the result 

of increased clearance seen for these mutants, or lower sensitivity for the proteolytic effects 

of ADAMTS13. Mutations in the D3 domain cause a loss of HMW VWF in in vitro studies too, 

indicating an intracellular multimerization defect as well. Most mutations involve cysteine 

residues affecting intramolecular disulfide bonds.67

Several VWD type 2A mutations have been described in the A1 domain of VWF with no clear 

common mechanism. Many of these type 2A mutations have been assigned to VWD type 2B 

or 2M patients as well, and might have a combined mechanism of defective multimerization 

and defective GPIb binding. Overexpression of most of the A1 mutations in heterologous cell 

systems result in an intracellular multimerization defect, but also increased clearance rates 

are detected for some mutations (Table S2A-C; in supplemental data online).
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Increased proteolysis by ADAMTS13

After secretion of VWF from the endothelial cells, VWF unwinds into ultra-large VWF strings 

making the A2 domain accessible for proteolysis by ADAMTS13.73 This results in the release of 

all sizes of VWF multimers in the circulation. Normal proteolysis by ADAMTS13 in plasma can 

be visualized on a multimer blot by the presence of small satellite bands above and below the 

thick multimeric band. ADAMTS13 cleaves VWF between p.Tyr1605 and p.Met1606, two amino 

acids buried deep inside the A2 domain (Fig. 2C). Several mutations in the A2 domain increase 

the sensitivity to proteolysis by ADAMTS13, which results in a decrease in HMW VWF and the 

presence of broad proteolytic (satellite) bands in plasma. Intracellular multimerization is not 

affected for these mutations and therefore a normal multimer pattern will be generated in 
vitro. The disease-causing mechanism can therefore only be identified by multimer analysis 

on plasma samples or by the addition of ADAMTS13 to in vitro expression systems.74-77

VWD type 2B

The VWF A1 domain binds platelets through GPIb; this only occurs when the A1 domain is in 

its elongated form as induced by high shear of the microvasculature.78 Without the presence 

of flow or activation of VWF by ristocetin, the VWF A1 domain is not able to interact with 

GPIb. However, gain-of-function mutations in the A1 domain can make VWF more active and 

therefore VWF can bind GPIb without activation of VWF by shear in vivo or by ristocetin in 
vitro. These mutations are associated with VWD type 2B. Type 2B diagnosis is based on a 

low VWF activity versus VWF:Ag level (VWF:RCo/VWF:Ag < 0.6) and increased RIPA in the 

presence of low concentrations ristocetin.28 These diagnostic tools will not distinguish 

VWD type 2B from platelet-type VWD. As platelet-type VWD does not reflect a VWF mutation 

platelet-type VWD is not further considered in the review. Many type 2B patients also show 

increased clearance of the VWF-platelet complex and this may result in variable degrees of 

secondary thrombocytopenia and a loss of HMW VWF.79,80 It was recently identified that the 

increased clearance is the result of a higher affinity of macrophages’ LRP1 to the A1 domain for 

certain type 2B mutations.12 Furthermore, blood smears of type 2B patients often show giant 

platelets and platelet aggregates.81

In total, 43 type 2B mutations have been reported and for about half of them the disease-

causing mechanism was proven by in vitro, in vivo or in silico studies (Fig. 3A, Table S3; in 

supplemental data online). Although in vitro studies help to determine the severity of the 

mutation, they are not necessary for identification of the mechanism of type 2B mutations. 

Most mutations are located in the A1 domain, with the exception of a few mutations that have 

been reported at the C-terminal end of the D3 domain (Fig. 3A). Crystal structures of the VWF 

A1 domain and platelet GPIb have revealed two interactions between VWF A1 and GPIb (Fig. 
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3B). 82-84  

3B).82-84 The second interaction is located between the N-cap of GPIb and the A1 domain of 

VWF, and in proximity of this interaction in the A1 domain, most VWD type 2B mutations are 

identified (Fig. 3C, light blue). The A1 domain at this site is stabilized by several hydrogen 

bonds and a disulfide bond between p.Cys1272 and p.Cys1458.82-84 Mutations in this region 

can destabilize the domain, thereby inducing increased affinity to GPIb.
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Figure 3. Overview of VWD type 2B and type 2M mutations. (A) Representation of VWD type 2B and type 2M 
mutations. The distribution of all VWD type 2B mutations reported so far is indicated in the upper line below 
the VWF domain structure and the VWF exon numbering. All these mutations are located in the A1 domain or 
at the C-terminal end of the D3 domain. In the lower line all positions of mutations are displayed that have 
been reported for VWD type 2M. Mutations that are associated with decreased binding to GPIb are located in 
the A1 domain. Mutations with an isolated collagen binding defect are located in the A3 domain. (B) Crystal 
structure of the VWF A1 domain (grey) together with GPIb (pink) (PDB: 1SQ0). The A1 domain interacts with GPIb 

disulfide bond in the A1 domain is indicated in yellow and is important in the structure of the domain. (C) Crystal 
structure of the A1 domain and GPIb in which the location of the VWD type 2B mutations are indicated in light 
blue. Most mutations are located in close proximity of the intermolecular disulfide bond and the interaction 
with the N-cap of GPIb. (D) Crystal structure of the A1 domain and GPIb in which the location of the VWD type 
2M mutations are indicated in green. Mutations are spread throughout the whole domain.

Although all type 2B mutations lead to an increased binding to GPIb, clear differences have 

been observed between the phenotypes of certain mutations. These differences include 

platelet count and the ability of mutant VWF to bind platelets or immobilized GPIb in the 

absence or the presence of low concentrations ristocetin. A very severe phenotype can be 
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found in patients with for example p.Val1316Met with thrombocytopenia in resting state and 

a very strong binding to GPIb in the absence of ristocetin. In most patients with this mutation, 

also giant platelets and platelet aggregates are observed on blood smears.85 Intermediate 

phenotypes are associated with thrombocytopenia only during stress situations, like surgery 

or pregnancy. In milder affected patients, no thrombocytopenia is observed and a low 

concentration of ristocetin is needed to agglutinate VWF.

VWD type 2M

VWD type 2M is usually associated with low VWF activity (VWF:RCo/VWF:Ag < 0.6), a more or 

less normal multimer pattern and no RIPA in the presence of low concentrations ristocetin.28 

However, patients with an isolated collagen binding defect, but normal VWF:RCo, are also 

assigned to VWD type 2M. In total, somewhat over 80 mutations have been assigned to VWD 

type 2M, of which most are located in the A1 domain (Fig. 3A, Table S4A-B; in supplemental 

data online).

GPIb binding defect

Most mutations associated with a decreased binding to GPIb are heterozygous mutations 

located in the A1 domain of VWF (Fig. 3A). These mutations can either affect the direct binding 

of VWF to GPIb or enhance the stability of the A1 domain, thereby reducing the rate of unfolding 

of the A1 domain under flow.86,87 A lower rate of unfolding has for example been observed 

in VWF p.Gly1324Ala and p.Gly1324Ser.87 A direct binding effect is usually associated with a 

destabilized protein, also described as molten globule, and has been seen in for example 

p.Ser1285Phe.88 Whether a type 2M mutation is associated with decreased or increased 

stability of the A1 domain can be identified by the binding of monoclonal antibodies to 

specific A1 domains, or biophysical studies on for example the crystal structure of mutants or 

the thermodynamic stability of the protein.86,87 Type 2M mutations that affect platelet binding 

are identified throughout the whole VWF A1 domain (Fig. 3A and D).

Collagen binding defect

VWF binds collagen types I and III via its A1 and A3 domains and collagen types IV and VI via its 

A1 domain.89-91 Defects in collagen binding might lead to VWD or an increased risk of bleeding. 

Collagen binding defects could be identified by the VWF-collagen binding assay, however 

this assay is usually not included in diagnostic procedures.28 And if the assay is performed, it 

usually only includes types I and/or III collagen.92 Therefore, many mutations associated with 

collagen binding defects might remain unidentified.
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Most collagen binding defects identified are restricted to binding of collagen I and III, since 

commercial assays are only developed for these two types of collagen.92 Identified mutations 

associated with defective collagen binding are mainly heterozygous mutations located in  the 

A3 domain of VWF (Fig. 3A).93-98

Collagen IV and VI binding assays are not included in regular diagnostic procedures and 

mutations affecting binding to these collagens have only occasionally been reported.90,91

A combined collagen IV and VI binding defect has been reported for the A1 mutations 

p.Arg1399His, p.Gln1402Pro and p.Arg1392_Gln1402 del. Furthermore, a collagen IV binding 

defect was reported for p.Arg1315Cys (also reported as type 1 and 2A mutation) and 

p.Ser1358Asn, and a collagen VI binding defect for p.Ser1387Ile. It is however important 

to state that Arg1399His has also been identified among healthy controls, and therefore it 

cannot be seen as a definite VWD causing mutation, however it may be associated with an 

increased risk for bleeding.90

VWD type 2N

VWD type 2N is characterized by a loss of binding to coagulation FVIII resulting in decreased 

FVIII plasma levels and activity. Diagnosis is based on a normal VWF:RCo/VWF:Ag ratio (> 0.6), 

but a decrease in FVIII activity versus VWF:Ag level (FVIII:C/VWF:Ag < 0.6) and decreased VWF-

FVIII binding (VWF:FVIIIB).28 Since the stoichiometry of FVIII and VWF is 1:50 (one FVIII molecule 

for every 50 VWF monomers) there is an excess of FVIII binding sites in a VWF multimer and 

thus the type 2N phenotype will only be expressed in case of a homozygous FVIII binding 

defect or in case of compound heterozygosity for a FVIII binding defect and a VWF null allele. 99

In total, 31 different mutations in the VWF D2, D’ and D3 domains have been described that 

affect FVIII binding (Table S5; in supplemental data online).

The major FVIII binding site in VWF is located in the D’ domain of VWF .100 The D’ domain of 

VWF contains 2 modules, the trypsin-inhibitor-like (TIL’) and E’ modules.3,100 Most type 2N 

mutations are located in, or in close vicinity of the TIL’ module, which is a very flexible region 

within VWF ( Fig. 4A-C).65,100 Since the D’ domain contains several disulfide bonds important in 

N-terminal multimerization of VWF, several type 2N mutations are associated with de fective 

multimerization as well.101-103 One of the most common type 2N mutation is the p.Arg854Gln 

mutation that, because of the high frequency, has a high prevalence of co-inhe ritance with 

other types of VWD.104
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Figure 4. Overview of VWD type 2N mutations. (A) Representation of VWD type 2N mutations. The distribution 
of all VWD type 2N mutations reported so far is indicated below the VWF domain structure and the VWF exon 

VWD type 3

VWD type 3 patients have undetectable VWF:Ag levels in their plasma and show a severe 

bleeding phenotype.28 Most patients do not produce VWF at all, as is the consequence 

of homozygous or compound heterozygous null alleles. Some patients, however, are 

homozygous or compound heterozygous for missense mutations. These patients normally 

produce VWF, but the mutant VWF is not secreted from the endothelial cells, or undergoes a 

very rapid clearance. In total, more than 280 unique mutations have been identified with VWD 

type 3 (Table S6A-E; in supplemental data online).

Null alleles

Most VWD type 3 patients develop the phenotype by the presence of two null alleles caused by 

homozygous or compound heterozygous nonsense, frameshift or splice site mutations. Since 

no or very low VWF:Ag levels are detected in VWD type 3 patients, there is a high probability 

that the splice site mutations identified in type 3 patients also result in a frameshift and 

nonsense-mediated decay. Mutations associated with null alleles are located throughout 

the whole VWF gene (Fig. 5A and B). Although not frequently reported, some patients were 

identified having a whole VWF gene deletion.35,105-107
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Null alleles could also result from a gene conversion with the pseudogene of VWF. This 

pseudogene is located on chromosome 22 and has a high sequence similarity with exons 

23 until 34. 108 Depending on the length of the conversion, the conversion may be associated 

with mutations: p.Val1229Gly, p.Asn1231Thr, p.Ser1263Pro, p.Pro1266Leu, p.Val1279Ile, 

p.Leu1288Val, p.Gln1311*, p.Ile1343Val, p.Val1360Ala, and p.Phe1369Ile. 109-111  Homozygous or 

compound heterozygous gene conversions including p.Gln1311* will lead to VWD type 3.111

Heterozygous gene conversions may lead to VWD type 1, depending on the variation in VWF:Ag 

levels as described under VWD type 1.

Homozygous/compound heterozygous missense mutations

Although most VWD type 3 is associated with null alleles, some patients have very low VWF:Ag 

plasma levels because of missense mutations, which are mostly inherited in a homozygous or 

compound heterozygous fashion (Fig. 5A; Table S6A; in supplemental data online). The effect 

of several missense mutations was studied in heterologous cell systems, and for all mutations 

tested a severe secretion defect was found confirming the plasma phenotype of very low or 

undetectable VWF:Ag levels (Fig. 5A).64 Most of these mutations replace a cysteine and/or 

are located at the C- or N-terminal ends of VWF and are important in the multimerization 

process.64,112-116

Clearance defects cannot be detected in in vitro systems, however several mutations known 

to be associated with rapid clearance wer e identified in type 3 patients.117 These patients 

showed increased VWFpp/VWF:Ag ratios and had a lower bleeding score compared to type 3 

caused by null alleles.117

Conclusions

Advances in sequencing technology along with lower associated costs have resulted in an 

ever increasing number of patients sequenced for the VWF gene. This has resulted in the 

identification of more than 750 unique mutations in VWF. The disease causing mechanism 

behind these mutations has been proven either through in vitro or in vivo studies for 

approximately 220 mutations, and for several others, the mechanism became evident based 

on the type or location of the mutation and the patients’ phenotype. However, many of the 

identified mutations remain candidate mutations, as the disease causing effects are yet to be 

elucidated.
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Figure 5. Overview of VWD type 3 mutations. (A) Representation of VWD type 3 mutations. The distribution 
of all VWD type 3 nonsense mutations reported so far is indicated below the VWF domain structure and the 
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Supplemental information: Advanced literature search strategy 

Search strategy was performed until 31 January 2017 

Number of hits on PubMed: 1743

(((((“von Willebrand Diseases”[majr] OR “von Willebrand Disease”[ti] OR “von Willebrand Diseases”[ti] OR “vonwill-
ebrand disease”[ti] OR “Willebrand disease”[ti] OR “Willebrand diseases”[ti] OR “willebrand’s disease”[ti] OR “wille-
brand’s diseases”[ti] OR “willebrands disease”[ti] OR “willebrands diseases”[ti] OR “VWD”[ti] OR “Von Willebrand’s 

Factor”[majr] OR “von Willebrand Factor”[ti] OR von Willebrand*[ti] OR vonwillebrand*[ti] OR willebrand*[ti]) AND 

brand Diseases”[tw] OR “vonwillebrand disease”[tw] OR “Willebrand disease”[tw] OR “Willebrand diseases”[tw] OR 
“willebrand’s disease”[tw] OR “willebrand’s diseases”[tw] OR “willebrands disease”[tw] OR “willebrands diseases”[tw] 

ebrand Disorder”[tw] OR “von Willebrand Factor”[mesh] OR “von Willebrand Factor”[tw] OR von Willebrand*[tw] OR 
vonwillebrand*[tw] OR willebrand*[tw]) AND (“Mutation”[majr] OR mutat*[ti] OR “Allelic Imbalance”[ti] OR “Loss of 
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Abstract

Background Treatment of the bleeding disorder von Willebrand disease (VWD) focuses on 

increasing von Willebrand factor (VWF) levels by administration of desmopressin or VWF-

containing concentrates. Both therapies leave the production of mutant VWF unhindered, 

which may have additional consequences, such as thrombocytopenia in patients with VWD 

type 2B, competition between mutant and normal VWF for platelet receptors, and the potential 

development of intestinal angiodysplasia. Most cases of VWD are caused by dominant negative 

mutations in VWF, and we hypothesize that diminishing expression of mutant VWF positively 

affects VWD phenotypes. Objectives To investigate allele-specific inhibition of VWF by applying 

small interfering RNAs (siRNAs) targeting common single-nucleotide polymorphisms (SNPs) 

in VWF. This approach allows allele-specific knockdown irrespective of the mutations causing 

VWD. Methods Four SNPs with a high predicted heterozygosity within VWF were selected, and 

siRNAs were designed against both alleles of the four SNPs. siRNA efficiency, allele specificity 

and siRNA-mediated phenotypic improvements were determined in VWF-expressing HEK293 

cells. Results Twelve siRNAs were able to efficiently inhibit single VWF alleles in HEK293 cells 

that stably produce VWF. Transient cotransfections of these siRNAs with two VWF alleles 

resulted in a clear preference for the targeted allele over the untargeted allele for 11 siRNAs. 

We also demonstrated siRNA-mediated phenotypic improvement of the VWF multimerization 

pattern of the VWD type 2A mutation VWF p.Cys2773Ser. Conclusions Allele-specific siRNAs 

are able to distinguish VWF alleles on the basis of one nucleotide variation, and are able to 

improve a severe multimerization defect caused by VWF p.Cys2773Ser. This holds promise for 

the therapeutic application of allele-specific siRNAs in dominant negative VWD.
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Introduction

von Willebrand disease (VWD) is the most common inherited bleeding disorder caused 

by defects in von Willebrand factor (VWF), a large multimeric glycoprotein produced by 

endothelial cells and megakaryocytes. VWF is an important hemostatic protein with two main 

functions: adhesion and aggregation of platelets at sites of vascular damage, and protection 

of coagulation factor VIII from degradation in the bloodstream.1 More than 90% of VWD cases 

are caused by dominant negative VWF mutations.2 These dominant negative mutations can 

lead to either quantitative (VWD type 1) or qualitative (VWD types 2A, B, and M) defects in 

secreted VWF.2,3

VWD mainly leads to mucocutaneous or postoperative bleeding, and patients are generally 

treated on demand upon a bleeding event.4 The mainstay of treatment is to increase circulating 

VWF levels by the administration of desmopressin (DDAVP) or VWF-containing concentrates.4

Administration of DDAVP is the primary choice of treatment, and induces the release of 

VWF from its endothelial storage organelles, the Weibel-Palade bodies.5 When DDAVP does 

not result in the secretion of VWF, or when the secreted VWF is non-functional, DDAVP may 

be ineffective. The release of mutant VWF may also result in adverse events such as the 

development of severe thrombocytopenia in patients with VWD type 2B, owing to spontaneous 

binding of mutant VWF to platelets. When DDAVP is ineffective or contraindicated, the 

preferred treatment is administration of VWF-containing concentrates.6,7 Although normal 

exogenous VWF is administered, endogenous mutant VWF is still being produced and secreted, 

which might interfere with normal hemostasis. Therefore, administration of VWF-containing 

concentrates may correct the VWF deficiency, but cannot prevent secondary, negative effects 

caused by mutant VWF.

We hypothesize that reducing mutant VWF production, while preserving the production 

of normal VWF, has a positive effect on VWF function and VWD phenotypes. We aim to use 

allele-specific small interfering RNAs (siRNAs) to inhibit mutant VWF alleles. The use of 

allele-specific siRNAs in VWD has been reported before by Casari et al., where siRNAs were 

designed against the breakpoint of the dominant negative partial VWF deletion p.Pro1127_

Cys1948delinsArg.8 This approach may be effective, however, it is only applicable to patients 

harboring this specific deletion. Therefore, we choose an approach whereby siRNAs are 

designed against common single-nucleotide polymorphisms (SNPs) in VWF. When a patient 

is heterozygous for the specific SNP, one can target the SNP that is located on the same allele 

as the dominant negative VWF mutation causing VWD. The full complementarity of the siRNA 

with the targeted heterozygous VWF SNP allele will lead to siRNA-mediated degradation of 

the dominant negative VWF allele. The mismatch of the same siRNA with the other SNP allele 

is thought to maintain expression of the normal VWF allele (Fig. S1A). An approach in which 

siRNAs are designed against dominant negative mutations may be more straightforward, but 
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will not be feasible in a therapeutic perspective, because the existence of hundreds of VWD-

related mutations.9 Discrimination of VWF alleles by SNPs requires only a small set of SNPs 

with a high minor allele frequency (MAF) to cover a large group of patients with a wide range 

of VWF mutations.

In this study, we show the proof of principle of siRNA-mediated SNP-based allele-specific 

inhibition of VWF. We demonstrate that it is feasible to discriminate with siRNAs between 

two VWF alleles differing by only one nucleotide, and that this discrimination leads to a clear 

improvement of a dominant negative multimerization defect caused by VWF p.Cys2773Ser.

Methods

Plasmid expression vectors

Recombinant pcDNA3.1/Zeo (+) containing full-length human VWF (hVWF) cDNA was used 

and modified in this study. pcDNA3.1/Zeo (+) hVWF contained a VWF allele with the following 

nucleotides at the SNP positions: c.1451G (rs1800378), c.2365A (rs1063856), c.2385T 

(rs1063857), and c.2880G (rs1800380). Five new hVWF plasmids were generated to create 

opposite VWF alleles (c.1451A, c.2365G, c.2385C, c.2880A, and c.2365G/c.2880A). Both these 

nucleotide variations and VWF p.Cys2773Ser (c.8318C) were introduced into pcDNA3.1/Zeo 

(+) hVWF by use of the Q5 Site-Directed Mutagenesis Kit (New England Biolabs, Ipswich, MA, 

USA). HA and MYC peptide tags were used to distinguish VWF alleles at the protein level and at 

the mRNA level, and introduced at the C-terminal end of VWF by use of the Q5 Site-Directed 

Mutagenesis Kit. Tables S1 and S2 show an overview of the generated constructs. Primers for 

the substitutions and insertions were designed with NEBaseChanger (New England Biolabs). 

Plasmids were purified with the PureYield Plasmid Maxiprep system (Promega, Madison, WI, 

USA), and correctness of the sequences was verified by Sanger sequencing (BaseClear, Leiden, 

the Netherlands).

SNP selection and siRNA design and synthesis

Four SNPs with a high MAF in the Caucasian population were selected from the 1000 Genomes 

Project.10 On the basis of provided sequences, two or three siRNA oligonucleotides with the 

highest predicted efficiency and allele specificity were designed for both alleles of the four 

SNPs (Ambion, Life Technologies Europe BV, Bleiswijk, the Netherlands). Custom Silencer 

were synthesized by Life Technologies (Ambion, Life Technologies Europe BV). Ambion 

Silencer Select Negative Control siRNA was used as a negative control (siNEG).
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Cell culture and transfection

Human embryonic kidney 293 (HEK293) cells (ATCC, Rockville, MD, USA) were cultured in 

10% fetal bovine serum (GIBCO, Invitrogen, Carlsbad, CA, USA), 2 mM L-glutamine (Sigma-

were generated by transfection of hVWF plasmids with FuGENE HD transfection reagent 

(Promega). Cells stably producing VWF were selected by the use of Zeocin Selection Reagent 

(Life Technologies Europe BV).

For transient transfections, 100,000 cells were seeded on poly-D-lysine (5 mg/mL; Sigma-

Aldrich) coated wells of 24 wells plates to reach 50-60% confluence the next day. Cells were 

transfected with plasmids and/or siRNA by the use of Lipofectamine 2000 Transfection 

Reagent (Thermo Fisher Scientific, Carlsbad, CA, USA). Each transfection was performed with 

medium and cell lysates were harvested 48 hours after transfection, when siRNAs were 

transfected into cells stably producing VWF, and 72 hours after transfection, when siRNA 

and VWF plasmids were cotransfected into transiently transfected cells. Cell lysates were 

(Promega) supplemented with cOmplete Protease Inhibitor Cocktail (Sigma-Aldrich).

VWF antigen (VWF:Ag), VWF-HA and VWF-MYC protein levels in conditioned medium and 

cell lysates were measured by ELISA. For VWF:Ag measurements, ELISA plates (Greiner, 

Frickenhausen, Germany) were coated overnight with polyclonal antibody rabbit anti-

hVWF (A0082; Dako, Glostrup, Denmark) diluted in coating buffer (100 mM bicarbonate, 500 

mM NaCl, pH 9.0). Samples were diluted in wash buffer (50 mM triethanolamine, 100 mM NaCl, 

10 mM EDTA, 0.1% Tween-20), and incubated for 2 hours. Polyclonal antibody rabbit anti-

hVWF coupled to horseradish peroxidase (HRP) (P0226; Dako) was used as the detecting 

antibody, and diluted in wash buffer. Wells were incubated with secondary antibody for 2 

hours. O-phenylenediamine dihydrochloride (OPD) (Sigma-Aldrich) was used as substrate, 

and one tablet of OPD was dissolved in 24 mL of substrate buffer (22 mM citric acid, 51 

2
O

2
. Wells were incubated with substrate solution, 

and the reaction was terminated by the addition of 2 M H
2
SO

4
 after 15 minutes. Normal pooled 

plasma (NPP) was used as the reference.

To quantify VWF-HA protein levels, ELISA plates were coated overnight with a monoclonal 

antibody against hVWF (CLB-RAg35; Sanquin, Amsterdam, the Netherlands).11 Plates were 
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blocked for 30 minutes in blocking buffer (phosphate-buffered saline [PBS], 3% bovine 

serum albumin, and 0.1% Tween-20). Samples were diluted in blocking buffer, and wells 

were incubated with diluted sample for 1.5 hour. Wells were incubated with rabbit anti-HA 

monoclonal antibody (Cell Signaling, Leiden, the Netherlands) diluted in blocking buffer for 

1.5 hour. Goat anti-rabbit IgG (H+L)-HRP (Bio-Rad, Veenendaal, the Netherlands) diluted in 

blocking buffer was used as secondary antibody, and wells were incubated with secondary 

antibody for 1 hour. OPD conversion was performed as described above. Purified recombinant 

VWF-HA was used as the reference and normalized to VWF:Ag levels in NPP.

To quantify VWF-MYC protein levels, ELISA plates were coated overnight with rabbit anti-

hVWF polyclonal antibody (Dako). Samples were diluted in blocking buffer, and plates 

were incubated with diluted sample for 2 hours. Wells were incubated with the secondary 

polyclonal antibody rabbit anti-c-Myc-tag-HRP (GenScript, Piscataway, NJ, USA) for 2 hours. 

OPD conversion was performed as described above, and the reaction was terminated after 

10 minutes by the addition of 2 M H
2
SO

4
. Purified recombinant VWF-MYC was used as the 

reference, and normalized to VWF:Ag levels in NPP.

RNA was generated from cell lysates harvested 72 hours after transfection by use of the 

RNeasy Micro Kit (Qiagen, Hilden, Germany). Plasmid and genomic DNA was removed with 

the TURBO DNA-free kit (Invitrogen). Complementary DNA was synthesized by the use of 

SuperScript II Reverse Transcriptase (Thermo Fisher Scientific) with poly(T) primers (Sigma-

Aldrich). Quantitative PCR (qPCR) was performed with Sybr Select Master Mix (Thermo Fisher 

Scientific) in the ViiA 7 Real-Time PCR System (Thermo Fisher Scientific). Allele-specific 

qPCR primers amplifying the MYC or HA nucleotide sequence were used to distinguish the 

two VWF alleles. The glyceraldehyde-3-phosphate dehydrogenase gene was used as the 

endogenous reference gene, and analyzed within the same qPCR run. The comparative Ct 

method was used for analysis, with complementary DNA of HEK293 cells transfected with the 

two VWF alleles and siNEG being used as the control.12

72 hours after transfection, HEK293 cells were fixed with 4% paraformaldehyde (Alfa Aesar, 

Karlsruhe, Germany) for 20 minutes. Cells were rinsed in PBS, and blocked and permeabilized 

for 20 minutes in blocking buffer (PBS, 5% normal goat serum [Dako]; 0.02% saponin [Sigma-

Aldrich]). Primary antibodies (rabbit anti-HA and mouse anti-MYC; Cell Signaling) were 

diluted in blocking buffer, and cells were incubated with primary antibody for 45 minutes. 

Cells were incubated for 30 minutes with the secondary antibodies goat anti-rabbit IgG (H+L) 
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AF488 and goat anti-mouse IgG (H+L) AF594 (Thermo Fisher Scientific) diluted in blocking 

buffer. Coverslips were mounted by the use of ProLong Diamond Antifade Mountant (Thermo 

Fisher Scientific), and cells were visualized with a Leica TCS SP8 upright confocal microscope 

equipped with a 63x/1.40 numerical aperture Plan Apo oil immersion objective.

VWF multimer analysis

Conditioned medium was collected 48 hours after refreshment of the medium and 72 hours 

after transfection. Conditioned medium samples were separated under non-reducing 

conditions on a 1.5% SeaKem HGT(P) agarose (Lonza, Rockland, ME, USA) separation gel 

containing 0.4% SDS, and visualized by western blotting with rabbit anti-hVWF polyclonal 

antibody (A0082; Dako) as described previously.13 Densitometry images were generated 

with imageJ 1.51h (National Institutes of Health, Bethesda, MD, USA) to quantify high and 

intermediate molecular weight multimers. Densitometry images were divided into the five 

smallest bands and the rest (intermediate and large bands). First, the VWF large multimer 

ratio was determined by dividing the area of intermediate and large VWF multimers over the 

total area (Fig. S2). Then, the VWF large multimer index was calculated by dividing the VWF 

large multimer ratio of cells cotransfected with mutant and normal VWF with or without siRNA 

treatment by the VWF large multimer ratio of control cells (Fig. S2). This is a modified version 

of the VWF large multimer index described by Tamura et al.14 We divided densitometry images 

into two instead of three segments because less high molecular weight VWF is produced in in 
vitro cell systems.

Statistics

GraphPad prism version 7.00 (GraphPad Software, La Jolla, CA, USA) was used for graphics 

and statistical analyses. Error bars in the histograms represent one standard deviation. A 

two-tailed Mann-Whitney U-test was used to check for significance in siRNA allele specificity. 

For all statistical analyses, significance was set at P < 0.05.

Results

SNP selection
A set of four SNPs with a high MAF in the coding region of VWF was selected from the 1000 

Genomes Project.10 These SNPs include rs1800378 (c.1451G|A), rs1063856 (c.2365A|G), 

rs1063857 (c.2385T|C), and rs1800380 (c.2880G|A) (Table 1). rs1800378 results in a non-

synonymous substitution (p.His484Arg) and has a MAF of 0.35 in the Caucasian population. 

rs1063856 also results in a non-synonymous substitution (p.Thr789Ala), and is in linkage 
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disequilibrium with rs1063857, which results in a synonymous substitution (p.Tyr795=). Both 

SNPs have a MAF of 0.37 in the Caucasian population. rs1800380 results in a synonymous 

substitution (p.Arg960=) and has a MAF of 0.26 in the Caucasian population. By counting the 

Caucasian individuals included in 1000 Genomes (N = 503) who are heterozygous for at least 

one of the four selected SNPs, we determined that 74% of this population are heterozygous for 

at least one of these SNPs (Table 1).10

Table 1. Single-nucleotide polymorphism (SNP) information in Caucasian population

SNP cDNA location in VWF Minor allele MAF* % heterozygous

rs1800378 c.1451G|A A 0.35 45.3

rs1063856 c.2365A|G G 0.37 46.5

rs1063857 c.2385T|C C 0.37 46.5

rs1800380 c.2880G|A A 0.26 38.1

All 4 SNPs, at least one 
heterozygous 74.0

* Based on 1000 Genomes.10 MAF, minor allele frequency; VWF, von Willebrand factor

Two or three siRNAs per VWF allele were screened for their efficiency and allele specificity by 

siRNA transfections in HEK293 cells stably producing VWF generated for all eight VWF alleles 

(Fig. S1B; Table S1). Specific inhibition and non-specific inhibition were determined by VWF:Ag 

measurements in conditioned medium and cell lysates after transfection of each siRNA in cells 

expressing the targeted or untargeted VWF allele, respectively. We selected at least one siRNA 

per SNP allele according to their efficiency in inhibiting VWF and their ability to distinguish 

between the two VWF alleles (Fig. 1). These siRNAs included: si1451G-1, si1451G-2, si1451A-2, 

si1451A-3, si2365A-1, si2365G-2, si2385T-1 si2385T-2, si2385C-2, si2880G-3, si2880A-2 and 

si2880A-3. Although si2365G-2 did not efficiently inhibit the production of VWF, it was the 

most effective siRNA for this target and was therefore not excluded from further analyses.

In the normal human situation, two VWF alleles are coexpressed in the same cell. Competition 

between the two alleles might improve the allele specificity of the siRNAs. By using a 

coexpression system in which two VWF plasmids containing either a MYC or an HA peptide tag 

were cotransfected into HEK293 cells, we were able to distinguish and quantify the expression 

of the two respective VWF alleles. Although the peptide tags are located at the C-terminal 

end of VWF, they did not interfere with dimerization and multimerization of VWF (Fig. S3A). 

Staining of HEK293 cells cotransfected with two VWF plasmids showed coexpression of both 

conjugated proteins in most cells, confirming real coexpression in the system (Fig. S3B).
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Figure 1. Allele-specific inhibition of von Willebrand factor (VWF) in human embryonic kidney 293 

(HEK293) cells stably producing VWF. Normalized total VWF antigen (VWF:Ag) levels measured by ELISA in 
conditioned medium and cell lysates of HEK293 cells stably producing VWF transfected with allele-specific 
small interfering RNAs (siRNAs). Allele-specific siRNAs were transfected into HEK293 cells stably expressing 
either of the VWF alleles (Fig. S1B). Transfections were performed at siRNA concentrations of 1 nM and 5 nM, 
and the VWF:Ag levels measured by ELISA were normalized to the VWF:Ag levels measured in cells transfected 
with a negative control siRNA. Shown is the mean + one standard deviation of the compiled results of three 
independent experiments performed in duplicate (N = 6). Mann-Whitney (targeted versus untargeted allele), *P 
< 0.05, **P < 0.01.
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Two VWF plasmids containing either of the VWF alleles were cotransfected with the 12 most 

potent siRNAs into HEK293 cells (Fig. S1C). The MYC peptide tag was incorporated in the plasmid 

containing the VWF allele: c.1451G, c.2365A, c.2385T, and c.2880G. The HA peptide tag was 

incorporated in plasmids containing the opposite VWF SNP alleles (Table S1). Coexpression of 

the siRNA with the two alleles of a SNP clearly led to increased efficiency and allele specificity 

for all siRNAs, except for si2385T-1, as compared with siRNA transfections in cells stably 

producing VWF (Figs 2A and S4). This was observed both at the protein level in conditioned 

medium and in cell lysates (Fig. 2A). Efficient and allele-specific inhibition was observed 

in a dose-dependent manner at all tested siRNA concentrations, with even upregulation of 

the untargeted allele being observed at the lowest siRNA concentrations (Fig. S4). These 

results were obtained reproducibly in two independent experiments. The optimal siRNA 

concentration was determined according to the lowest percentage of the targeted allele in the 

total sample, and was found to be 10 nM for si1451A-2, si1451A-3, and si2880A-2, and 5 nM for 

all other siRNAs (Fig. 2). The effect on mRNA level was determined for the 11 most effective 

siRNAs in a third independent experiment (Fig. 2B). We observed efficient inhibition of the 

targeted allele at the mRNA level, although with a lower degree of allele specificity than at 

the protein level measured in conditioned medium in the same experiment, with the relative 

mRNA expression of the targeted allele being approximately half that of the untargeted allele 

for most siRNAs (Fig. 2B).

Eleven siRNAs proved to be highly efficient and allele-specific, and a remaining fraction 

of only 5% of the targeted allele in the whole sample was observed for the most optimal 

siRNA (data not shown). The presence of these low levels of targeted allele would predict a 

phenotype improvement in the presence of a dominant negative mutation. We selected a 

previously characterized VWD type 2A mutation, VWF p.Cys2773Ser, as a model mutation with 

which to study this hypothesis.15 VWF plasmids containing all possible SNP alleles and VWF 

p.Cys2773Ser were generated to test this hypothesis (Table S2).

Transfection of normal VWF only into HEK293 cells leads to a VWF multimer pattern with a 

full range of VWF multimers (Fig. 3A, first lane). Cotransfection of normal VWF with increasing 

concentrations of VWF p.Cys2773Ser resulted in a progressively abnormal multimer pattern, 

with only monomers and dimers being present when only VWF p.Cys2773Ser was transfected 

(Fig. 3A, last lane).15 The heterozygous state of the patient is mimicked by the cotransfection 

of equal amounts of normal and mutant VWF p.Cys2773Ser (Fig. 3A, middle lane). The 

heterozygous multimer pattern of the cotransfection of equal amounts of mutant and normal 

VWF (for set-up, see Fig. S1D) was improved towards a normal pattern by most siRNAs (Fig. 3B). 

The VWF large multimer index was calculated to quantify the increase in the amount of high 

molecular weight VWF (Table 2). 
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Figure 2. Allele-specific inhibition of von Willebrand factor (VWF) in cotransfected human embryonic 

kidney 293 (HEK293) cells. HEK293 cells were cotransfected with VWF-HA, VWF-MYC and allele-specific small 
interfering RNAs (siRNAs) at the optimal siRNA concentration, determined by the percentage of targeted allele in 
the whole sample. The optimal siRNA concentrations were determined to be 10 nM for si1451A-2, si1451A-3, and 
si2880A-2, and 5 nM for all other siRNAs. The untargeted and targeted alleles could be either VWF-HA or VWF-
MYC, depending on the VWF allele (Table S1). VWF-HA and VWF-MYC protein and mRNA levels were normalized 
to the VWF-HA and VWF-MYC protein and mRNA levels measured in HEK293 cells cotransfected with the two VWF
alleles and a negative control siRNA (Fig. S1C). (A) Normalized VWF-HA and VWF-MYC protein levels measured by 
ELISA in conditioned medium and cell lysates. Shown is the mean + one standard deviation (SD) of the compiled 
results of two independent experiments performed in duplicate (N = 4). (B) Normalized VWF-HA and VWF-MYC 
protein levels measured by ELISA in conditioned medium and, from the same experiment, the corresponding 
normalized VWF-HA and VWF-MYC mRNA levels determined by quantitative PCR on cDNA samples. Shown is 
the mean + 1 SD of the compiled results of one independent experiment performed in duplicate (N = 2). Mann-
Whitney (targeted versus untargeted allele), *P < 0.05.
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Cotransfection of normal and mutant VWF into HEK293 cells resulted in a large multimer index 

of 50.1% ± 4.5% as compared with cells transfected with only normal VWF (100%). Increases 

in the large multimer index were observed for most siRNAs, but were highest for cells treated 

with si1451G-2 and si2880G-3, at 82.8% and 85.3%, respectively (Table 2). Combining siRNAs 

to target different SNPs simultaneously could potentially increase the effect. A combination 

of two siRNAs targeting either c.2365A and c.2880G or c.2365G and c.2880A did not result 

in further improvement in multimerization patterns, and nor did the patterns deteriorate 

(Fig. 3C).

Table 2. VWF large multimer index calculated on densitometry images of multimer analysis

VWF large multimer index (%)

Normal 100

Normal + mutant 50.1 ± 4.5

Normal + mutant + si1451G-1 70.9

Normal + mutant + si1451G-2 82.8

Normal + mutant + si1451A-2 71.2

Normal + mutant + si1451A-3 66.8

Normal + mutant + si2365A-1 58.8

Normal + mutant + si2365G-2 48.4

Normal + mutant + si2385T-2 75.5

Normal + mutant + si2385C-2 70.9

Normal + mutant + si2880G-3 85.3

Normal + mutant + si2880A-2 59.8

Normal + mutant + si2880A-3 79.5

si1451G-1, indicates ‘small interfering RNA 1 against VWF c.1451G’, all siRNAs are indicated according to this 
principle; VWF, von Willebrand factor
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Figure 3. Improvement of a multimerization defect by allele-specific small interfering RNAs (siRNAs). 
von Willebrand factor (VWF) multimer analysis was performed on conditioned medium of human embryonic 
kidney 293 (HEK293) cells cotransfected with normal VWF and mutant (p.Cys2773Ser) VWF plasmids. Shown 
are conditioned medium samples 72 hours after transfection and 48 hours after refreshment of the medium, 
loaded on a 1.5% SDS-agarose gel. (A) HEK293 cells were transfected with different concentrations of normal 
and/or mutant VWF plasmids. Increasing concentrations of mutant VWF resulted in a severe dimerization and 
multimerization defect.15 (B) HEK293 cells were transfected with only normal VWF or with normal and mutant 
VWF in a 1:1 ratio. Allele-specific siRNAs were transfected into HEK293 cells cotransfected with normal and 
mutant VWF (Fig. S1D). Addition of allele-specific siRNAs resulted in clear improvement of the VWF multimer 
patterns for several siRNAs. (C) HEK293 cells were transfected with only normal VWF or with normal and mutant 
VWF in a 1:1 ratio. A single siRNA or a combination of two siRNAs with different targets was transfected into 
HEK293 cells cotransfected with normal and mutant VWF. A combination of two siRNAs targeting c.2365A and 
c.2880G or c.2365G and c.2880A did not clearly improve the multimerization pattern as compared with single 
siRNA transfections. A slight improvement in allele-specific inhibition at the protein level was observed with 
combined targeting of c.2365A and c.2880G as compared with targeting of only c.2365A. This was not observed 
when siRNAs with the targets c.2365G and c.2880A were combined.
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Discussion

In this study, we selected a set of allele-specific siRNAs with the in vitro ability to mediate 

allele-specific inhibition of VWF. Inhibition of mutant VWF production, while preserving the 

production of normal VWF, improved the multimerization pattern of the dominant negative 

VWF mutation p.Cys2773Ser. This approach could improve several phenotypes caused by 

dominant negative VWF mutations, which are present in > 90% of the VWD population.2

Various studies have proven that siRNAs, microRNAs, antisense oligonucleotides and 

CRISPR-Cas9 can discriminate two alleles on the basis of one nucleotide variation.16-22 This 

discrimination could be based on the dominant negative mutation itself, or on a SNP located 

on the same allele as the dominant negative mutation. For this study, we chose to use allele-

specific siRNAs that target frequent SNPs in VWF. siRNAs were chosen to prove the feasibility of 

allele-specific inhibition in VWD, and because of their safe temporary effects. By the selection 

of four SNPs with a high MAF in VWF, it is possible to design a treatment applicable to a major 

part of the Caucasian population, as 74% will be heterozygous for at least one of these four 

SNPs. By increasing the number of SNPs, the population coverage can even be increased up 

to 93% (data not shown). A much larger number of siRNAs would be required to target each 

individual VWF mutation.

The proof of principle of allele-specific inhibition of VWF was tested by overexpression 

of VWF alleles in HEK293 cells. Two methods were used to screen for effective siRNAs. First, 

siRNAs were transfected into HEK293 cells stably producing VWF. This setting resembles a 

normal situation, in which there is continuous production of VWF. Using this experimental set-

up, we selected at least one effective siRNA per SNP allele. However, the ratio of the targeted 

and untargeted allele was not yet optimal. We reasoned that discrimination between the 

two VWF alleles present in the heterozygous situation, as in patients, might improve allelic 

discrimination by siRNAs. To mimic the coexistence of two VWF alleles in one cell, we performed 

cotransfections of two VWF alleles and an siRNA targeting one of the two alleles in HEK293 

cells. This did indeed lead to an increase in specificity of the siRNAs for the targeted allele. The 

increase in allele specificity suggests that competition between two alleles leads to preference 

of the siRNA for its specific target. Remarkably, we observed at the protein level, but not at 

the mRNA level, upregulation of the untargeted VWF allele for most siRNAs at the lowest siRNA 

concentrations (Figs S4 and 2B). This might have been caused by transfection of an excess of 

plasmids, which may lead to a maximum production capacity of the translational machinery. 

siRNA-mediated inhibition of the targeted allele may then provide greater access of the 

translational machinery to the untargeted allele, and enhance translation of the untargeted 

allele. An increase in the siRNA concentration would inhibit this process by increasing non-

specific binding of the siRNA to the untargeted allele. Whether this upregulation also occurs 

in cells endogenously producing VWF could be studied in blood outgrowth endothelial cells 

(BOECs).23 As BOECs are primary cells, they differ from heterologous cell systems in the 
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processing and maturation of pre-mRNA. Although siRNAs bind and process mature mRNA 

in the cytoplasm, differences in mRNA modifications between primary and heterologous cell 

systems should be kept in mind. We and others have shown the feasibility of isolating BOECs 

from VWD patients.24-27 Genotyping patients and family members for the patients’ mutation 

and the four selected SNPs will identify which SNPs the patient is heterozygous for, and which 

of the two SNP alleles is linked to the dominant negative mutation.

In this study, we investigated the effect of the most potent siRNAs on VWF p.Cys2773Ser, a fully 

characterized dominant negative mutation causing defective intracellular multimerization.15

Cotransfection of normal VWF and VWF p.Cys2773Ser into HEK293 cells did indeed lead to a 

severe multimerization defect and a decrease in the amount of high molecular weight VWF. The 

addition of the most potent siRNAs resulted, for almost all siRNAs, in clear improvements in 

VWF multimerization. The multimer pattern could not be further improved by the simultaneous 

transfection of two siRNAs with different targets (Fig. 3C). Inhibition of mutant VWF as therapy 

for VWD is especially beneficial for VWD patients in whom the unhindered production of 

mutant VWF has detrimental effects that are not prevented by current therapies. The most 

clear example is the development of thrombocytopenia in VWD type 2B patients, which is 

often provoked by stress responses during surgery or pregnancy.28,29 However, apart from 

those patients with a clear unmet clinical need, inhibition of mutant VWF might also benefit 

patients with other VWD phenotypes, e.g. patients with a very fast clearance rate or a severe 

secretion defect caused by intracellular retention. In those cases, inhibition of the mutant 

allele will increase circulating levels of normal VWF. Furthermore, recent findings suggest a 

role for VWF in angiogenesis, i.e. the formation of new blood vessels from existing vessels.30,31

The negative regulation of VWF on the process of angiogenesis potentially results in increased 

blood vessel formation, and may lead to intestinal angiodysplasia and intractable intestinal 

bleeding in VWD patients.32,33 As VWF is thought to have an intracellular and extracellular 

signaling function in the process of angiogenesis, mutant VWF itself may be responsible for 

maintaining the aberrant angiogenesis.31,32 Inhibiting mutant VWF expression may attenuate 

all of these effects, and at the same time increase circulating levels of normal VWF.

Allele-specific siRNAs could be used in a prophylactic setting, either to prevent spontaneous 

bleeding or prior to scheduled interventions, or they could convert a DDAVP-unresponsive 

patient into a DDAVP-responsive patient. The exact application of allele-specific inhibition 

of VWF will depend, among other things, on the patient’s phenotype and the duration of siRNA 

inhibition in vivo. In vivo use of siRNAs requires a delivery vehicle. Until now, delivery of siRNAs 

has been mainly focused on targeting the liver.34,35 Recently, delivery vehicles targeting the 

endothelium have also shown positive results regarding inhibition of several endothelial 

genes.36,37 These results are promising regarding the possibility of endothelium-targeted 

siRNA therapies for VWD.
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Altogether, the recent developments in the field of siRNA delivery, the ability of the designed 

siRNAs to inhibit VWF in an allele-specific manner and the ability of these siRNAs to improve 

a severe VWD phenotype hold promise for the use of allele-specific siRNAs as therapy for 

dominant negative VWD.
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Figure S1. Schematic representation of the hypothesis and experimental setup. (A) siRNAs designed to 
target a heterozygous SNP (in this example an adenine, green) located on the same allele as the dominant-
negative mutation (in this example a guanine, red) are expected to inhibit expression of the mutant VWF 
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allele. The mismatch of the same siRNA with the other allele of the SNP (in this example a cytosine, green) is 
hypothesized to render the siRNA ineffective and therefore lead to normal mRNA translation. (B) Experimental 
setup of siRNA transfections to stable VWF producing HEK293 cells. siRNAs and siNEG were transfected to cells 
stably expressing the targeted VWF allele and to cells stably expressing the untargeted allele. Relative VWF 
expression was determined by dividing the VWF:Ag levels measured in conditioned medium and lysates of cells 
transfected with a specific siRNA (in this example si1451G) to cells transfected with siNEG. (C) Experimental 
setup of HEK293 cells cotransfected with siRNAs and two VWF alleles. siRNAs were transiently cotransfected 
to HEK293 cells with two VWF alleles containing either an HA or MYC peptide tag. Relative VWF expression of 
both alleles is determined by dividing the VWF-HA or VWF-MYC protein or mRNA levels measured in conditioned 
medium and lysates of cells transfected with a specific siRNA (in this example si1451G) to cells transfected 
with siNEG. (D) Experimental setup of HEK293 cells cotransfected with siRNA and two VWF alleles, of which 
the VWF-HA allele also contained the VWF p.Cys2773Ser mutation. Improvements in multimerization were 
determined by multimer analysis. VWF, von Willebrand factor; SNP, single-nucleotide polymorphism; siRNA, 
small interfering RNA; mRNA, messenger RNA; si1451G, indicates ‘small interfering RNA against VWF c.1451G’

Figure S2
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Figure S2. Calculation of the VWF large multimer index. Densitometry images are divided in the five smallest 
(S) bands and the rest (intermediate and large bands (M+L)). The VWF large multimer ratio is calculated for 
each densitometry image by dividing the area of intermediate and large VWF multimers (M+L) over the total 
area (M+L+S). The VWF large multimer index is calculated by dividing the VWF large multimer ratio of cells 
cotransfected with normal and mutant VWF (with or without siRNA treatment) over the VWF large multimer 
ratio of cells transfected with normal VWF only. VWF, von Willebrand factor; S, small multimers; M, intermediate 
multimers; L, large multimers
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Figure S3
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Figure S3. Effect of HA and MYC peptide tags on VWF processing and transfection. (A) VWF multimer 
analysis on conditioned medium of HEK293 cells transfected with VWF-HA, VWF-MYC or normal VWF plasmids. 
Shown are conditioned medium samples 72 hours after transfection and 48 hours after refreshing the medium, 
loaded on a 1.5% SDS-agarose gel. All three samples in the picture were run on the same gel. (B) Representative 
images of immunofluorescent staining of HEK293 cells cotransfected with VWF-HA (green) and VWF-MYC (red) 
plasmids. Most cells stain both VWF-HA and VWF-MYC, indicating a true coexpressing system. Bar represents 

immersion objective. VWF, von Willebrand factor
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Figure S4

A  Conditioned medium

B  Cell lysates 
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Figure S4. Dose response of allele-specific siRNAs cotransfected with two VWF alleles into HEK293 cells. 

Normalized VWF-HA and VWF-MYC protein levels measured by ELISA in (A) conditioned medium and (B) cell 
lysates of HEK293 cells cotransfected with VWF-HA, VWF-MYC and allele-specific siRNAs at five different 
concentrations to determine the dose-response. The untargeted and targeted allele could either be VWF-HA 
or VWF-MYC, depending on the VWF allele (Table S1). VWF-HA and VWF-MYC protein levels were normalized 
to the VWF-HA and VWF-MYC protein levels measured in HEK293 cells cotransfected with the two VWF alleles 
and siNEG. Shown are the mean + 1 SD of the compiled results of two independent experiments performed in 
duplicate (N = 4). si1451G-1, indicates ‘small interfering RNA-1 against VWF c.1451G’, all siRNAs are indicated 
according to this principle; siRNA, small interfering RNA; VWF, von Willebrand factor; nM, nanomolar
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Table S1. VWF plasmids used to determine efficiency and degree of allele-specificity in stable VWF producing 
HEK293 cells and transiently cotransfected HEK293 cells

rs1800378 rs1063856 rs1063857 rs1800380
Used for:

pcDNA™3.1/Zeo (+) c.1451G|A c.2365A|G c.2385T|C c.2880G|A

hVWF-HA G A T G Stable cell line

hVWF-MYC G A T G Cotransfection

hVWF-HA-1451A A A T G Stable cell line/cotransfection

hVWF-HA-2365G G G T G Stable cell line/cotransfection

hVWF-HA-2385C G A C G Stable cell line/cotransfection

hVWF-HA-2880A G A T A Stable cell line/cotransfection

VWF, von Willebrand factor

Table S2. VWF plasmids used for allele-specific inhibition of hVWF p.Cys2773Ser

rs1800378 rs1063856 rs1063857 rs1800380 p.Cys2773Ser

pcDNA™3.1/Zeo (+) c.1451G|A c.2365A|G c.2385T|C c.2880G|A c.8318G|C

To target 
c.1451G

hVWF-HA-Cys2773Ser G A T G C

hVWF-MYC-1451A A A T G G

To target 
c.1451A

hVWF-HA-1451A-Cys2773Ser A A T G C

hVWF-MYC G A T G G

To target 
c.2365A

hVWF-HA-Cys2773Ser G A T G C

hVWF-MYC-2365G G G T G G

To target 
c.2365G

hVWF-HA-2365G-Cys2773Ser G G T G C

hVWF-MYC G A T G G

To target 
c.2385T

hVWF-HA-Cys2773Ser G A T G C

hVWF-MYC-2385C G A C G G

To target 
c.2385C

hVWF-HA-2385C-Cys2773Ser G A C G C

hVWF-MYC G A T G G

To target 
c.2880G

hVWF-HA-Cys2773Ser G A T G C

hVWF-MYC-2880A G A T A G

To target 
c.2880A

hVWF-HA-2880A-Cys2773Ser G A T A C

hVWF-MYC G A T G G

To target 
c.2365A and 
c.2880G

hVWF-HA-Cys2773Ser G A T G C

hVWF-MYC-2365G/2880A G G T A G

To target 
c.2365G 
and c.2880A

hVWF-HA-2365G/2880A-
Cys2773Ser

G G T A C

hVWF-MYC G A T G G

VWF, von Willebrand factor
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Abstract

Background Endothelial colony forming cells (ECFCs) are cultured endothelial cells derived 

from peripheral blood. ECFCs are a powerful tool to study pathophysiological mechanisms 

underlying vascular diseases, including von Willebrand disease. In prior research, however, 

large variations between ECFC lines were observed in, among others, von Willebrand factor 

(VWF) expression. Objective Understand the relation between phenotypic characteristics 

and VWF-related parameters of healthy control ECFCs. Methods ECFC lines (N = 16) derived 

from six donors were studied at maximum cell density. Secreted and intracellular VWF antigen 

were measured by ELISA. The angiogenic capacity of ECFCs was investigated by the Matrigel 

tube formation assay. Differences in expression of genes involved in angiogenesis, aging, and 

endothelial to mesenchymal transition (EndoMT) were measured by quantitative PCR. Results 

Different ECFC lines show variable morphologies and cell density at maximum confluency and 

cell lines with a low maximum cell density show a mixed and more mesenchymal phenotype. 

We identified a significant positive correlation between maximum cell density and VWF 

production, both at protein and mRNA level. Also, significant correlations were observed 

between maximum cell density and several angiogenic, aging and EndoMT parameters. 

Conclusions We observed variations in morphology, maximum cell density, VWF production, 

and angiogenic potential between healthy control ECFCs. These variations seem to be 

attributable to differences in aging and EndoMT. Because variations correlate with cell density, 

we believe that ECFCs maintain a powerful tool to study vascular diseases. It is however 

important to compare cell lines with the same characteristics and perform experiments at 

maximum cell density.
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Introduction

von Willebrand factor (VWF) is a large multimeric glycoprotein required for hemostasis. 

Generally, VWF is known as carrier protein for coagulation factor VIII and as mediator for platelet 

adhesion and aggregation at sites of vascular damage. More recently, other functions of VWF 

on the cellular level are described, for example in the process of angiogenesis.1 Dysfunction 

or deficiencies of VWF lead to von Willebrand disease (VWD), the most common inherited 

bleeding disorder.2 VWF is mainly synthesized in endothelial cells and stored in Weibel-Palade 

bodies.3 A small proportion of VWF is produced in megakaryocytes, and stored in their alpha-

granules.4 The pathophysiology of VWD has historically been studied on a cellular level in 

heterologous cell systems by overexpression of VWF variants.5,6 Yet, several aspects of VWF 

biology (i.e., the process of angiogenesis and VWF behavior under flow) can only be studied in 

endothelial cells. Moreover, because endothelial cells are the main source of VWF production, 

it is of utmost importance to study these cells in great detail to understand cellular defects in 

VWF to benefit VWD patients.

Obtaining endothelial cells from patients or healthy subjects used to be difficult because of 

the type of tissue needed for endothelial cell isolations. The source of endothelial cells mostly 

used is the umbilical vein, yielding human umbilical vein endothelial cells (HUVECs). However, 

the experimental use of HUVECs is limited because they cannot be obtained from subjects 

with specific clinical or genetic characteristics. Nowadays, endothelial cells can be isolated 

from the mononuclear cell fraction from peripheral blood and have the ability to expand ex 
vivo.7,8 Cultured endothelial cells derived from peripheral blood have adopted different names 

in literature, such as blood outgrowth endothelial cells, late outgrowth endothelial cells or 

endothelial colony forming cells (ECFCs).9 Recently, consensus was made to use the term ECFC 

and we will therefore adapt to this consensus. We would like to highlight that the ECFCs in 

this study are the same type of cells as the cells denoted as blood outgrowth endothelial cells 

used in prior studies published by us and most groups studying VWD pathophysiology.10-12 In 

the past decade, multiple studies showed interesting results applying ECFCs to study VWD 

pathophysiology at the cellular level.10-15 Unfortunately, these studies also showed a wide 

range of variation in the endothelial cells from VWD patients complicating interpretation and 

comparison of the results.16 To confidently use ECFCs to study VWD pathophysiology, we need 

to understand the extent of these variations and their effects on VWF-related parameters; 

therefore we aim to understand the relation between the phenotypic characteristics and VWF-

related parameters of ECFCs from healthy controls. We cultured ECFC lines and investigated 

their phenotypic characteristics in a standardized setup. The phenotypic characteristics of 

individual ECFC lines were correlated with VWF parameters and their angiogenic capacity. 

In addition, gene expression of specific pathways was investigated to unravel the potential 

underlying mechanism of ECFC variability.
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Materials and methods

ECFC isolation
ECFCs were isolated according to Martin-Ramirez et al (2012).17 In short, 30-80 mL peripheral 

blood was drawn in 10 mL trisodium citrate tubes (ECFCs 1 and 2; S-Monovette®#02.1067.001, 

Sarstedt, Nümbrecht, Germany) or 10 mL lithium heparin tubes (ECFCs 3-6; BD Biosciences 

Vacutainer #367880, BD, Erebodegem, Belgium). Peripheral blood was diluted 1:1 with 

phosphate-buffered saline (PBS) and blood components were separated by gradient 

centrifugation over Ficoll Paque (LUMC Pharmacy, Leiden, the Netherlands). The mononuclear 

cell fraction was isolated and washed 1x in PBS and 1x in 5 mL EGM-20 culture medium, 

consisting of 500 ml EBM™-2 medium (Lonza, Breda, the Netherlands) supplemented with the 

EGM™-2 BulletKit™ (Lonza), 100 mL fetal bovine serum (Gibco®, Invitrogen, Carlsbad, CA), and 

7 mL Antibiotic Antimycotic solution (Sigma-Aldrich #A5955, St. Louis, MO). Cells were seeded 

on 48 wells Nunc™ Cell-Culture Treated Multidishes (Nunclon, Roskilde, Denmark) pre-coated 

Cells were passaged according to the scheme in Fig. S1A.

The study protocol was approved by the Leiden University Medical Center ethics review 

board. Informed consent was obtained from all subjects in accordance with the Declaration 

of Helsinki.

ECFC culture

ECFCs were cultured in EGM-20 culture medium, which was refreshed every other day. All 

experiments were performed on cells that were 3-5 days confluent. Cells were considered 

confluent when they stopped expanding as determined by the cell number per mm2 

(maximum cell density). Cell density was determined by the ITCN plug-in (v1.6) of Fiji, ImageJ 

(ImageJ 1.51r, Bethesda, MD) on bright-field images that were taken daily. Each single 

ECFC line at passage 5 was simultaneously subjected to fluorescence-activated cell sorting 

(FACS) analysis, gene expression analysis and tube formation analysis on Matrigel (Fig. S1B). 

Immunofluorescent staining and VWF antigen (VWF:Ag) measurements were performed in 

separate experiments (Fig. S1C). The characterization of each ECFC line was performed in two 

independent experiments, except for FACS analysis, which was performed once for each ECFC 

line.

FACS analysis

Surface marker expression was detected with flow cytometry. ECFCs were pelleted and 

washed with FACS buffer (PBS; 1% bovine serum albumin [Sigma-Aldrich]; 0.01% sodium 

azide) and incubated on ice for 30 minutes with the following labeled primary antibodies or 
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isotype controls: CD14-FITC (BD Biosciences), CD31-FITC (PECAM1; BD Biosciences), CD45-

Pacific Blue (BD Biosciences), CD144-PE (VE-cadherin; R&D), CD146-PerCp-Cy5 (MCAM, BD 

Biosciences), IgG1-FITC (R&D), IgG1-PE (BD Biosciences), IgG1-PerCp-Cy5, and IgG1-Pacific 

blue (all BD Biosciences). After antibody incubation, cells were washed in FACS buffer and run 

on the LSRII (BD Biosciences). Data were analyzed using FACSDiVa software (BD Biosciences).

VWF:Ag measurements

Basal VWF secretion was determined by the release of VWF over 24 hours in EGM-20 culture 

medium. For determination of intracellular VWF, cells were lysed overnight at 4°C in Opti-

MEM™ I Reduced Serum Medium (Thermo Fisher Scientific, Carlsbad, CA) containing 0.1% 

Triton X-100 (Sigma-Aldrich) supplemented with cOmplete™ Protease Inhibitor Cocktail with 

EDTA (Roche Diagnostics, Mannheim, Germany). VWF:Ag levels were measured in conditioned 

medium and cell lysates by ELISA as previously described.18

staining procedures were used to detect intra- and/or extracellular VWF. Solely intracellular 

VWF was visualized after fixation and permeabilization with ice-cold methanol, after which 

the cells were washed twice with PBS and blocked with PBS, 1% fetal bovine serum (Gibco) 

and 1% bovine serum albumin (Sigma-Aldrich). Intra- as well as extracellular VWF was 

visualized after fixation with 4% paraformaldehyde (Alfa Aesar, Karlsruhe, Germany), after 

which the cells were washed once and blocked and permeabilized with PBS, 5% normal goat 

serum (DAKO, Glostrup, Denmark) and 0.02% saponin (Sigma-Aldrich). Extracellular VWF was 

visualized after fixation with 4% paraformaldehyde, after which the cells were washed once 

and blocked with PBS and 5% normal goat serum (DAKO). Cells were stained for VWF with 

polyclonal antibody rabbit anti-hVWF (A0082, DAKO) and for VE-cadherin with purified mouse 

anti-human CD144 (BD Biosciences) diluted in the corresponding blocking buffer. Nuclear 

staining was performed with Hoechst (Thermo Fisher Scientific) diluted in PBS. Coverslips 

were mounted by ProLong® Diamond Antifade Mountant (Thermo Fisher Scientific) and cells 

were visualized by the Leica TCS SP8 X WLL converted confocal microscope equipped with a 

HC PL APO CS2 63x/1.40 OIL immersion objective.

Matrigel tube formation

Biosciences) for 1 hour at 37°C. ECFCs were seeded on the Matrigel at a concentration of 

15,000 cells per well in EGM-2 medium. The culture plate was placed in a Leica DMI6000 
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inverted microscope with an environmental chamber for control of temperature (37°C) and 

CO
2
 concentration (5%). Images were taken every 15 minutes with a 10x magnification using 

a LEICA DF350FX CCD camera until 24 hours after seeding cells. Analyses were performed 

with Fiji (ImageJ) using the Angiogenesis Analyzer plugin (version 1.0c). Two independent 

experiments were performed in triplicate for each ECFC line. Average values of triplicates were 

calculated for the tube length, number of branches, and number of meshes as characteristics 

of each ECFC line.

Gene expression

RNA was isolated using the RNeasy Micro Kit (Qiagen, Venlo, the Netherlands). Complementary 

DNA was synthesized using SuperScript™ II Reverse Transcriptase (Thermo Fisher Scientific) 

with poly(T) primers (Sigma-Aldrich). Quantitative PCR (qPCR) was performed using Sybr™ 

Select Master Mix (Thermo Fisher Scientific) in the CFX384 Touch instrument (Bio-Rad, 

Veenendaal, the Netherlands) with GAPDH as endogenous reference gene. Table S1 shows 

sequences of gene specific primers. The comparative Ct method was used as described by 

Wong and Medrano.19 

Statistics

GraphPad Prism, version 7.00 (GraphPad Software, La Jolla, CA), was used for graphics and 

statistical analyses. Pearson correlation was used to determine the strength of association 

between cell density and all other measured parameters. Significance was set at P < 0.05 

(two-tailed).

Results

Phenotypic characterization

ECFCs were isolated from six healthy donors which resulted in the outgrowth of 16 ECFC lines. 

In isolations of some donors, several clones appeared and these lines were cultured separately 

(for example, for donor 4, these multiple clones were named ECFC line 4A, 4B, etc.), so we could 

study both inter- and intra-donor variability. All ECFCs were positive for endothelial markers 

CD31 and CD146 and negative for leukocyte markers CD14 and CD45; however, a subset of 

ECFC lines showed decreased positivity for CD144 suggesting a mixed population (Fig. 1A, 

all histograms in Fig. S2). Furthermore, remarkable differences were observed between cell 

sizes at maximum confluency and morphology of the different lines (Fig. 1B and Fig. S3) and 

we observed that cell lines with bigger cell sizes have a more mesenchymal phenotype and 

could reach a lower cell density at maximum confluency. These “low cell density” ECFC lines 
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are the lines with decreased positivity for CD144 (Fig. 1C). Because we would like to show the 

characteristics of all cell populations that appear after ECFC isolation, we did not exclude 

cells for which the ECFC identity may be less clear because of lower CD144 positivity (i.e., 

ECFCs 1, 2, 6A, 6C, and 6E).

A
ECFC 4B ECFC 5E ECFC 6B

B

CD14 CD45 CD31 CD146
0

50

100

B
rig

ht
-fi

el
d

C
on

fo
ca

l

0 500 1000 1500 2000
Cell density (cells/mm2)

0

50

100

po
si

tiv
e 

ce
lls

 (%
)

po
si

tiv
e 

C
D

14
4 

ce
lls

 (%
)

C
CD144

Figure 1. ECFC surface marker expression and cell morphology. (A) FACS analysis for surface markers CD14, 
CD31, CD45, CD144, and CD146 of all 16 ECFC lines derived from six healthy donors. All ECFC lines are negative 
for CD14 and CD45 and positive for CD31 and CD146. Variation is observed in CD144 expression. (B) Bright-field 
and confocal images of three representative ECFC lines with high, medium and low maximum cell densities 
3-5 days after the cells stopped expanding. Bright-field images show clear morphological variation between 

cadherin (red). Staining patterns clearly vary between ECFC lines, with VWF in Weibel-Palade bodies more at 
the periphery of the cell in lines with a high maximum cell density (ECFC 4B), VWF in elongated Weibel-Palade 
bodies dispersed throughout the whole cell in lines with an intermediate maximum cell density (ECFC 5E), and 
sparse VWF and more diffuse VE-cadherin staining in lines with a low maximum cell density (ECFC 6B). Scale bar 

density below 500 cells/mm2 showed reduced positivity for CD144 (<500 cells/mm2 81.9 (64.5-99.2); >500 cells/
mm2 99.3 (83.8-99.6), median (range), P = 0.0073, Mann-Whitney). ECFC, endothelial colony forming cell; FACS, 
fluorescence-activated cell sorting; VWF, von Willebrand factor

VWF:Ag measurements

To evaluate the optimal timepoint to perform experiments, seven proliferative ECFC lines 

were subconfluently plated and followed over time for secreted VWF:Ag levels and cell density 

(bright-field images of three representative cell lines in Fig. S4). Maximum VWF:Ag levels were 

measured in conditioned medium 3-5 days after the ECFCs stopped expanding (maximum cell 

density). Both secreted VWF:Ag levels, and cell density remained constant after the maximum 

density was reached (Fig. 2A); therefore, all experiments in this study were performed at this 

stable phase, 3-5 days after the cells stopped expanding. The results for VWF secretion and 

cell density were comparable to observations in HUVECs.20,21
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To determine differences in VWF:Ag secretion between the different ECFC lines, VWF:Ag 

levels released in 24 hours were measured in conditioned medium at maximum cell density. 

Interestingly, we observed a significant correlation between secreted VWF:Ag levels and 

maximum cell density, where cell lines with a high maximum cell density secreted more 

VWF than lines with a low maximum cell density (R2 = 0.89, P = 0.0001; Fig. 2B). A correlation 

between secreted VWF:Ag levels and cell density is also observed in the days before maximum 

cell density; however, the slope of the lines is lower and increases until the day we measure 

highest VWF:Ag level. This slope remained constant from that moment on, just as the VWF:Ag 

levels did (data not shown). All separate clones were analyzed as independent data points, 

but a significant correlation between VWF:Ag secretion and maximum cell density was still 

present when all clones of a single donor were pooled. ECFC lines with a maximum cell density 

below 500 cells/mm2 (ECFCs 1, 2, and 6A-E) had a VWF:Ag secretion below the lower limit of 

detection and were therefore excluded in the correlation analysis. The fold increase of VWF 

release in 1 hour after histamine stimulation over the release in 1 hour in unstimulated cells 

(the stimulation factor) was similar for all cell lines and was not related to maximum cell 

density (data not shown).

To exclude that cells with a high maximum cell density have a higher secretion rate and 

therefore lower intracellular VWF:Ag levels, we measured total VWF:Ag levels in conditioned 

medium and cell lysates. However, total VWF:Ag production also significantly correlated 

with maximum cell density (R2 = 0.96, P < 0.0001; Fig. 2C). Because the total VWF:Ag level 

per individual cell was also higher in smaller cells, we excluded that higher VWF:Ag levels 

were measured because of the presence of a higher number of cells (Fig. 2D). Also, on the 

mRNA level, a significant correlation was observed between maximum cell density and VWF 

(R2 = 0.63, P = 0.0002; Fig. 2E). Different clones that were isolated from individual donors also 

show variations in maximum cell density (Fig. 2F) and VWF:Ag expression (Fig. 2G) and we 

therefore subsequently analyzed all ECFC lines as individual clones.

Passaging of endothelial cells can result in morphological changes22; therefore, maximum cell 

density and VWF:Ag secretion at increasing passage numbers were studied. Two ECFC lines 

(4B and 5A) were passaged until they stopped proliferating at passage number 15 and 12, 

respectively. Both lines showed a decrease in maximum cell density with increasing passage 

number, which correlated with decreased secreted VWF:Ag levels (Fig. 2H and I). Furthermore, 

the ECFC line with the highest maximum cell density (4B) could be passaged until a higher 

passage number compared to the ECFC line with a lower maximum cell density (5A).

Overall, VWF production correlate with maximum ECFC density. This is observed both in cells 

at similar passage numbers and in cells with increasing passage numbers.
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Figure 2. VWF quantification and its relation to cell density. (A) Average cell density and secreted VWF:Ag 
levels measured in conditioned medium that was harvested and refreshed every 24 hours in seven subconfluently 
plated ECFC lines. Highest VWF:Ag levels were identified 3-5 days after the cells stopped expanding. Both cell 
density and VWF:Ag production remained constant after the maximum was reached. (B) Secreted VWF:Ag 
levels measured in conditioned medium 24 hours after refreshing the medium showed a significant correlation 
with maximum cell density of ECFC lines with a maximum cell density of more than 500 cells/mm2 (R2 = 0.89, 
P = 0.0001). Open circles: maximum cell density <500 cells/mm2; closed circles: maximum cell density >500 
cells/mm2. Each data point represents the average of two independent experiments. (C) Total VWF:Ag levels 
measured in conditioned medium and cell lysates 24 hours after refreshing the medium significantly correlate 
with maximum cell density of ECFC lines with a maximum cell density of more than 500 cells/mm2 (R2 = 0.96, 
P < 0.0001). Open circles: maximum cell density <500 cells/mm2; closed circles: maximum cell density >500 
cells/mm2. (D) Total VWF:Ag levels per cell measured in conditioned medium and cell lysates 24 hours after 
refreshing the medium significantly correlate with maximum cell density of ECFC lines with a maximum cell 
density of more than 500 cells/mm2 (R2 = 0.71, P = 0.0045). Open circles: maximum cell density <500 cells/mm2; 
closed circles: maximum cell density >500 cells/mm2. (E) VWF mRNA levels measured by qPCR significantly 
correlate with maximum cell density (R2 = 0.63, P = 0.0002). (F) Different ECFC lines per donor show variable cell 
densities at maximum confluency (G) Different ECFC lines per donor show variable VWF:Ag levels. (H) and (I) 
Maximum cell density and secreted VWF:Ag levels measured in conditioned medium 24 hours after refreshing 
the medium decrease with increasing passage number for ECFC lines 4B (H) and 5A (I). ECFC, endothelial colony 
forming cell; VWF, von Willebrand factor

VWF localization

Endothelial cells store VWF in Weibel-Palade bodies.3 To investigate whether the ECFC lines 

were able to store VWF in Weibel-Palade bodies, all ECFC lines were stained for VWF and 

endothelial marker VE-cadherin. Although all ECFC lines showed VWF in Weibel-Palade bodies, 
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large differences were observed in staining patterns (Fig. 1B for representative examples, all 

data in Fig. S3). ECFC lines with a very high maximum cell density (4A and 4B) showed mainly 

VWF staining closer to the cell membrane. Also, strings of released VWF were observed in 

some of these cell lines, whereas the cells were not extrinsically stimulated to secrete VWF 

(Fig. S3, stainings with PFA fixation). Cells with an intermediate maximum cell density and 

VWF production showed VWF staining in typical elongated Weibel-Palade bodies dispersed 

throughout the cell. Cells with a low maximum cell density showed only sparse VWF staining 

in a subset of cells. Interestingly, some ECFC lines with a low maximum cell density showed 

reduced VE-cadherin staining. This was in line with FACS results where cells with a maximum 

cell density below 500 cells/mm2 showed decreased positivity for CD144 (Fig. 1B and C).

Matrigel tube formation

Compared with the normal population, an increased number of VWD patients suffer from 

intestinal bleeding caused by angiodysplasia.23 Several studies have shown a negative 

correlation of VWF and angiogenesis and VWF downregulation in an in vitro small interfering 

RNA knockdown assay resulted in increased angiogenic capacity.12,13,24 We therefore reasoned 

that ECFC lines with low VWF production might have higher angiogenic potential than ECFC 

lines with high VWF production.24

The angiogenic properties of all 16 ECFC lines were investigated in an in vitro Matrigel tube 

formation assay. Herewith, the ability of endothelial cells to form tube-like structures was 

investigated, involving endothelial cell adhesion and migration. The formation of tube-like 

structures of all ECFC lines was followed for 24 hours. Although the angiogenic capacity 

clearly differed between ECFC lines (Fig. S3), the maximum tube length (Fig. 3A) and maximum 

number of branches, meshes, and junctions (data not shown) were mostly reached between 

2 and 6 hours after seeding the cells. After maximum levels were reached, the cells migrated 

to form cell clumps for low maximum cell density ECFC lines or structures were destroyed 

in case of high maximum cell density ECFC lines; therefore, we used the average of the 

maximum value and the four adjacent values of each parameter in all analyses. Significant 

correlations with maximum cell density and maximum tube length (R2 = 0.72, P < 0.0001; 

Fig. 3B), maximum number of meshes (R2 = 0.60, P < 0.001; Fig. 3C) and maximum number of 

branches (R2 = 0.75, P < 0.0001; Fig. 3D) were observed. Overall, the maximum cell density of 

ECFCs show a negative correlation with the angiogenic capacity.
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Figure 3. Angiogenesis potential of ECFC lines and its relation to maximum cell density. (A) The ability 
of ECFC lines to form tubes on Matrigel was followed for 24 hours. Plotted are the total tube length for three 
ECFC lines representative for low (ECFC 6B), medium (ECFC 5E), and high (ECFC 4B) maximum cell density. The 
maximum tube length was measured by the Angiogenesis Analyzer plugin of Fiji (ImageJ) and maximum tube 
length was reached between 2 and 6 hours after plating the cells. Highest tube length was observed in ECFC 
lines with a low maximum cell density. (B) The maximum tube length and the maximum number of (C) meshes 
and (D) branches that were measured in 24 hours were plotted against maximum cell density. Maximum tube 
length (R2 = 0.72, P < 0.0001) and maximum number of meshes (R2 = 0.60, P < 0.001) and branches (R2 = 0.75, P
< 0.0001) significantly correlated with maximum cell density. (E) Gene expression analysis of ANGPT2 showed 
a significant positive correlation with maximum cell density (R2 = 0.42, P < 0.01). (F) gene expression analysis 
of KDR showed a significant negative correlation with maximum cell density (R2 = 0.66, P = 0.0001). (A-F) Each 
data point represents the average of two independent experiments. ANGPT2, Angiopoeitin-2; ECFC, endothelial 
colony forming cell; KDR, vascular endothelial growth factor receptor 2; VWF, von Willebrand factor
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Gene expression of the angiogenic markers angiopoietin-2 (ANGPT2), CD34, CD105 (endoglin), 

and VEGF receptor-2 (or kinase insert domain receptor, KDR) was evaluated to investigate 

the underlying mechanism for the observed variations. No correlation was detected 

between maximum cell density and CD34 or CD105 expression (data not shown). 

Interestingly, ANGPT2 (R2 = 0.42, P < 0.01; Fig. 3E) and KDR (R2 = 0.66, P = 0.0001; Fig. 3F) 

expression significantly correlated with maximum cell densities, with higher levels of ANGPT2 

in cell lines with high maximum cell densities and higher levels of KDR in lines with lower 

maximum cell densities.

Gene expression of aging and endothelial to mesenchymal transition markers

Gene expression analysis was performed on several pathways to better understand the 

mechanisms behind the variations between ECFC lines. Because passaging of cells resulted 

in decreased maximum cell density and lower VWF:Ag production (Fig. 2H and I), we reasoned 

that aging (cellular senescence) might underlie the observed variations. This was tested 

by gene expression analysis of SRY-Box 18 (SOX18) and C-X-C Motif Chemokine Ligand 8 

(CXCL8). SOX18 is described to be higher in early passage ECFCs, whereas CXCL8 is higher in 

ECFCs close to their Hayflick limit.22 CXCL8 is also described as a modulator of senescence, and 
22 We 

confirm the influence of aging on the variations seen in the ECFC lines by significant correlations 

between maximum cell density and gene expression of CXCL8 (R2 = 0.84, P < 0.0001; Fig. 4A) 

and SOX18 (R2 = 0.79, P < 0.0001; Fig. 4B). A lower expression of CXCL8 and a higher expression 

of SOX18 was detected in lines with a high maximum cell density. The inverse was true for lines 

with a low maximum cell density.

ECFC lines with a lower maximum cell density showed loss of cell-cell interactions and loss 

of the typical cobblestone morphology, observations that correlate with a mesenchymal-like 

phenotype. Transition of endothelial cells to a more mesenchymal phenotype is described as 

endothelial to mesenchymal transition (EndoMT). In EndoMT, gene expression of endothelial 

markers is reduced, whereas an induction in expression of extracellular matrix proteins 

becomes apparent.25,26 We observed significant negative correlations between maximum 

ACTA1, R2 = 0.81, P < 0.0001; 

Fig. 4C) and significant positive correlations between maximum cell density and endothelial 

basement membrane protein vimentin (VIM, R2 = 0.59, P < 0.001; Fig. 4D). Collagen Type I Alpha 

1 Chain (COL1A1; Fig. 4E) showed especially high expression levels in cell lines with a low 

maximum cell density (<500 cells/mm2). Increased EndoMT could be the result of increased 

shear stress, and although our cells are cultured under static conditions, we investigated gene 

expression of known shear stress markers Krüppel Like Factor 2 (KLF2) and Ephrin B2 (EFNB2) 

as well as KLF2 downstream target thrombomodulin (THBD). Interestingly, ECFC density 
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significantly correlated with KLF2 gene expression (R2 = 0.79, P < 0.0001; Fig. 4F), wherein ECFC 

lines with smaller cells expressed higher levels of KLF2. The same was true when correlating 

ECFC density with EFNB2 (R2 = 0.86, P < 0.0001; Fig. 4G) and THBD (R2 = 0.82, P < 0.0001; Fig. 4H).

Overall, gene expression of senescence and EndoMT markers negatively correlate with ECFC 

density, whereas shear stress markers positively correlate with ECFC density.
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Figure 4. ECFC gene expression analysis on genes related to aging, EndoMT and shear stress. (A) Gene 
expression analysis of aging marker CXCL8 show a negative correlation with maximum cell density (R2 = 0.84, P
< 0.0001). (B) Gene expression analysis of aging marker SOX18 show a positive correlation with maximum cell 
density (R2 = 0.79, P < 0.0001). (C) Gene expression analysis of EndoMT marker ACTA1 show a negative correlation 
with maximum cell density (R2 = 0.81, P < 0.0001). (D) Gene expression analysis of EndoMT marker VIM show a 
positive correlation with maximum cell density (R2 = 0.59, P < 0.001). (E) Gene expression analysis of EndoMT 
marker COL1A1 is strongly increased in cell lines with a low maximum cell density. (F) Gene expression analysis 
of shear stress marker KLF2 shows a positive correlation with maximum cell density (R2 = 0.79, P < 0.0001). (G) 
Gene expression analysis of shear stress marker EFNB2 shows a positive correlation with maximum cell density 
(R2 = 0.86, P < 0.0001). (H) Gene expression analysis of THBD, a downstream target of KLF2, shows a positive 
correlation with maximum cell density (R2 = 0.82, P < 0.0001). (A-H) Each data point represents the average of 
two independent experiments. ACTA1, alpha smooth muscle actin; CXCL8, C-X-C Motif Chemokine Ligand 8; 
EFNB2, Ephrin B2; EndoMT, endothelial to mesenchymal transition; COL1A1, collagen Type 1 Alpha 1 Chain; 
KLF2, Krüppel-like Factor 2; SOX18, SRY-Box 18; THBD, Thrombomodulin; VIM, vimentin
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Discussion

ECFCs have been used in the past years to study pathophysiological effects of VWF mutations 

on a cellular level. Although knowledge on VWD pathophysiology has been improved by the 

use of ECFCs, high variations in ECFC morphology, VWF expression, and several other VWF-

related parameters cannot be neglected. We have therefore studied the extent of variations in 

maximum cell density, VWF expression, VWF storage, and the capacity of ECFCs to form tubes 

on Matrigel in 16 ECFC lines derived from six healthy donors. Furthermore, we evaluated the 

mechanisms that could explain the variations by gene expression evaluation in the same set 

of ECFCs.

Although all ECFC lines used in this study were positive for endothelial markers CD31 and 

CD146 and negative for leukocyte markers CD14 and CD45, variations were observed in CD144 

expression profile and the morphology of different ECFC lines. Especially cell density at 

maximum confluency was markedly different between the lines and this maximum cell density 

positively correlated with VWF production. Because maximum cell density correlates with 

VWF production (Fig. 2B-E), deviations from this line might indicate defective VWF secretion 

caused by, for example, retention in endoplasmic reticulum or Golgi. As a measure for cell 

density, we counted the cell number in bright-field images taken from the ECFCs immediately 

before performing the experiments. Although this is not a conventional method, this method 

does reflect the conditions at the moment of the experiment itself. Where cell count after 

trypsinization only informs on the cell count before plating the cells. However, cell count after 

trypsinization does correlate with cell count by ImageJ. In ECFC lines with a very low maximum 

cell density, we could not detect VWF by ELISA. We did not exclude these cells from most 

analyses because we aimed to show the characteristics of all cell lines that appear after the 

isolation procedure. However, it is questionable whether cells with a maximum cell density 

<500 cells/mm2 and decreased CD144 expression are true endothelial cells (even though these 

cells are CD14 and CD45 negative and CD31 and CD146 positive) or are a mixed population. We 

therefore suggest, based on the results shown in this study, not to use these cells in VWF/VWD 

research. However, when studying specific patients with a unique clinical phenotype, one may 

have to accept that the patient-derived ECFCs have a mixed phenotype. When “suboptimal” 

patient-derived clones with a mixed phenotype appear, it is then of utmost importance to 

compare these cell lines with an appropriate, and if necessary a mixed control.

The effects of passaging of ECFCs was determined in two ECFC lines and we observed a 

decrease in maximum cell density and VWF production every time a cell line was passaged. 

Furthermore, the ECFC line with the smallest cells and therefore highest maximum cell 

density (ECFC 4B) could reach a higher passage number than the ECFC line with the bigger 

cells and lower maximum cell density (ECFC 5A). The passage number indicates the number 

of times a cell line has been trypsinized and subcultured (Fig. S1), but is not to be confused 
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with the population doubling level, which is the number of times a cell has doubled since 

the primary isolation. Because ECFC 4B has a higher maximum cell density than ECFC 5A, 

the exact number of cell doublings that can be reached for ECFC 4B is even higher than the 

passage number indicates compared with ECFC 5A. Furthermore, passaging of cells also led 

to decreased maximum cell density and VWF production, which indicates that one single ECFC 

line can have different cellular characteristics.

An increased percentage of VWD patients compared to the normal population develop 

intestinal bleeding caused by angiodysplasia.27 This is the result of increased angiogenesis, 

a process that in vitro can be simulated by a Matrigel tube formation assay. Although ECFCs 

proved to be a strong tool to study angiogenesis ex vivo, the exact role of VWF in angiogenesis 

remains unclear. Most importantly, small interfering RNA-mediated downregulation of VWF in 

HUVECs led to increased Matrigel tube formation.24 We showed clear variations in angiogenic 

capacity between healthy control ECFCs with increased angiogenic capacity in lines with 

low VWF production compared with lines with high VWF production. It is important to 

acknowledge these inter-clonal variations in healthy control ECFCs, especially when drawing 

conclusions on patient-derived ECFCs. We showed decreased VWF production in cells with 

increased passage number, which might suggest that ECFCs at higher passage numbers 

show increased tube formation. This was however not observed by Groeneveld et al, where 

reduced tube formation was observed in late passage cells.12 This indicates that other cell 

characteristics in aged cells are more important in ex vivo tube formation than VWF itself. One 

important remark is that ECFCs with a low maximum cell density have a bigger cell diameter 

upon seeding on Matrigel, compared with lines with a high maximum cell density; therefore, 

the distance between cells was smaller, which might affect tube formation. Different types of 

assays in which tube formation is followed from a monolayer of cells might give better insight 

in the angiogenic capacity of ECFCs.28,29 But with these results, we address the presence of 

variations between ECFC lines on angiogenic potential. Several angiogenic markers that could 

explain the variations were measured by qPCR. Most important, we observed a significant 

correlation for maximum cell density and KDR with increased KDR expression in lines with a 

low maximum cell density. KDR is known to promote angiogenesis, which is in line with the 

observations seen in the studied ECFCs.

Variations between ECFC lines were observed in VWF production and tube formation on 

Matrigel. To understand the cause of the variations, we measured the expression of genes 

involved in two processes that might underlie these variations: aging and endoMT. Because 

cells age and increase in cell size with each passage number and ECFC lines with a high 

maximum cell density could reach a higher passage number, we reasoned that low maximum 

cell density ECFC lines are in a more senescent state than high maximum cell density ECFC 

lines, irrespective of the passage number or cell doubling level. Indeed, we found a significant 

Thesis submitted to Ridderprint (na proofs).indd   113 23-2-2020   16:13:10



Chapter 5114

correlation between maximum cell density and senescence markers CXCL8 and SOX18, 

suggesting that cell lines with a low maximum cell density are more senescent than cells 

with a high maximum cell density. This is an interesting observation because ECFCs with a 

low maximum cell density have bigger cells and therefore had less cell doublings in culture 

than ECFC lines with a high maximum cell density at the same passage number. A possible 

explanation could be that the cells from which the ECFC lines originate vary in their senescent 

state or that the cells have a different origin (i.e., tissue-specific or bone-marrow derived); 

however, more research is necessary to confirm this.30 Although more markers are needed to 

fully define senescence, we highlight with these markers differences between cell lines.

EndoMT was studied as possible explanation for the variations because low maximum 

cell density lines had a more mesenchymal phenotype with loss in cell-cell contacts. We 

confirmed a more mesenchymal phenotype in low-density lines by gene expression analysis 

of mesenchymal markers ACTA1, VIM, and COL1A1. EndoMT could be induced by shear 

stress31 and although all experiments are performed under static conditions, increased 

expression of shear stress markers KLF2 and EFNB2 was observed in high maximum cell 

density lines. This does not explain the mesenchymal phenotype observed in low maximum 

cell density lines, but opened up a possible different mechanism. The transcription factor 

KLF2 is also described as transcriptional switch between quiescent and activated endothelial 

cells.32 This suggests that cells from high maximum cell density lines are in a more activated 

state, which might explain the secreted VWF strings observed in immunofluorescent stainings 

of these lines. VWF and Thrombomodulin are both under the expression of KLF2 and are both 

upregulated in high maximum cell density lines.

To conclude, we observed variations in morphology, maximum cell density, VWF:Ag 

production, and angiogenic capacity in ECFCs from healthy controls. And ECFC lines with a 

low maximum cell density are suggestive for a mixed population with a more mesenchymal 

cellular phenotype. The variations seem to be attributed to aging and endoMT; however, it 

remains unclear what exactly drives the variations in aging and endoMT. When investigating 

patient-derived ECFCs, these variations should always be acknowledged. Although clear 

variations are observed, we think that ECFCs maintain a powerful tool, especially when 

different conditions within one ECFC line are studied. When comparing patient-derived and 

control ECFCs, we suggest using cells with the same characteristics. Because there are limits to 

the clones that appear in patient-derived cells, it is suggested to have a large panel of healthy 

control ECFCs to match patient-derived ECFCs with control ECFCs. Also, it is important to take 

maximum cell density into account and to perform experiments 3-5 days after the cells stop 

expanding. We also suggest synchronization and standardization of the experiments between 

laboratories to fairly compare results. This is especially a necessity when sample sizes are 

small as they are in VWD research.
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Figure S1. Schematic overview of the experimental setup. (A) peripheral blood mononuclear cells were 
plated in collagen coated 48 wells plates. ECFC lines appeared between days 13 and 27 after seeding. Individual 
lines were passaged from the 48 wells plate, to a 24 wells plate etc. Cells in a t25 culture flask where considered 
passage (P) 1 and cells were stored in nitrogen at P3. (B) Cells from the nitrogen storage were plated in a 
collagen coated t25 flask and passaged to a t75 flask. Bright-field images were taken every day and the number 
of cells in the images were determined by the ITCN plug-in of Fiji. Three to five days after the cells stopped 
expanding, cells were simultaneous subjected to FACS analysis, in vitro tube formation and gene expression 
analysis. (C) Cells from the nitrogen storage were plated in a collagen coated t25 flask and passaged to a t75 
flask. From the t75 flask, cells were plated in 24 wells plates with or without coverslips. Bright-field images 
were taken every day from the 24 wells plates and the number of cells in the images was determined by the ITCN 
plug-in of Fiji. Three to five days after the cells stopped expanding, conditioned medium and protein lysates 
were harvested for VWF:Ag measurements and the coverslips were fixed and stained for VWF and VE-cadherin. 
ECFC, endothelial colony forming cell; FACS, fluorescence-activated cell sorting; VWF, von Willebrand factor
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Figure S2
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Figure S2. FACS analysis histograms of CD14, CD31, CD45, CD144 and CD146. FACS analysis for surface 
markers CD14, CD31, CD45, CD144 and CD146 of all 16 ECFC lines derived from six healthy donors. All ECFC lines 
are negative for CD14 and CD45 and positive for CD31 and CD146. Some ECFC lines have decreased positivity for 
CD144. ECFC, endothelial colony forming cell; FACS, fluorescence-activated cell sorting
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Figure S3
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Figure S3. Overview of bright-field, confocal and Matrigel images of all ECFC lines used in this study. 

First panel: bright-field images of all ECFC lines three to five days after the cells stopped expanding. Bright-
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Thesis submitted to Ridderprint (na proofs).indd   123 23-2-2020   16:13:49



Chapter 5124

field images show clear morphological variation between ECFC lines. Scale bar in bright-field images represent 
200 μm. Second, third and fourth panels: 2x zoom confocal images of all ECFC lines three to five days after 
the cells stopped expanding, stained for VWF (green) and VE-cadherin (red). Second panel shows intracellular 
VWF staining after methanol fixation. Third panel shows the intra- and extracellular VWF staining after PFA 
fixation with permeabilization. Fourth panel shows the extracellular VWF staining after PFA fixation without 
permeabilization. Scale bar in confocal images represent 10 μm. Images were taken with the Leica TCS SP8 X 
WLL confocal microscope with a 63x/1.40 NA Plan Apo oil immersion objective. Fifth panel: Matrigel images of 
all ECFC lines. Images were taken with the Leica AF6000LX with a 10x magnification. ECFC, endothelial colony 
forming cell; PFA, paraformaldehyde; VWF, von Willebrand factor

Figure S4
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Figure S4. Bright-field images of three representative cell lines followed for eleven days. Bright-field 
images were taken from cells every day to follow the cell density and determine the optimal time-point to 
perform experiments. Three representative cell lines are shown, one with a very high (4B), one with an 
intermediate (5A) and one with a low maximum cell density (6B). ECFC, endothelial colony forming cell
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Table S1. qPCR primer list

Primer Sequence

GAPDH Fw ACCATCTTCCAGGAGCGAGA

GAPDH Rv GACTCCACGACGTACTCAGC

VWF Fw TTGACGGGGAGGTGAATGTG

VWF Rv ATGTCTGCTTCAGGACCACG

KDR Fw TGGGAACCGGAACCTCACTATC

KDR Rv GTCTTTTCCTGGGCACCTTCTATT

ANGPT2 Fw GGGACAGCCGGCAAAATAAG

ANGPT2 Rv AAACCACCAGCCTCCTGTTAG

CXCL8 Fw ACCACCGGAAGGAACCATCT

CXCL8 Rv AAAACTGCACCTTCACACAGAG

SOX18 Fw GTGTGGGCAAAGGACGAG

SOX18 Rv GTTCAGCTCCTTCCACGCT

ACTA1 Fw ACTGCCTTGGTGTGTGACAA

ACTA1 Rv CACCATCACCCCCTGATGTC

VIM Fw GGCGAGGAGAGCAGGATTTC

VIM Rv TGGGTATCAACCAGAGGGAGT

COL1A1 Fw CAGCCGCTTCACCTACAGC

COL1A1 Rv TTTGTATTCAATCACTGTCTTGCC

KLF2 Fw CACACAGGTGAGAAGCCCTA

KLF2 Rv ACATGTGCCGTTTCATGTGC

EFNB2 Fw TGCTGGGGTGTTTTGATGGT

EFNB2 Rv TCCAGGTAGAAATTTGGAGTTCG

THBD Fw ACATCCTGGACGACGGTTTC

THBD Rv CGCAGATGCACTCGAAGGTA

Alpha 1 Chain; CXCL8, C-X-C Motif Chemokine Ligand 8; EFNB2, Ephrin B2; GAPHD, Glyceraldehyde 3-phosphate 
dehydrogenase; KDR, Vascular endothelial growth factor receptor 2; KLF2, Krüppel-like Factor 2; SOX18, SRY-
Box 18; THBD, Thrombomodulin; VIM, vimentin; VWF, von Willebrand factor
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Abstract

Von Willebrand factor (VWF) is a multimeric protein that is dimerized and multimerized in 

the endoplasmic reticulum and Golgi apparatus, respectively. After synthesis, VWF is either 

stored as large multimers in rod-shaped organelles, called Weibel-Palade bodies (WPBs), 

or VWF is constitutively released. Recent studies on cultured endothelial cells showed that 

constitutively released VWF is secreted faster and consists mainly of low molecular weight 

VWF. Furthermore, small interfering RNA (siRNA)-mediated downregulation of VWF in 

cultured endothelial cells resulted in shorter WPBs and increased secretion of VWF from the 

endothelial cells. The effects of VWF downregulation on the multimerization of VWF has never 

been studied and we hypothesized that downregulation of VWF not only results in shortening 

of the WPBs and increased VWF secretion, but also affects the VWF multimerization. This 

hypothesis was tested in endothelial colony forming cells (ECFCs) isolated from three healthy 

donors by downregulating the VWF synthesis with siRNAs against VWF. WPB quantification of 

confocal microscopy images confirmed that downregulation of VWF leads to shorter WPBs. 

The multimeric state of VWF was assessed in conditioned medium and protein lysates by VWF 

multimerization analysis and the VWF collagen binding assay. Remarkably, we observed in 

conditioned medium, but not in protein lysates, a decrease in high molecular weight VWF 

and an increase in the intensity of the VWF dimer. In addition, we confirmed increased VWF 

secretion from ECFCs treated with siRNA against VWF compared to cells treated with a negative 

control siRNA. Altogether, we show that VWF downregulation results in increased release of 

mainly low molecular weight VWF.
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Introduction

Von Willebrand factor (VWF) is a large multimeric hemostatic protein mainly produced 

by endothelial cells. The functionality of VWF in hemostasis is highly dependent on the 

multimeric size of VWF.1,2 The process of VWF dimerization and multimerization is regulated 

in the endoplasmic reticulum and (trans)-Golgi network, respectively.3,4 Large proportions 

of the VWF multimers are tightly packaged in the endothelial storage organelles, the Weibel-

Palade bodies (WPBs).5-7 Stimuli released after vascular damage, stress or inflammation 

enforces the WPBs to release their content.8 Mediated by vascular shear, VWF multimers will 

unroll and form ultra-large VWF strings that attract platelets to sites of vascular damage. 

This process of secretion is called regulated or stimulated secretion and can be induced by 

amongst others thrombin or histamine that raise intracellular Ca2+ levels or epinephrine or 

vasopressin that raise intracellular cAMP levels.9 Besides regulated secretion, WPBs also 

continuously secrete VWF without the aid of stimuli and this is known as basal secretion.10

Furthermore, small proportions of VWF are not stored in WPBs, but directly secreted through 

the constitutive release pathway.11 Although it has been known for years that constitutively 

released VWF mainly consists of low molecular weight (LMW) VWF12,13, it was recently 

described that constitutively released LMW VWF is mainly secreted at the basolateral side of 

the endothelial cells into the subendothelial matrix.14 Basal and regulated secretion on the 

other hand, consists mainly of high molecular weight (HMW) VWF that is secreted at the apical 

side of the endothelial cells.14

Quantitative or qualitative defects in VWF leads to von Willebrand disease (VWD), the most 

common inherited bleeding disorder.15 In the past decade, human umbilical vein endothelial 

cells (HUVECs) and endothelial colony forming cells (ECFCs, previously called blood outgrowth 

endothelial cells or BOECs) have been used to study VWD and VWF in more detail on a cellular 

level.16-20 It was amongst others shown that siRNA-mediated downregulation of VWF in HUVECs 

led to increased secretion of VWF from the endothelial cells and a decrease in the number and 

length of WPBs.21,22 Since downregulation of VWF led to decreased WPB size, we hypothesized 

that also the multimeric state of VWF is affected in VWF downregulated cells. In this study, we 

test this hypothesis in ECFCs isolated from three different healthy controls by downregulation 

of the VWF synthesis using siRNAs. 
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Methods

ECFC isolation
ECFCs were isolated from three healthy donors as described before.23 Peripheral blood was 

drawn in lithium heparin tubes (ECFCs C1 and C2; BD Biosciences, Erebodegem, Belgium) or 

in sodium heparin CPT™ Mononuclear Cell Preparation Tubes (C3; BD Biosciences). Blood 

was diluted 1:1 in phosphate buffered saline (PBS) and layered over Ficoll Paque (LUMC 

Pharmacy, Leiden, the Netherlands), followed by centrifugation. The mononuclear cell 

fraction was washed twice in PBS supplemented with 10% fetal bovine serum (FBS) after 

which cells were taken up in Lonza (ECFC C3) or PromoCell (ECFCs C1 and C2) endothelial 

culture medium. Lonza endothelial culture medium consisted of 500 ml EBM™-2 medium 

(Lonza, Breda, the Netherlands) supplemented with the EGM™-2 BulletKit™ (Lonza), 100 ml 

FBS (GIBCO®, Invitrogen, Carlsbad, CA, USA) and 7 ml Antibiotic Antimycotic solution (Sigma-

Aldrich #A5955, st. Louis, MO, USA). PromoCell endothelial culture medium consisted of 500 

ml Endothelial Cell Growth Medium 2 (PromoCell C-22111, Heidelberg, Germany), 50 ml FBS 

(GIBCO®) and 5 ml Antibiotic Antimycotic solution (Sigma-Aldrich). Mononuclear cells were 

plated in 48 wells plates (Nunc Cell-Culture Treated Multidishes (Nunclon, Roskilde, Denmark) 

or Sarstedt TS plates (Nümbrecht, Germany)) pre-coated with 50 μg/ml rat tail collagen type I 

(BD Biosciences). Medium was refreshed every other day until day 21. Passaging and usage of 

cells is performed as earlier described23, but with PromoCell culture medium.

The study was approved by the institutional ethical review board (study registered as 

NL54591.058.15). Informed consent was obtained from all healthy controls in accordance with 

the declaration of Helsinki.

siRNA transfection

For transfections, 100,000-125,000 cells per well were plated on rat tail collagen (50 μg/ml; 

BD biosciences) coated wells of a 24 wells plate. 24 hours after plating the cells, a negative 

control siRNA (siNEG, 4404020, Life Technologies Europe BV) or an siRNA against VWF (siVWF, 

s14834, Life Technologies Europe BV, Bleiswijk, the Netherlands) were transfected into ECFCs 

using DharmaFECT duo transfection reagent (Dharmacon, Lafayette, Colorade, USA). Before 

transfection, cells were washed twice with Hanks’ Balanced Salt solution (Thermo Fisher 

Scientific, Carlsbad, CA, USA) and once with PromoCell EGM2 culture medium (without extra 

FBS). siRNAs and DharmaFECT duo were separately diluted in Optimem1 (Thermo Fisher 

Scientific) and mixed together by pipetting. After 20 minutes of incubation, the siRNA-

DharmaFECT mixture was complemented with Optimem1 supplemented with 4% FBS. Cells 

were incubated with 150 μl transfection mixture containing a high concentration of siRNA 

for three hours. After the three hour incubation, 250 μl culture medium was added to obtain 

a final siRNA concentration of 20 nM. Medium was refreshed 24 hours after transfection and 
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every other day thereafter. Six days after transfection, the medium was harvested and cells 

were lysed with protein lysis buffer containing Optimem1, 0.1% triton X-100 (Sigma-Aldrich) 

and a tablet of cOmplete protease inhibitor cocktail with EDTA (Roche Diagnostics, Mannheim, 

Germany).

VWF analysis

VWF antigen (VWF:Ag) and VWF collagen binding (VWF:CB) were simultaneously measured by 

ELISA in conditioned medium and protein lysate samples. The VWF:Ag ELISA was performed 

as described before24, with the only modification that samples were diluted in dilution buffer 

(PBS containing 1% bovine serum albumin). For VWF:CB analysis, ELISA plates were coated with 

0.3% bovine collagen type I (95%) and III (5%) (StemCell technologies, Cologne, Germany) in 

PBS. Samples were diluted in dilution buffer and incubated for 2 hours. To increase the signal 

of the ELISA, biotin (Sigma-Aldrich) was conjugated to rabbit anti-VWF-IgG (A0082; DAKO, 

Glostrup, Denmark) to generate rabbit anti-VWF-IgG-biotin. ELISA plates were incubated with 

rabbit anti-VWF-IgG-biotin diluted in dilution buffer for one hour. Thereafter, ELISA plates 

were incubated with Streptavidin-(POLY) horseradish peroxidase (Thermo Fisher Scientific) 

diluted in dilution buffer for one hour. O-phenylenediamine dihydrochloride (Sigma-Aldrich) 

was used as substrate and dissolved in 11 ml substrate buffer ( 22 mM citric acid, 51 mM 

phosphate, pH 5.0) with addition of 11 μl 30% H
2
O

2
. The enzymatic reaction was terminated 

using 2M H
2
SO

4
. Normal pooled plasma was used as reference.

VWF multimers were analyzed under non-reducing conditions by agarose gel electrophoresis 

and subsequent western blotting as described before.24 ECL Western Blotting Substrate 

(Promega, Madison, WI, USA) was used to detect the VWF multimers. Densitometry images 

were generated by ImageJ (ImageJ 1.51h, Bethesda, MD, USA).24 Equal concentrations of 

VWF:Ag were loaded in each lane of a gel.

ECFCs were plated on rat tail collagen coated coverslips and transfected as described 

above. Six days after transfection, cells were fixed using ice-cold methanol for 10 minutes 

and stained for VWF, VE-cadherin and nuclei as described before.23 Per cell line, 10 to 13 

images were randomly taken (focused on nuclei staining) using the Leica TCS SP8 X WLL 

converted confocal microscope with an HC PL APO CS2 63x/1.40 OIL immersion objective. 

The number of cells and number and size of WPBs were quantified using CellProfiler software 

(v.8.1.3).25 Using a self-created pipeline, channels (VWF, VE-cadherin and nuclei) were split 

and converted into black and white images. First, the number of cells were determined by 

Hoechst positive objects. Then, the interior of a cell was determined by the area that was 
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surrounded by VE-cadherin positive staining. Lastly, the number and length of the WPBs were 

determined per cell by analysis of VWF positive objects. WPBs were only analyzed for cells that 

were completely visible. 

Statistical analysis

Graphical images and statistical analyses were performed using GraphPad Prism 8 (GraphPad 

Software, La Jolla, CA, USA). The Mann-Whitney U test was used to asses significance between 

siNEG and siVWF treated cells. For all analyses, a P < 0.05 was considered significant.

Results and discussion

Previous findings showed that downregulation of the production of VWF in HUVECs by siRNA 

nucleofection leads to decreased WPB length.21,22 To investigate whether downregulation 

of VWF by liposomal siRNA transfection also leads to decreased WPB length in ECFCs, 

we transfected three proliferative healthy control ECFC lines with either siNEG or siVWF. 

Transfected cell lines were stained for VWF and VE-cadherin, after which the number and 

length of WPBs per image were quantified (Fig. 1A). Quantification of the length and number 

of WPBs confirmed that downregulation of VWF results in a decreased size of WPBs as well 

as a decreased number of WPBs per cell (Fig. 1B and 1C). For all three cell lines, the median 

number of WPBs per cell in siNEG treated cells was comparable and around 280 (Fig. 1B). The 

median length of a WPB in siNEG treated cells slightly varied per cell line from 1.33 μm for 

C2, to 1.44 μm for C3 (Fig. 1C). WPB length ranged in all cell lines from 0.6 - 5 μm (data not 

shown), which is in line with previous findings.6,7,21,22 Here, the images for quantification are 

generated by a maximum projection of the z-stacks of a frame. However, since most WPBs do 

not perfectly align with the plain, it is likely that we underestimate the actual length of the 

WPBs, especially for the larger WPBs. The actual difference in WPB length between siNEG and 

siVWF could therefore be bigger than is indicated in the graphs (Fig. 1C). The effects of siVWF 

on the length and number of WPBs depended on the efficiency of siVWF to inhibit VWF, and 

this varied between the three cell lines (Table 1). E.g. downregulation of VWF in C2 was less 

efficient, which translated in the less reduction in WPB length. Furthermore, not all areas 

on the coverslips showed the same degree of VWF downregulation. In some images of siVWF 

treated cells, cells with normal WPBs were observed, which suggests that the siRNA has not 

been internalized in these cells. When these cells divide, larger areas with untransfected cells 

are visible. Fig. S1 shows all images that were taken from the cells. Indeed, some images taken 

from siVWF treated cells show normal WPBs. This is also clearly indicated in the bar graphs 

where the median length of WPBs per image was unchanged for some areas (Fig. 1C, especially 

ECFC C3).
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Figure 1. Quantification of number and length of WPBs in three healthy control ECFCs. (A) Confocal images 
of ECFC C1, C2, and C3 treated with siNEG or siVWF. Cells were stained for VWF (green), VE-cadherin (red) and 
nuclei (blue). Scale bar represents 10 μm (B) Quantification of the number of WPBs per cell. Downregulation of 
VWF by siVWF resulted in a decreased number of WPBs per cell for ECFC C1 and C3. Mann-Whitney, ** P < 0.01, 
**** P < 0.0001 (C) Quantification of the WPB length. Downregulation of VWF resulted in a significant decrease in 
the length of WPBs for ECFCs C1 and C2. A trend towards a significant decrease in WPB length was observed for 
ECFC C3. Mann-Whitney, ** P < 0.01, **** P < 0.0001. For all bar graphs: each dot represents the median number 
of WPBs or the median WPB length per image. ECFC, endothelial colony forming cells; siNEG, negative control 
siRNA; siVWF, siRNA against VWF; VWF, von Willebrand factor; WPB, Weibel-Palade body

Table 1. VWF:Ag concentration measured in conditioned medium or protein lysates of ECFCs treated with either 
siNEG or siVWF

VWF:Ag (mU)
Conditioned medium Protein lysates

ECFC C1 ECFC C2 ECFC C3 ECFC C1 ECFC C2 ECFC C3

siNEG 15.4 ± 1.9 12.3 ± 3.2 6.2 ± 1.5 44.6 ± 11.0 38.9 ± 10.5 27.5 ± 9.2

siVWF 1.9 ± 0.3 2.8 ± 0.6 1.4 ± 0.2 3.8 ± 0.7 7.6 ± 1.1 3.1 ± 0.6

% VWF downregulation 89% 77% 78% 92% 81% 89%

ECFC, endothelial colony forming cells; mU, milli-units; siNEG, negative control siRNA; siVWF, siRNA against 
VWF; VWF, von Willebrand factor; VWF:Ag, VWF antigen
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Since mainly HMW VWF is stored in the WPBs14, we questioned whether downregulation of VWF 

not only affects the length of the WPBs, but also the multimeric state of VWF. The multimeric 

state of VWF was first assessed by the VWF:CB assay. The VWF:CB assay is able to detect 

multimerization defects, since HMW VWF binds collagen more efficiently than LMW VWF.26 

Conditioned medium and protein lysate samples were simultaneously subjected to VWF:Ag 

and VWF:CB ELISAs. Interestingly, we observed a significant decrease in VWF:CB/VWF:Ag in 

conditioned medium samples of cell lines transfected with siVWF compared to siNEG treated 

cells (P < 0.001, Fig. 2Ai). On the other hand, the VWF:CB/VWF:Ag in protein lysates was 

unaltered in siVWF treated ECFCs (Fig. 2Bi). To confirm that the multimeric state of VWF is 

indeed altered in siVWF treated cells and to assess the exact VWF multimerization pattern, we 

performed a VWF multimerization assay on all three cell lines transfected with either siNEG 

or siVWF. In conditioned medium samples of ECFCs treated with siVWF, we clearly observed 

an increase in intensity of the dimer band and decrease of HMW VWF (Fig. 2Aii). In the protein 

lysates, the difference between siNEG and siVWF treated cells is less apparent (Fig. 2Bii). 

However, also in protein lysates a slight decrease in HMW VWF, but also a slight decrease in the 

intensity of the dimer band, seems notable in siVWF treated cells (Fig. 2Bii). Furthermore, as 

was observed previously22, we noted an increase in the percentage of secreted VWF in siVWF 

treated cells compared to siNEG treated cells in 24 hours (P < 0.05, Fig. 2C). This suggest that 

VWF is secreted faster in cells with low VWF production. 

Altogether, we show that VWF downregulation results in a decrease in the number and length 

of the WPBs and increased secretion of mainly LMW VWF. Since mainly LMW VWF is secreted 

through the constitutive release pathway, and secretion of VWF through this pathway is 

faster than secretion through basal release, it is possible that relatively more VWF is secreted 

through the constitutive release pathway in siVWF treated cells. In our experimental set-up, 

we could not discriminate between constitutively and basal released VWF. Studies in which 

the distribution of VWF secretion is determined, by for example Transwell membranes, are 

needed to confirm this hypothesis. 

Whether the effects of VWF downregulation on the multimerization of VWF can be translated 

to the human body are unknown. To our knowledge, only a small percentage of patients are 

known to develop VWD because of reduced VWF production. These patients have either one 

null allele or mutations in the promotor region of VWF.27 These patients, however, do not show 

affected plasma multimers. Furthermore, our group recently published on the use of allele-

specific siRNAs as a therapeutic approach to correct dominant negative VWD. With these 

studies we aim to inhibit the production of the mutant VWF allele only, and thereby correct for 

VWD phenotypes. This approach would ultimately lead to a VWF production of 50% compared 

to normal, similar to VWD patients with one null allele. Although these patients do not show 

affected multimerization, awareness of this ex vivo data is critical when studying the effects 

of allele-specific siRNAs in preclinical VWD models. 
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Figure 2. Effects of VWF downregulation on the multimerization and secretion of VWF. (Ai) Downregulation 
of VWF production results in a significant decrease in VWF:CB/VWF:Ag in conditioned medium compared to 
siNEG treated cells. (Aii) VWF multimerization analysis of conditioned medium samples obtained from ECFC 
C1, C2, and C3 treated with siNEG or siVWF. Downregulation of VWF production by siVWF resulted in a decrease 
of high molecular weight VWF and an increase in the intensity of the dimer band. (Bi) Downregulation of VWF 
production did not alter the VWF:CB/VWF:Ag in protein lysates. (Bii) VWF multimerization analysis of protein 
lysate samples obtained from ECFC C1, C2, and C3 treated with siNEG or siVWF. A small decrease of high 
molecular weight VWF seem apparent in siVWF treated cell lines. Also a slight decrease in the intensity of the 
dimer band is observed. (C) Downregulation of VWF production by siVWF leads to an increase in VWF secretion 
in 24 hours. (A-C) Graphs show the combined data of VWF:CB and VWF:Ag measurements of ECFC C1, C2, and 
C3. Transfection experiments were performed three times in duplicate. Every dot represents the average of 
the duplicate experiment. Mann-Whitney, * P < 0.05, *** P < 0.001. ECFC, endothelial colony forming cell; siNEG, 
negative control siRNA; siVWF, siRNA against VWF; VWF, von Willebrand factor; VWF:CB, VWF collagen binding; 
VWF:Ag, VWF antigen
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Supplemental Figure
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Figure S1. Effects of VWF downregulation on WPB formation. Confocal images of ECFC C1 (A), C2 (B), and 

C3 (C) treated with siNEG or siVWF. ECFCs were stained for VWF (green) and VE-cadherin (red). Per condition, 
10-13 images were taken. Scale bar represents 50 μm. ECFC, endothelial colony forming cell; siNEG, negative 
control siRNA; siVWF, siRNA against VWF; VWF, von Willebrand factor
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Abstract

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

caused by dominant negative mutations in the multimeric protein von Willebrand factor 

(VWF). These mutations may either result in quantitative or qualitative defects in VWF. VWF 

is an endothelial protein that is secreted to the circulation upon endothelial activation. 

Once secreted, VWF multimers bind platelets and chaperone coagulation factor VIII in the 

circulation. Treatment of VWD focuses on increasing VWF plasma levels, but production and 

secretion of mutant VWF remains uninterrupted. Presence of circulating mutant VWF might, 

however, still affect normal hemostasis or functionalities of VWF beyond hemostasis. We 

hypothesized that inhibition of the production of mutant VWF improves the function of VWF 

overall and ameliorates VWD phenotypes. We have previously proposed the use of allele-

specific small interfering RNAs (siRNAs) that target frequent VWF SNPs to inhibit mutant 

VWF. The aim of this study is to prove the functionality of these allele-specific siRNAs in 

endothelial colony forming cells (ECFCs). We have been able to isolate ECFCs from a VWD type 

2A patient with an intracellular multimerization defect, reduced VWF collagen binding and 

a defective processing of proVWF to VWF. After transfection of an allele-specific siRNA that 

specifically inhibited expression of mutant VWF, we showed amelioration of the laboratory 

phenotype, with normalization of the VWF collagen binding, improvements in VWF multimers, 

and enhanced VWF processing. Altogether, we prove that allele-specific inhibition of the 

production of mutant VWF by siRNAs is a promising therapeutic strategy to improve VWD 

phenotypes.
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Introduction

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

affects around 1 in 10,000 people.1 VWD is mainly characterized by mucocutaneous bleeding, 

like nose bleeding or menorrhagia.2 Also, surgical or dental procedures might lead to critical 

bleeding events. VWD is caused by quantitative or qualitative defects in von Willebrand factor 

(VWF), a large multimeric glycoprotein produced by endothelial cells and megakaryocytes.3

VWF primarily functions in hemostasis, where ultra-large VWF strings that are secreted 

from the endothelial cells attract platelets to sites of vascular damage. Furthermore, in the 

circulation VWF acts as chaperone for coagulation factor VIII (FVIII), thereby extending the 

half-life of FVIII.4 In the past years, also roles of VWF beyond hemostasis have been described. 

Examples are roles of VWF in inflammation, angiogenesis and wound healing.5-7

Treatment of VWD is focused on raising VWF plasma levels, most often on demand after a 

bleeding event, or prior to a planned surgery or dental procedure. Plasma VWF levels can 

be raised by administration of desmopressin (DDAVP) or VWF-containing concentrates.8-11

DDAVP provokes the release of endogenous VWF from the endothelial cells and is the primary 

choice of treatment in most patients with VWD type 1 and some patients with VWD type 2. 

DDAVP is, however, contra-indicated in VWD type 2B where released mutant VWF might lead 

to dangerously deep thrombocytopenia caused by the enhanced binding of mutant VWF to 

platelets.12 Also, some patients are unresponsive to DDAVP treatment.9 Those patients that 

do not respond to DDAVP or for which DDAVP is contra-indicated, can be treated with VWF-

containing concentrates.11 Although DDAVP or VWF-containing concentrates are usually 

sufficient to stop or prevent bleeding, they have only short-term effects and they do not 

cope with the continuous release of mutant VWF. Circulating mutant VWF might cause 

thrombocytopenia in VWD type 2B that cannot be prevented by administration of VWF-

containing concentrates. Furthermore, presence of mutant VWF might affect processes 

beyond hemostasis in which VWF plays a role. An example is the development of intestinal 

angiodysplasia (as a result of disturbed angiogenesis) resulting in severe intestinal bleeding. 

This diathesis is more common among VWD patients than the normal population and is 

suggested to be caused by long-term exposure to mutant VWF that affects angiogenesis.13,14

VWD patients with recurrent gastrointestinal bleeding are often treated with repeated 

dosing of VWF-containing concentrates, which is a burden and does not always solve the 

gastrointestinal bleeding.15

Since most VWD is caused by dominant negative mutations in VWF, we and others previously 

hypothesized that inhibition of the production of only mutant VWF might overcome the 

abovementioned shortcomings of the current treatment modalities.16,17 Inhibition of mutant 

VWF only might be accomplished by small interfering RNAs (siRNAs) that discriminate between 

two alleles based on one nucleotide mismatch. We recently published the proof of principle 
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of this approach in human embryonic kidney (HEK) 293 cells overexpressing VWF alleles.16 We 

showed that allele-specific siRNAs that target a heterozygous single-nucleotide polymorphism 

(SNP) located on the same allele as a dominant negative VWD type 2A mutation corrects 

for the VWD type 2A phenotype.16 For this approach, various siRNAs have been selected to 

target four frequent SNPs in VWF. It was calculated that 74% of the patient population will 

be heterozygous for at least one of these four SNPs and thus might be a candidate for this 

approach of allele-specific VWF silencing.

HEK293 cells are a good model to prove the principle of allele-specific VWF inhibition and 

select for efficient and specific siRNA candidates, however HEK293 cells do not endogenously 

produce VWF. We therefore aim in this study to test the approach of allele-specific VWF 

inhibition by SNP-targeted siRNAs in endothelial colony forming cells (ECFCs, previously 

called blood outgrowth endothelial cells or BOECs). ECFCs are cultured endothelial cells that 

can be isolated from peripheral blood.18,19 We show that siRNAs are able to selectively inhibit 

VWF alleles in healthy control ECFCs and that allele-specific siRNAs can improve the VWD 

phenotype of ECFCs that were isolated from a VWD type 2A patient with the VWF p.Cys1190Tyr 

mutation.

Methods

Patients and controls

A VWD type 2A patient with the VWF p.Cys1190Tyr (c.3569G>A) mutation and five healthy 

control subjects were included in the study. Blood was drawn from all subjects for ECFC, 

plasma and genomic DNA isolation. The patient’s plasma was analyzed for VWF antigen 

(VWF:Ag), VWF activity and FVIII activity. VWF:Ag in plasma was determined using the STA 

LIA VWF:Ag test (Stago, Leiden, the Netherlands) and was analyzed on the Sta-R Max analyzer 

(Stago) with a commercial STA VWF:Ag calibrator (STA Unicalibrator, Stago) as reference. VWF 

activity was determined with the VWF ristocetin-triggered GPIb binding assay (VWF:GPIbR) 

with HemosIL AcuStar VWF:RCo reagent (Werfen IL, Breda, the Netherlands). Samples 

were analyzed on the BIO-FLASH (Werfen) and a commercial calibrator (supplied with the 

HemosIL AcuStar VWF:RCo) was used as reference. The FVIII activity was determined using an 

automated one-stage clotting assay on the STA-R MAX analyzer (Stago) with Sta-immunodef 

VIII (Stago) and STA-CK Prest 5 (APTT) (Stago) reagents. Commercial normal pool plasma (STA 

Unicalibrator, Stago) was used as reference. Genomic DNA was used to confirm the mutation in 

the VWD patient and to determine the genotypes in all subjects for four VWF SNPs: rs1800378, 

rs1063856, rs1063857 and rs1800380. Genotypes were determined using the Taqman SNP 

genotyping assays (Thermo Fisher Scientific, Carlsbad, CA, USA). 

Thesis submitted to Ridderprint (na proofs).indd   144 23-2-2020   16:14:16



Ex vivo improvement of VWD in ECFCs 145

7

The study protocol was approved by the institutional ethical review board (study registered 

as NL54591.058.15). Informed consent was obtained from all subjects in accordance with the 

declaration of Helsinki. 

SNP phasing

PacBio long read single molecule sequencing was used for linkage analysis of the 

heterozygous SNP and the p.Cys1190Tyr mutation. RNA was isolated from an ECFC cell pellet 

from the VWD type 2A patient using the RNeasy Micro Kit (Qiagen, Venlo, the Netherlands). 

Complementary DNA (cDNA) was synthesized using SuperScript™ II Reverse Transcriptase 

(Thermo Fisher Scientific) with primers designed to span a region of 2.8 kb (Forward primer: 

CACCTTCAGTGGGATCTGCC; Reverse primer: TTTCAAGACCTCGCTGGTGG). VWF-specific 

products were amplified using the KAPA HiFi HotStart ReadyMix PCR kit (Roche Diagnostics, 

Mannheim, Germany). Amplicons were barcoded and SMRTbell adapters were added using 

the SMRTbell Barcoded Adapter Complete Prep Kit (Pacific Biosciences, Menlo Park, CA, USA). 

Barcoded amplicons were sequenced using a P6-C4 SMRT cell on a Pacific Biosciences RSII 

sequencer. Error-free circular consensus reads were mapped to the reference, followed by 

variant calling and resolution of variants phase using WhatsHap suit.

ECFC isolation and culture

ECFCs were isolated as described in Chapter 6 of this thesis. Peripheral blood was drawn in 

lithium heparin tubes (ECFC C1, C2 and C4; BD Biosciences, Erebodegem, Belgium) or in sodium 

heparin CPT™ Mononuclear Cell Preparation Tubes (ECFC C3, C5 and 2A; BD Biosciences). 

siRNA transfections were performed in ECFCs as described in Chapter 6 of this thesis with 

Custom Silencer Select siRNAs (Ambion, Life Technologies, Bleiswijk, the Netherlands), an 

siRNA against VWF (siVWF, s14834, Life Technologies), or a negative control siRNA (siNEG, 

4404020, Life Technologies). siRNAs were transfected into ECFCs in a concentration of 20 nM, 

unless otherwise stated. RNA lysates were generated 48 hours after transfection. Conditioned 

medium and protein lysates were harvested six days after transfection, and 24 hours after 

refreshing the medium. Protein lysates were generated by an overnight incubation of ECFCs 

in Optimem1 (Thermo Fisher Scientific), 0.1% triton X-100 (Sigma-Aldrich) and a tablet of 

cOmplete protease inhibitor cocktail with EDTA (Roche Diagnostics)

VWF protein analysis

VWF:Ag levels in conditioned medium and protein lysates were measured by ELISA as 

described before16, with the modification that samples were diluted in phosphate-buffered 
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saline containing 0.1% tween (PBS-tween), or in PBS containing 1% BSA when the VWF:Ag 

ELISA was performed simultaneous with the VWF collagen binding (VWF:CB) assay. The 

VWF:CB assay is performed as described in Chapter 6 of this thesis.

Quantification of unprocessed proVWF in protein lysates was performed by a sandwich ELISA. 

ELISA plates were coated with rabbit anti-VWF (Dako) in 100 mM bicarbonate, 500 mM NaCl 

at pH 9.0. ELISA plates were incubated with protein lysates diluted in PBS-tween. Mouse 

anti-VWFpp conjugated to horseradish peroxidase (CLB-Pro 14.3, Sanquin, Amsterdam, the 

Netherlands) was used as detection antibody and ELISA plates were incubated with detection 

antibody diluted in PBS-tween. OPD was used as substrate and dissolved in substrate buffer 

(22 mM citric acid, 51 mM phosphate, pH 5.0) with addition of 11 μl 30% H
2
O

2
. The enzymatic 

reaction was followed kinetically for 5 minutes. The ratio of unprocessed VWF over the total 

VWF:Ag levels was used as a measure for the processing of VWF. The average of control 

samples was set to one.

VWF multimers were visualized using agarose gel electrophoresis under non-reducing 

conditions as described before.16 VWF multimers were visualized using ECL Western Blotting 

Substrate (Promega, Madison, WI, USA).

VWF monomers were visualized by western blot under reducing conditions. Protein lysates 

were reduced using 50 mM NuPAGE™ Sample Reducing Agent (Thermo Fisher Scientific) and 

proteins were separated on a 4-12% Bis-Tris gel (Thermo Fisher Scientific). Proteins were 

transferred to a PVDF membrane (BioRad, Veenendaal, the Netherlands) using a Trans-Blot 

Turbo Transfer System (BioRad, 1.5A, 15 minutes). Rabbit anti-VWF conjugated to horseradish 

peroxidase (DAKO, P0226) was used as detection antibody. The membrane was incubated with 

detection antibody diluted in PBS-tween containing 5% non-fat milk (Nutricia, Zoetermeer, 

the Netherlands). ECL Western Blotting Substrate was used to visualize VWF. Densitometry 

images were generated and quantified by ImageJ (ImageJ 1.51h, Bethesda, MD, USA). 

RNA analysis

RNA isolation, cDNA synthesis and qPCR analysis with GAPDH as endogenous reference gene 

were performed as described before.19 Quantitative PCR (qPCR) was performed to quantify 

VWF, but also separate VWF alleles. Allele-specific qPCR primers were designed, containing 

the SNPs on the second last position of the forward primer. Primer sequences and annealing 

temperatures are shown in Table S1.
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ECFCs were fixated using ice-cold methanol and stained as described before.19 Rabbit anti-

VWF (DAKO) and mouse anti-protein disulphide isomerase (PDI, Stressgen biotechnologies, 

San diego, CA, USA) were used as primary antibodies.

Statistical analysis

Graphical images and statistical analysis were performed using GraphPad Prism 8 (GraphPad 

Software, La Jolla, CA, USA). Mann-Whitney U tests were performed to determine significance 

between specific and aspecific inhibition. One-way ANOVA with Dunnett’s multiple 

comparisons test was used to determine significance between three or four groups. P < 0.05 

was considered significant.

Results

Time course of VWF inhibition by siRNAs in ECFCs

siRNAs are used in this study to inhibit VWF (alleles) in ECFCs. To assess the moment of 

strongest VWF inhibition by siRNAs on protein level, but also the duration of VWF inhibition, we 

transfected ECFCs with siVWF or siNEG and followed the VWF secreted in 24 hours for 28 days. 

Strongest VWF inhibition was observed in conditioned medium, six days after transfection of 

siVWF (Fig. 1). Furthermore, only after 28 days the VWF levels in siVWF transfected ECFCs were 

at the same level as ECFCs transfected with siNEG (Fig. 1). Since the strongest effects were 

observed six days after transfection, we decided to consistently measure the effects of the 

siRNAs on protein level, six days after transfection.
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Figure 1. Time course of VWF inhibition by 

siRNAs in ECFCs. ECFC C3 was transfected 
with siVWF or siNEG at a concentration of 10 
nM. 24 hour medium was taken at the time 
points indicated in the figure. Shown are the 
VWF:Ag levels measured in cells transfected 
with siVWF, normalized to the VWF:Ag levels 
measured in cells transfected with siNEG. 
Lowest relative VWF:Ag protein expression 
was observed six days after transfection. At 
this day the relative VWF:Ag expression was 
26 percent. 28 days after siRNA transfection, 
the relative VWF:Ag expression was 93 
percent and almost back to baseline. The 
experiment under these conditions was 
performed three times in duplicate. For some 
time points, a sample was only taken once. 

Similar results were observed with different siRNA concentrations (data not shown). ECFC, endothelial colony 
forming cell; nM, nanomolar; siNEG, negative control siRNA; siVWF, siRNA against VWF; VWF, von Willebrand 
factor; VWF:Ag, VWF antigen
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We previously tested the efficiency and specificity of allele-specific siRNAs that target four 

common VWF SNPs in VWF overexpressing HEK293 cells.16 For the current study, we selected 

the most effective allele-specific siRNA per SNP-target from the previous study. To evaluate 

the efficiency and specificity of the selected allele-specific siRNAs on a protein level in ECFCs, 

siRNAs were transfected in ECFCs that were homozygous for specific SNPs (ECFCs used 

per SNP-target are shown in Table 1). For example, an siRNA that is designed to target VWF 

c.1451G (si1451G) was tested for its efficiency in ECFC C1, an ECFC line that is homozygous 

for VWF c.1451G (Fig. 2A). si1451G was tested for its specificity in ECFC C3, an ECFC line that 

is homozygous for VWF c.1451A (Fig. 2A). The same ECFCs were used to assess the efficiency 

and specificity of si1451A. For all siRNAs tested, no or only minor reduction of the production 

of the untargeted VWF allele was observed as is shown by the relative VWF expression in 

ECFCs that did not harbor the SNP variant corresponding to the transfected siRNA (Fig. 2B, 

untargeted allele). On the other hand, a strong VWF knockdown of the targeted allele was 

observed in ECFCs that contained the SNP variant corresponding to the transfected siRNA (Fig. 

2B, targeted allele). Knockdown was especially strong and efficient for si1451A and si1451G.

Table 1. Genotypes of subjects of ECFCs included in this study. The grey cells indicate the SNPs that were 
targeted per ECFC line 

 rs1800378 rs1063856 rs1063857 rs1800380

c.1451A|G c.2365A|G c.2385T|C c.2880G|A

ECFC C1 G G A A T T G G

ECFC C2 G A G G C C G A

ECFC C3 A A A A T T G G

ECFC C4 G G G G C C A A

ECFC C5 G A G A T C G A

ECFC 2A G A A A T T G G

ECFC, endothelial colony forming cell

The allele-specific siRNAs have been designed with the aim to target heterozygous SNPs 

located on the same allele as a dominant negative mutation and thereby ultimately correct for 

a disease phenotype. The ability of the selected siRNAs to inhibit VWF alleles in heterozygous 

ECFCs could, however, only be assessed on RNA level. We therefore tested the allele-specific 

siRNAs in an ECFC line that is heterozygous for all four SNPs (ECFC C5) and performed allele-

specific qPCR to determine the relative RNA expression of either of the VWF alleles (Fig. 2C). 

On RNA level, a stronger overall knockdown of VWF was observed compared to what was 

observed on protein level, both for the targeted and untargeted allele (Fig. 2D). However, 

for most siRNAs clear specificity for its targeted allele remained. Only si2365A and si2365G 

showed minor specificity for its targeted allele. This is in line with results observed in HEK293 

cells.16 
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Figure 2. Allele-specific inhibition of VWF in healthy control ECFCs. (A) Experimental set-up of siRNA 
transfections in ECFCs that were homozygous for specific SNPs to test the efficiency and specificity of allele-
specific siRNAs on protein level. As an example, si1451G or siNEG were transfected in ECFC C1 (homozygous 
for VWF c.1451G) and in ECFC C3 (homozygous for VWF c.1451A). The efficiency of si1451G is determined by the 
degree of VWF inhibition in ECFC C1. The specificity of si1451G is determined by the degree of VWF inhibition in 
ECFC C3. VWF:Ag levels were measured in 24 hour conditioned medium and protein lysates harvested six days 
after transfection. (B) Relative VWF protein expression of the untargeted (grey bars) and targeted allele (white 
bars) of ECFCs transfected with allele-specific siRNAs. si1451A and si1451G were tested for their efficiency 
and specificity in ECFC C1 and ECFC C3. si2365A, si2365G, si2385C and si2385T were tested for their efficiency 
and specificity in ECFC C2 and ECFC C3. si2880A and si2880G were tested for their efficiency and specificity 
in ECFC C1 and ECFC C4. Shown are the total VWF:Ag levels (conditioned medium + protein lysates) measured 
in ECFCs transfected with specific siRNAs, normalized to the total VWF:Ag levels measured in the same ECFCs 
transfected with siNEG. Shown are the mean ± 1 SD of three independent experiments performed in duplicate. 
Mann-Whitney, * P < 0.05, **P < 0.01 (C) Experimental set-up of siRNA transfections in ECFC C5 (heterozygous for 
all four VWF SNPs), to test the efficiency and specificity of allele-specific siRNAs on RNA level. As an example, 
si1451G or siNEG were transfected in ECFC C5. RNA lysates were generated 48 hours after transfection and 
the allelic VWF expression was determined by allele-specific qPCR. (D) Relative VWF RNA expression of the 
untargeted (grey bars) and targeted allele (white bars) of ECFC C5 transfected with allele-specific siRNAs. 
Shown are the RNA expression levels of VWF alleles of ECFC C5 transfected with specific siRNAs, normalized to 
the expression level of the same allele measured in ECFC C5 transfected with siNEG. Shown are the mean ± 1 
SD of two independent experiments performed in duplicate. Mann-Whitney, *P < 0.05. ECFC, endothelial colony 
forming cell; nM, nanomolar; qPCR, quantitative PCR; siNEG, negative control siRNA; siVWF, siRNA against VWF; 
VWF, von Willebrand factor; VWF:Ag, VWF antigen

After proving that allele-specific siRNAs can discriminate between VWF alleles in healthy 

control ECFCs, we investigated whether allele-specific VWF inhibition could also correct 

a VWD phenotype in ECFCs. ECFCs from a VWD type 2A patient with the VWF p.Cys1190Tyr 

mutation were successfully isolated (ECFC 2A). This patient is clinically characterized by 
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normal VWF:Ag levels (1.07 IU/mL) and FVIII activity (0.78 IU/mL), but with a reduced VWF 

activity (0.27 IU/mL). Also, reduced high molecular weight (HMW) VWF is observed in the 

patient’s plasma. Heterozygous SNPs are essential for allele-specific inhibition of the mutant 

allele, and genotyping of genomic DNA revealed that the patient is heterozygous for one 

of the four selected SNPs, VWF c.1451A|G. PacBio long read sequencing was performed to 

identify the phasing of this SNP, and showed that VWF c.1451A was located on the same allele 

as the dominant negative mutation p.Cys1190Tyr (c.3569A) (Fig. 3A). Therefore, ECFCs should 

be transfected with si1451A to inhibit the mutant allele and correct for the VWD type 2A 

phenotype. On the other hand, treatment of ECFC 2A with si1451G should reduce expression 

of the wild type allele and is expected to deteriorate the phenotype. Treatment of ECFC 2A 

with either si1451A or si1451G resulted in allele-specific VWF inhibition, as is shown by the 

allelic VWF expression in Fig. 3B. The VWF p.Cys1190Tyr mutation is associated with defective 

plasma multimers, and a defective intracellular multimerization defect was demonstrated for 

another mutation at the same amino acid (VWF p.Cys1190Arg).20,21 We first subjected protein 

lysates and conditioned medium to the VWF:CB assay, an assay that is able to detect VWF 

multimerization defects.22 As expected, we observed both in protein lysates and in conditioned 

medium of ECFC 2A a lower VWF:CB/VWF:Ag ratio compared to samples derived from healthy 

control ECFCs (VWF:CB/VWF:Ag in protein lysates of ECFC 2A 0.70 (± 0.14) versus 0.98 (± 0.15) 

in healthy control ECFCs, and in conditioned medium of ECFC 2A 0.64 (± 0.04) versus 0.89 (± 

0.16) in healthy control ECFCs; Fig. 3Ci and 3Di) This VWF:CB defect was almost corrected in 

protein lysates of ECFC 2A transfected with si1451A. Contrarily, inhibition of expression of the 

wild type allele by si1451G clearly worsened the VWF:CB phenotype (Fig. 3Ci). Remarkably, 

in conditioned medium of ECFC 2A transfected with si1451A, no correction of the VWF:CB 

defect was observed. Nevertheless, inhibition of the wild type allele by si1451G did result 

in significantly lower VWF:CB/VWF:Ag as compared to siNEG transfected ECFC 2A (Fig. 3Di). 

We wondered why inhibition of mutant VWF did not result in correction of VWF:CB/VWF:Ag 

in conditioned medium as it did in the protein lysates. We hypothesized that downregulation 

of VWF in general leads to reduced VWF:CB/VWF:Ag in conditioned medium. To assess this 

hypothesis, VWF:CB/VWF:Ag was determined in conditioned medium and protein lysates of 

ECFC C1, C2 and C3 transfected with allele-specific siRNAs, siNEG and siVWF. We observed in 

conditioned medium, but not in protein lysates, that inhibition of the production of VWF by 

(allele-specific) siRNAs resulted in a gradual decrease of VWF:CB/VWF:Ag (N = 6 for each siRNA 

in control ECFCs; Fig. 3Cii and 3Dii). When the VWF:CB/VWF:Ag of ECFC 2A transfected with 

siNEG, si1451A or si1451G were plotted against the VWF:CB/VWF:Ag ratios of healthy control 

ECFCs, we observed that the VWF:CB/VWF:Ag of ECFC 2A transfected with si1451A (inhibition 

of mutant allele) shifted towards the reference line of the healthy control ECFCs (N = 9 for ECFC 

2A). Whereas inhibition of the normal allele by si1451G resulted in further deterioration of the 

VWF:CB/VWF:Ag ratio (in conditioned medium as well as in protein lysates, Fig. 3Cii and 3Dii). 
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Figure 3. Correction of the VWF multimerization defect in ECFC 2A. (A) Phasing of the heterozygous SNP, 
VWF c.1451A|G, with the dominant negative mutation VWF p.Cys1190Tyr (c.3569A). PacBio sequencing revealed 
that VWF c.1451A is located on the same allele as VWF c.3569A. (B) Relative VWF RNA expression of ECFC 2A 
transfected with 20 nM si1451A or si1451G. Shown are the RNA expression levels of VWF alleles c.1451A and 
c.1451G as well as the total VWF expression. Expression levels were determined in RNA lysates of ECFC 2A 
transfected with si1451A or si1451G, normalized to the expression level of the same allele measured in ECFCs 
transfected with siNEG. Shown are the mean ± 1 SD of three independent experiments performed in triplicate. 
Mann-Whitney (c.1451A versus c.1451G expression), **** P < 0.0001. VWF:CB/VWF:Ag determined in (Ci) protein 
lysates and (Di) conditioned medium of ECFC C1, C2 and C3, transfected with siNEG and ECFC 2A transfected 
with siNEG, si1451A and si1451G. Shown are the mean ± 1 SD of three independent experiments performed in 
triplicate for ECFC 2A and the mean ± 1 SD of three independent experiments performed in duplicate for ECFC 
C1, C2 and C3. One-way ANOVA, * P < 0.05, *** P < 0.001, **** P < 0.0001. Normal reference line of VWF:CB/VWF:Ag 
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plotted against the VWF:Ag levels measured in (Cii) protein lysates and (Dii) conditioned medium of ECFC C1, C2 
and C3 transfected with siNEG, siVWF and various allele-specific siRNAs. Every white dot represents the average 
of three independent experiments performed in duplicate of an ECFC line transfected with a specific siRNA. 
Included in the graphs are the average of VWF:CB/VWF:Ag of three experiments performed in triplicate in which 
ECFC 2A was transfected with si1451A (green), si1451G (purple) or siNEG (red). VWF multimerization analysis of 
(Ciii) protein lysates and (Diii) conditioned medium harvested from a healthy control ECFC line transfected with 
siNEG and ECFC 2A transfected with si1451A, si1451G and siNEG. ECFC, endothelial colony forming cell; qPCR, 
quantitative PCR; siNEG, negative control siRNA; siVWF, siRNA against VWF; VWF, von Willebrand factor; VWF:Ag, 
VWF antigen; VWF:CB, VWF collagen binding

Although multimerization defects can be detected with the VWF:CB ELISA, the assay gives 

no information on the exact multimerization pattern. To assess the multimerization pattern, 

conditioned medium and protein lysate samples were subjected to the VWF multimer analysis. 

In conditioned medium, a slight decrease of HMW VWF was observed in the patient-derived 

ECFCs compared to control ECFCs (Fig. 3Diii). Inhibition of production of mutant VWF resulted 

in a slight increase in HMW VWF. Inhibition of production of wild type VWF clearly worsened 

the multimerization pattern in conditioned medium (Fig. 3Diii). No clear decrease of HMW 

VWF was observed in protein lysates of ECFC 2A compared to protein lysates of healthy control 

ECFCs. However, a clear increase in the intensity of the dimer band was apparent (Fig. 3Ciii). 

Also, a slight change in running pattern is visible, i.e. VWF from ECFC 2A seem to migrate a bit 

slower than VWF from the control ECFC. When the mutant allele was inhibited by si1451A, the 

intensity of the dimer band clearly decreased, however this coincided with a small decrease in 

HMW VWF. Furthermore, VWF migration shifted towards the pattern of the control ECFC. When 

the wild type allele was inhibited by si1451G, the multimerization pattern deteriorated with a 

decrease in HMW VWF and an increase in the intensity of the dimer band. 

The multimerization pattern of protein lysates of ECFC 2A showed an increase in the intensity 

of the dimer band. This suggests that the processing of VWF into VWF multimers is affected. 

Dimerization of VWF takes place in the endoplasmic reticulum (ER).23 To test whether VWF 

might be retained in the ER, we performed a costaining of VWF and the ER marker PDI. Indeed, 

a clear overlap of VWF and PDI staining is observed in ECFC 2A, indicating ER retention (Fig. 

4A, ECFC 2A + siNEG, second column). This was not observed in control ECFCs (Fig. 4A, control, 

first column). When the mutant allele was inhibited by si1451A, retention of VWF in the ER was 

clearly decreased (best observed in greyscale image) and many cells showed no ER retention 

at all (Fig. 4A, ECFC 2A + si1451A, third column). Inhibition of the wild type allele by si1451G 

resulted in a rather severe cellular phenotype, with increased retention of VWF in the ER 

suggesting increase in severity of the cellular phenotype (Fig. 4A, ECFC 2A + si1451G, fourth 

column). 
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Figure 4. Correction of the VWF processing defect in ECFC 2A. (A) Confocal images of an untreated healthy 
control ECFC line and ECFC 2A transfected with siNEG, si1451A and si1451G. ECFCs were stained for VWF, PDI and 
nuclei. The upper row shows an overview image with VWF (green), PDI (magenta) and nuclei (blue). The second 
row shows a zoom-in of the upper image. Colocalization between VWF and PDI is shown in grey. The third and 
fourth rows show greyscale images of VWF and PDI staining, respectively. Scale bar represents 20 μm. (B) 
Quantification of unprocessed proVWF measured by ELISA in protein lysates of control ECFCs transfected with 
siNEG or ECFC 2A transfected with siNEG, si1451A or si1451G. Shown are the mean ± 1 SD of three independent 
experiments performed in triplicate for ECFC 2A and the mean ± 1 SD of nine randomly selected protein samples 
of ECFC C1, C2 and C3. The average of the control ECFCs is set to one. One-way ANOVA, *** P < 0.001, **** P < 
0.0001. (C) Western blot of protein lysates of control ECFCs transfected with siNEG or ECFC 2A transfected with 
siNEG, si1451A or si1451G. Protein lysates were run under reduced conditions on a 4-12% Bis-Tris gel. Shown are 
protein lysates of ECFC C1, C2 and C3 transfected with siNEG and the three samples of a triplicate experiment 
for ECFC 2A transfected with siNEG, si1451A and si1451G. (D) Quantification of the western blot shown in panel 
C. Shown is the mean ± 1 SD of quantified western blots performed on protein lysates of three independent 
experiments performed in triplicate for ECFC 2A and the mean ± 1 SD of six protein lysate samples of ECFC C1, 
C2 and C3. One-way ANOVA, ** P < 0.01, **** P < 0.0001. ECFC, endothelial colony forming cell; PDI, protein 
disulphide isomerase; siNEG, negative control siRNA; siVWF, siRNA against VWF; VWF, von Willebrand factor; 
VWF:Ag, VWF antigen; VWF:CB, VWF collagen binding

VWF is produced as proVWF that is dimerized in the ER. After dimerization of proVWF in the 

ER, VWF is translocated to the Golgi where the propeptide is cleaved from VWF by furin.24

Increased ER retention of VWF results in an increased amount of unprocessed proVWF in the 

cells. This can be quantified by an ELISA that measures the amount of propeptide that is still 

bound to VWF. Protein lysates of ECFC 2A showed a 4.9 fold higher level of unprocessed VWF 

compared to protein lysates of control ECFCs. This was decreased 1.9 fold after inhibition 

of production of the mutant allele by si1451A (Fig. 4B). Compared to control ECFCs, 6 fold 
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more unprocessed VWF was present in ECFC 2A in which the wild type allele was inhibited by 

si1451G (Fig. 4B). 

A western blot in which the samples are run under reducing conditions can be used as an 

alternative method to identify defects in the processing of VWF. In this western blot, an 

increase in the intensity of the unprocessed proVWF band was detected in protein lysates 

of ECFC 2A compared to control ECFCs (Fig. 4C). The intensity of the unprocessed proVWF 

band decreased after inhibition of the mutant allele by si1451A. An increase in the intensity 

of the unprocessed proVWF band was observed when the wild type allele was inhibited by 

si1451G (Fig. 4C). Quantification of the western blot confirms the defective processing of VWF 

and correction of the phenotype after transfection of si1451A that inhibited expression of the 

mutant allele (Fig. 4D). 

Discussion

Allele-specific siRNAs may be used to selectively inhibit mutant alleles to improve disease 

phenotypes. Previously, we have shown that allele-specific siRNAs that distinguish two 

VWF alleles based on one nucleotide mismatch of SNPs can specifically inhibit VWF alleles 

in HEK293 cells, and that these siRNAs can improve a VWD phenotype. Here, we aimed to 

extend the proof of concept of allele-specific VWF inhibition to an ex vivo setting by the use of 

patient-derived and healthy control ECFCs. In this study, we prove that allele-specific siRNAs 

can inhibit single VWF alleles based on one nucleotide mismatch ex vivo in healthy control 

ECFCs. This was shown both on protein and RNA level. Also, inhibition of the mutant allele in 

ECFCs isolated from a VWD type 2A patient resulted in clear improvements in the patient’s 

cellular phenotype.

ECFCs are used in this study as ex vivo cell model for VWD. ECFCs are the only source of 

proliferative endothelial cells that can be isolated from patients by a peripheral blood 

venepuncture.25 The use of ECFCs has the advantage that the cells are proliferative, have 

generally a high VWF production and are easy to transfect.26 However, also clear variations 

between various ECFC cell lines emerges.19 Most important, clear variations in VWF expression 

exists between ECFC lines and it was therefore suggested to be cautious when comparing 

different ECFC lines. When allele-specific siRNAs are tested in (patient-derived) ECFCs, the 

effects are determined in ECFCs transfected with either an allele-specific siRNA or a negative 

control siRNA. Cells are therefore used as their own internal control, and do not have to be 

compared to control ECFCs. To assess the efficiency and specificity of the allele-specific 

siRNAs on a protein level, we had no choice but to compare different healthy control ECFC 

lines (Fig. 2A). And although the ECFC lines in this study were carefully selected based on their 

proliferative state and VWF production, differences between ECFC lines could not be avoided. 
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This was also reflected in variations in the efficiency of siVWF to inhibit VWF production in 

ECFCs. For example, we reproducibly observed a stronger relative VWF inhibition by siVWF in 

ECFC C1 compared to ECFC C2 (data not shown). No firm conclusions can therefore be drawn 

on the efficiency and specificity of the allele-specific siRNAs on protein level that have been 

tested in the different healthy control ECFC lines (Fig. 2B). 

SNPs in VWF with a high minor allele frequency have been used in this study as target to 

inhibit VWF alleles. This approach was chosen since with only a small number of SNPs, a large 

percentage of the patient population can be reached. It was for example calculated that 74% of 

the Caucasian population is heterozygous for at least one of the four SNPs used in this study.16

From this study it became evident that especially si1451A and si1451G have high potency as 

allele-specific siRNAs, and both siRNAs proved, depending on the allele targeted, successful 

to, respectively correct or deteriorate a VWD type 2A phenotype ex vivo. Whether the other 

siRNAs have the same ability to correct for VWD phenotypes, remains to be unanswered. 

It is however highly unlikely that si2365A or si2365G will have similar effects as si1451A or 

si1451G. Fortunately, exclusion of si2365A and si2365G does not reduce the fraction of the 

patient population that can be reached, since VWF c.2365A|G is in almost complete linkage 

disequilibrium with VWF c.2385C|T.27 Furthermore, the efficacy of the allele-specific siRNAs in 

this study may still be improved by for example alternating the chemical modification of the 

siRNAs.28 Also, more SNP-targets could be tested to increase the percentage of the targeted 

patient population.

The ability of the allele-specific siRNAs to correct a VWD phenotype was tested in ECFCs isolated 

from a VWD type 2A patient with the VWF p.Cys1190Tyr mutation. This mutation is characterized 

by a clearly defined laboratory phenotype with reduced HMW multimers and reduced VWF 

collagen binding.20 Inhibition of the mutant allele by si1451A resulted in clear improvements 

in the processing of VWF and the VWF:CB/VWF:Ag in protein lysates. Remarkably, no increase 

of VWF:CB/VWF:Ag was observed in conditioned medium of ECFC 2A in which expression of 

the mutant allele was inhibited by si1451A (Fig. 3Di). It appeared, however, that also a reduced 

VWF:CB/VWF:Ag was observed in healthy control ECFCs transfected with siRNAs that reduced 

the overall expression of VWF (Fig. 3Dii). When the VWF:CB/VWF:Ag of ECFC 2A transfected 

with si1451A was plotted against the normal reference line, the VWF:CB/VWF:Ag was almost 

normalized. Also, the multimerization pattern of VWF in conditioned medium showed an 

increase in HMW VWF in ECFCs transfected with si1451A compared to siNEG transfected cells. 

The reason for discrepancy between de VWF:CB assay and the VWF multimer analysis remains 

uncertain. It might be possible that the VWF:CB is sensitive for altered ratios between HMW 

and low molecular weight VWF. Further in vivo studies should reveal whether reduced VWF:CB 

after downregulation of VWF is also apparent in vivo and what the potential consequences of 

this effect are.
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The use of siRNAs as a therapeutic application requires persistence of the siRNA activity over 

a longer period of time. Clinical trials with siRNAs that target liver-expressed genes showed 

persistent siRNA-mediated downregulation of several genes for more than a month.29-31 In 

ECFCs, downregulation of VWF was observed for up to 28 days, even though the cells were still 

proliferating in the first week after transfection. Furthermore, siRNA-mediated inhibition of 

Icam2 and Tie2 in mice by siRNAs that were complexed in polymeric nanoparticles or a cationic 

lipoplex delivery system, respectively, resulted in persistent, and around 80 percent, Icam2 

and Tei2 inhibition for more than 21 days after a single dose.32,33 These results of long-term 

gene inhibition are promising for further developments of siRNA therapeutics for endothelial 

genes, like VWF. For VWD patients, long-term correction of VWF may especially be beneficial 

for selected patients with a severe bleeding phenotype that currently require repeated dosing 

with VWF-containing concentrates. 

To conclude, we show that allele-specific siRNAs are effective in the inhibition of single VWF 

alleles in ECFCs. Inhibition of expression of the mutant allele in ECFCs isolated from a VWD 

type 2A patient with the VWF p.Cys1190Tyr mutation resulted in clear improvements of the 

cellular phenotype. Further studies in VWD mouse models are needed to translate the positive 

ex vivo results to an in vivo model, and to show whether the allele-specific siRNAs are able to 

correct a bleeding phenotype.
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Abstract

Von Willebrand disease (VWD) type 2B is caused by dominant negative mutations in the 

platelet binding site within von Willebrand factor (VWF), resulting in an increase in VWF that 

circulates in its ‘activated’ state (active VWF), spontaneous platelet binding and subsequent 

thrombocytopenia. Since small interfering RNAs (siRNAs) can distinguish two VWF alleles by 

only one nucleotide, we hypothesized that an siRNA that inhibits production of the dominant 

negative VWD type 2B mutation VWF p.Val1316Met, but not wild type VWF, could correct the 

VWD type 2B phenotype. In this study we aim to prove the concept of allele-specific VWF 

inhibition in a heterozygous VWD type 2B mouse model via siRNA-mediated allele-specific 

inhibition. VWF deficient mice hydrodynamically injected with both wild type and mutant 

mouse Vwf (mVwf ) p.Val1316Met cDNA were used. We show that these mice recapitulate the 

human VWD type 2B phenotype with low platelet counts and an increase in active mVWF. An 

in vitro siRNA screen in HEK293 cells overexpressing mVwf alleles resulted in the selection of 

an siRNA that selectively inhibited production of the mutant allele with minor inhibition of the 

wild type allele. Injection of this siRNA in heterozygous VWD type 2B mice resulted in strong 

VWF downregulation where the siRNA had a higher ability to inhibit the mutant allele over the 

wild type allele. This resulted in clear improvements in the platelet phenotype. Altogether, 

we showed that allele-specific siRNAs are capable of correcting a VWD type 2B phenotype 

in mice. These results are promising for further developments of RNA-targeted therapies for 

VWD.
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Introduction

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

most cases caused by dominant negative mutations in von Willebrand factor (VWF).1 VWF is a 

large multimeric glycoprotein that is secreted from endothelial cells upon vascular damage. 

Once secreted, vascular shear unfolds VWF into ultra large VWF strings that are attached to 

the exposed collagen.2 The elongated structure of VWF allows binding of platelets via their 

platelet activation and aggregation at sites of vascular damage.3

Several types of VWD can be distinguished due to either qualitative or quantitative defects in 

VWF. VWD type 2B is one of the qualitative VWD types and is caused by dominant negative gain-
4

These mutations cause a conformational change of the VWF A1 domain and therefore allow 

platelets to bind VWF without activation of VWF by vascular shear for example.5,6 Furthermore, 

the VWF-platelet complexes are cleared rapidly and most VWD type 2B patients present with 

low platelet counts, either at steady state or in situations of increased VWF release.7,8

Mutations at a few locations within the A1 domain of VWF are responsible for VWD type 2B.4

VWF p.Val1316Met leads to one of the most severe VWD type 2B phenotypes and patients with 

this mutation present with a very low platelet count, decreased VWF plasma levels and giant 

platelets.9 Treatment of VWD type 2B can in some situations be problematic. Desmopressin, 

which mediates short-term release of VWF from endothelial cells, is generally contra-indicated 

because increased release of mutant VWF leads to an even further drop in platelet count. VWF-

containing concentrates, on the other hand, are able to correct for the bleeding phenotype in 

most situations.10 However, pregnancy, surgery or inflammation may lead to stress-induced 

release of endogenously produced mutant VWF from endothelial cells.9-12 This may lead to 

a deep thrombocytopenia which cannot be prevented by administration of an exogenous 

source of VWF-containing concentrates and may even require platelet transfusion.13

We hypothesize that specific inhibition of the production of mutant VWF, without affecting 

the production of normal VWF, will have a positive effect on VWF function and might be a 

solution for VWD patients with an unmet clinical need, such as the VWD type 2B patients 

described above.14,15 We previously showed that allele-specific siRNAs that target frequent 

single-nucleotide polymorphisms within VWF are able to distinguish two VWF alleles based 

on one nucleotide variation.14 Targeting a heterozygous SNP located on the same allele as 

the dominant negative mutation has already proven successful in vitro (HEK293 cells14) and 

ex vivo (endothelial colony forming cells16). Here, we extend this proof of concept of allele-

specific VWF inhibition to a mouse model of heterozygous VWD type 2B. Since in-bred mice 

do not contain (human) heterozygous variations, we cannot discriminate between VWF alleles 
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with the SNP-targeted approach in mice. Therefore, instead of targeting a heterozygous SNP 

linked to the dominant negative mutation, we have designed siRNAs that target the dominant 

negative mouse VWD type 2B mutation, p.Val1316Met, itself. Heterozygous VWD type 2B mice 

were generated by hydrodynamic injection of both wild type mouse Vwf (mVwf ) and mutant 

mVwf p.Val1316Met cDNA in VWF deficient (-/-) mice. Injection of an siRNA that targets the mVwf 
p.Val1316Met cDNA sequence in heterozygous VWD type 2B mice resulted in strong inhibition 

of the mutant allele and correction of the VWD type 2B platelet phenotype.

Methods

Plasmid expression vectors

Full length mouse Vwf (mVwf ) cDNA was obtained by NotI and XbaI restriction of pLIVE®-

mVwf.17 Both restriction sites were introduced in the pLIVE® plasmid by the Q5® Site-Directed 

Mutagenesis Kit (New England Biolabs, Ipswich, MA, USA). The obtained mVwf cDNA was 

ligated into pcDNA™3.1/Zeo (+) using the DNA Ligation Kit for Long Fragments (Takara, Saint-

Germain-en-Laye, France). The mVWF p.Val1316Met mutation (c.3946G>A) was introduced 

in pcDNA™3.1/Zeo (+) mVwf by the Q5® Site-Directed Mutagenesis Kit to obtain pcDNA™3.1/

Zeo (+) mVwf-p.Val1316Met. A Myc peptide tag was introduced at the C-terminal end of mVWF 

to create pcDNA™3.1/Zeo (+) mVwf/Myc and was used to distinguish wild type mVWF from 

mVWF-p.Val1316Met on a protein level in vitro. For in vivo experiments, we ligated mVwf/Myc 

and mVwf-p.Val1316Met back into pLIVE®, and introduced an HA tag at the C-terminal end of 

mVwf-p.Val1316Met to create mVwf-p.Val1316Met/HA. Plasmids for in vivo application were 

purified using NucleoBond® PC 2000 EF (Macherey-Nagel, Düren, Germany).

siRNA design

Four custom Silencer® Select 21-mer siRNA oligonucleotides (Ambion, Life Technologies 

Europe BV) with a dTdT overhang at the 5’ end of the sense strand were designed to fully 

complement the mVwf p.Val1316Met mutation (c.3946A) and therefore have one mismatch 

with the wild type allele (c.3946G). To create more specific siRNAs (i.e. decreased potency 

for the untargeted allele), nine siRNAs were designed that contain one extra mismatch next 

to the mutation. siRNA sequences are summarized in Fig. 1A. For in vitro siRNA screening, we 

used custom synthesized Silencer Select siRNAs with standard purification (Thermo Fisher 

Scientific, Carlsbad, CA, USA: 4390827) and Ambion® Silencer® Select Negative Control siRNA 

(Thermo Fisher Scientific: 4404020) as negative control (siNEG). For in vivo experiments, 

we used custom synthesized Silencer Select siRNAs with HPLC purification (Thermo Fisher 

Scientific: 4390831). 
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Cell culture and transfection

siRNA and plasmid transfections in Human Embryonic Kidney 293 (HEK293) cells (ATCC, 

Rockville, MD, USA) were performed as described before.14 Screening of the designed siRNAs 

for efficiency and specificity was performed by cotransfection of mVwf/Myc or mVwf-p.

Val1316Met plasmid with 2 nM siRNA in separate wells. In vitro improvements in the function 

of mVWF was investigated in HEK293 cells cotransfected with mVwf/Myc, mVwf-p.Val1316Met 

and siRNA in the same well. mVwf plasmids were always transfected in a total plasmid 

concentration of 600 ng/mL.

Mouse experiments

Hydrodynamic gene transfer of mVwf plasmids was performed in 8-12 weeks old male/female 

VWF-/- mice on a C57BL/6 background as described before.17 In short, a total amount of 40 or 50 

μg plasmid (indicated per experiment) was diluted in 0.9% sodium chloride in a volume that 

is equivalent to 10% of the body weight. Diluted plasmid was injected through the tail vein in 

approximately 5 seconds. To generate heterozygous VWD type 2B mice, equal quantities of 

pLIVE® mVwf/Myc and pLIVE® mVwf-p.Val1316Met/HA were injected. Five days after plasmid 

injections, siRNAs in a final concentration of 0.5 or 1 mg/kg were injected through the tail vein 

and directed to the liver by the use of Invivofectamine 3.0 Reagent (Thermo Fisher Scientific) 

following the manufacturer’s instructions. At indicated time points, blood was drawn in 10% 

EDTA (final concentration: 50 mM) or citrate (final concentration: 13.8 mM) from the retro-orbital 

plexus under isoflurane anesthesia. All animal experiments were performed with approval of 

the local ethical committee CEEA26 under the number APAFIS#20037-2019032714308918 v3. 

Blood analysis

Platelet count and platelet volume were determined in whole EDTA blood using a veterinary 

cell counter (Scil Vet ABC Plus, Horiba Medical, France), except for one experiment in which 

flow cytometry was used. For flow cytometry analysis, whole blood was diluted 20 times in 

phosphate-buffered saline (PBS). Platelets in diluted blood were stained for 15 minutes with a 

FITC labeled rat anti-mouse CD41 antibody (cat: 553848, BD Pharmingen, San Jose, CA, USA) 

at room temperature. Samples were directly analyzed with an Accuri C6 flow cytometer (BD 

Biosciences, Le Pont de Claix, France). 

Staining of blood smears and liver sections

Blood smears were prepared from EDTA blood and stained using Kwik-DIFF (Thermo Fisher 

Scientific) and imaged using the 3DHistech Pannoramic 250 slide scanner.
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Whole livers were embedded in Tissue-Tek O.C.T. (Sakura, Alphen aan den Rijn, The Netherlands) 

and snap frozen. 5 μm cryosections were fixated by ethanol containing 5% acetic acid (ice-

cold) and blocked with PBS supplemented with 10% normal goat serum (Dako, Glostrup, 

Denmark). Rabbit anti-HA (Cell signaling, Leiden, the Netherlands), rat anti-Myc (Chromotek, 

Martinsried, Germany) or isotype controls were diluted in blocking buffer and liver sections 

were incubated with primary antibodies for 45 minutes. Liver sections were incubated with 

secondary antibodies goat anti-rat IgG (H+L) AF488 and goat anti-rabbit IgG (H+L) AF594 

(Thermo Fisher Scientific) diluted in blocking buffer for 30 minutes. Stained sections were 

mounted using ProLong Gold (Life Technologies) and imaged using the 3DHistech Pannoramic 

250 slide scanner.

Total mVWF, mVWF/Myc and mVWF/HA protein levels were measured in plasma, and total 

mVWF and mVWF/Myc protein levels were measured in conditioned medium as described 

before14 with the modification that sheep anti-VWF (ab11713; Abcam, Cambridge, United 

Kingdom) was used as coating antibody for the mVWF/HA ELISA. A pool of normal mouse 

plasma (NMP) from wild type C57BL/6J mice was used as a reference for the mVWF:Ag ELISA. 

NMP was prepared the same as the plasma samples of individual mice. Recombinant mVWF/

Myc and mVWF/HA produced by HEK293 cells was used as reference in the mVWF/Myc and 

mVWF/HA ELISA and normalized to mVWF:Ag levels measured in NMP. All antigen data is 

represented as percentage of NMP.

Active mVWF was measured using the AU/VWFa-11 nanobody that captures only mVWF in which 

the A1 domain is in its open conformation.5 This nanobody was a kind gift of Dr. Rolf Urbanus 

(Utrecht Medical Center, Utrecht, the Netherlands). ELISA plates were coated with the AU/

VWFa-11 nanobody diluted in coating buffer (100 mM bicarbonate, 500 mM sodium chloride, 

pH 9.0) overnight at 4°C. Wells were blocked thereafter with PBS containing 3% bovine serum 

albumin (BSA; Sigma-Aldrich, St Louis, MO, USA) for 30 minutes at 37°C. Samples (conditioned 

medium or plasma) were diluted in PBS containing 3% BSA in 3 mVWF:Ag concentrations (5.0, 

3.4 and 1.7 percent of NMP) and incubated for 2 hours at 37°C. To increase the signal in the 

ELISA, we conjugated biotin (Sigma-Aldrich) to rabbit anti-VWF-IgG (A0082; Dako) to create 

rabbit anti-VWF-IgG-biotin. Wells were incubated with rabbit anti-VWF-IgG-biotin diluted 

in PBS containing 3% BSA for 1 hour at 37°C. Streptavidin-(POLY) horseradish peroxidase 

(Thermo Fisher Scientific) in PBS containing 3% BSA was used as detecting antibody and wells 

were incubated with detecting antibody for 1 hour at 37°C. Wells were incubated with 1 tablet 

of O-phenylenediamine dihydrochloride (Sigma-Aldrich) dissolved in 11 ml substrate buffer 

(22 mM citric acid, 51 mM phosphate, pH 5.0) and 11 μl 30% H
2
O

2
. The enzymatic reaction was 

stopped using 2M H
2
SO

4
. Slopes were calculated per sample from the extinctions obtained 
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from the three dilutions that were plated per sample. The mVWF activation factor of a plasma 

sample was calculated by dividing the slope of a plasma sample over the average of the slopes 

of plasma from mice injected with (wild type) mVwf/Myc cDNA only. The mVWF activation 

factor of conditioned medium samples was calculated by dividing the slope of a conditioned 

medium sample over the average of the slopes of conditioned media from cells transfected 

with wild type mVwf/Myc only.

Statistical analysis

Graphic illustrations were generated using GraphPad Prism 8.0.1 (GraphPad Software, La 

Jolla, CA, USA). The Mann-Whitney U or Kruskal-Wallis test was used to investigate significance 

between two or three groups, respectively. Wilcoxon matched-pairs signed rank test or 

Friedman test was used to assess significance between before and after siRNA treatment. P 
< 0.05 was considered statistically significant. All data is represented as the median with the 

range, unless otherwise stated.

Results

Four siRNAs were designed to be fully complementary with mutant mVwf p.Val1316Met, 

and therefore had one mismatch with the wild type allele (Fig. 1A). Cotransfection of these 

siRNAs with either wild type mVwf/Myc or mutant mVwf-p.Val1316Met plasmids in HEK293 

cells revealed that siRNA-1 efficiently inhibited total mVWF, but was not specific to the mutant 

allele. siRNA-2, -3 and -4 on the other hand were neither efficient nor very specific (Fig. 1B). It 

was previously shown that addition of one extra mismatch in an allele-specific siRNA might 

improve the specificity of the siRNA.18-20 We therefore designed nine variations on siRNA-1 

with additional mismatches at different positions of the siRNA (Fig. 1A) and transfected these 

siRNAs with either mVwf/Myc or mVwf-p.Val1316Met plasmids. Two of the newly designed 

siRNAs (siRNA-1-14G and siRNA-1-10U) were clearly more specific for the mutant allele, while 

retaining efficiency (Fig. 1B). These two siRNAs were selected for further experiments.

Cotransfections of mVwf/Myc and mVwf-p.Val1316Met plasmids with either siRNA-1-14G 

or siRNA-1-10U were performed to investigate whether competition between both alleles 

increases the specificity of the siRNAs and to observe whether the siRNAs could correct for a 

VWD type 2B phenotype in vitro. Clear inhibition of mutant mVWF-p.Val1316Met was already 

observed for both siRNAs at an siRNA concentration of 0.5 nM with no inhibition of wild type 

mVWF/Myc. Also at higher siRNA concentrations, we observed minor inhibition of mVWF/Myc, 

especially for siRNA-1-10U (Fig. 1C and 1D). Improvements in the VWD type 2B phenotype 
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were assessed in conditioned medium using the active mVWF ELISA that detects the open 

conformation of the mVWF A1 domain. Compared to siNEG treated cells, both siRNA-1-14G 

and siRNA-1-10U treated cells showed a decrease in the presence of dysfunctional mVWF by 

a decrease in the mVWF activation factor. siRNA-1-10U was superior over siRNA-1-14G. We 

therefore chose siRNA-1-10U as our lead compound for the in vivo experiments.
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Figure 1. In vitro siRNA screen in HEK293 cells. (A) mRNA sequences of the wild type (WT) and mutant allele 
surrounding the nucleotide responsible for the p.Val1316Met mutation and the sequences of the antisense 
strand of siRNAs designed to target the p.Val1316Met mutation in mice. The red nucleotide in the siRNAs 
indicates the nucleotide that is complementary with the mutant allele, but is mismatched with the wild type 
allele. The green nucleotides indicate an extra mismatch that was incorporated in siRNA-1 to make the siRNA 
more specific to inhibit the mutant allele only. (B) siRNA screen in HEK293 cells. Bars represent mVWF levels 
measured in conditioned medium of HEK293 cells cotransfected with either mVwf/Myc or mVwf-p.Val1316Met 
plasmids and 2 nM siRNA, normalized to mVWF levels measured in conditioned medium of HEK293 cells 
cotransfected with either mVwf/Myc or mVwf-p.Val1316Met and a negative control siRNA (siNEG). Shown are the 
mean ± 1 SD of two independent experiments performed in duplicate, except for siRNA-1 that was tested three 
times in duplicate. Mann-Whitney, * P < 0.05 (C, D) Normalized mVWF/Myc and mVWF-p.Val1316Met protein 
levels measured in conditioned medium of HEK293 cells cotransfected with mVwf/Myc, mVwf-p.Val1316Met and 
(C) siRNA-1-14G or (D) siRNA-1-10U. siRNAs were transfected at concentrations of 0.5, 2, 5 and 10 nM and protein 
levels were normalized to the mVWF/Myc and mVWF-p.Val1316Met protein levels measured in conditioned 
medium of HEK293 cells cotransfected with mVwf/Myc, mVwf-p.Val1316Met and siNEG. Shown are the mean ± 1 
SD of four independent experiments performed in duplicate. Mann-Whitney, * P < 0.05, ** P < 0.01, *** P < 0.001 
(E) The mVWF activation factor measured in conditioned medium of HEK293 cells cotransfected with mVwf/Myc, 
mVwf-p.Val1316Met and siRNA-1-14G, siRNA-1-10U or siNEG. Shown are the mean ± 1 SD of two independent 
experiments performed in duplicate. Kruskal-Wallis, * P < 0.05, ** P < 0.01. HEK293, Human Embryonic Kidney 
293; mVWF, mouse von Willebrand factor; nM, nanomolar; siRNA, small interfering RNA; WT, wild type
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Generation of a heterozygous mouse model for VWD type 2B

Hydrodynamic gene transfer of mutant mVwf cDNA in VWF-/- mice has frequently been used 

to study phenotypic effects of known VWD mutations.17,21 Most of these studies inject solely 

mutant mVwf cDNA, however in our approach of allele-specific inhibition of mutant mVwf we 

require a heterozygous model.22 A heterozygous VWD type 2B mouse model was therefore 

generated by hydrodynamic injection of equal amounts of both mVwf/Myc and mVwf-p.

Val1316Met/HA cDNA in VWF-/- mice. Four days after hydrodynamic injection, we observed 

equal expression of both products in plasma for all mice (Fig. 2A). This resulted in a deep drop 

in platelet count in five out of six mice as compared to mice expressing mVWF/Myc only (P = 

0.052, Fig. 2B). No decreased platelet count was observed in one mouse, however, the total 

mVWF:Ag levels in this mouse were relative low (111%), which might have been insufficient to 

induce the VWD type 2B platelet phenotype. Furthermore, injection of both mVwf/Myc and 

mVwf-p.Val1316Met/HA cDNA in VWF-/- mice resulted in a significant increase in dysfunctional 

mVWF as represented by the increased mVWF activation factor, compared to VWF-/- mice 

injected with mVwf/Myc cDNA only (P < 0.01, Fig. 2C). This increase in the mVWF activation 

factor was also observed for the mouse without a decreased platelet count. The VWD type 2B 

platelet phenotype was confirmed by analysis of blood smears from the heterozygous VWD 

type 2B mice. These smears contained only small numbers of platelets, which were usually 

observed in aggregates (Fig. 2D). Liver sections were stained for mVWF/Myc and mVWF-p.

Val1316Met/HA using anti-Myc and anti-HA antibodies to investigate the distribution of both 

gene products in the liver. Interestingly, the hepatocytes that internalized plasmid, always 

internalized both plasmids as represented by the colocalization of anti-Myc and anti-HA 

staining (Fig. 2E). Altogether, this indicates that the model used represents a true heterozygous 

mouse model for VWD. 
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Figure 2. Characteristics of heterozygous VWD type 2B mice. (A) Distribution of mVWF/Myc (white bar) and 
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mVWF-p.Val1316Met/HA (grey bar) in plasma of VWF-/- mice four days after injection of equal quantities (25 
μg) of both plasmids. Expression of both plasmids is approximately equal. (B) Platelet count and (C) mVWF 
activation factor of VWF-/- mice, four days after injection of mVwf/Myc (WT) cDNA only or co-injection of mVwf-p.
Val1316Met/HA and mVwf/Myc (HET) cDNA. The horizontal lines in the graphs show the median and the dots 
represent single mice. Mann-Whitney, ** P < 0.01 (D) Representative blood smear of a heterozygous VWD type 
2B mouse, four days after injection of both mVwf/Myc and mVwf-p.Val1316Met/HA cDNA in VWF-/- mice. Platelet 
aggregates are observed. Bar represents 5 μm. (E) Staining of mVWF/Myc and mVWF-p.Val1316Met/HA in liver 
sections (5 μm thickness) generated from livers harvested from VWF-/- mice, four days after injection of both 
mVwf/Myc and mVwf-p.Val1316Met/HA. Stainings were performed using antibodies directed to Myc (green) and 
HA (red). Clear co-expression of both alleles is observed in all hepatocytes that express mVWF (colocalization in 
yellow). No hepatocytes are observed with mVWF/Myc or mVWF-p.Val1316Met/HA only. Bar represents 100 μm. 
HET, heterozygous; mVWF, mouse von Willebrand factor; WT, wild type

In vivo correction of the VWD type 2B phenotype

The heterozygous VWD type 2B mice showed a clear phenotype, four days after hydrodynamic 

injection of both mVwf/Myc and mVwf-p.Val1316Met/HA cDNA. To investigate whether the 

in vitro selected siRNA against mVwf p.Val1316Met (siRNA-1-10U) could correct the in vivo 

type 2B phenotype, we injected siRNA-1-10U in a concentration of 1 mg/kg, five days after 

hydrodynamic injection (N = 6). Two days after injection of siRNA-1-10U, a strong 88% 

knockdown of total mVWF was observed with a relative specificity of siRNA-1-10U towards 

the mutant allele (Table 1). Of note, also untreated heterozygous VWD type 2B mice showed 

on average 44% reduced mVWF:Ag levels at this day (Table 1). Specificity of siRNA-1-10U to 

inhibit the mutant allele is clearly indicated by the percentage of mVWF-p.Val1316Met/HA 

in plasma that decreased from 57% (55%-58%) to 32% (25%-42%) of total plasma mVWF (P 
< 0.05; Fig. 3A). This coincided with a strong increase in platelet count (P = 0.063; Fig. 3B). 

Platelet count was not increased for one mouse after siRNA-1-10U treatment. Another mouse 

did not show a decrease in platelet count after hydrodynamic injection, precluding the 

possibility of correction. Platelet size is known to be increased in mice injected with mVwf-p.

Val1316Met cDNA.17,23 The forward scatter in flow cytometry measurements could be used as 

an estimation of the platelet size. Previous work showed a platelet forward scatter of 1.3*105 

for VWF-/- mice injected with wild type mVwf cDNA.23 In this study, heterozygous VWD type 

2B mice showed a platelet forward scatter of 4.1*105. Injection of siRNA-1-10U did, however, 

not result in a decrease of the platelet forward scatter (Fig. 3C). The mVWF activation factor 

was decreased 1.6 fold after siRNA-1-10U injection, indicating a decrease of the presence of 

mutant constitutively active mVWF (N = 4; Fig. 3D). mVWF:Ag levels after siRNA injection were 

too low for two mice to determine the mVWF activation factor. One of these two mice was 

the mouse with a normal starting platelet count. The other mouse had a low starting platelet 

count that was increased after siRNA injection. Interestingly, the mouse without correction of 

the platelet count, did show amelioration in active mVWF with a 1.6 fold decrease in the mVWF 

activation factor.

Thesis submitted to Ridderprint (na proofs).indd   170 23-2-2020   16:14:25



Amelioration of VWD in mice 171

8

Table 1. total mVWF, mVWF/Myc and mVWF-p.Val1316Met/HA antigen levels measured in plasma from VWF-/- 

mice hydrodynamically injected with mVwf/Myc and mVwf-p.Val1316Met/HA cDNA

Total mVWF (Myc+HA) 

(% of NMP)

mVWF/Myc 

(% of NMP)

mVWF-p.Val1316Met/HA 

(% of NMP)

siRNA Concentration Sex Day 

-1

Day 

+2

Day 

+4

Day 

+7

Day 

-1

Day 

+2

Day 

+4

Day 

+7

Day 

-1

Day 

+2

Day 

+4

Day 

+7

siRNA-1-10U 1 mg/kg M 1270 196 568 146 702 50

siRNA-1-10U 1 mg/kg F 472 22 198 13 274 9

siRNA-1-10U 1 mg/kg F 599 42 257 31 342 12

siRNA-1-10U 1 mg/kg F 2908 205 1230 140 1677 66

siRNA-1-10U 1 mg/kg F 1915 566 864 329 1051 238

siRNA-1-10U 1 mg/kg F 1364 151 577 101 787 50

- - M 1284 1497 529 681 755 816

- - M 253 136 101 61 153 75

- - M 415 171 188 81 227 90

- - F 1524 393 737 181 788 213

- - F 2270 1422 1042 628 1228 795

siRNA-1-10U 0.5 mg/kg M 4091 830 418 336 1870 525 318 227 2220 305 100 109

siRNA-1-10U 0.5 mg/kg M 2753 473 257 35 1333 369 209 28 1420 104 48 8

siRNA-1-10U 0.5 mg/kg M 2888 449 307 401 1455 341 245 301 1433 109 61 100

siRNA-1-10U 0.5 mg/kg M 1025 114 60 104 573 88 52 89 453 26 7 16

siRNA-1-10U 0.5 mg/kg F 2849 256 132 209 1422 197 105 166 1427 59 27 43

- - M 4675 3263 3274 1151 2172 1539 1612 540 2503 1724 1663 610

- - F 380 78 77 90 192 45 40 43 188 33 36 47

F, female; M, male; mg/kg, milligram per kilogram; mVWF, mouse von Willebrand factor; NMP, normal mouse 
plasma; siRNA, small interfering RNA

Injections of 1 mg/kg siRNA-1-10U resulted in a deep knockdown of total mVWF and most mice 

had a mVWF expression of less than 200%, two days after siRNA-1-10U injection. It is therefore 

questionable whether the increase in platelet count after siRNA-1-10U injection was the result 

of decreased presence of mutant mVWF or that the total levels of mVWF were so low after 

siRNA-1-10U injection that the level of mutant type 2B VWF was too low to induce the VWD type 

2B platelet phenotype. Therefore, we performed a second independent experiment where we 

injected heterozygous VWD type 2B mice with a lower dose of siRNA-1-10U (0.5 mg/kg; N = 5). 

A lower siRNA dose may not only lead to reduced inhibition of total mVWF, but potentially also 

improve specificity for the mutant allele. In this experiment, mice were followed for seven 

days after siRNA injection to assess the duration of siRNA-1-10U efficacy. Injection of 0.5 mg/

kg siRNA-1-10U again led to a clear decrease in total mVWF plasma levels two days after siRNA 

injection, but the total mVWF:Ag levels were slightly higher (449%) than the total mVWF:Ag 

levels after injections of 1 mg/kg siRNA-1-10U (197%; Table 1).  The percentage of mutant 

mVWF in plasma of the heterozygous VWD type 2B mice, one day before siRNA-1-10U injection 

was 50% (44%-54%). This decreased to 23% (22%-37%), 20% (12%-24%) and 21% (15%-33%), 
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two, four and seven days after siRNA-1-10U injection, respectively (Fig. 3E). Like with the 1 mg/

kg dose, platelet counts increased two days after siRNA-1-10U injection (Fig. 3F). Remarkably, 

a further increase in platelet count was noted four and seven days after siRNA-1-10U injection 

(P < 0.01; Fig. 3F). Also, as was observed after injection of 1 mg/kg siRNA-1-10U, we did not 

observe a decrease in platelet size two days after 0.5 mg/kg siRNA-1-10U injection. But a 

statistically significant decrease in platelet size was observed seven days after siRNA-1-10U 

injection (P < 0.01; Fig. 3G). These beneficial effects in platelet phenotype coincided with a 

strong decrease in active VWF as represented by the decrease in the mVWF activation factor 

(P < 0.01; Fig. 3H). Altogether, comparable results were obtained with siRNA doses of 1 and 

0.5 mg/kg and these data indicate that allele-specific siRNAs can improve the VWD type 2B 

phenotype in mice. 

Discussion

Previously we have shown that allele-specific siRNAs are able to inhibit the production of 

mutant VWF with minor inhibition of wild type VWF in vitro and ex vivo.14-16 In this study, we 

extended the proof of concept of allele-specific VWF inhibition to a heterozygous VWD type 2B 

mouse model. Heterozygous VWD type 2B mice were generated by hydrodynamic injection of 

both wild type and mutant mVwf cDNA (mVwf/Myc and mVwf-p.Val1316Met/HA). These mice 

phenotypically resemble human VWD type 2B with low platelet counts, increased platelet 

size and an increase in active mVWF. Clear phenotypic improvements were observed after 

injection of an siRNA that reduced the production of mVWF-p.Val1316Met/HA but had less 

affinity to inhibit the production of wild type mVWF/Myc.

As a model for the proof of principle of allele-specific inhibition of mutant mVWF in vivo 

we used VWF-/- mice hydrodynamically injected with mutant and wild type mVwf cDNA. 

Hydrodynamic gene transfer of mVwf cDNA results in hepatic VWF expression while VWF 

normally is produced in the endothelium and platelets.17,21 Albeit artificial, hepatic VWF 

expression has the advantage that it can easily be targeted by siRNAs using Invivofectamine, 

a commercially available liposomal formula suited for hepatic siRNA delivery.24 The proof 

of concept of allele-specific inhibition in an in vivo setting can therefore easily be assessed. 

Drawback of the model is that hydrodynamic injection may result in supraphysiologic mVWF 

plasma levels and a wide range in expression levels (Table 1). This, however, did not seem 

to affect the siRNA efficacy, since the percentage of mutant mVWF after siRNA injection was 

comparable for all mice, irrespective of starting plasma mVWF levels (Fig. 3A, 3E). 
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Figure 3. Correction of the VWD type 2B phenotype. (A-D) Phenotype improvement of heterozygous VWD 
type 2B mice injected with 1 mg/kg siRNA-1-10U. (A) Percentage of wild type mVWF/Myc (white bars) and mutant 
mVWF-p.Val1316Met/HA (grey bars) one day before and two days after siRNA-1-10U injection. Wilcoxon test, * P 
< 0.05. (B) Platelet count measured in mice one day before and two days after siRNA-1-10U injection increased 
for four out of six mice. One mouse did not respond to siRNA treatment and one mouse had a high starting 
platelet count, which maintained constant. Wilcoxon test, P = 0.063. (C) Platelet size, estimated by the forward 
scatter determined by flow cytometry analysis, was unchanged two days after siRNA-1-10U treatment. (D) A 
decrease in the mVWF activation factor was observed two days after siRNA-1-10U treatment for four out of six 
mice. Two mice had too low total mVWF plasma levels to determine the mVWF activation factor. (E-H) Phenotype 
improvement of heterozygous VWD type 2B mice injected with 0.5 mg/kg siRNA-1-10U. (E) Percentage of wild 
type mVWF/Myc (white bars) and mutant mVWF-p.Val1316Met/HA (grey bars) one day before and two, four and 
seven days after siRNA-1-10U injection. Friedman test, * P < 0.05, ** P < 0.01. (F) Platelet count increased for all 
mice after injection of siRNA-1-10U. Friedman test, ** P < 0.01. (G) Platelet size, determined by the veterinary 
cell counter, was not decreased two days after siRNA injection compared to one day before siRNA injection. 
Decreased platelet size was observed four and seven days after siRNA-1-10U injection. Friedman test, ** P < 
0.01. (H) The mVWF activation factor decreased after siRNA-1-10U injection. Friedman test, ** P < 0.01. mg/kg, 
milligram per kilogram; mVWF, mouse von Willebrand factor; siRNA, small interfering RNA
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Two independent experiments were performed in which siRNAs were injected in heterozygous 

VWD type 2B mice. With these experiments we aimed to investigate the siRNA concentration 

needed for allele-specific mVwf inhibition in our heterozygous mouse model. In a first 

experiment, mice were injected with 1 mg/kg siRNA-1-10U. This resulted in rather low total 

mVWF plasma levels, two days after siRNA injection. Although the plasma levels were rather 

low, all siRNA-injected mice showed improvements in the ratio of wild type over mutant mVWF 

and the mVWF activation factor. Furthermore, also platelet count was clearly increased for 

four out of six mice. It is, however, not possible to confirm that the increase in platelet count 

was the result of low levels of mutant mVWF or low levels of total mVWF. Especially since a 

heterozygous VWD type 2B mouse with low total mVWF levels (111%) showed a comparable 

platelet count to mice injected with wild type mVwf cDNA exclusively (Fig. 2B). Even though 

successful hydrodynamic injection was confirmed in this mouse by expression of both wild 

type mVWF (43%) and mutant mVWF-p.Val1316Met/HA (57%) and a 4.9 fold increase in the 

mVWF activation factor.

In a second experiment, we lowered the siRNA dose to 0.5 mg/kg to induce a less strong 

inhibition of mVWF. Decreasing the siRNA concentration might also lead to better discrepancy 

between wild type and mutant mVWF, since it is reasoned that a decreased siRNA concentration 

will first reduce binding of the siRNA to the untargeted allele. Although the sample size is 

too low to draw definite conclusions, the lower siRNA dose seemed to induce a slightly less 

strong inhibition of total mVWF and a slight increase in the ratio of wild type mVWF over 

mutant mVWF-p.Val1316Met compared to mice injected with 1 mg/kg siRNA (Table 1). We 

also reproduced the increase in platelet count with 0.5 mg/kg siRNA-1-10U. The increase in 

platelet count is observed in mice with total mVWF:Ag levels above 300%, which is sufficient 

to induce low platelet counts in VWF-/- mice injected with mutant mVwf-p.Val1316Met cDNA 

only. However, we have no evidence yet which VWF concentration is sufficient to induce low 

platelet counts in our heterozygous VWD type 2B mouse model and whether the increase in 

platelet count after injection of 0.5 mg/kg is indeed caused by a decrease in mutant mVWF and 

not by a decrease in total mVWF.

Interestingly, a striking increase in platelet count was observed four and seven days after 

siRNA-1-10U injection, which coincided with normal platelet size values. Platelet counts were 

even higher than generally is observed in mice hydrodynamically injected with wild type mVwf 
cDNA only.17,21 This interesting result suggests that there is an increased platelet production, 

and that these platelets are not cleared through VWF-platelet complexes when there is less 

mutant VWF present. Besides the increase in platelet count, also a significant decrease in 

platelet size was observed four and seven days after siRNA injection. This was not observed 

two days after siRNA injection, which could be explained by the life-time of platelets in mice, 

which is about four to five days.25 It might therefore be possible that the persistent increased 
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platelet size observed two days after siRNA injection, is representative of the large platelets 

that were still circulating from before the siRNA injection.

A limitation of this study is that we did not include a negative control siRNA in the mouse 

experiments. Inclusion of a negative control siRNA, preferably a mismatch control, is 

recommended to prove that the phenotypic improvements are caused by direct effects of the 

siRNA and to exclude possible off-target effects.26,27 It is however unlikely that the phenotypic 

improvements in VWF itself, i.e. decreased mVWF activation factor, are due to an siRNA off-

target effect. Also, the allele-specific knockdown effects are unlikely due to off-target effects. 

However, future studies with a mismatch negative control siRNA should prove that the 

correction of platelet count and size is indeed the effect of the allele-specific siRNA.

Although siRNA-1-10U has a higher affinity for mutant mVWF, we also observed downregulation 

of wild type mVWF/Myc in vitro and in vivo. The most ideal allele-specific siRNA should, 

however, not be able to inhibit wild type mVWF, even at a high siRNA concentration. Different 

chemical modification of the siRNA might improve siRNA specificity. In this study, siRNAs with 

the Locked Nucleic Acid (LNA) modifications were used. LNA is known to stabilize the siRNA 

and therefore makes the siRNA more potent to its target.28 Different modifications, like 2’ 

fluoro or 2’ O-methyl ribose modifications, might further improve specificity.29

In this study, a VWD mouse model with hepatic expression of mVWF was used. This model 

provided support for the concept of allele-specific VWF inhibition to correct for VWD 

phenotypes. Extra-hepatic siRNA delivery, including endothelial siRNA delivery, is more 

challenging. Fortunately, recent studies have shown promising results in downregulation of 

several endothelial genes by lipid or polymeric nanoparticles.30-32 Future studies in which these 

nanoparticles are used to target VWF mutations in recently developed knock-in VWD mouse 

models are needed to prove that the approach of allele-specific VWF inhibition to correct VWD 

phenotypes is also promising in a model where mutant VWF is expressed in endothelial cells 

instead of the hepatocytes.33

Altogether we have shown that injection of an allele-specific siRNA that targets liver-expressed 

mVwf-p.Val1316Met in a heterozygous VWD type 2B mouse model, leads to correction of the 

VWD type 2B platelet phenotype. Decreased percentage of mutant mVWF in plasma after 

siRNA injection was noted, which coincided with an increase in platelet count and a decrease 

in platelet size and the mVWF activation factor. These results are promising for further studies 

on RNA-targeted therapies for VWD. It is, however, important to show that no off-target effects 

are induced. This should be proven by an experiment in which a mismatch negative control is 

taken along. Furthermore, future studies in endothelial knock-in models for VWD are needed 

to further elucidate the impact of allele-specific Vwf inhibition in vivo.
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This thesis described the proof of concept of allele-specific siRNA-mediated inhibition of 

dominant negative von Willebrand factor (VWF) alleles as a potential therapeutic approach 

for dominant negative von Willebrand disease (VWD). The main aim was to show that allele-

specific siRNAs can efficiently inhibit the production of a mutant VWF allele, with no or minor 

inhibition of the wild type allele, and to show that this positively affects VWF function and 

VWD phenotypes. The potential of this approach was demonstrated in this thesis in vitro in 

Human Embryonic Kidney 293 cells (HEK293; Chapter 4), ex vivo in endothelial colony forming 

cells (ECFCs; Chapter 7) and in vivo in a VWD mouse model (Chapter 8). Also, the applicability 

of ECFCs as a valid model for VWD has been described in this thesis (Chapters 5 and 6).

A new treatment approach for VWD

Reasoning behind an alternative treatment strategy for VWD

VWD is caused by qualitative or quantitative defects in VWF.1,2 VWF is known as an important 

player in hemostasis, where VWF attracts platelets to sites of vascular damage, but also 

chaperones coagulation factor VIII in the circulation.3,4 Current treatment options for VWD 

focus on increasing the levels of VWF in plasma, either by administration of DDAVP or VWF-

containing concentrates.5,6 Both treatment options are generally sufficient to stop or prevent 

bleeding after trauma or before a planned surgery. However, both DDAVP and VWF-containing 

concentrates do not address the source of the problem: production of mutant VWF subunits. 

The production and, subsequently secretion of mutant VWF, may be problematic in a subgroup 

of VWD patients. Especially these patients have a clinical unmet need and would benefit from 

a new treatment strategy that blocks the production of mutant VWF only.

The first group of patients with a clear clinical unmet need are VWD type 2B patients. VWD 

type 2B is caused by dominant negative mutations in the A1 domain of VWF.2 These mutations 

result in a conformational change of the A1 domain allowing spontaneous platelet binding, 

even when VWF is in its closed conformation.7-9 Because of the enhanced platelet binding, 

but also because of increased clearance of the VWF-platelet complex, patients develop 

variable degrees of thrombocytopenia.10 Treatment of VWD type 2B with DDAVP results in an 

increased concentration of circulating mutant VWF that captures circulating platelets and 

induces a further decrease in platelet count.11,12 Whereas, the VWF present in VWF-containing 

concentrates will perform normal hemostasis, but will not prevent the removal of platelets by 

mutant endogenous VWF. Stimuli that are released in certain stress situations, for example 

during infection, pregnancy or surgery, lead to an increased release of mutant VWF that may 

induce a deep thrombocytopenia with bleeding as a consequence.10,13-16 In case of bleeding, 

patients may need platelet transfusion in addition to VWF-containing concentrates.13 
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A second group of VWD patients that would benefit from a new treatment strategy, are 

patients that develop severe intestinal bleeding, mainly caused by angiodysplasia (vascular 

malformations). This diathesis is more common in VWD patients than in the normal 

population.17,18 Especially VWD patients with a complete absence of VWF or VWD patients 

lacking high molecular weight (HMW) VWF multimers have a higher chance of developing 

gastrointestinal bleeding.18-20 Severe blood loss from the gastrointestinal tract may result in 

decreased hemoglobin which sometimes require transfusion of packed red blood cells.21,22

In the past decade, it became evident that VWF plays a role in angiogenesis, the formation of 

new blood vessels, which explained the increased patient population that suffer from these 

severe intestinal bleeding.23 However, the exact mechanism on how VWF affects angiogenesis 

and why especially patients that lack HMW VWF are prone to this diathesis remains to be 

elucidated. Bleeding from the gastrointestinal tract are not easily resolved by on demand 

treatment with VWF-containing concentrates.22,24 Probably because the VWF-containing 

concentrates do not target the source of the problem: deficient or dysfunctional intracellular 

VWF and long-term exposure to mutant VWF. Long-term prophylaxis of VWF-containing 

concentrates does reduce the frequency of gastrointestinal bleeding, but comes along with 

the burden of frequent injections and a reduced quality of life.21,25-27 A recent report on a 

small number of VWD patients suggests long-term use of Lenalidomide, a thalidomide analog 

with anti-angiogenic properties.28 Although this proved relative successful in this group of 

patients, it again does not address the causative factor: mutant VWF. Also, another study in 

which thalidomide was used did not show any effects in the treatment of gastrointestinal 

bleeding.20 In short, there is no clear-cut solution for treatment of angiodysplasia-related 

gastrointestinal bleeding. 

Above, two groups of patients are described with a clear clinical unmet need. However, long-

term correction of VWF is expected to also benefit patients without a clinical unmet need. 

Although the current treatment modalities are able to prevent or stop bleeding during surgery 

or after trauma, patients continuously live with the knowledge that bleeding can suddenly 

occur. Also, an ongoing bleed affects the patients daily life, and may require a hospital visit. 

This results in an overall reduced quality of life in VWD patients.29-32

The expected effects of allele-specific inhibition of mutant VWF depends per type of VWD. 

Allele-specific inhibition of mutant VWF to correct VWD will only correct VWD caused by 

heterozygous dominant negative mutations, i.e. VWD types 1, 2A, 2B and 2M.33 Both VWD type 

2N and VWD type 3 result from homozygous mutations and will therefore not be corrected 

using our approach of allele-specific VWF inhibition.34
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VWD type 1 is associated with decreased VWF plasma concentration that is the consequence 

of decreased VWF production, defective VWF secretion or an increased clearance of VWF.2 

A decreased VWF production is often the result of a heterozygous null allele, and cannot be 

corrected by allele-specific inhibition of mutant VWF.35 Allele-specific inhibition of VWF in VWD 

type 1 patients with decreased VWF secretion is expected to improve the secretion of VWF 

from the endothelial cells.36-38 When the secretion defect is severe, correction of this secretion 

defect by allele-specific siRNAs might even result in an overall increase in circulating VWF, 

even though the overall production of VWF is roughly halved after inhibition of the mutant 

allele. Allele-specific inhibition of mutant VWF in VWD type 1 patients with enhanced VWF 

clearance is expected to increase the survival of VWF.39 When the clearance effect of a 

dominant negative mutation is strong, downregulation of the dominant negative allele might 

increase the overall VWF plasma concentration, irrespective of the reduced VWF production 

after siRNA inhibition. 

VWD type 2A is associated with reduced HMW VWF, caused by either an intracellular 

multimerization defect or enhanced cleavage of VWF by ADAMTS13.2,40,41 Inhibition of mutant 

VWF in both situations is expected to increase the concentration of the largest VWF multimers 

in the circulation. Since especially HMW VWF has the highest hemostatic activity, it is expected 

that downregulation of mutant VWF in VWD type 2A results in improved hemostatic function 

of VWF and amelioration of the patient’s bleeding phenotype. In this thesis, we indeed proved 

in HEK293 cells (Chapter 4) and in ECFCs (Chapter 7) that inhibition of mutant VWF results 

in an increase in HMW VWF for two different mutations associated with an intracellular 

multimerization defect.42 Whether this also results in improved hemostatic function remains 

to be answered from preclinical VWD models. Angiodysplasia-related intestinal bleeding are 

also common among VWD type 2A patients. Downregulation of the expression of mutant 

VWF is expected to have two advantages. First, it is thought to positively affect the process 

of angiogenesis and thereby reducing the chance of developing angiodysplasia. Second, 

inhibition of mutant VWF increases the hemostatic function of VWF and thus reduce the 

possibility to develop severe bleeding. It is however expected that a continuous correction 

of VWF is required to correct for the defective angiogenesis. Dysfunctional VWF does not only 

result in intestinal angiodysplasia, but also in vascular malformations elsewhere, like in the 

nailfold.43 Long-term correction of dysfunctional VWF is therefore also expected to correct for 

vascular malformations at other sides then the intestine. 

VWD type 2B is associated with reduced VWF survival, a decrease in HMW VWF, and variable 

degrees of thrombocytopenia.7,44 The reduced VWF survival in VWD type 2B is suggested to be 

(at least partly) caused by an increased binding affinity of mutant VWF to the clearance receptor 

lipoprotein receptor-related protein 1 (LRP1) on macrophages.45,46 Inhibition of mutant VWF 

is expected to result in decreased binding affinity of VWF to LRP1, thereby increasing the 

Thesis submitted to Ridderprint (na proofs).indd   182 23-2-2020   16:14:27



General discussion and perspectives 183

9

survival of VWF. The decrease in HMW VWF is the result of increased clearance of the larger 

VWF multimers, but also by enhanced sensitivity of mutant VWF to proteolysis by ADAMTS13.47

Inhibition of mutant VWF is expected to correct for both aspects. The thrombocytopenia in 

VWD type 2B is the consequence of increased clearance of the VWF-platelet complex, but 

also by modified megakaryocytopoiesis and affected platelet production.46,48,49 Inhibition 

of mutant VWF is expected to reduce the binding of VWF to platelets, thereby reducing the 

elimination of circulating platelets. Indeed, in this thesis we show that inhibition of mutant 

VWF in a heterozygous VWD type 2B mouse model results in correction of decreased platelet 

counts (Chapter 8). Besides low platelet counts in VWD type 2B, also enlarged platelets and 

platelet aggregates are observed in VWD type 2B patients.49 Furthermore, binding of mutant 

function by altered platelet signaling.50,51 Inhibition of mutant VWF is therefore expected to 

increase platelet function as well. siRNA-targeting to the megakaryocytes and platelets is yet 

impossible, and therefore we do not expect to correct for defects caused by mutant VWF that 

is produced in the megakaryocytes/platelets. It is, however, unclear what the relative effects 

of megakaryocytes/platelet produced mutant VWF on platelet function and production are. 

We do know that VWF-/- mice expressing the VWD type 2B mutation mVWF p.Val1316Met after 

hydrodynamic injection show an increase in platelet size, while these mice do not express 

platelet mVWF.52 We were able to reduce the platelet size after allele-specific inhibition of the 

production of mVWF p.Val1316Met (Chapter 8), which suggests that mainly circulating VWF, 

and not platelet VWF, is responsible for the affected platelet size and production. 

VWD type 2M is caused by heterozygous mutations in the A1 domain of VWF that decreases 
2 Inhibition of mutant VWF by 

allele-specific siRNAs are likely to improve the VWF activity. However, since less VWF will 

be produced and secreted, it is uncertain whether this will also result in increased platelet 

binding and improvements in the hemostatic function of VWF. Flow experiments on the 

platelet-binding activity in ECFCs derived from a VWD type 2M patient treated with allele-

specific siRNA might reveal whether inhibition of mutant VWF in VWD type 2M improves the 

platelet binding capacity. 

Besides the role of VWF in hemostasis, several additional roles for VWF have been elucidated 

in the past years. Examples are roles of VWF in inflammation, wound healing, and smooth 

muscle cell proliferation.53-55 Although the consequences of mutant VWF on these processes 

are yet unknown, it is likely that it somehow affects VWD patients. Therefore, it is expected 

that inhibition of mutant VWF will not only improve the hemostatic function of VWF, but also 

roles of VWF beyond hemostasis.
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How siRNA-mediated therapeutics for VWD might be implemented in the clinic depends on the 

indication and the duration of siRNA efficacy. So far, there is no clinical data on the efficacy 

of siRNAs in the endothelium. However, recent data shows long-term efficacy of siRNAs in the 

human liver and in mouse endothelium.56-58 Even though merely speculative, we assume a 

long-term siRNA efficacy when we envision the application of siRNA therapeutics in the clinic.

The most important indication for RNA therapeutics in VWD are surgery or dental procedures. 

An injection of allele-specific siRNA prior to a planned surgery is expected to prevent 

excessive bleeding during surgery, but could also help in the healing process after surgery.54 

Injection of an allele-specific VWF siRNA might be accompanied by administration of DDAVP. 

This would result in a short-term increase of fully functional VWF, enough to cover a planned 

intervention. In VWD type 2B patients, DDAVP could then safely be administered without 

the fear of provoking thrombocytopenia.12 The approach would also allow the use of DDAVP 

in patients that are normally unresponsive to DDAVP, for example patients with a severe 

secretion defect.59 These patients otherwise require replacement therapy.

Another important indication, also discussed above, are angiodysplasia-related 

gastrointestinal bleeding. Since administration of VWF-containing concentrates is usually not 

sufficient to stop bleeding and only long-term prophylaxis reduces the change of developing 

a gastrointestinal bleed21,24, it is expected that only long-term correction of VWF by allele-

specific siRNAs would reduce the risk of developing angiodysplasia-related gastrointestinal 

bleeding. 

When a VWD patient develops a bleed that requires replacement therapy, the patient is 

generally referred to a hospital for an injection with VWF-containing concentrates. In the 

Netherlands, patients are referred to specific hemophilia treatment centers, which are 

in a relative short distance for most people.60 However, a visit to a hospital could be more 

complicated when living in a rural area or when on holidays. Long-term correction of VWF 

by allele-specific siRNAs might be a solution for those patients that normally would require 

regular monitoring but live in more rural areas, but also when a patient plans a holiday to a 

less accessible location. 

RNA therapeutics

We currently live at an exciting time with respect to siRNA therapeutics. In 2018, exactly 20 years 

after the first publication of RNA interference by Mello and Fire, the first siRNA drug (Patisiran) 

was approved by the U.S. Food and Drug administration.56 Patisiran is an siRNA, encapsulated 
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in a lipid nanoparticle, that effectively target transthyretin (TTR) in the liver and ameliorates 

hereditary transthyretin amyloidosis. Clinical trials show effective TTR knockdown using an 

every-three week dosing regimen. Besides Patisiran, many other siRNA drugs have made it to 

clinical trials, and new approvals are to be expected in the coming years.61 The most important 

results from these clinical trials for our work is the long-term efficacy of siRNAs after a single 

dose. For example, a single dose of Fitusiran, an N-acetylgalactosamine (GalNAC)-conjugated 

siRNA against antithrombin, anticipated as an alternative therapy for prevention of bleeding 

in hemophilia A and B patients, resulted in strong antithrombin inhibition for at least 30 

days.62 And even more remarkably, a single dose of Inclisiran, a GalNAC-conjugated siRNA 

against protease proprotein convertase subtilisin/kexin type 9 (PCSK9), anticipated for use in 

familial hypercholesterolemia patients, resulted in a very strong knockdown of PCSK9.63 With 

even after 180 days, a PCSK9 knockdown that ranged between 47.9 and 59.3%.63 These are a 

few examples of the current successes in siRNA therapeutics and highlights the potential of 

this class of drugs in the treatment of genetic disorders, like VWD.

mutations

siRNAs degrade mRNA sequences based on full complementarity. The cleavage ability of an 

siRNA might be disrupted when a mismatch is present between the siRNA and the mRNA.64

This feature allows the design of allele-specific siRNAs: siRNAs that inhibit the production 

of one allele of a gene without affecting the other allele. Allele-specific inhibition requires 

nucleotide variations between two alleles of a gene. These variations can be a heterozygous 

dominant negative mutation, but also heterozygous single-nucleotide polymorphisms (SNPs) 

that are linked to the dominant negative mutation.65-68 The use of a heterozygous dominant 

negative mutation as a target for an allele-specific siRNA is an ideal approach for diseases that 

result from a single mutation. However, VWD, and also many other diseases, result from many 

different mutations.2 Therefore, to develop a treatment approach for dominant negative 

VWD that is to be applied to a large patient population and not only to individual patients, we 

have chosen for a SNP-based approach. SNPs are nucleotide substitutions the are present in 

the human genome.69 Most of these SNPs are harmless and are not associated with disease. 

Also, some SNPs are common, meaning that in a population many people are heterozygous 

for these SNPs. We have made use of very common SNPs in the coding sequence of VWF and 

selected four SNPs for which about 74 percent of the Caucasian population is heterozygous.42

The percentage of the population that is heterozygous for at least one of the four SNPs was 

only calculated for the Caucasian population, however also in other populations investigated 

in the 1000 genomes project, a high minor allele frequency was found for the same four SNPs.69

An important remark is that two of the four selected SNPs, c.2365A|G and c.2385C|T, have 

been associated with VWF levels.70-72 However, since the effects of the SNPs are minimal in 
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comparison to the effects of the dominant negative mutations that cause VWD, it is expected 

that allele-specific inhibition of these SNPs will have minor effect on the correction of the 

phenotype. 

For the studies described in this thesis, siRNAs have been designed against both alleles of the 

four selected SNPs. In our studies, 21 nucleotide siRNAs with a dTdT overhang at the 3’ end of 

the sense strand were used. Therefore, 21 siRNA designs are possible that include the SNP in the 

antisense strand. Ideally, all of these siRNAs are tested to identify the most efficient and allele-

specific siRNA candidate. This is however a costly procedure. Fortunately, the twenty year 

experience in siRNA design resulted in algorithms that may predict the efficiency of siRNAs.73,74 

Therefore, only the three siRNAs with the highest predicted efficacy were designed and tested 

per SNP target (siRNA designs were done by Life Technologies).42 Besides the requirement that 

the designed siRNAs should be efficient, the siRNAs should also be specific for its SNP target. 

Over the past two decades, many studies applied allele-specific inhibition and used SNPs or 

mutations to discriminate between two alleles, of which some examples can be observed in 

the following references.65,66,75-78 Based on these studies, many thoughts have been generated 

on what factors are important in the discriminatory effect of siRNAs. Recently, also an online 

algorithm was published that should help in the design of allele-specific siRNAs (http://crdd.

osdd.net/servers/aspsirna/index.php).79 General ideas of discriminatory elements of allele-

specific siRNAs are: (1) highest discrimination is observed when the mismatch is located in 

the center of the siRNA80,81, (2) the mismatch should not be located in the seed sequence80, (3) 

and better discrimination is observed when the mismatch involves a purine/purine mismatch 

between the siRNA and the target mRNA (i.e. adenine/guanine mismatch).80,82 Interestingly, 

although most siRNAs that proved effective in our studies had their mismatch located in the 

center of the siRNA, we also observed effective allele-specific inhibition for siRNAs where the 

mismatch was not located in the center. Furthermore, none of our siRNA/mRNA interactions 

involved a purine/purine mismatch, nevertheless we observed a very good discrimination 

for several of our designed siRNAs. Especially siRNAs that target either VWF c.1451A or VWF 

c.1451G were very effective, while they create a pyrimidine/purine mismatch between the 

siRNA and mRNA sequence. Differences between our observations and previous observations 

may result from differences in the chemical modification of the siRNAs. We used siRNAs with a 

locked nucleic acid (LNA) modification that is known to increase the specificity of the siRNAs.83 

Furthermore, every mRNA sequence has a different secondary structure, which is likely to 

affect the binding of an siRNA to the mRNA. It is therefore difficult to predict the specificity of 

an allele-specific siRNA and it is suggested to test multiple allele-specific siRNA candidates for 

their effectiveness and not fully rely on prediction tools.
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In the past two decades, several in vitro, ex vivo and in vivo studies have been performed on 

the applicability of allele-specific siRNA-mediated inhibition of mutant alleles to improve 

disease phenotypes, and many with great success.65,66,75-78 However, only one has made it to a 

clinical trial (NCT00716014), and this trial only involved one patient.84 Although the trial was 

relative successful, no further studies have been reported on this treatment. Speculation 

can be done on the reason of this lack in progress. First of all, further development of drugs 

and start of clinical trials are expensive and will in general require a sponsor, most often a 

company. But, allele-specific inhibition of mutant alleles is a highly personalized treatment, 

and is only applicable to patients that harbor the specific mutation/SNP where the siRNA was 

designed for. For example, as for the only clinical trial that has been performed so far, the 

specific siRNA was applicable to only three patients.84 The costs for further development will 

be excessive, and will never be reimbursed. Another complication of allele-specific siRNAs 

is that appropriate animal models are often unavailable to perform preclinical studies on. 

The chance that the sequence around a SNP or mutation is similar in mice and monkeys 

than it is in humans is small. Therefore, it is difficult to study the specific effects of siRNA-

mediated inhibition in a preclinical model, unless humanized disease models are generated 

and used.85,86 The last reason is the difficulty in the delivery of siRNAs to specific cell types. 

Naked unmodified siRNAs are cleared within 5 minutes from the body by the kidney, liver 

and spleen, and delivery vehicles are needed to get the siRNA to the desired cell type.87,88

Targeting the hepatocytes of the liver is known to be relatively easy using lipid nanoparticles, 

or GalNAC conjugates.88,89 However, the development of delivery vehicles to extra-hepatic 

organs remains challenging, and it is only for the last few years that effective delivery vehicles 

have been described and tested in preclinical models.57,58 It is therefore expected that clinical 

trials using these delivery vehicles are not far from happening.

Extra-hepatic delivery of siRNAs 

Most successes of siRNA therapeutics so far use liver-targeted siRNAs. Hepatic siRNA 

targeting is relatively easy and is mainly achieved by complexation of siRNAs in liposomes, 

or conjugation of an internalizing peptide to the siRNA. Therefore, for the in vivo proof of 

concept of allele-specific inhibition of mutant VWF as a potential treatment approach for VWD, 

we choose a VWD mouse model with liver-expressed VWF (Chapter 8). Using Invivofectamine 

(Thermo Fisher Scientific, Carlsbad, CA, USA), a commercial available liposomal formula, we 

successfully inhibited VWF in the liver, and proved that allele-specific inhibition of mutant 

VWF in a heterozygous VWD type 2B mouse model improves the disease phenotype. Next, 

it is important to translate these results to a VWD model where mutant VWF is expressed 

in a physiological fashion, i.e. a mouse model with endothelial produced mutant VWF. The 

first challenge to overcome: how to get the siRNA into the endothelium. Fortunately, recent 
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developments show promising results in this respect. The most successful approaches that 

have been described use cationic lipids, polymeric nanoparticles or lipid-conjugated siRNAs.

The first studies that successfully achieved endothelial targeting by siRNAs used cationic 

lipids.58,90-96 siRNAs are complexed in cationic lipids by electrostatic interactions between the 

negative siRNA and the cationic lipid.58 An example of a cationic lipid is ActuFECT01, which 

showed good distribution to the endothelium.91-95 ActuFECT01 has been used in the lipoplex 

formulation of Atu027, a lipoplex containing an siRNA that targets protein kinase N3. Atu027 

even made it to a phase I clinical trial (NCT00938574) in the treatment of solid tumors.97 A 

second phase I/II trial (NCT01808638) has been completed in March 2016, however no data 

have been presented on the results thus far. Although effective knockdown of endothelial 

genes was achieved, repeated dosing was needed to achieve robust in vivo knockdown and the 

siRNA also internalized in resident macrophages.96 Changes in the composition of lipoplexes 

containing the cationic lipid ActuFECT01, resulted in the development of a novel lipoplex 

formulation: DACC.58 DACC showed especially in the lung vasculature robust knockdown of 

several endothelial genes, and importantly, one dose of siRNA against Tie2 resulted in Tie2 

knockdown for up to 21 days.58 However, since the first report in 2014, no new data have 

been published on the use of DACC. The mechanism of internalization of cationic lipids is so 

far unknown. Fehring et al speculate that electrostatic interactions between the positively 

charged lipoplex and the negatively charged endothelium might result in internalization of 

these lipoplexes into the endothelium.58

A second class of endothelial targeted compounds are polymeric nanoparticles. Instead 

of cationic lipids, polymer lipids are used and siRNAs are complexed within a polymeric 

nanoparticle by multivalent interactions. Dahlman et al describe the formulation of 7C1, 

an ionizable low-molecular weight polymeric nanoparticles, and show that 7C1 forms stable 

siRNA/lipid particles.57 7C1 is especially effective in targeting lung endothelium, without 

targeting hepatocytes or immune cells. Robust knockdown of several endothelial genes was 

proven and siRNA-mediated inhibition of ICAM2 was even retained for a period of 21 days after 

a single siRNA injection.57 Follow-up studies showed effective endothelial gene knockdown 

by siRNAs encapsulated in 7C1 in lung endothelium, but also in tumor endothelium.98-100 Also, 

effective delivery of microRNAs or antisense oligonucleotides against microRNAs (antimiR) 

was proven by the use of 7C1.101,102 Furthermore, simultaneous inhibition of 5 genes was even 

feasible using multiplex 7C1 complexation.103,104 Translation of the use of 7C1 from mouse 

models to non-human primates was recently reported.105 Non-human primates were injected 

with an siRNA against Tie2 and a strong downregulation of Tie2 was observed on RNA level in 

the lung and the heart. This, however, did not result in reduced Tie2 protein levels. However, 

only three animals were used in the treatment group and the animals were sacrificed 48 hours 

after treatment, which might have been too early to observe effects on protein level. Most 
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importantly,  no acute signs of toxicity were found after siRNA injection in the primates.105

Both cationic lipids and polymeric nanoparticles show highest internalizing capability in the 

lung endothelium. For our studies this is highly advantageous, since the lung endothelium is 

responsible for a large part of the VWF production.106 The mechanism why especially the lung 

endothelium is targeted remains unknown. 

The last strategy of endothelial targeting discussed here is lipid-conjugated siRNAs.87 A recent 

study by Biscans et al show the biodistribution of a diverse panel of lipid-conjugated siRNAs 

to extra-hepatic tissues.107 Several conjugates show, amongst others, distribution to the lungs 

and heart. This study did not look specifically into endothelial genes, and the potential of 

downregulation of genes in the lung and liver were yet limited. However, knowledge of the 

type of lipid conjugate that is internalized in the lungs and heart is a start for further research 

to the engineering of lipid conjugates that are internalized by endothelial cells. A limitation of 

lipid conjugates is that they do not specifically target a tissue and large parts of the injected 

lipid is cleared by the liver, kidney and spleen.107 This increases the chance of off-target 

effects, however since VWF is only synthesized in the endothelium and megakaryocytes, this 

is unlikely to be a serious problem.

Altogether, serious progress has been made in the development of compounds to deliver siRNAs 

into the endothelium. Especially cationic lipids and polymeric nanoparticles show robust and 

long-term inhibition of endothelially genes in vivo, especially in the lung vasculature. These 

results are promising for future studies on RNA-targeted therapies for VWD.

The siRNAs used in studies reported in this thesis are chemically modified by LNA 

modifications.83 LNA is a modification in which the 2’ oxygen and 4’ carbon of the ribose 

are linked through an extra bridge. This extra bridge enforces the ribose in the 3’-endo 

conformation, which gives it a higher affinity to its target. It is also known for its strong ability 

to discriminate between nucleotides.108 Besides LNA modifications, many more functional 

modifications were proven effective in siRNA design. Examples of widely used modifications 

are 2’-O-methyl, or 2’-fluoro modifications of the ribose ring. Testing siRNAs with different 

modifications might even lead to the improvements in the functionality of allele-specific 

siRNA candidates.109
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Alternatives to siRNA therapeutics

As approach to inhibit mutant VWF alleles as an alternative treatment approach for dominant 

negative VWD, we have chosen to use allele-specific siRNAs. Allelic discrimination could, 

however, also be achieved by different approaches that target either mRNA or DNA. These 

approaches include the use of amongst others antisense oligonucleotides (AONs), miRNAs, 

CRISPR/Cas9 or Zinc Finger nucleases.86,110-112 Application of AONs and Crispr/Cas9 will be 

discussed below.

AONs are short single-stranded DNA molecules that have the ability to target the pre-mRNA 

in the nucleus, or the mRNA in the cytoplasm.113 The mechanism of action of antisense 

oligonucleotides depends on the modification of the AON sugar ring.114 Unmodified AONs 

are rapidly degraded by nucleases.115 Backbone chemistries are therefore necessary to limit 

nuclease degradation.115 Furthermore, sugar ring modifications enhance the binding capacity 

of the AON to the (pre)-mRNA target.116 mRNA cleavage after AON targeting is facilitated by 

RNase H, but this is not possible when all the nucleotide sugar rings are chemically modified. 

Therefore so-called ‘gapmers’ have been designed that contain fully modified outer 

nucleotides, but have an unmodified DNA core of eight to ten nucleotides.116 This allows strong 

binding of the AON to the (pre)-mRNA, but may still facilitate RNase H dependent cleavage.114 

RNase H-mediated cleavage can take place both in the cytoplasm and in the nucleus, which 

allows the use of gapmers to target intronic sites as well.117 Since many SNPs are located 

in intronic regions, more targets can be reached by gapmers than by siRNAs. Furthermore, 

chemically modified AON backbones are more easily taken up by a variety of cells in the body 

and can therefore be injected without the requirement of a delivery vehicle (naked delivery).118 

It is, however, questionable how much is internalized by the endothelium. Therefore, AON 

conjugation to an internalizing peptide or complexation of an AON in a lipid or polymeric 

nanoparticle might nevertheless be necessary for endothelial uptake. An allele-specific 

gapmer that targets a SNP in the 3’ UTR of Huntingtin has made it to an ongoing Phase I/II 

clinical trial (NCT03225833). Preclinical data using this gapmer in a humanized Huntington’s 

disease mouse model showed persistent AON activity for several weeks.86 Also other clinical 

trials using non allele-specific AONs show long-term efficacy.85,119 It is not possible to predict 

which of the two are superior, AONs or siRNAs. This can only be identified by experimental 

investigations. Difficulty with AON testing, however, is that thousands of different AONs 

with variable lengths and chemistries can be designed per target, and that algorithms that 

predict the efficacy of AONs are unavailable.114 This is a costly investigation, and practically 

impossible to be investigated in an academic setting.

Both siRNAs and AONs target the mRNA or pre-mRNA and the effects they have on protein 

expression are therefore transient. Repeated dosing is necessary to maintain a sustained 

correction of the defective protein. In the past years, a tremendous amount of work has been 
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performed on the CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats) 

system to modulate the genome.120 The mechanism of CRISPR/Cas9 is based on a single guide 

RNA (sgRNA) designed to complement a DNA sequence and that directs Cas9 to the DNA. Cas9 

is an endonuclease that induces a double-strand break in the DNA, which is repaired by non-

homologous end joining, one of the cell’s repair mechanisms. However, non-homologous end 

joining is an error-prone repair system, and often results in disrupted genetic sequences.121

When an sgRNA is designed to target a dominant negative mutation or a SNP that is linked to 

a dominant negative mutation, allele-specific gene disruption may be accomplished.111,122,123

One requirement is that Cas9 needs a PAM (Protospacer adjacent motif) sequence on the DNA 

to achieve DNA cleavage.120 When this sequence is not present around the SNP or mutation, 

allele-specific CRISPR/Cas is not possible. However, recent investigations in different or 

modified Cas9 proteins have resulted in Cas9 proteins that can recognize different PAM 

sequences, thereby increasing the number of Cas9 targets.124,125 An important and often 

discussed aspect of CRISPR/Cas9 are off-target effects.126,127 Since CRISPR/Cas9 alters the 

DNA, off-target effects may have serious consequences. Good target selection and sgRNA 

design is therefore a crucial step in developing CRISPR/Cas9 therapeutics. However, allele-

specific genome editing is restricted to sites of heterozygous variations, which limits the 

possibility for specific sgRNA designs and increases the chance of off-target effects. Another 

difficulty with the CRISPR system is the delivery of both a sgRNA and an mRNA encoding 

Cas9 or a Cas9 protein into endothelial cells.128 Viral delivery might be possible, but does not 

selectively target endothelial cells. Recently, a polymeric nanoparticle was described that 

was able to deliver both the Cas9 mRNA and an sgRNA into endothelial cells. These results are 

promising and may have clinical potential.129

Altogether, besides siRNAs, several other approaches may successfully be used as alternative 

treatment approach for dominant negative VWD. Since the effects of siRNAs and AONs are 

transient, it is thought to be a more safe approach than CRISPR/Cas9 that permanently 

edits the DNA. Since VWD is not associated with a very low quality of life or a high mortality, 

permanent correction of VWD by CRISPR/Cas9 might not outweigh the potential risk of off-

target effects. On the other hand, developments in CRISPR/Cas9 quickly emerge and it might 

therefore be possible that safe usage and specific delivery of CRISPR/Cas 9 is feasible in a few 

years from now. 

Cellular and animal models to study VWD

In this thesis, several different cellular and animal models have been used to study the effects 

of allele-specific siRNAs against VWF. First, siRNAs have been tested for their efficacy in VWF 

overexpressing HEK293 cells.42 HEK293 cells do not endogenously produce VWF, but the cells 
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are easily transfected with VWF constructs, resulting in a functional VWF protein. HEK293 are 

commonly used cells in VWD research, since they are one of the only cells that are able to 

store VWF in pseudo-WPBs.130 Many disease-causing mechanisms have thus been revealed 

by HEK293 cells that were transfected with mutant VWF constructs.131-133 Since HEK293 cells 

are easy to transfect, they are also commonly used for the screening of siRNA candidates. 

To test the efficacy of the allele-specific siRNAs in our study, siRNAs were transfected in 

HEK293 cells together with two full-length VWF constructs that contained either of a SNP 

allele. To discriminate between the two gene products on protein level, Myc and HA peptide 

tags were added to the constructs. This allowed quantification of protein expression of both 

constructs separately by ELISA. Using this method, we successfully selected a set of siRNAs 

that discriminate between two VWF alleles.42 A different and often used method to screen 

for effective siRNAs is to make use of reporter constructs containing a minigene.134-136 These 

reporter constructs contain only part of the gene, for example one exon, and a luminescent 

gene. Cotransfection of the siRNA with two constructs containing either of an allelic variant 

and a different luminescent gene allows high-throughput screening of siRNA candidates. 

Although this is a fast approach to screen for siRNA candidates, it does not guarantee that the 

selected siRNAs are also effective when the full-length cDNA is present. This is probably due 

to a different secondary mRNA structure of the gene product of the minigene that affects the 

binding of the siRNA to the mRNA.137 Although the process is slower, it is therefore suggested 

to screen the siRNAs in a system containing full-length VWF cDNA.

HEK293 cells proved a good model for the selection of siRNA candidates. However, they do not 

endogenously produce VWF. It was therefore important to translate the results from HEK293 

cells to an endothelial cell line. As ex vivo endothelial disease model, we have chosen to use 

endothelial colony forming cells (ECFCs) that were isolated from a VWD patient and several 

healthy controls. ECFCs have proven a good ex vivo endothelial model to study VWD in the past 

years, and several disease causing mechanisms have been studied using these cells.38,138-141 

Although ECFCs are an interesting cell model to study disease-causing mechanisms, there 

are also many limitations associated with the use of these cells. First of all, the success rate 

of obtaining proliferative ECFC clones is low. A recent report stated a success rate of 70-

75 percent142, however in our lab this success rate is somewhat lower and is just below 50 

percent (unreported data). The reported success rate may be biased because many reports 

do not state the number of unsuccessful isolations. Also, when it is possible to isolate ECFCs 

from a specific donor, there is a high chance that this donor will consistently yield successful 

ECFC isolations. Repeated isolation from the same donor would increase the success rate of 

a lab. The success rate from our lab may be lower, since it does not include many repeated 

isolations. Then, ECFC lines that are successfully isolated show a large variation in morphology, 

proliferation rate, and VWF-related parameters.143,144 Work described in this thesis indicate 

the isolation of sixteen ECFC colonies from six healthy donors and show that all cell lines 
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show a different cell density when they are at their maximum confluency.144 This cell density 

significantly correlated with the VWF production of the cells. Since there is a clear variation 

observed between ECFC lines, it is impossible to compare two cell lines with each other that 

have completely different cellular characteristics. Care should therefore be taken to match 

a patient-derived ECFC line with a control ECFC line with the same cellular characteristics. 

Healthy control ECFCs have been used in this thesis to study the efficacy of allele-specific 

siRNAs against VWF SNPs. We show a good correlation of the effects of the allele-specific 

siRNAs in HEK293 cells and in ECFCs. This also validates that full-length VWF overexpressing 

HEK293 cells is a solid cell model to screen for siRNA candidates. Allele-specific siRNAs have 

also been tested for their ability to correct a VWD phenotype. In this experimental set-up, the 

effects of an allele-specific siRNA on a patient-derived ECFC line are compared to the effects 

seen in the same patient-derived ECFC line transfected with a negative control siRNA. ECFCs 

are thus used as their own internal control in this situation, and do not have to be compared to 

other ECFC lines with possible different cellular characteristics. For this thesis, allele-specific 

siRNAs have been tested on one patient-derived ECFC line. Unfortunately, several attempts to 

isolate ECFCs from other patients were not successful. Since the success rate of ECFC isolation 

is low, an alternative approach to obtain patient-specific cells is desirable. An alternative 

source of endothelial cells are induced pluripotent stem cells (iPSCs) differentiated to 

endothelial cells.145,146 iPSCs can be generated from several cell types, amongst others urine, 

fibroblasts or peripheral blood mononuclear cells, with a much higher success rate than ECFC 

isolations.147,148 Especially the increased success rate of obtaining endothelial cells from an 

easily accessible cell source is highly advantageous. However, the suitability of iPSC-derived 

endothelial cells as a model for VWD has yet to be proven.

For the in vivo proof of principle studies, a VWD mouse model with hepatic VWF expression 

was used. This well-established mouse model is generated by hydrodynamic injection of 

Vwf cDNA in VWF-/- mice on a C57BL/6J background.52 Hydrodynamic injection of mutant Vwf
cDNA have repeatedly proven to result in a phenotype resembling that of VWD patients.52,149

Heterozygous VWD type 2B mice were generated by injection of both wild type and mutant 

Vwf cDNA. This resulted in a VWD type 2B phenotype resembling that of VWD type 2B patients. 

Delivery of siRNAs to induce allele-specific inhibition of mutant VWF was facilitated by 

Invivofectamine, a commercially available lipid nanoparticle that efficiently delivers siRNAs 

to the hepatocytes.150,151 This proved to be a very successful method for the proof of principle 

of allele-specific inhibition of VWF to correct the VWD type 2B phenotype. However, to become 

clinically relevant, the effects of allele-specific siRNAs to ameliorate VWD phenotypes 

should be tested in a more physiological model with endothelial expressed mutant VWF. 

So far, only two VWD knock-in mouse models have been described.152,153 One of these VWD 

knock-in mouse models harbour the mouse VWF p.Val1316Met mutation152, and it would be 

of great interest to investigate our siRNA designed to target the mouse VWF p.Val1316Met in 
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this mouse model using one of the recently developed endothelial delivery vehicles.57,58 This 

allows to investigate the efficiency of (allele-specific) siRNAs to inhibit VWF in endothelial 

cells in vivo. Furthermore, it would be possible to test the effects of inhibition of mutant VWF 

on the hemostatic capacity of these mice, by for example a bleeding assay.152 Unfortunately, 

these knock-in mouse models do not allow to test the SNP-targeted allele-specific siRNAs. 

This can only be achieved by (humanized) heterozygous mouse models containing the human 

SNPs, but also the human sequence around the SNPs.

Concluding remarks

Inhibition of mutant VWF alleles by allele-specific siRNAs was proven in this thesis to be a 

promising strategy to correct for VWD phenotypes. Proof of principle studies were performed 

in HEK293 cells, ECFCs and a VWD mouse model with hepatic VWF production, and in all of 

these disease models a correction of VWD phenotypes was observed after transfection or 

injection of allele-specific siRNAs. The field of RNA therapeutics has made a tremendous 

progress in the past years with respect to siRNA design and endothelial siRNA delivery. These 

developments are promising regarding our approach of RNA therapeutics to correct VWD 

phenotypes. Studies in (humanized) preclinical models should further elucidate the potency 

of allele-specific siRNAs as alternative treatment approach for dominant negative VWD.
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English summary

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

affects around 1 in 10,000 people. Patients mainly develop mucocutaneous bleeding, i.e. 

bruises, epistaxis, gum bleeding and menorrhagia. The more severely affected patients 

may also develop joint bleeding, or bleeding from the gastrointestinal tract. Also, trauma, 

surgery or dental procedures may lead to critical bleeding events. VWD-related bleeding are 

caused by defects in von Willebrand factor (VWF), and these defects can be quantitative or 

qualitative of nature. VWF is a large multimeric protein that is produced by endothelial cells 

and megakaryocytes. In the endothelial cells, VWF multimers are generated by C-terminal 

dimerization of two VWF monomers in the endoplasmic reticulum, followed by N-terminal 

multimerization in the (trans)-Golgi network. The produced VWF multimers are subsequently 

stored in storage organelles, the Weibel-Palade bodies (WPBs), or constitutively secreted 

from the endothelial cells. Vascular damage triggers the release of VWF from the WPBs into 

the circulation. At sites of vascular injury VWF multimers attach to the exposed collagen, 

and the presence of shear in the circulation results in the elongation of VWF into ultra-large 

VWF strings. The primary function of VWF in hemostasis is the attraction of platelets to sites 

of vascular damage. These platelets can adhere via their glycoprotein Ib alpha receptors to 

the VWF A1 domain when it is in its open conformation. This subsequently results in platelet 

activation and platelet plug formation. The ultra-large VWF multimers are cleaved in the A2 

domain of VWF by the metalloprotease ADAMTS13, leaving VWF multimers with variable sizes 

in the circulation. In the circulation, VWF is bound to coagulation factor VIII (FVIII), thereby 

enhancing the FVIII half-life. VWD can be the result of defects in all mechanisms described 

above. Patients with a partial VWF deficiency are categorized among VWD type 1. This partial 

deficiency may result from defective production, reduced secretion or enhanced clearance 

of VWF. VWD type 2A patients are associated with affected VWF multimers in the circulation, 

which may result from an intracellular dimerization or multimerization defect, or enhanced 

cleavage of VWF by ADAMTS13. The binding of VWF to platelets is affected in VWD type 2B and 

2M, with enhanced VWF-platelet binding in VWD type 2B, and reduced VWF-platelet binding 

in VWD type 2M. VWD type 2N results from a decreased binding of VWF to coagulation FVIII. 

Lastly, VWD type 3 is associated with a complete absence of VWF. 

VWD is a heterogeneous disease, and diagnosis of VWD can therefore be challenging. The 

workflow of VWD diagnosis is reviewed in Chapter 2 of this thesis. Diagnosis starts with a 

questionnaire into the bleeding and family history. When a bleeding disorder is suspected, 

several general tests are performed to exclude different bleeding disorders. When these tests 

hint towards VWD, several VWD specific diagnostic tests are performed, which can confirm 

or exclude VWD. These include VWF:Ag, VWF activity, and FVIII activity measurements. When 

VWD is confirmed, specific tests are performed to correctly classify patients to the right VWD 

type. VWF multimerization, VWF-FVIII binding, VWF collagen binding, ristocetin induced 
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platelet aggregation (RIPA), and VWF propeptide measurements are examples of these 

subtyping tests. 

VWD is mainly caused by mutations in VWF, and VWD-associated mutations have been 

described in literature since the beginning of the 1990s. An overview of all VWF mutations that 

have been described in literature until the beginning of 2017 have been reviewed in Chapter 3. 

In total, around 750 different variations have been described to be associated with VWD. From 

these variations, the disease-causing mechanism was proven for approximately 220 variants. 

The disease-causing mechanisms have been identified using cellular or animal disease 

models. These include transfection of mutant VWF constructs in heterologous cell systems, 

like Human Embryonic Kidney 293 (HEK293), COS-7 and AtT-20, or the use of hydrodynamic 

gene transfer of VWF plasmids in VWF deficient mice. Most mutations that cause VWD types 

1, 2A, 2B and 2M are dominant negative mutations. This means that only one VWF allele has 

to be affected to cause VWD. VWD types 2N and 3 on the other hand are caused by recessive 

mutations.

Since most VWD is caused by dominant negative mutations in VWF, we hypothesized that 

inhibition of the mutant VWF allele only, without affecting the wild type VWF allele, would 

improve the function of VWF and ameliorate VWD phenotypes. And that this concept may be 

a new therapeutic approach for a subgroup of VWD patients for which the current treatment 

modalities are insufficient. As a tool to inhibit specific VWF alleles, we made use of small 

interfering RNAs (siRNAs). siRNAs are small double stranded RNA molecules that can be 

designed to complement mRNA sequences. Full complementarity between the siRNA and the 

mRNA will lead to mRNA degradation. A mismatch between the siRNA and the mRNA may 

preclude the possibility of mRNA degradation by the siRNA, and result in normal translation 

of this mRNA into protein. siRNAs can be designed to target the nucleotide variation causing 

the dominant negative mutation itself, or a single-nucleotide polymorphisms (SNP) that is 

linked to the dominant negative mutation. We have chosen for a SNP-based approach. SNPs 

as target were chosen since the ultimate goal is to develop a new treatment strategy for VWD, 

and it is not feasible to design and test siRNAs for the hundreds of mutations that cause VWD. 

Therefore, four SNPs with a high minor allele frequency in VWF have been selected and siRNAs 

have been designed to target both alleles of the four SNPs. With these four SNPs it is possible 

to target 74 percent of the population. In Chapter 4, we used VWF overexpressing HEK293 

cells, as in vitro cell model to prove the concept of allele-specific inhibition of VWF. Using this 

cell model, we selected allele-specific siRNAs that efficiently inhibited the targeted allele, but 

were not or less efficient in inhibiting the untargeted allele. When these siRNAs targeted a VWF
allele that also contained the dominant negative VWD type 2A mutation, p.Cys2773Ser, clear 

improvements were made in the VWF multimerization pattern.

Thesis submitted to Ridderprint (na proofs).indd   209 23-2-2020   16:14:29



Chapter 10210

Studies in HEK293 cells resulted in the selection of allele-specific siRNAs that were efficient 

and specific in inhibiting single VWF alleles. However, HEK293 cell do not produce VWF 

endogenously, and therefore we aimed to prove the concept of allele-specific VWF inhibition 

in a more physiologic disease model. Endothelial colony forming cells (ECFCs) are cultured 

endothelial cells that can be isolated from the mononuclear cell fraction of peripheral blood. 

These cells harbour the typical endothelial cobble stone morphology, and are positive for 

CD31 and CD146, and negative for CD14 and CD45. Since these cells can be isolated from 

patients, they are an interesting disease model to test the effectiveness of the allele-specific 

siRNAs to improve VWD phenotypes in a patient-specific environment. In Chapter 5, we 

optimized this model by characterization of 16 ECFC lines derived from six different ECFC 

isolations for several VWF-related parameters. We observed clear variations between the cell 

lines with respect to cell morphology and VWF production. Most importantly, we showed that 

all cell lines had a different cell density at maximum confluency and that this cell density 

at maximum confluency positively correlated with VWF production. Furthermore, the tube 

formation capacity in Matrigel, as a measure for the angiogenic potential, was higher in cells 

with a low maximum cell density and low VWF production. The possible underlying mechanism 

behind the variations in ECFCs was investigated by gene expression analysis of several aging 

and endothelial to mesenchymal transition (EndoMT) genes. ECFCs with a low maximum 

cell density showed higher expression of both aging and EndoMT markers. It is important to 

acknowledge the variations between ECFC lines and it is suggested to compare ECFC lines 

only when they have the same cellular characteristics. When investigating, for example, the 

effects of siRNA treatment in patient-derived ECFCs, the treated patient-derived ECFCs are 

compared to the same ECFCs treated with a negative control siRNA. In these situations, ECFCs 

are used as their own internal control, and can therefore be confidently used.

Before investigating (allele-specific) siRNA treatment in patient-derived ECFCs, it is important 

to first investigate the overall effects of siRNA-mediated downregulation of VWF on the 

function and processing of VWF in control ECFCs. Especially since it has been reported that 

siRNA-mediated inhibition of VWF in human umbilical vein endothelial cells result in shorter 

WPBs and enhanced secretion of VWF from the endothelial cells. We reproduced these previous 

findings in Chapter 6, but also showed that siRNA-mediated downregulation of VWF resulted 

in enhanced secretion of mainly low molecular weight VWF. These are important changes in 

VWF processing and multimerization to keep in mind when performing siRNA treatments in 

patient-derived ECFCs.

The ability of the allele-specific siRNAs that were selected from the screen in HEK293 cells 

(in Chapter 4) to also induce allele-specific VWF inhibition in ECFCs was investigated in 

Chapter 7. The siRNAs that were selected in Chapter 4 were also effective in ECFCs, which 

was proven both on protein and RNA level. Furthermore, we successfully isolated ECFCs from 
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a VWD type 2A patient with the VWF p.Cys1190Tyr mutation. These ECFCs showed decreased 

VWF collagen binding, defective VWF multimerization and defective processing of proVWF 

into VWF. Genotyping of this patient revealed that the patient is heterozygous for one of the 

four selected SNPs and downregulation of the mutant allele by targeting the associated SNP 

resulted in improvements in VWF collagen binding, VWF multimerization and the processing 

of VWF.

The effects of the allele-specific siRNAs were promising in vitro (HEK293) and ex vivo (ECFCs), 

but several aspects of VWD physiology cannot be investigated in these static cell systems. 

The last step of this research, discussed in Chapter 8 of this thesis, was to investigate the 

effects of allele-specific inhibition of mutant VWF in a heterozygous VWD mouse model. 

Heterozygous VWD type 2B mice were generated by hydrodynamic injection of wild type 

and mutant mouse Vwf cDNA in VWF deficient mice. As a model mutation, the VWD type 2B 

mutation VWF p.Val1316Met, was chosen. This mutation is associated in men and mice with 

decreased platelet count, increased platelet size and an increase in VWF that circulates in 

its active conformation. Inhibition of the mutant allele only by an siRNA that targets the 

dominant negative mutation p.Val1316Met itself, resulted in clear phenotypic improvements, 

with correction of platelet count, normalization of platelet size and a decrease in VWF that 

circulated in its activated conformation.

Altogether, work described in this thesis proved that allele-specific inhibition of the production 

of mutant VWF by siRNAs results in improvements of several VWD phenotypes in HEK293 cells, 

in ECFCs and in a VWD mouse model. These results are promising for further development of 

allele-specific siRNAs as a new treatment strategy for VWD.
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De ziekte van von Willebrand is de meest voorkomende erfelijke bloedingsziekte met 

een prevalentie van ongeveer één patiënt op elke 10.000 mensen. Patiënten ontwikkelen 

voornamelijk blauwe plekken, bloedneuzen of tandvleesbloedingen. Vrouwen hebben vaak 

ook hevig menstrueel bloedverlies en sommige patiënten die ernstiger zijn aangedaan 

kunnen gewrichtsbloedingen of darmbloedingen ontwikkelen. Bloedingen na verwondingen 

zullen minder snel stoppen. Ook kunnen ernstige bloedingen ontstaan tijdens een operatie of 

kiesextractie. Bloedingen bij de ziekte van von Willebrand worden veroorzaakt door een defect 

in de von Willebrand factor (VWF). VWF is een groot multimeereiwit dat wordt aangemaakt 

in endotheelcellen, de cellen die de vaatwand bekleden, en in megakaryocyten, cellen van 

waaruit de bloedplaatjes worden aangemaakt. In dit proefschrift bespreken we alleen de 

rol van VWF dat in het endotheel wordt geproduceerd. Na synthese van VWF monomeren in 

het endotheel worden in het endoplasmatisch reticulum twee VWF monomeren aan elkaar 

gekoppeld, zodat er een VWF dimeer wordt gevormd. Vervolgens zullen de dimeren aan elkaar 

worden gekoppeld in het Golgicomplex en zo een groot VWF multimeer vormen. Deze VWF 

multimeren worden opgeslagen in endotheelcellen in langgerekte opslagorganellen, de 

zogenoemde Weibel-Palade-lichaampjes. Op het moment van vaatschade zullen signalen 

ervoor zorgen dat VWF uit het endotheel wordt uitgescheiden. Door de aanwezigheid van 

stroming in de bloedvaten zal het VWF zich uitrollen tot hele lange VWF strengen. Door het 

uitrollen van VWF kunnen bloedplaatjes binden, waardoor de bloedstelping start. VWF wordt 

vervolgens geknipt waardoor VWF vrij gaat circuleren in het bloed. In de circulatie heeft VWF 

nog een belangrijke functie: het binden van het stollingseiwit factor VIII. Doordat VWF en factor 

VIII gebonden aan elkaar zijn, zal factor VIII langer in het bloed kunnen blijven circuleren. 

De ziekte van von Willebrand kan worden veroorzaakt door een defect in alle mechanismen 

die hierboven beschreven zijn en patiënten worden aan de hand van het specifieke defect 

ingedeeld in verschillende typen van de ziekte van von Willebrand; types 1, 2A, 2B, 2M, 2N 

en 3. Patiënten met de ziekte van von Willebrand type 1 hebben een verlaagde concentratie 

van VWF in het bloed. Dit kan worden veroorzaakt door een verlaagde productie, maar ook 

door een defect in het uitscheiden van VWF uit het endotheel of doordat het VWF te snel door 

het lichaam wordt afgebroken. Patiënten met de ziekte van von Willebrand type 2A hebben 

afwijkende VWF multimeren. Dit kan worden veroorzaakt doordat het proces van dimerizatie 

of multimerizatie in de cellen zelf defect is, maar ook doordat de VWF multimeren te snel 

worden afgebroken. Bij de ziekte van von Willebrand type 2B en 2M is er een defect in het 

binden van VWF aan bloedplaatjes, met in type 2B een verhoogde binding aan bloedplaatjes, 

en in type 2M een verlaagde binding aan bloedplaatjes. Een verminderde binding van VWF 

aan stollingsfactor VIII is het onderliggende probleem in patiënten met de ziekte van von 

Willebrand type 2N. Als laatste, patiënten met type 3 van de ziekte van von Willebrand hebben 

een volledige afwezigheid van VWF in het bloed.
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De ziekte van von Willebrand is een erg diverse ziekte, waardoor de diagnose lastig kan zijn. 

Het stappenplan in de diagnostiek van de ziekte van von Willebrand staat beschreven in 

hoofdstuk 2 van dit proefschrift. Allereerst wordt de patiënt gevraagd naar de persoonlijke 

bloedingsgeschiedenis en of bloedingen ook veelvuldig voorkomen in de familie. Wanneer de 

mogelijkheid bestaat dat de patiënt een bloedingsziekte heeft, zullen er een aantal standaard 

testen worden afgenomen om andere bloedingsziekten uit te sluiten. Als de diagnose van de 

ziekte van von Willebrand aannemelijk is, zullen ziektespecifieke testen worden afgenomen. 

In deze testen wordt de VWF concentratie en VWF en factor VIII activiteit in het plasma van 

de patiënt bepaald. Als de diagnose van de ziekte van von Willebrand is gesteld, zullen nog 

een aantal extra testen worden afgenomen om de specifieke type van de ziekte te bepalen. 

Voorbeelden van deze testen zijn het analyseren van de VWF multimeren en de binding van 

VWF aan factor VIII en collageen.

De ziekte van von Willebrand wordt in de meeste gevallen veroorzaakt door mutaties in VWF. 

Al vanaf het begin van de jaren 90 van de vorige eeuw zijn mutaties in VWF beschreven in de 

literatuur. In hoofdstuk 3 is een overzicht gemaakt van alle mutaties in VWF die beschreven zijn 

tot het begin van 2017. In totaal zijn er ongeveer 750 verschillende variaties in VWF gekoppeld 

aan de ziekte van von Willebrand. Van deze variaties is voor 220 mutaties daadwerkelijk 

bewezen dat deze tot de ziekte van von Willebrand leiden. Bewijs hiervoor is geleverd door 

het bestuderen van deze mutaties in ziektemodellen. Veelvuldig gebruikte ziektemodellen 

zijn cellen waarin het mutant VWF tot expressie wordt gebracht. Ook is er in de literatuur 

gebruik gemaakt van VWF deficiënte muizen waarin het VWF tot expressie werd gebracht. 

De meeste mutaties die de ziekte van von Willebrand type 1, 2A, 2B en 2M veroorzaken zijn 

dominant negatieve mutaties. Dit betekent dat maar 1 van de 2 VWF allelen defect hoeft te zijn 

om de ziekte te veroorzaken. De ziekte van von Willebrand type 2N en 3 wordt veroorzaakt 

door recessieve mutaties. In het geval van recessieve mutaties moeten beide VWF allelen zijn 

aangedaan om de ziekte te krijgen.

Aangezien de ziekte van von Willebrand meestal wordt veroorzaakt door dominant negatieve 

mutaties, hadden we als hypothese dat het remmen van het mutante VWF allel, zonder het 

gezonde ‘wild type’ allel te remmen, een positief effect heeft op de functie van VWF en dat 

daarbij ook het fenotype van de ziekte van von Willebrand zou kunnen verbeteren. Dit idee 

zou een eventuele nieuwe therapeutische benadering zijn voor een populatie van patiënten 

met de ziekte van von Willebrand die onvoldoende baat hebben bij de huidige therapieën. 

Voor het remmen van specifiek het mutante VWF allel hebben we in dit proefschrift gebruik 

gemaakt van zogenoemde ‘small interfering’ RNAs (siRNAs). siRNAs zijn korte dubbelstrengs 

RNA moleculen die ontworpen worden volledig complementair aan een ‘messenger’ RNA 

(mRNA) sequentie. Volledige complementariteit van het siRNA aan een mRNA zal leiden tot 

afbraak van het mRNA. Hierdoor zal er geen eiwit geproduceerd kunnen worden. Echter kan 
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een ‘mismatch’ tussen een siRNA en mRNA ervoor zorgen dat de siRNA niet goed kan binden, 

waardoor de siRNA zijn functie niet goed kan uitvoeren. Hierdoor kan het mRNA normaal 

worden omgezet in eiwit. Om onderscheid te maken tussen het mutante en gezonde VWF allel 

moet een siRNA worden ontwerpen tegen een heterozygote variatie in het VWF gen. Dit zou 

de genetische variatie kunnen zijn die leidt tot de dominant negatieve mutatie zelf, aangezien 

de patiënt altijd heterozygoot is voor deze mutatie. Een andere mogelijkheid is om gebruik te 

maken van heterozygote ‘single nucleotide variaties’ (SNPs). SNPs zijn genetische variaties die 

van nature voorkomen in ons DNA, maar die niet perse geassocieerd zijn met ziekten. Sommige 

van deze SNPs komen heel vaak voor, wat betekent dat veel personen in een populatie 

heterozygoot zijn voor deze SNPs. Door een siRNA te gebruiken tegen een heterozygote 

SNP die op hetzelfde allel ligt als de dominant negatieve mutatie, zou het dus ook mogelijk 

kunnen zijn om de productie van het mutante allel te remmen. In dit proefschrift is gekozen 

om siRNAs te ontwerpen tegen deze veelvoorkomende SNPs, aangezien we met een gering 

aantal SNPs een groot gedeelte van de populatie kunnen bestrijken. Als we elke afzonderlijke 

mutatie willen gebruiken als target voor de siRNAs, zijn (gezien de grote hoeveelheid aan VWF 

mutaties) veel meer siRNA ontwerpen nodig. In een therapeutisch perspectief zou het niet 

haalbaar zijn al die siRNAs te testen. Daarom hebben we voor dit proefschrift gebruik gemaakt 

van vier verschillende SNPs en zijn er siRNAs ontworpen voor beide allelen van deze vier SNPs. 

Met deze vier SNPs is het mogelijk om 74 procent van de populatie te bereiken. In hoofdstuk 

4 hebben we getest of de siRNAs die we hebben ontworpen, daadwerkelijk effectief zijn. 

Dit is gedaan in ‘human embryonic kidney’ 293 (HEK293) cellen, cellen die van nature geen 

VWF aanmaken. Door het tegelijkertijd transfecteren van twee VWF plasmiden met twee 

verschillende SNP allelen, en een siRNA die één de twee VWF allelen zou moeten remmen, 

hebben we gekeken of de ontworpen allel specifieke siRNAs functioneel waren. Hierdoor 

hebben we een set van siRNAs kunnen selecteren die efficiënt en specifiek VWF allelen konden 

remmen. Op het moment dat we de siRNAs aanboden aan cellen die zowel het wild type VWF 

als een mutant (type 2A) VWF produceerden, zagen we de productie van het mutante VWF 

verlagen en ook een duidelijke verbetering van het multimerisatiefenotype.

De studies in HEK293 cellen waren heel effectief voor het selecteren van effectieve siRNAs. 

Echter produceren deze cellen geen VWF van nature. Om deze reden wilden we ook in een 

ander, fysiologisch relevanter, celtype het bewijs leveren dat allel specifieke siRNAs effectief 

zijn in het verbeteren van een von Willebrand fenotype. ‘Endothelial colony forming cells’ 

(ECFCs) zijn gekweekte endotheelcellen die uit bloed kunnen worden geïsoleerd en ook 

daadwerkelijk endotheelspecifieke eigenschappen hebben. Aangezien deze cellen ook 

uit patiënten kunnen worden geïsoleerd, is het een aantrekkelijk ziektemodel om de allel 

specifieke siRNAs in uit te testen. In hoofdstuk 5 optimaliseren we het gebruik van de ECFCs 

als ziektemodel. Voor de optimalisatie hebben we 16 verschillende ECFC lijnen, die we hebben 

kunnen isoleren van zes verschillende gezonde proefpersonen, gekarakteriseerd op allerlei 

VWF-gerelateerde eigenschappen. We merkten veel verschillen op tussen de cellen, zowel op 
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het gebied van de celmorfologie als de productie van VWF door de cellen. Een belangrijke 

associatie die we vonden was de associatie tussen de celdichtheid en VWF productie, waarbij 

ECFC lijnen met een hoge celdichtheid (kleinere cellen) meer VWF produceerden dan cellen 

met een lage celdichtheid (grote cellen). Verder konden cellen met een lage celdichtheid 

beter tubes (kleine vaatjes) vormen in Matrigel. We hebben ook getracht de oorzaak voor 

de verschillen tussen de ECFC lijnen te achterhalen door middel van genexpressie studies. 

Daarbij zagen we dat cellijnen met een lage celdichtheid meer veroudering en mesenchymale 

eigenschappen hadden. Het is erg belangrijk om de variatie tussen de verschillende ECFC 

lijnen te erkennen wanneer onderzoek wordt gedaan met ECFCs. Het is daarom aan te raden 

om alleen ECFC lijnen met dezelfde eigenschappen met elkaar te vergelijken. Bijvoorbeeld bij 

het karakteriseren van een patiënten ECFC lijn is het belangrijk deze te vergelijken met een 

controle ECFC lijn met dezelfde cellulaire karakteristieken. Wanneer je de effecten van een 

bepaalde behandeling, bijvoorbeeld behandeling met siRNA, onderzoekt in een patiënten 

ECFC lijn, zal je echter de behandelde patiënten ECFCs met onbehandelde patiënten ECFCs 

vergelijken. Cellen zijn dan hun eigen interne controle en kunnen op die manier zonder 

aarzeling gebruikt worden. 

Voordat de effecten van allel specifieke siRNAs worden onderzocht in patiënten ECFCs is het 

belangrijk om eerst de effecten te bestuderen die siRNA-gemedieerde verlaging van VWF heeft 

op de functie van VWF. Zeker aangezien in eerder onderzoek is aangetoond dat het verlagen 

van de productie van VWF door middel van een siRNA leidt tot kortere, meer rondvormige, 

Weibel-Palade-lichaampjes. Ook werd in deze eerdere studie een verhoogde secretie van VWF 

gezien na het verlagen van de VWF productie in endotheelcellen. We hebben deze eerdere 

bevindingen gereproduceerd in hoofdstuk 6 van dit proefschrift, maar laten in dit hoofdstuk 

ook zien dat het remmen van VWF productie door middel van siRNAs resulteert in verhoogde 

secretie van voornamelijk kleinere VWF multimeren. Deze veranderingen in VWF productie en 

multimerisatie zijn belangrijk om in het achterhoofd te houden bij het bestuderen van siRNA 

behandelingen in patiënten ECFCs.

In hoofdstuk 7 is bekeken of de siRNAs die zijn geselecteerd in de studies in HEK293 cellen 

(hoofdstuk 4), ook in ECFCs efficiënt en specifiek VWF allelen kan remmen. Deze siRNAs bleken 

inderdaad ook effectief te zijn in ECFCs, wat bestudeerd is op zowel eiwit als RNA niveau in 

ECFCs verkregen van gezonde controles. Daarnaast hebben we succesvol ECFCs geïsoleerd 

van een patiënt met de ziekte van von Willebrand type 2A. Deze patiënt had afwijkende 

VWF multimeren, een verlaagde binding van VWF aan collageen en retentie van VWF in het 

endoplasmatisch reticulum. Uit genotype data bleek dat deze patiënt heterozygoot is voor 

één van de SNPs waarvoor siRNAs zijn ontworpen. Behandeling van de patiënt ECFCs met 

een siRNA gericht tegen de SNP gelegen op hetzelfde allel als de dominant negatieve mutatie, 

leidde tot een verbetering in de fenotype van de patiënt ECFCs.
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De studies in HEK293 cellen en ECFCs resulteerde in veelbelovende resultaten. Echter 

kunnen een aantal belangrijke aspecten in de fysiologie van de ziekte van von Willebrand 

niet worden bestudeerd in deze statische celmodellen. Daarom was het laatste doel in 

dit proefschrift, beschreven in hoofdstuk 8, om de effecten van allel specifieke siRNAs te 

testen in een heterozygoot muismodel voor de ziekte van von Willebrand. Heterozygote von 

Willebrand muizen met een type 2B fenotype zijn gegenereerd door mutant en wild type 

VWF tot expressie te brengen in de muizen. Voor deze studie is gebruik gemaakt van een veel 

bestudeerde type 2B mutatie: VWF p.Val1316Met. Deze mutatie leidt in mensen, maar ook 

in muizen tot verlaagde plaatjesaantallen, vergrote plaatjes en een verhoging van VWF dat 

circuleert in een actieve conformatie. Het remmen van het mutante allel, door middel van een 

siRNA gericht tegen de VWF p.Val1316Met mutatie zelf, leidde tot correctie van het fenotype 

met een correctie in plaatjesaantallen, normalisatie van de plaatjes grootte en een verlaging 

van circulerend actief VWF.

Samenvattend leveren studies die beschreven staan in dit proefschrift het bewijs dat allel 

specifieke remming van VWF door middel van siRNAs effectief is en resulteert in verbeteringen 

van verschillende fenotypen van de ziekte van von Willebrand. Dit is bestudeerd in HEK293 

cellen, in ECFCs en in een muismodel voor de ziekte van von Willebrand. Deze resultaten 

zijn veelbelovend voor de verdere ontwikkeling van allel specifieke siRNAs als nieuw 

behandelingsstrategie voor patiënten met de ziekte van von Willebrand.
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Dankwoord

Het moment is aangekomen dat ook ik mijn dankwoord mag schrijven, het enige stukje tekst 

dat wel door iedereen gelezen gaat worden (no pressure). Het was een enerverend traject, en 

ik ben enorm dankbaar voor de mogelijkheden die ik heb gekregen.

Jeroen, ik ben echt ontzettend blij dat ik jou als promotor had, en ik denk dat jij voor mij(n 

persoonlijkheid) de perfecte begeleider was. Je bent druk, maar je maakte altijd ruim tijd vrij 

op de momenten dat ik erom vroeg. Daarbij heb je mij de volledige vrijheid gegeven om me te 

ontwikkelen als wetenschapper. 

Bart, buiten praten over de studies hebben we ook vele conversaties gehad over wetenschap 

in het algemeen en integriteitskwesties. Jouw openheid zou voor iedereen een voorbeeld 

moeten zijn, ook al blijkt dat die openheid je soms in problemen kan brengen. Voor mij ben je 

dat voorbeeld in ieder geval geweest.

Richard, bij een groot gedeelte van het werk dat is beschreven in dit boekje heb jij een 

belangrijke bijdrage geleverd. We hebben nauw samengewerkt en ik heb die samenwerking 

heel fijn gevonden. Als paranimf wil ik je ook graag bij de laatste stappen van mijn 

promotietraject betrekken. Bedankt voor de mooie jaren!

Stefanie, jij bent gaan promoveren in Tilburg, ik ben in Leiden gebleven. Het was fijn om met 

je te praten over het wel en wee van het promoveren, maar ook dingen daarbuiten. Fijn dat je 

tijdens mijn promotie aan mijn zijde wil staan.

VWFjes: Richard, Yvonne, Suzan, Ester, Stephanie en Maria Teresa. Wat fijn dat ik met jullie de 

wondere wereld van von Willebrand factor kon delen. Bedankt voor de samenwerking. Ook 

veel dank aan de studenten Josine, Jasmin en Davy.

Uiteraard wil ik ook de hele afdeling trombose en hemostase en het Einthovenlab op D2 

bedanken. Ik heb het altijd erg naar mijn zin gehad binnen de afdeling en op het lab. Vooral de 

congressen, inclusief de feestjes en borrels, waren hoogtepunten binnen mijn PhD traject en 

ik vond het leuk dit met jullie mee te maken.

Als laatste uiteraard de allerbelangrijksten. Papa, mama, Ronald, Mark en Elleke. Bij jullie kon 

ik terecht in goede, maar ook zeker in minder goede tijden. Fijn dat er altijd een warm thuis is. 

Liefste oma, je wilde heel graag bij mijn promotie zijn, en ik wilde jou er heel graag bij hebben. 

Helaas is het net niet gelukt.. Met je warme, onafhankelijke en ondernemende persoonlijkheid 

ben je altijd een groot voorbeeld voor me geweest.
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