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Abstract 

Gastrointestinal bleeding associated with angiodysplasia is a common, often intractable 

complication in patients with von Willebrand disease (VWD). von Willebrand factor (VWF), the 

protein deficient in VWD, was recently identified as a negative regulator of angiogenesis, which 

may explain the pathologic blood vessel growth in VWD. Blood outgrowth endothelial cells 

(BOECs) can be isolated from the peripheral blood and used to investigate the underlying 

pathologic mechanisms of VWD and angiodysplasia in the natural genetic environment of the 

endothelial cell. This thesis explores the normal range of angiogenesis in BOECs derived from 

healthy donors. In addition, we used this normal range to identify abnormal angiogenesis in BOECs 

derived from type 2 VWD patients. 

We found that the range of angiogenesis and VWF expression in BOECs from the normal 

population was highly variable. BOECs from a type 2A VWD patient with a HMWM VWF 

deficiency exhibited aberrant VWF multimerization, storage and secretion ex vivo. These deficits 

corresponded with increases in several functional parameters reflecting angiogenesis, namely 

proliferation, adhesion and migration. Along with the type 2A VWD BOECs, the type 2B VWD 

BOECs demonstrated an increased release of the angiogenic mediator angiopoietin-2 (Ang-2) and 

increased proliferation. VWF processing was normal in the in vitro environment of the type 2B 

BOECs. The type 2M VWD BOECs displayed abnormal storage of VWF and also exhibited 

increases in some metrics of angiogenesis. Though a VWF deficiency was not identified in the type 

2N VWD patient, these BOECs exhibited increased angiogenesis as well. 

Finally, angiogenesis was explored in endothelial cells derived from a liver hemangioma 

of a type 1 VWD patient. Though they were proliferative, migratory and had decreased adhesion 

and tubule formation, it is unclear if VWF influenced this pro-angiogenic phenotype.  



iii 

In conclusion, these experiments have further elucidated the mechanisms of pathogenesis 

in angiodysplasia associated with VWD and provided insights into the use of BOECs for 

recapitulating the patient phenotype. 
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Chapter 1 

Introduction to von Willebrand Factor, von Willebrand disease and 

Angiodysplasia 

1.1 Introduction 

The inherited bleeding disorder, von Willebrand Disease (VWD) results from a deficiency 

or dysfunction of the multimeric glycoprotein von Willebrand factor (VWF). VWD patients exhibit 

excessive mucocutaneous bleeding and, in up to 10% of cases, VWD patients present with 

angiodysplasia leading to intractable gastrointestinal bleeding, which is notoriously difficult to 

treat.1 Interestingly, the incidence of angiodysplasia seems to be restricted to cases of VWD 

displaying impaired VWF multimerization.2 

VWF is a vital mediator of hemostasis by tethering platelets to the damaged vessel wall 

and by protecting factor VIII in the bloodstream. Recently, a role for VWF as a negative regulator 

of angiogenesis has been identified through its inhibition of the VEGF signaling pathway and 

through intracellular storage of the angiogenic mediator angiopoietin-2.3 Therefore, a lack of 

functional VWF, especially its multimerized form, may explain the pathologic vessel growth in 

some VWD patient subsets. This chapter reviews the clinical features of VWD, its association with 

angiodysplasia, and the roles of VWF in hemostasis and angiogenesis. 

1.2 von Willebrand disease 

VWD is the most common inherited bleeding disorder. While it is estimated to occur in up 

to 1% of the human population,4 the symptomatic prevalence is approximately 1 in 1,000.5,6 VWD 

was first described in 1926 by physician Erik von Willebrand, while investigating the case of a 

five-year-old girl and her family with severe bleeding in the Åland Islands.7 von Willebrand termed 

the disease “hereditary pseudohemophilia” and predicted it to be rooted in a platelet disorder 

combined with a vessel wall abnormality.8 The etiology of VWD is now understood as a deficiency 
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of VWF assembly, stability or ligand-binding due to, but not restricted to, mutations in the VWF 

gene. 

VWF is a large, multimeric glycoprotein that performs an essential role in hemostasis. 

VWF is produced and secreted exclusively by endothelial cells (ECs) and megakaryocytes and is 

stored in the Weibel-Palade bodies (WPBs) of ECs and α-granules of platelets. VWF provides two 

important hemostatic functions in the circulation: at sites of blood vessel injury, VWF mediates the 

adhesion of platelets to the subendothelial matrix. VWF also acts as a chaperone of intrinsic clotting 

factor VIII (FVIII) in the plasma. VWF performs several non-hemostatic roles, including the 

regulation of inflammation, immunity, tumour metastasis, smooth muscle proliferation and 

angiogenesis.9 It is likely that a quantitative or qualitative deficiency of VWF could result in 

possible non-hemostatic disturbances in addition to VWD. 

The International Society on Thrombosis and Hemostasis (ISTH) classifies VWD into 

three types based on the nature of the VWF defect. Type 1 VWD is a partial quantitative deficiency 

of VWF, whereas Type 3 VWD is a total quantitative deficit of VWF. Meanwhile, type 2 VWD 

represents a range of qualitative abnormalities of VWF.10 The diagnosis of a specific type of VWD 

is important because it will inform treatment of the disorder. The VWD subtypes will be discussed 

in section 1.2. 

1.2.1 Diagnosing VWD 

The diagnosis of VWD is complicated due to the great heterogeneity of VWF plasma levels 

in the population. The heritability of VWF levels is estimated to range between 32–75%, and thus 

it is obvious that both genetic and environmental factors are determinants of the amount of 

circulating VWF.11–14 Blood type has a strong effect on VWF level and individuals with type O 

blood can be expected to have 25% lower VWF levels as compared with their non-O counterparts.15 

Acute physiologic stress, such as exercise, inflammation or infection can steeply increase VWF 
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and FVIII in the blood.16–18 Finally, VWF levels increase with age, theoretically due to an increase 

in arterial wall rigidity.19,20 

Laboratory tests for VWF consist of the measurements of plasma VWF antigen (VWF:Ag), 

ristocetin cofactor activity (VWF:RCo) and FVIII coagulant activity (FVIII:C). The mean 

VWF:Ag, VWF:RCo and FVIII:C in the normal population are 100 IU mL-1, but 95% of the 

population lies within the range of 50 to 200 IU mL-1.21 The National Heart, Lung and Blood 

Institute (NHLBI) recommends a 30 IU mL-1 VWF:Ag cutoff for the diagnosis of Type 1 VWD,22 

but there is no international consensus on this value. A VWF:Ag of 30 - 50 IU mL-1 is poorly 

predictive of the existence of a pathologic VWF mutation and of a bleeding phenotype.22–25 For this 

reason, laboratory results are supplemented with a personal history of excessive bleeding and/or a 

family history of the condition in the diagnosis of VWD.26 

Numerous additional assays may be applied to discriminate between VWD types and 

expound upon the VWF defect. Multimer analysis of the molecular weight profile of circulating 

VWF can be conducted using sodium dodecyl sulfate (SDS)-gel electrophoresis.27 Low-dose 

ristocetin-induced platelet aggregation (RIPA) VWF-collagen binding and -FVIII binding assays 

are useful in distinguishing between type 2 subtypes.28 The VWF propeptide (VWFpp) assay, 

especially the VWFpp/VWF:Ag ratio is a measure of VWF clearance from the plasma. As the 

VWFpp half-life is 2 to 3 hours and the mature VWF half-life is 8 to 12 hours, the normal ratio is 

0.54 to 1.98. 29,30 An increase means a decreased VWF survival.31 

Bleeding assessment tools (BATs) have been particularly helpful as a screening tool for 

quantifying a patient’s bleeding history.32 A BAT integrates information about severity, frequency 

and necessary medical intervention for bleeding symptoms to distinguish cases of abnormal 

bleeding. Several BATs have evolved from the early Vicenza bleeding score,33 including the 

MCMDM-1 VWD24 and its condensed version,34 the PBQ (pediatric bleeding questionnaire),35 the 

ISTH BAT36 and its self-administered adaptation.37 The condensed MCMDM-1 VWD (European 

Molecular and Clinical Markers for the Diagnosis and Management of type 1 VWD) scores each 
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category of bleeding symptoms, e.g. nosebleeds, menorrhagia, surgical bleeding, etc., from -1 

(absence of bleeding after significant hemostatic challenge) to 4 (symptoms requiring significant 

treatment). The cumulative score may range from -3 to 35, where an abnormal bleeding score is ≥ 

4.34 The total MCMDM-1 VWD bleeding score is strongly inversely correlated with VWF:Ag, 

VWF:RCo and FVIII:C.24,34  

1.2.2 Types 1 and 3 VWD: quantitative disorders 

Representing 80% of VWD cases, Type 1 VWD is inherited in an autosomal dominant 

fashion and is most commonly the result of a heterozygous missense mutation in the VWF gene.23 

Type 1 VWD has greatly variable penetrance and expressivity.38 It typically manifests as VWF 

levels below the aforementioned 30 IU mL-1, though it can result from levels up to 50 IU mL-1, and 

is usually a consequence of impaired VWF secretion.39,40 Specifically, improper VWF storage in 

WPBs is often the cause.41  

Type 3 VWD is classified as a virtual absence of VWF in the plasma which leads to a 

severe bleeding phenotype. Accordingly, these patients have negligible (< 5 IU mL-1) VWF:Ag and 

VWF:RCo levels, and < 10 IU mL-1 FVIII:C.26 Type 3 can be inherited in an autosomal recessive 

or co-dominant manner; that is, parents of type 3 individuals can be obligate carriers of the 

mutation, or have type 1 VWD themselves.42 The majority of type 3 patients are homozygous or 

compound heterozygous for nonsense, frameshift, insertion, deletion and missense mutations.43 As 

with type 1 VWD, these mutations typically impair VWF synthesis and secretion.44 

1.2.3 Type 2 VWD: qualitative disorders 

Type 2 VWD is further subdivided into four subtypes, 2A, 2B, 2M and 2N, reflecting 

abnormalities in either platelet or FVIII binding.10 With the exception of type 2N, a recessive 

condition, type 2 VWD inheritance follows an autosomal dominant pattern.45 Type 2 VWD 

mutations are highly penetrant, and bleeding symptoms are clearly consistent across affected 

individuals from the same family.28,45  
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Type 2A VWD is a platelet-binding defect which results from the loss of high-molecular-

weight VWF multimers (HMWM).10 Laboratory assessment will reveal a reduced VWF:Ag and a 

VWF:RCo that is disproportionately low (VWF:RCo/VWF:Ag ratio of < 0.6).26 Furthermore, a 

loss of HMWM and sometimes intermediate-molecular-weight multimers will be observed upon 

multimers analysis.26 Mutations causing type 2A can be categorized as group 1 or group 2 

mutations, characterized by impaired biosynthesis and/or secretion of HMWM, or the overactive 

cleavage of multimers by a disintegrin and metalloprotease with a thrombospondin type 1 motif, 

member 13 (ADAMTS13), respectively.46 Furthermore, it has been shown that these mechanisms 

can overlap in the pathogenesis of type 2A VWD.47 Type 2A is the most common qualitative VWD 

subtype and represents 10-15% of all VWD cases.48 

Type 2B VWD is also typified by a loss of HMWM, but through a gain-of-function platelet-

binding mechanism. Type 2B mutations increase the affinity of the VWF A1 domain for the platelet 

receptor GPIbα and lead to spontaneous association of VWF and platelets in the plasma.49 The loss 

of HMWM VWF occurs as the aggregates are preferentially cleaved by ADAMTS13 and cleared 

from the circulation.50,51 Thrombocytopenia is present in 76% of type 2B patients and is associated 

with an eight-fold increase in bleeding incidence.52 The p.Val1316Met mutation leads to the most 

severe bleeding phenotype and the highest rate of thrombocytopenia.52 There is additional evidence 

that the platelets of some type 2B individuals are abnormal and have a shortened lifespan which 

worsens the thrombocytopenic phenotype.53 To distinguish between type 2B and 2A 

phenotypically, which both have reduced VWF:RCo:VWF:Ag, an LD-RIPA can be performed. 

Type 2B is indicated if ristocetin causes the patient’s platelet-rich plasma to agglutinate at a dose 

lower than that of a normal control (usually < 0.6 mg/mL).26 

Conversely, type 2M VWD results from VWF A1 domain mutations which inhibit VWF-

platelet binding but leave multimerization intact.10 Therefore, a VWF:RCo/VWF:Ag ratio of < 0.6 

with a normal multimers profile is indicative of type 2M.44 Type 2M can also result from defects 

in the collagen-binding A1 and A3 domains which abolish the ability of VWF to tether platelets to 
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the subendothelium.54,55 These variants present with a VWF:RCo/Ag ratio within the normal range, 

but the deficit can be elucidated by using a VWF collagen-binding assay.56 

 Finally, Type 2N (“Normandy”) VWD includes mutations to the VWF D’D3 domains 

which impart decreased affinity for FVIII.10 Type 2N coincides with a disproportionately low 

FVIII:C (< 40 IU mL-1) compared with VWF:Ag (FVIII:Ag ratio < 0.5).57 The VWF:Ag can be 

normal or abnormal, depending on the patient’s genotype; due to the recessive nature of the disease, 

patients must either be homozygous for a type 2N mutation, or have a second mutation that reduces 

VWF secretion.58 Type 2N VWD can be misclassified as mild hemophilia A, but can be 

differentiated by reduced VWF-FVIII binding capacity and by the mutation locus.58 

1.2.4 Acquired von Willebrand syndrome 

Acquired von Willebrand syndrome (AVWS) is a qualitative or quantitative disturbance of 

VWF that is not inherited and is accompanied by bleeding.59 It may be a consequence of 

autoantibody interference,60 decreased VWF synthesis due to hypothyroidism,61 or enhanced 

proteolytic destruction of VWF,62 among several other causes. AVWS is especially prevalent in 

patients with cardiac abnormalities such as aortic valve stenosis (79%)62 and left ventricular assist 

device implantations (up to 100%).63 These conditions intensify shear stress on the entire 

circulatory VWF pool which unravels and exposes the molecule to proteolysis by ADAMT13.62,64 

As a consequence, a deficit of HMWM VWF results, mimicking type 2A VWD.62 Valve 

replacement reverses the HMWM deficit as well as the bleeding diathesis in these patients.65 

1.2.5 VWD symptoms: bleeding and angiodysplasia  

VWD is characterized by excessive and prolonged mucocutaneous bleeding. This presents 

as bruising, epistaxis, and bleeding from the gums and small wounds.26 In women, menorrhagia 

and postpartum hemorrhage are common and, for this reason, women with milder VWD are often 

more symptomatic than men.66 Moreover, in type 3 VWD, the deficit of FVIII is associated with 

spontaneous musculoskeletal bleeding, which appears as hemarthrosis and hematomas.26 
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Gastrointestinal (GI) bleeding is a severe complication of VWD which most commonly 

stems from angiodysplasia of the small bowel. Angiodysplasia is the tortuous growth of dilated, 

thin-walled mucosal and submucosal veins, venules and capillaries. These vessels consist of 

endothelium with little or no smooth muscle and are shallowly situated within the intestinal 

mucosum.67,68 Angiodysplasia is most frequently located in the colon, but can occur in the small 

bowel and upper GI tract as well.69,70 Aggravation to these vessels leads to severe, intractable 

bleeding which often results in anemia, hospitalization for transfusion of packed red blood cells, 

and a significant decrease in quality of life.71 

The association between von Willebrand disease and angiodysplasia has been apparent 

since 1958 when Edward C. Heyde noted that anemia due to GI bleeding occurred in ten of his 

patients with aortic stenosis.72 With the recognition that HMWM VWF is depleted by aortic 

stenosis, the triad of aortic stenosis, AVWS and GI bleeding became known as Heyde’s 

syndrome.73,74 Furthermore, congenital VWD was linked with angiodysplasia in 1967 by Armand 

J. Quick who documented nodes of dilated, fragile blood vessels or telangectasias in the nose and 

GI tracts of several VWD patients.75 Since then, an international survey of 4503 VWD patients has 

illustrated that angiodysplasia occurs in 2% of type 2 and 4.5% of type 3 VWD.1 Moreover, 

angiodysplasia seems to exclusively affect individuals lacking HMWM; in addition to type 3 VWD 

and AVWS, types 2A and 2B are at much higher risk for GI bleeding.76 The rates of angiodysplasia 

are greater in VWD than in the general population, where angiodysplasia is more prevalent in the 

elderly population and is estimated to affect 1-2% of those undergoing colonoscopy.69,77 However, 

most of these angiodysplastic lesions will never bleed.69  

In contrast, angiodysplasia in VWD presents a serious complication. Angiodysplasia is not 

unique to the GI tract and, in VWD, telangiectasias associated with bleeding have been identified 

in the skin, prostate and have been cited as the source of severe epistaxis.78,79 Moreover, other 

vascular anomalies have been identified in VWD patients, such as in the nailfold capillary bed. In 

fact, Koscielny and colleagues describe that a high degree of capillary dilation, torquation and 
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extravasation of blood has a 99% positive predictive value for VWD as compared with other 

bleeding disorders.80  

1.2.6 Treatments in VWD 

The goal for the treatment of VWD is to correct the defect of VWF/FVIII to allow for 

adequate hemostasis. This is usually done using desmopressin (1-deamino-8-d-arginine 

vasopressin, DDAVP) or through VWF/FVIII concentrate infusions.81 DDAVP is a synthetic 

vasopressin analog which stimulates the secretion of VWF from its stores in ECs. DDAVP boosts 

VWF and FVIII levels three to five times above baseline within 30-60 min with an effect that lasts 

6-8 hours.82–84 It is usually administered subcutaneously or intravenously. A more convenient 

intranasal preparation is available, but has variable efficiency at increasing VWF/FVIII levels.85 

DDAVP is not effective at enhancing VWF/FVIII levels in all patients, especially when the VWF 

defect is one of secretion, such as in type 2A, 3 VWD and some type 1 cases.85,86 It may not be 

helpful in type 2A and 2M VWD since secreted VWF is qualitatively abnormal.86 Furthermore, 

DDAVP is relatively contraindicated in type 2B VWD, where release of qualitatively abnormal 

VWF can aggravate HMWM VWF cleavage and thrombocytopenia in these patients.87 

Nonetheless, some type 2B patients have benefitted from the use of DDAVP.52,87 

If DDAVP infusions cannot promote adequate levels of VWF/FVIII for the treatment of 

bleeding episodes, VWF/FVIII replacement therapy is recommended.81 Plasma-derived, virally-

inactivated VWF/FVIII concentrates such as Humate-P are used in these patients for the acute 

treatment of bleeding episodes and for short-term prophylaxis when bleeding is anticipated, such 

as for surgery.88 As FVIII level is the best predictor of soft tissue or surgical bleeding and 

VWF:RCo is a predictor for mucosal bleeding, the objective of replacement therapy is to maintain 

a VWF:RCo and FVIII:C of > 50 IU mL-1.81 

However, the use of VWF-containing concentrates can be ineffective at curbing the 

hemorrhage, particularly in GI bleeding.88 The use of VWF/FVIII replacement prophylactically, 
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which includes administering the concentrates regularly to prevent bleeding, has been successful 

for many patients.88 In a study by the VWD Prophylaxis Network, prophylaxis was effective at 

reducing the annual incidence of joint bleeding, menorrhagia and epistaxis.89 Compared with these 

indications, patients with GI bleeding experienced the smallest reduction in bleeding incidence but 

required the median highest dose of VWF/FVIII concentrate.89  

The upcoming arrival of recombinant VWF concentrates may provide reassurance for 

patients in whom conventional replacement therapy has been ineffective. Recombinant VWF does 

not undergo the same proteolysis during purification as do the plasma-derived products and thus 

will retain its ultra-HMWM forms.90 As discussed, a lack of HMWM VWF seems to be the most 

important determinant in the development of angiodysplasia in VWD, and hence recombinant VWF 

may be an effective treatment for GI bleeding in thesis patients. 

In the meantime, anti-angiogenic agents, which interfere with blood vessel formation, have 

been used in a case-by-case manner to mitigate GI bleeding occurrences.91 Estrogen-progesterone 

treatments and the somatostatin analog octreoride have been used to curb GI bleeding in patients 

with VWD, but it is difficult to determine efficacies of these agents due to a lack of larger, 

controlled studies.91,92 Thalidomide, formerly a sedative and anti-emetic, is now used in the 

treatment of multiple myeloma, myelodysplasia, Crohn’s disease, cutaneous lupus erythematosus, 

and most relevantly in GI bleeding.93 Biologically, thalidomide suppresses several proponents of 

angiogenesis, including vascular endothelial growth factor (VEGF), interleukin-6 (IL-6), tumour 

necrosis factor alpha (TNFα), NF-κB and prostaglandin.93–95 A review of 24 articles in the literature 

found that thalidomide seemed to be effective in reducing GI bleeding resulting from 

angiodysplasias in all but one individual.96 

The high incidence of side effects due to thalidomide use may necessitate an alternative 

treatment for GI bleeding associated with VWD.97,98 Atorvastatin, used widely in the treatment of 

hypercholesterolemia, has demonstrated significant success in mitigating GI bleeding in VWD 

patients when employed at high doses (up to 80 mg per day).97,99 Statins are inhibitors of the enzyme 
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3-hydroxy-3-methylglutrayl coenzyme A (HMG-CoA) reductase which catalyzes the rate-limiting 

step in the synthesis of cholesterol. A bi-phasic regulation of angiogenesis is one of the many 

pleiotropic effects resulting from the use of statins: at low nanomolar concentrations, statins are 

pro-angiogenic by protecting against EC apoptosis and senescence. At high doses, statins inhibit 

the production of other lipid intermediates, causing cellular distress and leading to apoptosis of 

proliferating ECs.100  

GI bleeding represents a significant problem in the management of VWD. Consequently, 

there is a great need to understand the mechanisms underlying the evolution of angiodysplasia in 

these patients, and to extricate the role VWF in this process. 

1.3 von Willebrand factor 

1.3.1 VWF structure 

The human von Willebrand factor gene (VWF) is located on the short arm of chromosome 

12 (12p13.2).101 It spans approximately 180 kb of DNA and contains 52 exons.102 Its product, VWF, 

is synthesized as a 2813-amino acid pre-pro-protein comprised of a 22-amino acid signal peptide, 

a 741-amino acid propeptide and a 2050-amino acid mature protein.103 VWF is composed of three 

types of domains which repeat in the following order: D1-D2-D’-D3-A1-A2-A3-D4-C1-C2-C3-

C4-C5-C6-CK.104 The VWF-A, VWF-C and VWF-D domains, first identified eponymously, are 

homologous with a large number of domains across eukaryotic proteins, indicating that these 

proteins may have evolved from a common ancestral source.105 The VWF-A domains are found in 

proteins involved in cellular adhesion, migration and signal transduction, such as the α integrin 

subunits, classical complement pathway activators C2 and factor B, and types VI, VII, XII and XIV 

collagens.106 The VWF-C domain shows strong similarity to segments of thrombospondin and 

types I and III alpha 1-procollagen, while the VWF-D domain may be found in several mucins.107  

In VWF, the D1 and D2 domains comprise the propeptide and the mature protein begins 

with the D’ domain. The D’-D3 domains bind FVIII108 and P-selectin.109 The A1 domain contains 
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the only known binding site for the platelet receptor glycoprotein (GP) Ibα110, and a collagen I, 

III111 and IV-binding site.55 It also binds osteoprotegerin (OPG)112 and angiopoietin-2 (Ang-2).113 

The A2 domain contains the cleavage site for ADAMTS13,114 while the A3 domain also binds 

collagen types I and III.106 An Arg-Gly-Asp (RGD) motif in the C4 domain facilitates binding to 

integrin αvβ3115 and the platelet integrin aIIbβ3.116 Despite intensive research into the functions and 

binding partners of the VWF molecule, only the A1, A2 and A3 domains have had their crystal 

structure resolved.117 

Recent electron microscopy combined with bioinformatics techniques have resolved four 

sub-structures within the D domains: a von Willebrand domain, a Cysteine-8 structure, a trypsin-

inhibitor-like (TIL) fold, and an E module.104 While the D1, D2 and D3 domains contain all four 

sub-structures, the D’ lacks the von Willebrand domain and the Cysteine-8 fold. The D4 domain 

lacks the E module but contains the unique D4N module (Figure 1.1).104 

 

Figure 1.1 Annotated domain structure of VWF 

The domain structure of VWF showing ligand-binding locations and cleavage sites. Adapted 

from Springer, 2014.118  

The amino acid sequence of VWF contains an abundance of cysteine residues which are 

all conserved in mammalian VWF.119 Cysteines account for 8.2% of the amino acid content of 

VWF, which represents four times the cysteine load of the average human protein.120 All cysteines 

are involved in disulfide bonds at some point in VWF assembly, and disulfide bond formation is 

crucial for the synthesis and secretion of VWF.120 Indeed, a mutation in any cysteine can lead to 

pathologic consequences.121 
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1.3.2 VWF biosynthesis 

The synthesis and posttranslational modification of pre-proVWF is a multi-step process 

that is localized to the ER, Golgi apparatus and post-Golgi compartments. The signal peptide is 

first cleaved during co-translational translocation of the pre-proVWF into the ER.122 Therein the 

enzyme oligosaccharyl transferase mediates the N-linked glycosylation of high-mannose 

polysaccharide chains at 10 sites on the mature VWF subunit.123 Four consensus sequences for N-

linked glycosylation have been identified on the propeptide, though it is unclear whether they are 

occupied.124 Within the Golgi apparatus, 10 O-linked glycans are attached to the VWF which, along 

with the N-linked glycans, undergo further modification via sialylation and sulfonation.15  

The glycosylation of VWF accounts for approximately 18.7% of its molecular weight and 

plays a role in VWF folding, multimerization, protein interactions and clearance.125 For example, 

the removal of 90% of the N-linked glycans increased the affinity of VWF for its proteolytic 

inhibitor ADAMTS13 fourfold.126 In the ER, N-linked glycosylation precedes - and is necessary 

for - the dimerization of the proVWF monomers, which occurs in a tail-to-tail fashion through 

disulfide bonds between the C-terminal CK (cysteine knot) domains.124 Only the final 151 residues 

of VWF are necessary for its dimerization and transport from the ER.127 Mutations in this zone, 

especially those targeting the cysteines, interfere with the ability of VWF to multimerize, leading 

to intracellular retention and pathologic effects.128 Many type 2A VWD group 1 mutations localize 

to the CK domain.129 

The biological efficacy of VWF is a function of the size of its multimers; highly 

multimerized VWF molecules contain more ligand-binding sites and are more responsive to shear 

forces.130 VWF multimerization occurs in the acidic environment of the trans Golgi network (TGN, 

pH 6.2) whereupon the proVWF dimers covalently bond “head-to-head.”131 This occurs through 

the cysteines at 1099 and 1142 of the D3 domain.132 The presence of the D1-D2 domains of the 

propeptide and the D’ domain is vital for aligning the dimers in a favourable conformation for this 

reaction.131 The propeptide may furthermore catalyze disulfide bond formation as it contains two 
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vicinal cysteine (CXXC) motifs - one in each of the D1 and D2 domains - which resemble the 

active sites of many protein disulfide isomerases.131,133 Mutations to the D2 and D3 domain are the 

basis for the defective multimerization in some group 1 type 2A VWD patients.47 Multimerization 

is independent of dimerization; thus, if there is a defect in disulfide bridge formation at the C 

terminus, dimerization will still occur due to intermolecular bonding at the N-terminus.134 Under 

normal conditions, VWF multimerization will produce polymers ranging anywhere from the 500 

kDa dimer to molecules in excess of 40,000 kDa.135  

Simultaneous to, albeit independent of, VWF multimerization, the propeptide is cleaved 

by the paired dibasic amino acid-cleaving enzyme (PACE), also known as furin.136 The propeptide 

needs not be attached to mediate multimerization as cross-linking occurs even when the propeptide 

is expressed in trans.137 Free propeptide remains non-covalently attached to VWF inside the cell.138  

1.3.3 Intracellular storage of VWF 

In ECs, ultra-large VWF multimers are stored in specialized rod-shaped secretory granules 

called Weibel-Palade bodies (WPBs). VWF itself is the driver for  WPB assembly, as the 

heterologous expression of VWF in HEK293 (human embryonic kidney), AtT20 (pituitary 

corticotrope tumour) and RIN 5F (rat insuloma) cells gives rise to pseudo-WPBs.139 ECs lacking 

VWF do not produce WPBs.140 Michaux and associates have demonstrated that, at the very least, 

the VWF propeptide and D’-A1 domains are essential for WPB formation.141 

WPB formation begins when VWF multimers cluster at the Golgi membrane and bud off 

in a clathrin/AP-1 dependent manner.142 At the low pH of the TGN, Zhou and colleagues observed 

that the VWF A2-CK domains of conjoined VWF monomers zip together to form the stem of a 

“dimeric bouquet” (Figure 1.2).143 VWF tubulation occurs where the flowers of this bouquet – the 

D1-D2 domains of the propeptide and the D3-D’ domains – bind non-covalently and pack into a 

helical tubule.107 It is likely that the stem domains radiate out like wagon spokes around the central 

hub formed by the N-terminus and propeptide (Figure 1.3).107 This efficient organization allows for 
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the VWF multimers, which may measure 250 μm at full extension, to be packaged within the 1-5 

μm confines of the WPB.118,144 In fact, this orderly containment of VWF tubules is critical for the 

rapid uncoiling of VWF into the plasma where, at the alkaline pH of 7.4, the concatamers unzip to 

adopt the elongated shape fittingly referred to as “strings.”107,118   

 

Figure 1.2 Dimeric bouquet structure of VWF 

VWF zips into the “dimeric bouquet” structure in the acidic Golgi (pH 6.2). This image is from 

Springer, 2014118, summarizing the work of Zhou et al., 2012.143 

 

Figure 1.3 Appearance of VWF in WPBs 

VWF multimers organize into a helix centered around the proVWF/D’D3 structures with A2-CK 

domains projecting outwards. Reprinted from/ Springer, 2014.118 
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Several other proteins are stored in WPBs including endothelin-1, tissue-type plasminogen 

activator (t-PA);145 the inflammatory proteins P-selectin146 and interleukin-8;147 and the angiogenic 

molecules OPG,148 insulin-like growth factor binding protein-7 (IGFBP7)145 and Ang-2.149 

Interestingly, P-selectin and Ang-2 were shown not to co-localize within the same WPB indicating 

that the EC may have distinct populations of WPBs.149 This segregation may allow the EC to elicit 

a specific response tailored to the nature of the stimulus. Indeed, the cell can be stimulated to 

selectively exocytose P-selectin but not VWF.150 

1.3.4 VWF secretion 

Exocytosis of mature WPBs occurs through a series of tethering, docking, priming and 

fusion steps at the plasma membrane, facilitated through the soluble N-ethylmaleimide-sensitive 

factor attachment protein receptor (SNARE) complex. The WPB contents are ejected through a 

secretory pore in the final step as an actomyosin ring clenches around the WPB.151  

In ECs, VWF is secreted mainly through two pathways. The first is through a basal route 

which continuously secretes smaller VWF multimers from a post-Golgi storage pool.152 The second 

is regulated, requiring stimulation for the massive release of ultra-large VWF multimers from 

WPBs. Because larger multimers are more powerful mediators of hemostasis, regulated secretion 

limits aggressive thrombosis to sites of injury where secretagogues have been released.153  

VWF secretion can be stimulated by physiologic mediators such as thrombin, histamine, 

epinephrine and vasopressin, as well as by calcium ionophore A23187 and phorbol 12-myristate 

13-acetate (PMA).119,154 Thrombin, histamine and calcium ionophore initiate VWF release by 

increasing cytosolic Ca2+ via a phospholipase C pathway. Vasopressin, DDAVP, and epinephrine 

act through a cyclic adenosine monophosphate (cAMP)-mediated response.155,156 Calcium-raising 

agents tend to be mediators of inflammation or thrombosis which result in endothelial cytoskeletal 

remodeling and cell retraction. On the other hand, agonists which act through cAMP lead to a less 

marked secretion of VWF, but preserve endothelial barrier integrity. Thus, cAMP mediators are 
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most likely important for the systemic regulation of VWF levels, whereas Ca2+-raising agonists are 

used for the regional control of VWF following vascular damage.157 

1.3.5 VWF in hemostasis 

VWF is a vital mediator of primary hemostasis, as it constitutes the molecular bridge 

between platelets and the vessel wall at sites of injury. Under normal conditions, VWF circulates 

through the vasculature in a globular form under flow.158 Upon exposure of the subendothelial 

matrix, collagens I, III and VI bind VWF through its A1 and A3 domains.118 The shear force 

induced on the tethered VWF unravels the A1 domain, exposing the binding site for platelet 

membrane glycoprotein Ibα (GPIbα) of the GPIb/IX/V receptor complex.159 This interaction  

initiates a signaling cascade that induces platelet activation, converting integrin αIIbβ3, the second 

receptor for VWF on platelets, into its high affinity binding form.160 Integrin αIIbβ3 binds the RGD 

sequence of the VWF C4 domain, in addition to fibrinogen, fibrin and fibronectin, and strengthens 

the platelet-subendothelial connection.116 These substrates form a platform on which more platelets 

can be recruited and activated. Ultimately, VWF initiates a cycle that assembles platelets into a 

thrombus structure for wound occlusion.160 

Interestingly, mutations causing type 2B and 2M VWD cluster in the region of the A1 

domain distal to the GPIbα binding site, or buried within the domain.161 Therefore, these mutations 

presumably affect the affinity of the A1 domain for GPIbα via conformational changes, rather than 

producing binding abnormalities.161 Indeed, gain of function type 2B mutations were shown to 

render VWF more susceptible to shear stress, increasing the lifetime of the VWF-platelet binding 

interaction at physiologic shear forces.162 Conversely, type 2M VWD mutations stabilized the A1 

domain at higher shear stresses compared with wild-type VWF molecules. The bleeding diathesis 

likely results in these patients because the shear stress required to activate the A1 domain is too 

high for the A1-GPIbα association to withstand.162 
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Although shear stress provides the means for VWF to perform its hemostatic duties, it also 

renders VWF susceptible to destruction by ADAMTS13. The spontaneous binding of the ultra-

large forms of VWF to platelets in the circulation is likely due to the number of binding sites they 

possess.130 ADAMTS13 ensures that thrombogenesis occurs only when appropriate by 

preferentially cleaving platelet-bound VWF between Tyr1605 and Met1606 in the A2 domain.51 

The A2 domain is the “shear-bolt” domain; unlike the neighbouring A1 and A3 domains, the A2 

domain lacks the disulfide bond which holds its N and C termini together.163 Tensile force on the 

molecule will therefore pry the A2 domain apart first, allowing for its cleavage by ADAMTS13.160 

Mutations in the A2 region produce group 2 type 2A VWD by destabilizing the domain and 

permitting for proteolysis at lower shear rates.164 As discussed previously, the regulatory action of 

ADAMTS13 is to blame for the phenotype of the type 2B VWD patient, as it cleaves platelet-bound 

VWF at suboptimal shear forces. 

VWF is furthermore involved in secondary hemostasis through its non-covalent association 

with circulating FVIII of the intrinsic coagulation pathway.165 FVIII is a cofactor in the activation 

of factor X by factor IXa which eventually leads to a fibrin clot. VWF extends the half-life of FVIII 

by protecting it from degradation by activated protein C and Xa and from cellular uptake.166 One 

out of every 50 VWF subunits is occupied by FVIII at any time, and all sizes of VWF multimers 

are equally proficient as FVIII chaperones.165 FVIII binding to VWF has been localized to 

approximately 272 amino acids within the D’D3 domain.108 Mutations to this region may partially, 

as with the R854Q mutation, or completely abolish FVIII binding, causing type 2N VWD.58 

1.3.6 VWF and angiogenesis 

The high incidence of angiodysplasias in acquired and congenital VWD, especially where 

HMWM VWF loss is central to the disease, has sparked an investigation into the angiogenic roles 

of VWF.10 Angiogenesis is the process whereby new blood vessels are formed from pre-existing 

ones. It is integral in embryogenesis, wound-healing, and for the vascularization of the female 
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reproductive organs during the menstrual cycle. Dysregulation of angiogenesis is central to the 

development of angiodysplasia167 and is to blame for several other pathologic processes, including 

tumourigenesis, proliferative retinopathies and rheumatoid arthritis.168 

Angiogenesis is coordinated by the crosstalk between a growing number of factors, out of 

which VEGF-A has emerged as a central orchestrator.168 The formation of a new vessel begins 

when nearby tissues experience an oxygen deficiency and produce hypoxia inducible factor-1α 

(HIF-1α) which binds to the regulatory region of the VEGF-A gene, inducing its transcription.169 

VEGF-A signals through two tyrosine kinase receptors on the EC surface: the Flt-1 (fms-like 

tyrosine kinase) and KDR (kinase domain region) receptors, also known as VEGFR-1 and VEGFR-

2, respectively. VEGF-A signaling induces EC differentiation from endothelial progenitor cells, 

proliferation, chemotaxis, and for the assembly and remodeling of vascular structures.168  

The gradient of VEGF-A radiating from a hypoxic area exerts the strongest chemotactic 

effect on the tip cells at the lead of a sprouting capillary. VEGF induces the expression of delta-

like 4 ligand (DLL4) in the tip cells which binds in paracrine fashion at the Notch receptors on 

neighbouring cells.170 The DLL4-Notch interaction inhibits the adjacent cells from becoming tip 

cells to ensure sprouting occurs in a coordinated and directed manner.171 Phenotypic changes occur 

in the sprouting ECs: they express proteases to degrade the subendothelial matrix, and become 

proliferative and motile. ECs must also cease their invasive functions upon fusion with other 

sprouts to form complete capillary network. Next, the vessel lumen is formed and blood flow 

through the vessel reduces the hypoxic expression of VEGF-A. Finally, pericyte recruitment helps 

to revert ECs to their quiescent state, sponsoring vessel maturity.172 

Several factors work in equilibrium to modulate each step of angiogenesis, and an 

imbalance of these can lead to pathologic vessel formation. The association of VWF with these 

angiogenic mediators heightened Starke and associates’ suspicions as to its role in angiogenesis.3 

Angiopoietin-1 is produced in perivascular cells and signals through the Tie-2 tyrosine kinase 

receptor on ECs to promote blood vessel maturity via pericyte recruitment and by decreasing 
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vascular leakage. Ang-2 antagonizes these actions at the Tie-2 receptor, promoting destabilization 

and remodeling.173 Ang-2 is synthesized by ECs, stored in the WPBs of these cells and released 

with VWF upon stimulated secretion.149 As previously mentioned, Ang-2 is not the sole angiogenic 

resident of WPBs: OPG and IGFBP7 are found there too. 

Integrins are transmembrane receptors that bind extracellular matrix (ECM) proteins or 

adhesion receptors on adjacent cells. The endothelial integrin αvβ3 is significantly upregulated 

during wound angiogenesis174 and its β3 subunit seems to be required for VEGFR-2 signaling.175 

The binding of pro-angiogenic molecules to integrin αvβ3, such as fibronectin, vitronectin or 

thrombin generates a feedback loop whereby both receptors are phosphorylated, and VEGFR-2 

activation is prolonged.176 However, several other integrin αvβ3 binding partners, including 

thrombosondin and angiostatin, exert an anti-angiogenic effect through mechanisms unknown.177 

Interestingly, integrin αvβ3 is the best-characterized receptor for VWF on ECs.178 Hence, the 

regulation of angiogenesis by VWF through the integrin αvβ3-VEGFR-2 interaction appears 

probable. 

Starke et al.3 inhibited expression of VWF in human umbilical vein endothelial cells 

(HUVECs) using short interfering (si) RNA and witnessed an increase in VEGF-dependent 

proliferation, migration and tubule formation in three-dimensional gel. From this, they concluded 

that VWF is indeed a negative modulator of angiogenesis through αvβ3 integrin signaling. This 

was corroborated by a commensurate disturbance in β3 surface levels and internalization in the 

siVWF HUVECs. Nevertheless, the addition of extracellular VWF only partially rescued the 

phenotype. Therefore, Starke and colleagues surmised that a second, intracellular pathway of 

angiogenic regulation by VWF regulation is likewise involved. They suggest the mechanism to be 

through the storage of Ang-2 within WPBs: in cases where VWF storage is defective, such as in 

VWD, Ang-2 could escape the cell and encourage angiogenesis in an autocrine manner. Supporting 

this is the observation that Ang-2 is elevated in the plasma of type 3 VWD patients.178 Figure 1.4 

depicts the intracellular and extracellular pathways of VWF-mediated angiogenic regulation under 



 

20 

physiologic conditions, and in cases of VWF pathology. 

 

Figure 1.4 Mechanisms of VWF-induced negative regulation of angiogenesis 

(A) VWF regulates VEGF-mediated angiogenesis through two pathways: by binding integrin 

αvβ3 extracellularly to inhibit VEGFR-2 signaling and through storage of Ang-2 in WPBs. A 

lack of VWF (B) reduces VEGFR-2 inhibition, promoting EC proliferation, motility, prouting, 

etc. Ang-2 also escapes the cell to potentiate the angiogenic effects through the Tie-2 receptor.  

  Therefore, a deficit of VWF imposes an imbalance of angiogenic regulators and favours 

the pro-angiogenic state. This may be the foundation for the pathologic vessel growth that typifies 

angiodysplasia in VWD patients. However, the underlying mechanism by which angiodysplasia 

and the loss of HMWM VWF are associated remains to be elucidated 

1.4 Cellular models of VWD 

In the past, heterologous systems, such as human embryonic kidney 293 (HEK293) cells 

predominated as models for studying the molecular pathogenesis of VWD.179 These systems do not 

endogenously produce VWF, but can be transfected to do so. Yet, these models are limited due to 

their propensities towards VWF overproduction, a possible lack of appropriate exocytotic 

machinery, and an inability to otherwise represent the intracellular EC milieu.180 ECs, on the other 
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hand, are the main source of plasma VWF, and if patient-derived, require no transfection to illicit 

the desired mutation and provide novel insights into the molecular characteristics of pathogenic 

mutations. However, until recently, the acquisition of patient ECs for investigative purposes was 

unfeasible. Human umbilical vein endothelial cells (HUVECs) are useful for study, but can only 

be obtained from fresh umbilical cords. HUVECs are also notoriously difficult to transfect, so 

expressing mutant VWF in these cell types is a challenge.181  

Presently, methods for isolating blood outgrowth endothelial cells (BOECs) from blood 

mononuclear cells patients have been established.182 BOECs arise from endothelial progenitor cells 

(EPCs) which circulate in the blood and are thought to support angiogenesis by attaching to the 

wall at sites of vessel growth or repair.183 EPCs were formerly thought to originate from the bone 

marrow, but recent evidence demonstrates that EPCs likely derive instead from a stem cell niche 

inside the vasculature.184 BOECs express EC markers, but lack hematopoietic or monocytic cell 

surface molecules. Moreover, BOECs maintain their differentiated phenotype through multiple 

passages, express VWF and can perform de novo blood vessel formation in vitro.185 Thus, BOECs 

serve as a non-invasive method of investigating molecular defects in the native environment of the 

EC.  

The angiogenic characteristics of BOECs have been explored in regards to their therapeutic 

value, e.g. for vessel repair in ischemia. In the context of VWD, Wang and associates186 and Starke 

et al.180 have used BOECs of several type 1 and type 2 VWD patients to characterize many 

deficiencies in VWF processing and function. Starke et al. also used BOECs to evaluate the 

disturbed angiogenic phenotypes of type 1, 2A and 2M VWD patients.3 While BOECs are 

promising systems for the future study of VWD, much more information is required to establish 

reliability of these models. For example, the expression of VWF187 and the angiogenic mediators,188 

and the overall EC phenotype189 differs greatly between vascular beds. However, it is not known 

which bed BOECs represent. Additionally, the typical range of VWF expression and angiogenesis 

in BOECs derived from the normal population has not been established. 
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1.5 Thesis objectives and hypothesis 

In light of the recent observations of the negative regulatory role of VWF in angiogenesis, 

this investigation aims to explore the contributions of specific VWF mutations to the development 

of vascular abnormalities in patients with VWD. This research will be accomplished by using an 

ex vivo EC model. The biosynthetic lifecycle of VWF from these patient-derived ECs will be 

examined by characterizing VWF expression, multimerization, storage and secretion. Furthermore, 

the angiogenic potential of these ECs will be defined by quantifying proliferation, adhesion, 

migration, permeability and tubule formation. Reflecting the clinical experience, we hypothesize 

that there will be mutation- and sub-type-specific differences in the angiogenic behaviour of ECs 

derived from patients with VWD. Specifically, we postulate that ECs harbouring a HMWM VWF 

deficiency will exhibit increased angiogenesis due to disruptions in Ang-2 storage in WPBs and a 

reduction of integrin αvβ3 function. 

1.5.1 Angiogenesis in the normal population 

As BOECs are a relatively novel cellular model, their inherent angiogenic and VWF-

expressing qualities have not clearly been defined. The first specific aim of this project is to isolate 

and characterize angiogenesis in BOECs derived from a population of healthy, non-VWD 

individuals. 

1.5.2 Angiogenesis in qualitative VWD 

Type 2A and 2B VWD patients exhibit a lack of HMWM VWF and a high incidence of 

angiodysplasia. To determine if the deficiencies of VWF in these patients contributes to this 

phenomenon, BOECs from four patients representing the four type 2 VWD subtypes were isolated. 

It was hypothesized that the type 2A BOECs would exhibit increased angiogenesis via the methods 

outlined above. While the type 2B BOECs also have a deficit of HMWM, the lack of ADAMTS13 

in the ex vivo system will render their mutation inconsequential. We therefore expect to see normal 

levels of angiogenesis in the type 2B, type 2M and type 2N VWD BOECs. 
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1.5.3 The development of a hemangioma of a type 1 VWD patient 

A hemangioma is a benign tumour resulting from the rampant growth of ECs. We isolated 

ECs from a giant liver hemangioma of a type 1 VWD patient. This was the second hemangioma in 

a VWD patient in our clinic this year. The third objective of this study was to determine if the VWF 

mutation defect may be inducing pathologic angiogenesis in this patient. We hypothesize that 

angiogenesis will also be increased in these ECs.   
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Chapter 2 

Patients, Materials and Methods 

2.1 Patients 

Eligible subjects with all subtypes of type 2 VWD were recruited from the Southeastern 

Ontario Inherited Bleeding Disorders Clinic. Inclusion criteria were a prior diagnosis of type 2 

VWD and a VWF:RCo or a FVIII:C of < 0.50 IU mL-1 on at least two occasions. A history of GI 

bleeding or angiodysplasia was not a requirement for enrollment.  

Upon registration, a condensed MCMDM-1 VWD bleeding score was obtained. Venous 

blood samples were collected by phlebotomy in 3.2% sodium citrate and EDTA. Laboratory VWF 

and FVIII tests were conducted at the VWD patients’ home institutions as well as at the Clinical 

and Molecular Hemostasis Laboratories in Kingston, Ontario, Canada.  

DNA was extracted from blood leukocyte using a salt-extraction method190 and the VWF 

gene was analyzed via direct sequencing. Exons 1-52, the exon/intron boundaries, the intronic 

flanking regions and 1.5 kb of the VWF promoter were included in this analysis. For VWD patients 

for whom mutations could not be identified, samples were sequenced by whole-genome copy 

number variation analysis at the University of Sheffield, Sheffield, United Kingdom. 

In addition, a control population of healthy, non-VWD individuals were studied. 

Candidates for this population were included if they had a VWF:Ag, VWF:RCo and FVIII:C > 

0.50 IU mL-1, a condensed MCMDM-1 VWD bleeding score of ≤ 4, and no VWF mutations. 

Informed consent was obtained from all participants. This study was approved by the Research 

Ethics Broad of Queen’s University, Kingston, Canada (Appendix A). 

2.2 BOEC isolation 

BOEC isolations from the VWD patients and healthy controls were performed according 

to the procedure published by Martin-Ramirez et al. with modifications.182 In summary, 48 mL of 
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peripheral blood was collected by phlebotomy into BD Vacutainer Cell Preparation Tubes (CPT; 

BD Biosciences) and the tubes were centrifuged to separate the mononuclear cells (MNC) from the 

whole blood. The MNC were then washed several times and re-suspended in endothelial growth 

medium-2 (EGM-2; Lonza) supplemented with 10% (vol/vol) fetal bovine serum (FBS) and 1% 

penicillin (10,000 U/mL)/streptomycin (10,000 μg/mL)/amphotericin (25 μg/mL; Invitrogen) 

(P/S/A). The use of EGM-2 hereafter will refer to this formulation. The cells were seeded at a 

density of 4×107cells per well onto 6-well tissue culture plates coated with 0.05 mg/mL rat tail 

collagen type I and incubated at 37°C with 5% carbon dioxide (CO2). Wells were washed every 24 

hours with EGM-2 to remove cellular debris and non-adherent cells for the first week following 

isolation, then every 48 hours. Approximately 9-21 days after isolation, endothelial-like cells 

appeared with characteristic cobblestone morphology. Unless otherwise stated, BOECs used for 

experiments were between passages 3 and 9. 

2.3 Hemangioma endothelial cell isolation 

ECs were isolated from a hemangioma sample in a similar fashion to the isolation of human 

dermal microvascular ECs described by Kräling at Bischoff.191 The sample was washed with HBSS 

several times and cut into 1 mm3 pieces using scalpels. The pieces were placed in a 50 mL conical 

and incubated with 0.2% collagenase A (Sigma-Aldrich) in EGM-2 at 37ºC for 30 minutes. The 

homogenate was filtered through a 100 μm cell strainer (Fisher Scientific) and was centrifuged and 

washed twice with EGM-2. The cells were resuspended in EGM-2 and plated on collagen-coated 

10 cm plates. To remove non-adherent cellular debris, the media was changed after 8 hours and 

then every 48 hours thereafter.  

2.4 Flow cytometric characterization of endothelial cells 

Twenty-four hours preceding flow cytometry, the negative control human acute monocytic 

leukemia cells (THP1s) were stimulated with 1 μg/mL lipopolysaccharide (LPS) to induce 

macrophage differentiation. Five-hundred thousand cells per test of the BOECs, THP1s and 
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positive control HUVECs were stained with antibodies (all from eBiosciences) against CD31 

conjugated to fluorescein isothiocyanate (FITC), CD144 conjugated to phycoerythrin (PE), CD146 

conjugated to FITC, CD14 conjugated to peridinin-chlorophyll (PerCP) cyanidine (Cy) 5.5 and 

CD45 conjugated to PE-Cy5. The cells were then fixed for 20 minutes with Cytofix/Cytoperm™ 

(BD Biosciences). Flow cytometry was performed on a Miltenyi MACSQuant flow cytometer 

(MyPaTH Laboratory, Queen’s University, Kingston, Canada). 

The same protocol was used to measure BOEC surface levels of integrin αvβ3 via a PE-

conjugated antibody (eBiosciences). 

2.5 VWF and Ang-2 expression and secretion 

BOECs were seeded at a density of 1×106 cells per well in EGM-2 on a six-well plate. The 

medium was changed 24 hours after seeding to serum free Opti-MEM® (Life Technologies) 

supplemented with 100 mg/L calcium chloride. After a subsequent 24 hours, three out of six wells 

were incubated at 37ºC for 1 hour with 160 nM PMA (Sigma-Aldrich). The media and lysates were 

then collected. VWF levels were determined via enzyme-linked immunosorbant assay (ELISA) 

using polyclonal antibodies to VWF (A0082 and P226, DAKO). Ang-2 levels were determined 

using the Human Angiopoitein-2 Duoset ELISA kit (R&D Systems). 

The multimerization pattern of VWF secreted by BOECs was determined by incubating a 

15 cm plate of confluent cells in serum-free Opti-MEM® for up to 72 hours. The media was 

collected and the VWF was concentrated using the Centricon® Plus-70 centrifugal filter device 

(100 kDa MW cutoff; Millipore). Multimers were analyzed via sodium dodecyl sulfide (SDS) 2% 

agarose gel electrophoresis. 
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2.6 Confocal immunofluorescence (IF) microscopy 

2.6.1 VWF staining 

BOECs were seeded onto collagen-coated glass coverslips at a density of 5.3×104 cells/cm2 

and incubated for 24 hours. Cells were fixed with Cytofix/Cytoperm (BD Biosciences) for 20 

minutes, then permeabilized with 1% Triton-X100 in PBS for 10 minutes and blocked with serum-

free protein block (DAKO, X0909) for 20 minutes. Cells were stained overnight at 4ºC with a rabbit 

anti-human VWF polyclonal antibody (DAKO, A0082). A rabbit immunoglobulin fraction 

(DAKO, X0936) was used as an isotype control. A secondary antibody solution was applied to the 

cells for 1 hour and contained fluorescein isothiocyanate (FITC)-labelled mouse anti-rabbit 

immunoglobulins (DAKO, F0054) and tetramethylrhodamine (TRITC)-conjugated phalloidin 

actin filament stain (Sigma, P1951). Finally, a DAPI nucleus stain (Sigma, D9542) was added to 

the cells for 10 minutes.  

The coverslips were analyzed under a Quorum Wave FX-X1 Spinning Disc Confocal 

fluorescence microscope with a 60X objective lens (Queen’s Cytometry and Imaging Facility, the 

Cancer Research Institute at Queen’s University, Kingston, Canada). Images were processed using 

ImageJ (National Institutes of Health, version. 1.48v) and Adobe Photoshop (CS6). 

2.6.2 Subcellular localization of mutant VWF 

To determine the cellular location of VWF in BOECs exhibiting abnormal storage, the 

VWF-staining protocol detailed above was performed with the following modifications: to observe 

VWF co-localization in lysosomes, BOECs were incubated with 1 μM LystoTracker® Deep Red 

(Life Technologies) in EGM-2 for 45 minutes prior to fixing. To view co-localization of VWF and 

the ER marker calnexin, the cells were stained with the rabbit anti-human VWF antibody in 

conjunction with a goat-anti-human calnexin antibody (Santa Cruz, sc-6465), followed by a 

secondary antibody solution containing both the FITC-anti-rabbit and a rhodamine-labelled donkey 

anti-goat antibody (Santa Cruz, sc-2094). 
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2.6.3 VWF and Ang-2 co-localization staining 

To visualize the association of VWF and Ang-2, the VWF-staining protocol was followed, 

except the cells were stained with both the rabbit anti-human VWF antibody and a goat anti-human 

Ang-2 polyclonal antibody (R&D Systems, AF623). The FITC-anti-rabbit antibody and the 

rhodamine-donkey anti-goat antibody were used as secondary antibodies. 

2.6.4 Co-localization analysis 

To quantitatively determine the degree of co-localization of VWF with Ang-2, 

LysoTracker and calnexin, the Coloc 2 plugin from Fiji (ImageJA 1.50a) was employed. A 

thresholded Mander’s co-efficient was obtained to describe the degree to which the pixels in the 

other channels overlapped with staining in the VWF channel. Co-localization analysis was 

performed on three images per patient. 

2.7 BOEC adhesion 

Black-bottom 96-well plates (Nunc) were coated overnight at 4ºC with 100 mg/mL rat-tail 

type 1 collagen, 1% gelatin, 30 μg/mL ultra-pure VWF (Biotest), or 1% BSA. The plates were 

washed twice with PBS, then blocked for 1 hour with 1% bovine serum albumin (BSA). BOECs 

were labelled for 25 min with 6.25 μM 5-chloromethylfluorescein diacetate (Invitrogen) in EBM-

2 (endothelial basal medium-2, Lonza), then seeded at 2×104 cells per well onto the 96-well plate. 

After 40 minutes of incubation at 37ºC, cellular fluorescence was measured with absorption and 

emission settings of 492 nm and 517 nm, respectively, in a SpectraMax Gemini XPS microplate 

reader. The cells were then washed three times gently with warm PBS containing Ca2+ and Mg2+ to 

remove non-adherent cells. The fluorescence was measured again. The percent of cells remaining 

bound to the collagen, gelatin and VWF, relative to the initial number of cells was calculated, and 

adjusted by subtracting the value of cells remaining adhered to BSA. 
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2.8 Proliferation assay 

BOECs were seeded in EGM-2 in sextuplicate at a density of 4×103 cells perwell onto three 

collagen-coated black-bottomed 96-well plates. At 48, 96 and 144 hours, media was removed from 

one of the three plates and was washed once with Hank’s balanced salt solution (HBSS). The plate 

was frozen at -70ºC to initiate lysis of the cells. Fresh media was supplied to the remaining plates 

at these times. The plates were thawed no later than four weeks after complete freezing had 

occurred and the CyQuant® proliferation assay kit (Life Technologies) was used to quantify cell 

number according to the manufacturer’s instructions. 

2.9 Scratch-wound healing assay 

BOECs were seeded at 3.5×104 cells per well onto collagen-coated ImageLock 96-well 

plates (Essen Biosciences, Inc.) in EGM-2. After 12 hours, uniform scratches measuring 

approximately 600 μm across were made upon the confluent monolayers using the WoundMaker™ 

tool (Essen Biosciences, Inc.). The wells were washed twice with HBSS to remove cellular debris, 

and EBM-2 with 1% FBS and 1% P/S/A was added. Images were captured at 30 min intervals over 

24 hours using the Incucyte ZOOM (Essen Biosciences, Inc.) imaging system with a 4X objective. 

The travel paths of ten individual cells at the upper border of the wound, from three distinct 

experiments, were recorded using the Manual Tracking plugin for Fiji. Time points from the first 

15 hours after scratching were used. Euclidean distance, accumulated distance, migration velocity 

and directionality (Euclidean distance/accumulated distance) were quantified using the stand-alone 

Chemotaxis and Migration tool (Ibidi). 

2.10 Permeability assay 

Collagen-coated transwell permeable supports (Costar) with 0.4-μm pores were inserted 

into the wells of a 24-well plate. BOECs were plated on the membranes at 3.5×104 cells per well 

and allowed to grow to confluence for 20-24 hours in EGM-2. A control well with no cells was 

subjected to the same conditions. At this time, the media in the upper chamber was replaced with 
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fresh cEGM-2 and 500μg/mL FITC-dextran (molecular weight of 70 kDa) was added. After 1 hour 

of incubation at 37ºC, 100 μL of medium was sampled from the lower chamber and fluorescence 

was measured on a SpectraMax Gemini XPS microplate reader with absorption and emission 

settings at 420 nm and 517 nm, respectively.  

2.11 Matrigel tubule formation assay 

Forty-eight well plates were coated with 135 μL Matrigel (Corning) which was allowed to 

polymerize for at least 30 min before use. BOECs were seeded in duplicate onto the Matrigel at 

5×104 cells per well in 500 μL of EBM-2 containing 1% FBS and 1% P/S/A. Cells were incubated 

at 37ºC and were imaged at 8 and 20 hours after seeding using the 4X objective of a Nikon TE-

2000U inverted microscope. Total tubule length formed was quantified using the NeuronJ plugin 

(E. Meijering)192 for Fiji. 

2.12 Statistical analysis 

Graphing and statistical analyses were performed with GraphPad Prism for Windows 

(version 6.01). The data was collected from at least three distinct experiments and are presented as 

means ± standard deviation (SD), unless otherwise stated. Data sets were analyzed using the 

Student t-test. A P-value of < 0.05 was considered statistically significant. 

  



 

31 

Chapter 3 

Results 

3.1 Phenotype and genotype of subjects 

To determine the contributions of VWF mutations to the development of angiodysplasia in 

type 2 VWD, four patients, representing each type 2 VWD subtype (2A, 2B, 2M and 2N) were 

enrolled in this study. Ten healthy, non-VWD controls were also enlisted so that a normal range of 

angiogenic behaviour could be established. 

Plasma VWF:Ag levels in the normal control population ranged from 0.68 to 1.62 IU/mL 

with an average of 1.01 IU/mL. VWF:RCo was between 0.52 and 1.46 IU/mL (mean of 0.94 

IU/mL). FVIII:C ranged from 0.79 to 1.95 IU/mL with an average of 1.30 IU/mL, which is slightly 

higher than in the general population. Data on FVIII:C for M22, M28 and M29 were not obtained. 

Bleeding scores were between -2 and 3. This data is shown in Table 3.1. 

Table 3.1: Phenotypic and genotypic data for healthy controls 

ID Sex/Age 
Blood 

type 

Bleeding 

Score 

VWF:Ag 

(IU/mL) 

VWF:RCo 

(IU/mL) 

FVIII:C 

(IU/mL) 

Nucleotide 

Change 

M1 F/48 A 2 1.54 1.15 1.45 - 

M3 M/56 O -2 1.62 1.18 1.71 - 

M7 F/33 O 1 0.78 0.52 0.88 - 

M9 F/60 O 2 0.94 1.13 1.95 - 

M12 F/31 O 0 0.77 0.81 0.90 - 

M16 M/62 O 0 0.68 0.82 1.42 - 

M18 M/21 O 0 0.63 0.74 0.79 - 

M22 F/26 O 3 0.78 0.63 1.00 - 

M28 M/19 A 0 1.19 1.46 1.34 - 

M29 F/17 B -1 1.21 0.99 1.60 - 

N.D. = no data 
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Phenotypic and genotypic data for the type 2 VWD patients is shown in Table 3.2. Bleeding 

in the type 2 VWD patients was severe, as evidenced by their condensed MCMDM-1 VWD 

bleeding scores (BS). The type 2A and 2B VWD patients exhibited the highest BS of 19 and 17, 

respectively, followed by the type 2N (BS = 8) and the type 2M (BS = 7) patients. Both VWF:Ag 

and VWF:RCo values were reduced in the type 2A, 2B and 2M patients. The type 2N patient 

exhibited normal VWF:Ag (1.43 IU/mL) and VWF:RCo (1.20 IU/mL), but had a reduced FVIII:C 

(0.46 IU/mL). FVIII:C was furthermore reduced in all patients. Clinically, the type 2A patient 

displayed a marked decrease in high- and intermediate-molecular weight VWF multimers. The type 

2B was described as having “abnormal” multimers, while multimerization was normal in the type 

2M and 2N patients (data not shown). 

Direct sequencing of the VWF gene revealed causative mutations of type 2 VWD in all 

patients. The type 2A VWD patient was heterozygous for an insertion of a cytosine at position 7130 

(c.7130insC) resulting in a frameshift from amino acid 2377 to the terminus (p.2377fsX). The type 

2B patient was heterozygous for a substitution of guanine to adenine at VWF position 3946 

(c.3946G>A), resulting in a p.Val1316Met mutation. The type 2M patient was heterozygous for a 

T to C transition at nucleotide 4145 in exon 28 leading to the p.Leu1382Pro mutation. Finally, the 

p.Arg854Gln mutation (c.2811G>A) was identified in the type 2N patient, but a second mutation 

required for a type 2N phenotype has eluded identification, even after the application of whole-

genome sequencing. Figure 3.1 portrays the locations of the VWF mutations on the domain 

structure of the protein. 

 

.
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Table 3.2: Phenotypic and genotypic data for type 2 VWD patients 

Patient 

ID 
Sex/Age 

Blood 

type 

Bleeding 

Score 

VWF:Ag 

(IU/mL) 

VWF:RCo 

(IU/mL) 

FVIII:C 

(IU/mL) 

Nucleotide 

Change 

Genomic 

Change 
Exon 

VWF 

Domain 

2A F/72 O 19 0.11 0.04 0.21 c.7130_7131insC p.2377fsX 42-52 C3-CK 

2B M/55 O 17 0.40 0.13 0.46 c. 3946G>A p.V1316M 28 A1 

2M F/25 A 7 0.11 0.03 0.39 c.4145T>C p.L1382P 28 A1 

2N F/33 A 8 0.97 1.20 0.44 c.2561G>A, ? p.R854Q, ? 19 D’ 

 

 

Figure 3.1 Location of the type 2 VWD patient mutations on VWF 

Domain structure of VWF labelled with the location of the missense mutations of the type 2B (p.Val1316Met), 2M (p.Leu1382Pro) and 2N 

(p.Arg854Gln) VWD patients and the frameshift mutation of the type 2A VWD patient (p.2377fsX). 
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3.2 BOEC phenotypic characterization 

BOECs were successfully isolated from the four VWD patients and ten healthy controls. 

On days 9-14 after plating, BOEC colonies appeared with the cobblestone morphology typical of 

the EC (Figure 3.2). VWF expression was evident in each cell, as measured by ELISA and confocal 

IF. This data will be presented later in this chapter. For further confirmation of the EC phenotype, 

flow cytometry was conducted to identify cell surface markers CD31, CD144 and CD146. Staining 

for leukocyte markers CD14 and CD45 was also undertaken to identify if leukocyte contamination 

of the cultures may have occurred during isolation. 

 
2A 2B 2M 2N M1 

Figure 3.2 Cobblestone morphology of BOECs 

Confluent monolayers of type 2 VWD and one representative control BOECs exhibiting 

cobblestone morphology typical of ECs. Pictures of were taken at 4X magnification under bright-

field microscopy. 

All control and type 2 VWD BOECs were highly positive for EC markers CD31 (PECAM-

1, platelet endothelial cell adhesion molecule), CD144 (vascular endothelial [VE]-cadherin), and 

CD146 (MCAM, melanoma cell adhesion molecule). With the exception of M16, M22 and M29, 

all BOECs expressed low levels of leukocyte markers CD14 and CD45 (PTPRC, protein tyrosine 

phosphatase, receptor type C) (Table 3.3). 
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Table 3.3 Flow cytometry characterization of control and type 2 VWD BOECs 

BOECs CD31 (%) CD144 (%) CD146 (%) CD14 (%) CD45 (%) 

2A 97 92 87 8 10 

2B 91 92 96 0 1 

2M 96 92 89 3 16 

2N 95 82 85 4 11 

M1 98 98 99 12 0 

M3 98 97 99 9 6 

M7 92 92 73 9 1 

M9 98 N.D. N.D. 3 3 

M12 85 88 90 9 9 

M16 95 88 94 12 30 

M18 100 98 99 2 1 

M22 97 96 98 20 9 

M28 98 96 94 8 7 

M29 95 88 94 7 20 

THP1s - - - 87 99 

N.D. = No data 

3.3 Molecular assessment of VWF: expression, secretion and storage 

3.3.1 Characterization of VWF from control BOECs 

To evaluate VWF expression and secretion in BOECs, VWF:Ag was measured via ELISA 

in the media and lysates of the ten control BOECs. The mean VWF BOEC media concentration 

was 31 mU/mL, ranging from 11 mU/mL in M22 to 51 mU/mL in M1 (Figure 3.3A). VWF basally 

released from BOECs represented on average 5% of total BOEC VWF stores. The average VWF 

concentration in the VWF lysates was 593 mU/mL, spanning from 353 mU/mL in M22 and 841 

mU/mL in M18 (Figure 3.3B). Stimulation of BOECs with the secretagogue PMA enhanced VWF 

release by approximately 60%. This effect was least pronounced in M1, who demonstrated the 

highest basal release of VWF but only secreted 38% more VWF upon stimulation. 
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Correspondingly, M22 had the highest percent increase in VWF stimulated-secretion, releasing an 

additional 99% of its VWF.  

 To determine the extent to which VWF release from BOECs recapitulated the phenotype 

of the patients from which they were derived, BOEC media VWF:Ag was compared with the 

plasma VWF:Ag from each control. There was a significant positive linear correlation between 

plasma VWF:Ag and BOEC VWF:Ag (R2 = 0.22, P = 0.0062), as seen in Figure 3.3C. 

The intracellular storage of VWF in WPBs was then assessed in control BOECs using 

confocal IF. In all control BOECs, VWF is stored in rod-shaped WPBs with very little diffuse 

staining (Figure 3.4). 

To exclude the possibility that unexpected defects in VWF multimerization could affect 

the angiogenic behaviour of the normal BOECs, VWF secreted into the BOEC media was 

visualized on 2% SDS agarose gel. As seen in Figure 3.5, all control BOECs exhibited a normal 

range of multimers. 
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Figure 3.3 VWF expression and release in control BOECs 

VWF in the (A) media and (B) lysates of ten normal BOECs, measured by ELISA (N = 3-5 

replicates each). BOECs were either stimulated with 160 nM PMA for 1 hour (grey bars), or were 

untreated (black bars). (C) VWF basally secreted in the media of BOECs (N=3-5) compared with 

plasma VWF:Ag. 
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Figure 3.4 VWF is stored in rod-shaped WPBs of control BOECs 

Representative confocal IF images at 60X magnification of VWF (green) in rod-shaped WPBs of 

control BOECs plated on collagen with a Phalloidin actin cytoskeleton stain (red) and DAPI nuclear 

stain (blue). 
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Figure 3.5 Multimer profile of VWF from control BOECs 

Multimerization pattern of VWF secreted by control BOECs, visualized by 2% SDS-agarose 

electrophoresis. N = normal pooled plasma and Abn = plasma from a type 2A VWD patient. 
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3.3.2 Assessment of VWF from type 2 VWD BOECs 

To assess the quantitative changes in VWF expression and release conferred by the type 2 

VWD mutations, VWF:Ag in the media and lysates of BOECs derived from the type 2A, 2B, 2M 

and 2N patients were assessed using ELISA. In all quantitative assays, the VWD patients were 

compared with the average value derived from the ten control patients. While there was no 

significant difference in VWF release into the media of the 2B (36 mU/mL), 2M (33 mU/mL), and 

2N BOECs (33 mU/mL), compared with the control average (31 mU/mL), there was a significant 

impairment in basal VWF release by the 2A BOECs (11 mU/mL, P < 0.0001). Furthermore, 

stimulation by PMA did not increase VWF secretion in the 2A BOECs, as it did in the controls and 

the 2B, 2M and 2N BOECs (Figure 3.6A). However, the total amount of VWF produced in the 

lysates of the 2A BOECs in addition to the 2B BOECs, was equivalent to the controls. Total 

production of VWF was slightly increased in the 2N BOECs (P < 0.05) and almost three-fold higher 

than the controls in the 2M BOECs (P < 0.0001) as demonstrated in Figure 3.6B. 

When BOEC VWF:Ag was compared with plasma VWF:Ag in the type 2 patients then 

added to the data from control BOECs to generate Figure 3.6C, the significance of the correlation 

was lost (R2 = 0.23, P = 0.08). The BOECs were unable to recapitulate the patient VWF:Ag 

phenotype particularly in the type 2B and 2M patients who expressed low levels of VWF in vivo, 

but were within the normal range of VWF release in vitro 

. 
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Figure 3.6 VWF expression and release from type 2 VWD BOECs 

VWF in the (A) media and (B) lysates of normal BOECs, measured by ELISA. BOECs were either 

stimulated with 160 nM PMA (grey bars) for 1 hour, or were untreated (black bars). N = 3-5. *P < 

0.05 ***P < 0.0001. (C) VWF basally secreted in the media of BOECs (N = 3-5) compared with 

plasma VWF:Ag. 
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VWF storage in type 2 VWD BOECs was assessed using confocal IF microscopy. VWF 

storage appeared normal in type 2B and type 2N VWD BOECs as the VWF stain was present within 

rod-shaped WBPs with little diffuse staining. In contrast, VWF storage was abnormal in the type 

2A and type 2M BOECs (Figure 3.7). Both cell types exhibited an absence of the typical rod-shaped 

WPBs, and the VWF instead localized to rounded granules. In addition, diffuse staining of VWF 

was evident in both cells. But, while it was distributed throughout the cytoplasm in the type 2M 

BOECs, it was confined to the perinuclear area in the type 2A. 

To pinpoint the subcellular compartment of the aberrant VWF in the type 2A and 2M VWD 

patients, co-staining of VWF with the ER marker calnexin and the lysosomal indicator LysoTracker 

was conducted (Figure 3.8). The non-VWD M7 BOECs were used as a control for this procedure. 

To quantify the fraction of VWF associated with the lysosomal and ER compartments in each IF 

image, thresholded Mander’s co-efficients (tM) were generated (Figure 3.9). While there was little 

co-staining of VWF and calnexin in M7 (tM = 0.55), a large amount of VWF appeared to co-

localize with calnexin in the type 2A (tM = 0.74, P = 0.012) and 2M BOECs (tM = 0.83, P = 

0.0079). Furthermore, the coincidence of VWF with LysoTracker in the type 2M BOECs had a tM 

of 0.78 (P = 0.0011) which was much higher than in the M7 (tM = 0.17) and type 2A BOECs (tM 

= 0.27). It should be noted that, in the type 2M BOECs especially, there is some overlap of all three 

markers. Additionally, in both type 2A and 2M VWD BOECs, there is some VWF that co-localized 

with neither marker, and thus could be contained in the cytoplasm, the TGN, or within WPBs that 

are abnormally shaped.  
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Figure 3.7 VWF Storage is impaired in type 2A and 2M VWD BOECs 

Confocal immunofluorescence staining of VWF (green), actin cytoskeleton (red) and nucleus 

(blue) in type 2A, 2B, 2M and 2N VWD BOECs. 

 

 



 

44 

 VWF/Calnexin VWF/Lysotracker 

C
o

n
tr

o
l 
B

O
E

C
s
 (

M
7
) 

  

2
A

 V
W

D
 B

O
E

C
s
 

  

2
M

 V
W

D
 B

O
E

C
s
 

  

Figure 3.8 Subcellular location of mutant VWF in type 2A and 2M VWD BOECs 

VWF (green) co-staining with ER marker calnexin (red), lysosomal marker LysoTracker (blue) and 

DAPI nuclear stain (grey) in type 2A, 2M VWD BOECs and control M7 BOECs. Where VWF and 

calnexin co-localize the image appears yellow. Cyan denotes areas of VWF/LysoTracker overlap.  
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Figure 3.9 Co-localization analysis of VWF with the ER/Lysosomal Staining 

Thresholded Mander’s coefficient (tM) of co-localization of VWF with calnexin and LysoTracker 

in control (black bars), type 2A (light grey bars) and type 2M (dark grey bars) VWD BOECs. tM 

describes the fraction of VWF that has calnexin or LysoTracker associated with it. Data was 

obtained from three independent images. *P < 0.05, **P < 0.01. Bars portrays mean ± SEM  

Finally, multimerization analysis was performed on VWF basally released from the type 2 

VWD BOECs. A decrease in high- and intermediate-weight molecular multimers was observed in 

the type 2A BOECs, recapitulating the in vivo phenotype of the patient. Conversely, HMWM were 

conserved in VWF from the type 2B BOECs due to a lack of ADAMTS13 in the EC system. 

Multimers were furthermore normal in the type 2N and 2M patients (Figure 3.10).  
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Figure 3.10 Multimerization of VWF in the concentrated media of type 2 VWD BOECs 

Multimerization patterns of basally secreted BOEC VWF visualized by 2% SDS-agarose 

electrophoresis, showing a loss of high- and intermediate-molecular weight multimers in the type 

2A. N = normal pooled plasma and Abn = plasma from another type 2A VWD patient. 

3.4 The association of Ang-2 and VWF in BOECs 

3.4.1 Ang-2 expression and storage in control BOECs 

To determine the normal range of Ang-2 expression in BOECs from healthy donors, the 

media and lysates of BOECs were assayed via Ang-2 ELISA (Figure 3.11). The basal release of 

Ang-2 in control BOECs was highly variable, ranging from 2.4 ng/mL to 16.3 ng/mL with a 6.7 

ng/mL average. Overall Ang-2 expression in the lysates also fluctuated greatly between controls: 

on average, lysates contained 37 ng/mL but spanned between 5.2 and 88 ng/mL. 
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Figure 3.11 Ang-2 expression and secretion in control BOECs is highly variable 

Ang-2 levels in the (A) media and (B) lysates of ten control BOECs was measured via 

ELISA (N = 3). The dashed line denotes the population mean. 

Pinpointing the intracellular location of Ang-2 and its association with VWF was 

undertaken using confocal IF. Co-staining of Ang-2 with VWF demonstrated that these two 

molecules co-localize together in WPBs (Figure 3.12), though not every WPB had Ang-2 

associated with it. VWF:Ang-2 tM co-efficients were calculated (Figure 3.13) to quantify this 

association: on average, only 37% of the VWF coincided with Ang-2 staining. This ranged from 

8.5% in M1 to 58% in M3. M1 exhibited the lowest lysate and low media Ang-2 levels, but the 

highest media VWF levels out of the controls, thus explaining why their tM may be low. 
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Figure 3.12 Ang-2 is stored in WPBs with VWF in control BOECs 

Confocal IF co-staining of VWF (green) and Ang-2 (red) in the ten control BOECs, with DAPI 

nuclear stain (blue) for reference. Areas of co-localization appear yellow. 
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Figure 3.13 Co-localization analysis of VWF:Ang-2 staining 

Thresholded Mander’s coefficients of co-localization were calculated from three independent 

images of each VWF and Ang-2 stained control BOECs. Data is displayed as mean ± SEM and the 

dashed line represents the population mean. 

3.4.2 Ang-2 expression and storage in qualitative VWD BOECs 

The association of Ang-2 and VWF in the type 2A, 2B, 2M and 2N VWD BOECs was 

explored to determine if the specific mutations imparting VWD may lead to an increased release 

of Ang-2, especially since aberrant storage of VWF in the 2A and 2M BOECs was evident. ELISA 

of the VWD BOEC media (Figure 3.14A) revealed an almost two-fold increase in secretion of Ang-

2 from the type 2A and type 2B cells (11.6 ng/mL, P = 0.04 for both) as compared with the control 

average (6.7 ng/mL). Ang-2 levels in the lysates (Figure 3.14B) were not significantly different in 

the type 2A BOECs, but were massively increased from the control average of 37 ng/mL to 118 

ng/mL in the type 2B BOECs (P = 0.0001).  Furthermore, Ang-2 lysate levels were increased two-

fold in the type 2M VWD BOECs (72 ng/mL, P = 0.037).  
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Figure 3.14 Ang-2 expression and secretion in VWD BOEC media and lysates 

Ang-2 levels in the (A) media and (B) lysates of the type 2A, type 2B, type 2M and type 

2N BOECs was measured via ELISA. *P < 0.05, *** P < 0.001, N = 3. 

Subsequently, Ang-2 storage alongside VWF in type 2 VWD BOECs was explored 

qualitatively with confocal IF. Figure 3.15 demonstrates that Ang-2 storage is reduced in the type 

2B VWD as there are very few areas of staining. Furthermore, despite abnormal VWF storage in 

the 2A and 2M BOECs, Ang-2 appears to co-localize normally in these cells. Quantitatively, tM 

coefficients composed from three independent images from each BOEC type revealed significant 

increases in VWF:Ang-2 co-localization in the type 2A, 2M and 2N BOECs. While the type 2B tM 

coefficient was reduced compared to normal, this trend is not significant (Figure 3.16). 
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Figure 3.15 Ang-2 storage is aberrant in type 2B VWD BOECs 

Confocal IF co-staining of VWF (green) and Ang-2 (red) in the type 2A, 2B, 2M and 2N VWD 

BOECs, with DAPI nuclear stain (blue) for reference. Areas of co-localization appear yellow. 
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Figure 3.16 VWF:Ang-2 co-localization is increased in types 2A, 2M and 2N VWD BOECs 

Thresholded Mander’s coefficients of co-localization were calculated from three independent 

images of each VWF and Ang-2 stained type 2 VWD BOECs. *P < 0.05, ***P < 0.001. Data is 

displayed as mean ± SEM. 

3.5 The angiogenic capacity of BOECs 

A panel of proliferation, adhesion, migration, permeability and tubule formation assays 

was employed to characterize several facets of angiogenesis in BOECs from healthy controls and 

the four type 2 VWD BOECs. 

3.5.1 Proliferation 

To assess proliferation, BOECs were plated at 4000 cells per well and allowed to multiply 

for 48, 96 and 144 hours before cell number was assessed using CyQuant proliferation assay kit. 

Rates of proliferation were variable between normal controls. On average, the BOECs increased 

their numbers by five-fold in the first 48 hours, by 1.5-fold in the second 48 hours, then by a factor 

of 1.25 fold in the third 48-hour stretch. M1, M3 and M7 were the most proliferative cells, achieving 
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approximately 41,000 cells at 144 h. Meanwhile, M9 was the least proliferative, producing only 

16,500 cells at the end of the six-day span (Figure 3.17). 
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Figure 3.17 Proliferation in control BOECs 

Proliferative capacity of BOECs derived from healthy controls. Cells were initially plated at 4000 

cells per well and cell number was measured at 48, 96 and 144 h using a CyQuant proliferation 

assay kit. N = 3 each. 

 Meanwhile, proliferation of BOECs derived from the type 2A, 2B, 2M and 2N VWD 

patients was determined in the same fashion and compared to the pooled mean derived from the 

controls in Figure 3.17. While there were no significant differences in cell number at 48 hours, the 

cell numbers of the type 2A and 2B BOECs were significantly increased at 96 hours with 38,800 

(P = 0.015) and 37,600 cells (P = 0.027), respectively, compared with the normal average of 27,900 

cells. This trend continued at 144 hours where the type 2A, and 2B had proliferated to 52,200  and 

55,100 cells, significantly higher than the 34,800 cell control mean (P = 0.0013 and 0.0008, 

respectively).  In addition, the type 2M VWD BOECs exhibited significantly increased cell 

numbers at 144 hours (P = 0.048) (Figure 3.18). 
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Figure 3.18 Proliferation of VWD BOECs 

Proliferative capacity of type 2A, 2B, 2M and 2N VWD BOECs compared with the pooled control 

mean. Cells were initially plated at 4000 cells per well and cell number was measured at 48, 96 and 

144 hours using a CyQuant proliferation assay kit. *P < 0.05 **P < 0.01, ***P < 0.001. N = 3 each 

for the type 2 BOEC data. 

3.5.2 Integrin function: adhesion 

To examine normal integrin function and to explore how qualitative VWF mutations might 

interrupt integrin function, the adhesion of the ten control and four type 2 VWD BOECs to the 

ECM proteins collagen, gelatin and VWF was measured. Fluorescently-labelled BOECs were 

allowed to adhere for 40 minutes to the aforementioned ECM proteins, then were washed three 

times. The cellular fluorescence after washing relative to before washing is displayed in Figure 

3.19. 

In the ten control BOECs, cells adhered most strongly to collagen, with an average of 

13.6% of cells remaining bound, followed by gelatin (10.5% cells adherent), then VWF with only 

6.5% of cells remaining bound. In addition, cells seemed to be consistent in their adherence strength 

to the different matrix proteins: M7, M12 and M22 were above-average in adherence to collagen, 

gelatin and VWF, while M3 fell below the mean in all three cases (Figure 3.19 A,C,E). 
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Out of the type 2 VWD BOECs, only the type 2N patient cells displayed increased 

adherence to collagen, gelatin and VWF (P = 0.035, 0.001 and 0.0008, respectively) relative to the 

pooled control means. Additionally, the strength of the type 2N’s adhesion was similarly high 

between all three ECM proteins, as 19% of the cells adhered to collagen, 20% adhered to gelatin 

and 15% remained bound to VWF. The type 2M was increased in gelatin and VWF (P = 0.047 and 

0.033) adherence, while the type 2A demonstrated increased adhesion to gelatin only (P = 0.0067). 

Finally, adhesion was comparable with the controls in the type 2B VWD BOECs (Figure 3.19 B, 

D, F). 

Cell surface levels of integrin αvβ3 were measured using flow cytometry (Figure 3.20). 

Though too few replicates were undertaken to establish significance, there was a slight decrease in 

the mean fluorescent intensity (MFI) observed in the 2B VWD BOECs, indicating decreased 

surface expression of the marker. 
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Figure 3.19 Integrin function in BOECs 

Percentage of cells bound to type I collagen (A-B), gelatin (C-D) and VWF (E-F) in ten control 

and the type 2A, 2B, 2M and 2N VWD BOECs. Cells were allowed to adhere to ECM proteins for 

40 min before washing. Dashed line in A, C and E represents population mean. These means were 

pooled to serve as control value for type 2 VWD BOECs in B, D and F, *P < 0.05, **P < 0.01, 

***P < 0.001. N = 3 except for M7 in A, C, E where N = 1.  
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Figure 3.20 Surface integrin αvβ3 levels on type 2 VWD BOECs 

Median fluorescent intensity (MFI) of PE-stained integrin αvβ3 on the surface of type 2 VWD 

BOECs and nine normal BOECs, measured by flow cytometry. (N = 1 each) 

3.5.3 Migration 

Cellular migration in the ten control and four VWD BOECs was evaluated using a scratch-

wound healing assay. A 600-μm wound was made in a confluent monolayer of BOECs and closure 

of the lesion was imaged at 30 minute intervals for 15 hours. This time point was chosen to ensure 

the wounds had not closed. Figures 3.21 and 3.23 display representative cell trajectory plots for ten 

randomly chosen individual cells from the upper border of the wound. These plots demonstrate that 

the center of mass of BOEC migration in all lines was towards the wound (in the negative y 

direction). Interestingly, all BOECs exhibited leftward motion as well. There were some differences 

between the degrees to which the BOECs meandered while repairing the wound. For instance, the 

paths of cellular motion were spread much wider in M22 than in M3 or M18. Furthermore, the 

motion of the type 2A and 2N VWD BOECs seemed much more erratic than in the controls. 
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Figure 3.21 Cell trajectory plots of control BOECs 

Representative migration trajectories of ten individual cells from control BOECs undergoing 

scratch-wound closure. Cells were chosen randomly from the upper border of the wound and were 

recorded for 30 minute intervals over 15 hours. Blue ellipses represent the center of mass. 

To quantify the “directness” of motion, the Euclidean distance travelled by the individual 

cells was divided by the accumulated distance of those cells. The average Euclidean distance of the 

control BOECs was 219 μm (Figure 3.22A). This distance was decreased significantly in the type 

2A VWD BOECs to 183 μm (P = 0.0042), in the type 2M to 184 μm (P = 00092) and in the type 

2N to 157 μm (P = 0.0002). In contrast, the Euclidean distance was slightly higher for the type 2B 
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BOECs, at 243 μm, but this result was not significant (P = 0.0503, Figure 3.23A). Following the 

same trend, directness was decreased as compared with the normal average of 0.50 in the type 2A, 

2M and 2N BOECs, though the result was only significant for the type 2N where the cells displayed 

a directness of 0.40 (P = 0.0049). Moreover, the type 2B cells followed a more direct path relative 

to normal (directness of 0.55, P = 0.0377, Figure 3.24C). To describe the ability of the cells to 

migrate in the “correct” direction, i.e. towards the wound, the forward migration index (FMI) was 

calculated by taking the y component of the cells motion, divided by the total distance the cell 

travelled. Though there were no significant differences, the FMI of the type 2B VWD BOECs was 

slightly increased, while the type 2A, 2M and 2N BOECs were marginally decreased compared 

with the normals (Figure 3.24D). There was not very much deviation amongst the control BOECs 

in terms of Euclidean distance, directness or FMI (Figure 3.22ACD).  

Finally, as shown in Figure 3.22B, migration velocity did not greatly differ across control 

BOECs and averaged at 0.51 μm/min. Velocity was decreased in the type 2A to 0.41 μm/min (P < 

0.0001), in the type 2M to 0.46 μm/min (P = 0.025) and in the type 2N BOECs to 0.45 μm/min (P 

= 0.028). Ultimately, the migration data reveal that the migration in the type 2A, 2M and 2N VWD 

BOECs was less efficient, as the cells migrated less rapidly, and achieved less distance, meandered 

more, and exhibited lower directional sense than the control population. 
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Figure 3.22 Characteristics of wound-healing migration in control BOECs 

 (A) Euclidean distance and (B) velocity of control BOECs during the first 15 hours after 

endothelial monolayer wounding. (C) Directness (Euclidean distance/accumulated distance) of 

BOEC motion, describing the “straightness” of the migration path. (D) Forward migration indices 

of BOECs as a measure of the extent to which BOECs moved towards the wound. Grey dashed 

lines represent the population means. Data was accumulated from ten cells per line, N = 3. 
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Figure 3.23 Cell trajectory plots of type 2A, 2B, 2M and 2N VWD BOECs 

Representative migration trajectories of ten individual cells from the type 2 VWD BOECs 

undergoing scratch-wound closure. Cells were chosen randomly from the upper border of the 

wound and were recorded for 30 minute intervals over 15 hours. Blue ellipses represent the center 

of mass. 
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Figure 3.24 Wound-closing migration of BOECs from type 2 VWD patients 

(A) Euclidean distance and (B) velocity of type 2 VWD BOECs during the first 15 hours after 

endothelial monolayer wounding. (C) Directness (Euclidean distance/accumulated distance) of 

BOEC motion, describing the “straightness” of the migration path. (D) Forward migration indices 

of BOECs as a measure of the extent to which BOECs moved towards the wound. Control values 

represent pooled mean of the ten controls. *P < 0.05, **P < 0.01, ***P < 0.001. N =3 each, with 

ten cells per experiment. 
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3.5.4 Permeability 

To test whether changes in permeability may be present due to the VWF abnormalities of 

type 2 VWD, BOECs were allowed to form confluent monolayers on a mesh transwell insert 

containing 0.4-μm pores which was placed in a 24-well plate. The passage of FITC-conjugated 

dextran placed in the upper chamber of the insert into the well below over 1 hour was measured by 

spectrofluorometry.  

Figure 3.25A demonstrates that the amount of FITC-dextran in the bottom chamber, 

denoted by the relative fluorescence intensity (RFI), was greatly variable among the eight control 

BOECs tested. A reduction in permeability was observed in the type 2B BOECs, as there was a 

decreased RFI of 130 units compared with the control value of 250 units in the chamber underneath 

these cells, though the result was not significant (P = 0.068). Similarly, media from the bottom 

segment of the well containing type 2N BOECs had a reduced RFI, but too few replicates were 

undertaken in order to establish significance (Figure 3.25B). 
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Figure 3.25 Endothelial barrier permeability in control and type 2 VWD BOECs 

Relative fluorescent intensity (RFI) of FITC-dextran passing though confluent monolayers of (A) 

eight control or (B) type 2 VWD BOECs into the bottom well of a Boyden chamber after 1 hour. 

Dashed line represents population mean. N = 3 for all lines except for M7 and 2N, where N = 1. 

3.5.5 Tubule Formation 

Three dimensional culture of BOECs from healthy individuals and patients with qualitative 

VWD was accomplished in order to evaluate vessel formation. BOECs were seeded atop a 

solidified Matrigel layer and were imaged at 20-24 hours after seeding using a 4X objective. These 

images, portrayed in Figure 3.26, enabled the quantification of the total tubule length of 

pseudovessels formed. 
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Figure 3.26 BOEC tubules in three-dimensional culture 

Representative images at 4X magnification of tubules formed in Matrigel by type 2A, 2B, 2M and 

2N BOECs, as well as the control BOECs forming the least expansive tubule network (M29) and 

the control BOECs developing the greatest total tubule length (M22). 

Figure 3.27A demonstrates that total tubule length formed in Matrigel by control BOECs 

centered around a mean of 30.5 mm, but was extremely variable across BOEC donors. For instance, 

tubule formation in M29 was only a third of the mean, while M22 developed more than twice as 

many tubules as the average. There was also great intra-individual variation as well. Interestingly, 

the highest tubule formation was observed in females (M7, M9, M12, and M22).  
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Figure 3.27 Tubule formation in control and type 2 VWD BOECs 

Cumulative tubule length formed by (A) non-VWD and (B) type 2 VWD BOECs seeded in 

Matrigel and imaged at 20-24 hours using a 4X objective lens. 

 Investigation into tubule formation in type 2 VWD BOECs revealed no significant 

differences between the cell lines at 20 hours (Figure 3.27B). To explore the notion that differences 

in vessel stability between the lines may exist which could obfuscate the true length of vessels 

formed, the type 2 VWD BOECs and four of the ten control BOECs were imaged in a separate 

experiment at 8 hours in addition to the 20 hour time-point. As figure 3.28A shows, tubule 

formation was decreased in the type 2B relative to the controls at 8 hours (25 mm  versus 73 mm 
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control value, P = 0.027) and 20 hours (18 mm versus 42 mm control value), though the 20-hour 

result was not significant. However, the percentage of vessels remaining after 20 hours compared 

with the 8 hour time-point was slightly increased in the type 2A (64%) and 2B BOECs (72%) from 

the control value of 52%. This suggests that these cell lines may exhibit increased vessel stability 

in Matrigel, though this trend is, again, not statistically significant. 
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Figure 3.28 Tubule stability in type 2 VWD BOECs 

(A) Total tubule length of type 2 VWD BOECs seeded in Matrigel and imaged at 8 and 20 hours. 

(B) Percentage of tubules remaining at 20 hours compared with 8 hours after seeding. 
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3.6 Angiogenic characterization of a hemangioma 

We serendipitously procured a hepatic hemangioma sample from a patient with type 1 

VWD. This patient sought clinical attention for chronic abdominal pain that had been worsening 

over a decade. Ultrasound revealed the giant hemangioma, measuring 15 cm on its long axis (Figure 

3.29A), which was excised without complication. Histologic analysis confirmed that the specimen 

was a cavernous hemangioma and was not malignant (Figure 3.29B). 

 

 

Figure 3.29 Resected hemangioma specimen 

(A) Bisected hemangioma specimen. (B) Histology showing interface between hemangioma with 

disorganized vessel architecture (above) and normal liver parenchyma (below). 

A. 

B. 
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We were successful in isolating endothelial cells from the tumour. These hemangioma 

endothelial cells (HEMECs) exhibited endothelial cobblestone morphology (Figure 3.30) and were 

positive for endothelial cell markers CD31 (95%), CD144 (90%) and CD146 (85%). Expression of 

leukocyte markers CD14 and CD45 were low, at 3% and 12%, respectively. The establishment of 

HEMECs allowed for an investigation into the possible contributions of the patient’s VWF 

deficiency to the development of this EC tumour. 

   

Figure 3.30 Endothelial morphology of HEMECs 

Bright-field microscopy images at 10X magnification of confluent (A) normal BOECs and (B) 

HEMECs, showing endothelial cobblestone morphology. 

As a child, the patient was diagnosed with type 1 VWD due to low levels of VWF. 

However, the patient’s VWF:Ag, VWF:RCo and FVIII:C were within normal range (Ag = 0.89 

IU/mL, RCo = 0.96 IU/mL, FVIII:C = 1.01 IU/mL) during his pre-operative assessment. Direct 

sequencing proved inadequate for determining a VWF mutation for the patient. To determine if a 

copy number variation, large deletion, or intronic change may be contributing to the type 1 VWD 

in this patient, whole-genome sequencing was applied to DNA isolated from the patient’s plasma. 

Interestingly, though no VWF mutations were identified using this method, a 2,200 kb deletion of 

chromosome 2 was revealed, which resulted in the deletion of the entire FAM84A gene. 

In contrast to what was observed in the patient’s plasma, HEMECs demonstrated 

significantly decreased expression of VWF in the lysates (438 mU/mL versus 593 mU/mL, P = 

A. B. 
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0.016, Figure 3.31B), accompanied by a basal release of VWF (15 mU/mL) was half that of the 

controls (31 mU/mL, P < 0.0001). Nonetheless, stimulated secretion in the HEMECs was normal, 

as the application of PMA increased VWF media levels to 37 mU/mL (Figure 3.31A). 

Multimerization of VWF secreted from HEMECs was normal (Figure 3.31C). Pooled data from 

ten normal BOECs were used as controls in all assays, unless otherwise stated. 
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Figure 3.31 VWF Expression and storage in HEMECs 

VWF levels in the (A) media and (B) lysates of HEMECs in the presence (grey bars) and absence 

(black bars) of 160 nM PMA. *P < 0.05, ***P < 0.001, HEMEC N = 3. Control data is derived 

from pooled means of ten normal BOECs. (C) Multimerization pattern of HEMECs, one normal 

BOECs and normal pooled plasma (designated as N). Confocal IF staining of VWF (green) in 

WPBs of HEMECs with actin cytoskeleton (red) and DAPI nuclear (blue) stain for reference at (D) 

60X magnification and (E) 40X magnification. 

C. D. E. 
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Furthermore, confocal IF was used to demonstrate that VWF was stored in WPBs of 

HEMECs (Figure 3.31). In addition to the rod-shaped WPBs, rounded WPBs can be seen. 

Perinuclear clustering of these WPBs can also be seen, as in Figure 3.31E. These observations 

denote an abnormality of WPB biogenesis in these HEMECs. 

To determine if a concomitant storage abnormality of Ang-2 may be contributing to the 

aberrant angiogenesis in these cells, confocal IF co-staining of Ang-2 with VWF was explored. 

Seen in Figure 3.32A, Ang-2 staining is present in HEMECs and co-localizes with VWF in WPBs. 

This is corroborated by the tM co-efficients in Figure 3.32B generated from three independent Ang-

2/VWF co-staining images which were no different than those of the normal BOECs. Finally, Ang-

2 lysate expression and release, as measured by ELISA, was not significantly different between the 

EC types, indicating that Ang-2 storage deficits are not to blame for the angiogenic phenotype of 

the HEMECs (Figure 3.32C). 
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Figure 3.32 Ang-2 expression and storage in HEMECs 

Ang-2 expression visualized by confocal IF microscopy where Ang-2 is red, VWF is stained green 

and nuclei are blue (A). Areas of VWF/Ang-2 co-localization appear yellow. (B) Degree of co-

localization was measured using thresholded Mander’s co-efficient from three distinct images. (C) 

Ang-2 expression in the media and lysates of HEMECs (N = 3) measured by ELISA. Control data 

is derived from pooled means of ten non-VWD BOECs. 
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To quantify angiogenesis in HEMECs from the type 1 VWD patient, proliferation, 

adhesion, migration and tubule formation was assessed. Cell number of HEMECs was assessed at 

48, 96 and 144 hours (Figure 3.33A). While there were no significant differences at 48 hours 

between the HEMECs and the normal controls, the HEMECs demonstrated increased proliferation 

at 96 and 144 hours. Specifically, there were 42,000 HEMECs in relation to the normal control of 

27,900 cells at 96 hours (P = 0.0034). Furthermore, there were 54,100 HEMECs versus an average 

of 34,800 normal BOECs at 144 hours (P = 0.0028). 

 Meanwhile, the permeability of confluent HEMEC monolayers determined via a FITC-

dextran barrier function assay seemed to be reduced, but this result was insignificant (Figure 

3.33B). Moreover, HEMEC adhesion to collagen, gelatin and VWF appeared to be decreased 

compared with normal BOECs, though these differences were also not significant (Figure 3.33C). 

Integrin αvβ3 cell surface levels, measured using flow cytometry, were furthermore no different 

than in the controls (Figure 3.33D). 
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Figure 3.33 Proliferation, adhesion and permeability in HEMECs 

(A) Proliferative capacity of HEMECs. Cell number at 48, 96 and 144 hours after seeding at 4000 

cells per well measured using a CyQuant proliferation assay kit. **P < 0.01, N = 3. (B) Permeability 

assayed by determining relative fluorescent intensity (RFI) of FITC-dextran passing though 

confluent monolayers of HEMECs (N = 3) into the bottom well of a Boyden chamber after 1 hour 

(C) Integrin function measured by percentage of HEMECs bound to collagen, gelatin and VWF 

after 40 minute incubation (N = 3). (D) Median fluorescent intensity (MFI) of PE-stained integrin 

αvβ3 on the surface of HEMECs and nine normal BOECs, measured by flow cytometry (N = 1 

each). Controls represent pooled average values from six to ten control BOECs.  
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Figure 3.34 HEMEC migration 

(A) Representative migration trajectories of ten individual HEMECs undergoing scratch-wound 

closure. Cells were chosen randomly from the upper border of the wound and were recorded for 30 

minute intervals over 15 hours. Blue ellipses represent the center of mass. These images were used 

to calculate HEMEC (B) Euclidean distance and (C) velocity. (D) Directness (Euclidean 

distance/accumulated distance) of HEMEC motion, describing the “straightness” of the migration 

path. (D) Forward migration indices as a measure of the extent to which HEMECs moved towards 

the wound. Control values represent pooled mean of ten BOEC controls. **P < 0.01, ***P < 0.001. 

N =3 each, with ten cells per experiment. 
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 Migration of HEMECs was observed by imaging the closure of a scratch-wound over 15 

hours at 30 minute intervals. The trajectories of ten migrating cells from the upper margin of the 

wound are plotted in Figure 3.34A. While the HEMECs were equally as direct in their motion and 

as well-oriented in the direction of the wound as the normal controls (Figure 3.34 D and E), the 

HEMECs achieved a further Euclidean distance from their starting positions (219 μm versus 260 

μm, P = 0.0091, Figure 3.34B). This was probably due to the greater velocity of the HEMECs, 

which migrated almost 20% faster than the controls (P = 0.0003, Figure 3.34C). 

Finally, tubule formation after 20 hours in Matrigel (Figure 3.35A), pictured in Figure 

3.35B, was not significantly different in HEMECs as compared with the control BOECs. When the 

HEMECs were imaged at 8 hours in Matrigel in addition to 20 hours, however, total tubule 

formation was decreased at both time points. The percentage of vessels remaining in the HEMECs 

were approximately a third less than that of the control BOECs, indicating a decreased vessel 

stability in the HEMECs. Unfortunately, the small sample size used in this assay prohibits the 

establishment of significance for this trend.    
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Figure 3.35 Tubule formation in HEMECs 

(A) Cumulative tubule length formed by HEMECs after 20 hours in Matrigel, imaged (B) using a 

4X objective lens. N = 1. (C) Vessel stability determined in an independent experiment by 

quantifying HEMEC vessel formation at 8 (black bars) and 20 hours (grey bars). N = 1. (D) 

Percentage of tubules remaining at 20 hours compared with 8 hours after HEMEC seeding (N = 

1). Control values derive from the pooled averages of ten normal BOECs where N = 3 each. 
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Chapter 4 

Discussion 

4.1 Summary of findings 

The incidence of angiodysplasia is increased in the acquired and congenital forms of VWD 

where HMWM VWF are deficient. Recently, VWF was demonstrated to be a negative regulator of 

angiogenesis through two pathways: first, it is purported to interact with integrin αvβ3 on the EC 

surface to inhibit proliferative signaling through VEGFR-2. Secondly, VWF directs the storage of 

Ang-2 in WPBs.3 This thesis aimed to explore the dysregulation of angiogenesis resulting from 

VWF disturbances using BOECs, which are a relatively uncharacterized EC model. This 

investigation establishes the normal angiogenic range of BOECs using cells isolated from healthy 

donors. We found that both VWF expression and angiogenesis are greatly variable across the 

donors from the normal population.  

This study secondly examines the effect of qualitative VWF mutations on angiogenesis by 

using BOECs derived from four type 2 VWD patients. Compared with the healthy BOEC cohort, 

BOECs derived from the type 2A VWD patient were highly angiogenic, displaying increased 

proliferation, adhesion and disordered migration. The type 2M and 2N VWD BOECs were not 

entirely quiescent, however, and showed increases in proliferation, adhesion and decreased 

motility. This suggests that VWF may regulate angiogenesis in another way than through HMWM. 

The type 2B VWD BOECs were also proliferative, but exhibited improved migrational efficiency 

and permeability. Finally, angiogenesis was examined in ECs from the cavernous liver 

hemangioma of a type 1 VWD patient; while these cells were more proliferative and migratory than 

the controls, the VWF deficiency did not appear to contribute to this trend through neither integrin 

β3 subunit modulation, nor Ang-2 storage. 

These results help to validate the use of BOECs and other ECs as models for investigating 

patient- and individual-specific differences in VWF expression patterns and angiogenesis. By using 
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BOECs to relate these two metrics, we help to confirm the regulatory role of VWF in angiogenesis, 

and help to contribute to the molecular pathogenesis of angiodysplasia in VWD. 

4.2 Angiogenesis varies greatly across BOECs from healthy donors 

BOECs are a relatively new model for studying endothelial cell-dependent processes ex 

vivo. The range of what constitutes “normal” VWF expression and angiogenesis for these cells is 

unknown. To establish a reference range for these parameters, we evaluated BOECs from ten 

healthy individuals representing a range of ages, VWF:Ag, VWF:RCo and FVIII:C plasma levels. 

 To begin with, VWF expression was highly variable between the BOECs. While this may 

be partially due to individual differences in the VWF gene, it could also stem from differences in 

the quality of the BOEC cultures. The high levels of CD45 in M16 and M29, and CD14 in M22 

could be a result of monocytic contamination, or phenotypic drift of the BOECs. This may be the 

reason for the substantially lower VWF production and secretion in the M22 BOECs, as this culture 

conceivably has fewer ECs present to contribute to VWF expression. As well, differences in cell 

size, time to reach confluence, or cell density at confluence may have also affected the contributed 

to variations in VWF levels between the BOECs. A Bradford assay measuring total protein content 

of the cell lysates would allow for the normalization of cell number, and would give a more accurate 

depiction of VWF expression in these BOECs. 

Furthermore, BOEC VWF expression was weakly but significantly correlated with the 

plasma phenotype. The CHARGE (Cohorts for Heart and Aging Research in Genome 

Epidemiology) genome-wide association study (GWAS), identified ABO blood group as the 

strongest determinant of VWF levels – even more so than the VWF locus itself.193 This phenomenon 

occurs through increased clearance of VWF from type O blood rather than reduced synthesis or 

secretion.194 Missing from the in vitro system is this effect of clearance, explaining why plasma 

VWF:Ag may have been disparate from BOEC VWF:Ag. Also absent in vitro is ADAMTS13, 

which resulted in multimerization patterns in the normal BOECs with more HMWM than the 
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normal pooled plasma. In all cases, elongated WPBs were present, indicative of normal VWF 

storage. In some subjects, such as M9 and M29, VWF localized instead to rounded granules. These 

are likely WPBs in an early stage of biosynthesis where homotypic fusion has yet to occur.195  

Despite the fact that VWF was processed and stored normally in our population, Ang-2 

storage and secretion was greatly variable across BOEC donors. A greater release of Ang-2 into 

the media corresponded with higher lysate levels of Ang-2, but these interpersonal Ang-2 

differences did not correlate with total VWF content or release. The variability of Ang-2 release in 

the normal population is therefore likely rooted in differences at the level of Ang-2 gene expression 

rather than through the effect of VWF levels on Ang-2 storage. Ang-2 expression is elevated in a 

variety of diseases of endothelial dysfunction including hypertension and atherosclerosis.196 

Conversely, in HUVECs grown under laminar flow to simulate the in vivo blood vessel 

environment, Ang-2 expression was drastically decreased.197 The variability of Ang-2 levels 

observed in this study could be due to minute differences in the non-physiologic, stressful settings 

of static BOEC culture, in addition to variations in the endothelial health of the donors. Quantitative 

reverse transcriptase polymerase chain reaction (qRT-PCR) should be applied to confirm if the 

differences in Ang-2 levels in the normal BOECs are due to increased expression, or differential 

release. 

 In all normal cells, Ang-2 co-localized exclusively with VWF in WPBs, corroborating 

what has been found in several other types of endothelial cells.149 There was great variation in the 

number of Ang-2-containing WPB per BOEC, but our average of 37% Ang-2-positive WPBs 

corresponded well with the previously reported value of 40%.197 The confocal IF storage data 

complemented the quantitative data: for example, M3 had a large percentage of Ang-2-containing 

WPBs, and above-average Ang-2 lysate and release levels, while the opposite was true for M22.  

Endothelial cells are the principal constituents of blood vessels and must convert from a 

quiescent state into one that favours proliferation, motility, and decreased adhesion in response to 

angiogenic cues. The normal BOECs used in this investigation differed greatly from each other 
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across these properties, but the greatest angiogenic differences between BOECs were in 

permeability and tubule formation in three-dimensional Matrigel. Increased vascular permeability 

is present in tumour angiogenesis, angiodysplasia and hemangioma, and can occur through VEGF 

and Ang-2 overexpression.198,199 Tubule morphogenesis in Matrigel evaluates the combined cell 

migratory, adhesive and cooperative properties of ECs in order to form pseudovessels.200 Within 

this BOEC population, total tubule length formed in Matrigel did not correlate significantly with 

VWF level, Ang-2 release, or donor age. However, tubule formation was the greatest in two young 

(ages 26 and 31), female donors, and four of the six female donors were above the average in tubule 

length. These BOECs showed variable increases in proliferation, adhesion and migration. The role 

of estrogen in promoting the cyclical vascularization of the endometrium has been well-defined.201 

Our results complement a previous finding that BOECs derived from female subjects exhibit 

greater proliferative, adhesive and capillarogenic tendencies than BOECs isolated from men.202 

As qualitative deficiencies of VWF, i.e. in the release and circulation of HMWM, are the 

most important determinants of angiodysplasia2, it is doubtful that the angiogenic differences 

between normal BOECs are due to their varying VWF expression levels. It is difficult to isolate 

these effects of VWF on angiogenesis in normal BOECs because the cells differ in their entire 

genetic makeup, including expression profiles of many other angiogenic regulators. Even between 

siblings M28 and M29, Ang-2 expression and release, adhesion and permeability diverged greatly, 

though they showed similarities in VWF expression and tubule formation.  

In addition to genetic factors, the isolation and culturing process of BOECs may also 

contributed to the varied angiogenic responses between donors. For reasons unknown, certain 

subjects fail to produce BOEC colonies during every isolation while others will fail only 

occasionally, or not at all. In our laboratory, we have a 65% isolation efficiency for normal BOECs, 

similar to a previously reported value of 68%.203 We have observed that the date on which cultures 

appear influences the proliferative abilities of the BOECs: colonies appearing after 21 days have 

limited proliferative potential and cannot be extended past the third passage. Because of these 
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factors, we may have selected for the most angiogenic subjects and for most proliferative EPC 

populations within those individuals. We used BOECs from passages three through nine in our 

assays, and the variation in BOEC passage number could have influenced cellular performance on 

the angiogenesis and VWF-processing assays. However, Tura et al. found no differences until 

passage nine in the proliferative abilities of BOECs, and confirmed that BOECs only lost their 

ability to form new capillaries when transplanted in vivo after passage 13.184  

4.3 Pathogenesis of qualitative VWF mutations in type 2 VWD 

Type 2 VWD is a diverse sub-type encompassing a wide range of qualitative VWF defects. 

VWF assembly, storage and secretion were assayed using BOECs from one patient of each type 2 

VWD subtype to understand if aberrant intracellular processing of VWF contributes to the 

pathogenesis of qualitative VWD in these patients. 

The mutation identified in the type 2A patient, the heterozygous c.7130insC, has been 

reported in the homozygous form in three Indian and one Italian type 3 VWD patients.204,205 This 

mutation introduces 12 amino acids and a stop codon after p.Pro2377, truncating the protein at exon 

42. We hypothesized that the pathogenesis of 7130insC in this type 2A VWD patient was through 

defective dimerization due to the loss of the CK domain. While high- and intermediate-molecular 

weight multimers were absent from the VWF secreted by the BOECs, there was no evidence of the 

odd-numbered multimers which are typical of dimerization mutants.128 Instead, we purported that 

the 7130insC may have a dominant negative effect whereby the mutated VWF multimerizes via its 

N-terminus with normal VWF, but results in the intracellular retention of these subunits. This is 

supported by the localization of VWF to the ER and possibly the Golgi, though staining needs to 

be undertaken to confirm the latter. The impaired secretion of VWF from the type 2A VWD BOECs 

also reinforces this claim: one would expect a 50% drop in secretion from a heterozygous loss-of-

function mutation, but VWF secretion by the type 2A BOECs was 36% of the normal controls. 

Furthermore, stimulated secretion was absent in these BOECs. The type 2A phenotype results from 
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the release of drastically smaller VWF multimers since the incorporation of a defective subunit - 

leading to ER retention - is more likely as multimers chain length increases. Tjernberg et al. 

witnessed a similar phenomenon in transfected CK domain cysteine mutants.128 Ultimately, we 

show that 7130insC is a group 1 type 2A VWD mutation, resulting from impaired assembly, storage 

and secretion of HMWM VWF.  

The type 2B patient in this study has the p.Val1316Met mutation, which is responsible for 

the most severe thrombocytopenic and hemorrhagic phenotype.52 Nevertheless, due to the absence 

of platelets and ADAMTS13 in the ex vivo EC model, we expected to observe no VWF deficits in 

the type 2B BOECs. Accordingly, VWF expression basal and stimulated secretion, storage and 

multimerization were normal in these cells.   

BOECs from a type 2M VWD patient with a p.Leu1382Pro mutation, described in James 

et al.,206 demonstrated substantially increased cellular VWF content compared with the controls. 

Although the patient had low plasma VWF:Ag levels, VWF release from their BOECs was 

equivalent to the normal controls. Stimulation of the type 2M BOECs with PMA amplified VWF 

release into the media, mirroring the patient’s clinical responsiveness to DDAVP.206 Further 

reflecting the patient’s phenotype, multimerization was normal. Since the type 2M mutations affect 

extracellular VWF functioning, it was hypothesized that there would be no observable VWF deficit 

in this in vitro system. Nonetheless, we discerned that VWF storage in WPBs was non-existent and 

the VWF localized to the ER and the lysosomes in the type 2M VWD BOECs. Intracellular VWF 

deficits in type 2M VWD have been previously reported: Starke et al. demonstrated similar diffuse 

staining of VWF, but reduced VWF synthesis  in BOECs from a type 2M patient with a 

p.Arg1315Cys mutation.180 In contrast, all parameters of VWF processing were normal in type 2M 

VWD BOECs with the p.Ile1416Pro mutation.180 It is clear that the different VWF mutations 

imparting type 2M VWD have varying ramifications for the trafficking and processing of VWF. 

The causative mutation in the type 2N VWD patient was the p.Arg854Gln substitution 

which is the most common 2N mutation207 and one of the least severe.58 Type 2N VWD is a 
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recessive disorder, requiring homozygosity or compound heterozygosity of VWF mutations for 

phenotypic expression of the disorder. Despite the patient’s positive BS and significant bleeding 

history, a second VWF mutation has yet to be identified. This subject had VWF:Ag plasma levels 

within the normal range, matched by normal levels of BOEC VWF release, stimulated secretion 

and cellular content. VWF was stored normally in elongated WPBs. Wang and associates have 

characterized VWF expression in BOECs with an asymptomatic heterozygote for the p.Arg854Gln 

mutation. Similarly, they witnessed normal VWF storage in these BOECs, but their type 2N patient 

had slightly decreased VWF expression levels.186 

4.4 Angiogenesis in qualitative VWD 

To relate the qualitative VWF deficits we observed in the type 2A and 2M VWD BOECs 

to the development of angiodysplasia, the patient-derived BOECs were subjected to the 

aforementioned angiogenesis assays and compared with the pooled means derived from the healthy 

BOEC cohort. 

Ang-2 is stored in WPBs and released along with VWF during stimulated WPB 

secretion.149 Starke et al. postulated that VWF mutations may lead to angiogenesis through defective 

intracellular storage of Ang-2 in VWD patients.3 Accordingly, Ang-2 was elevated in the plasma 

of type 3 VWD patients, for whom VWF release and, presumably, storage is entirely lacking.178 

Conflicting with this is the observation that Ang-2 storage is not entirely lacking in VWF-deficient 

HUVECs, where it was shown to localize to the cytoplasm.149 Moreover, the release of another 

WPB constituent, P-selectin, was significantly reduced in VWF-deficient ECs, so it is possible that 

this effect would be mirrored for Ang-2.208 

Our data agrees with the hypothesis that Ang-2 release may contribute to angiogenesis in 

VWD, as it was excessive in the type 2A and 2B VWD BOECs. While this was predicted for the 

type 2A BOECs due to their VWF storage abnormalities, increased Ang-2 release from the type 2B 

was unexpected. As discussed, the p.Val1316Met mutation is in the platelet GPIbα-binding A1 
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domain, which is not expected to have ramifications on the intracellular behaviour of VWF. 

However, Ang-2 has been shown to also bind the A1 domain.113 It is possible that this mutation 

could impart a gain of function in platelet-binding, but a loss of function in Ang-2 binding. 

Accordingly, confocal IF showed very little Ang-2 staining in the cell, but this conflicted with the 

very large pool of intracellular Ang-2 measured via ELISA. One explanation for this disparity could 

be that the cells undergoing immunofluorescence were imaged at an early stage of WPB synthesis, 

where Ang-2 synthesis and packaging had not yet occurred. In any case, whether the mechanism 

was indeed due to a lack of Ang-2 storage or through increased Ang-2 expression, the net result 

was the same: Ang-2 release was heightened in the type 2B VWD BOECs. 

The type 2M p.Leu1382Pro mutation also affects the A1 GPIbα/Ang-2-binding domain 

and imparts a lack of VWF storage. Despite this, and the increased lysate content of Ang-2, release 

of Ang-2 from type 2M VWD BOECs was normal. 

In accordance with their increased Ang-2 release, the type 2A and 2B VWD BOECs were 

the most proliferative, displaying heightened cell numbers at 96 and 144 hours of growth. The type 

2M emerged as proliferative at 144 hours. Starke et al. assayed proliferation in BOECs from two 

type 2A and three type 2M VWD BOECs and found that the trend was reversed: their type 2A 

BOECs were the least proliferative, while two of three type 2M cells were the most angiogenic 

BOECs.3 

Integrin αvβ3 mediates cellular adhesion to vitronectin,177 the collagen hydrolysate 

gelatin,209 and VWF.115 Depending on the ligand bound, integrin αvβ3 modulates VEGFR-2 

signaling in a pro- or anti-angiogenic fashion.177 A loss the integrin β3 subunit corresponds with 

increased angiogenesis in mice210 and β3 integrin subunit internalization is augmented in VWF 

deficiency.3 Thus, a lack of VWF may disinhibit VEGFR-2 angiogenic signaling via both a loss of 

integrin binding and by integrin αvβ3 downregulation.3 In VWF-depleted HUVECs, integrin β3-

binding was clearly abnormal due to an almost complete abrogation of cellular adhesion to gelatin 

and VWF. Meanwhile adhesion to collagen, mediated through integrin β1 subunit was normal.3 In 
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contrast, in our type 2 VWD BOECs, we observed only increases in adhesion to the ECM proteins. 

Specifically, the type 2N BOECs were indiscriminately adhesive, the type 2M BOECs showed 

increased adhesion to gelatin and VWF, and the type 2A was increased in gelatin adhesion only. 

Our BOECs showed no differences in integrin αvβ3 surface level, except for in the case of the type 

2B VWD patient, where they were slightly decreased. This slight integrin αvβ3 deficiency could 

be the reason why these cells did not have adhesion levels to match the other type 2 VWD BOECs. 

While these results provide insight into the important aspect of angiogenesis that is 

adhesion, more data is needed to isolate the effect of the qualitative VWF mutations on integrin 

αvβ3 adhesion and surface level. Effects of gene expression and intracellular protein levels of the 

β3 subunit could be measured using qRT-PCR and ELISA, respectively. Additionally, a more 

physiologic substrate for the integrin αvβ3, such as vitronectin, could be used as a replacement for 

gelatin the adhesion assay to better recapitulate the in vivo integrin αvβ3-mediated adhesion 

phenotype of the BOECs. 

In addition, our data contrasts the observations of Starke et al.,3 who showed that migration 

velocity was increased in VWF-silenced HUVECs and VWD BOECs. This investigation 

established a decrease in migration amongst BOECs from type 2 VWD patients. Specifically, the 

Euclidean distance travelled by the cells was diminished in the type 2A, 2M and 2N VWD BOECs, 

due to reduced migration velocities. Starke and colleagues also showed that VWF-depleted 

HUVECs had a decreased directionality – that is, decreased straightness in path taken.3 We showed 

that while directionality was weakened in the type 2M and 2N, it was increased in the 2B. The type 

2B VWD BOECs also displayed a significantly improved directional sense – i.e. they migrated 

more in the “correct” direction, relative to the normal controls. Integrin αvβ3 is a mediator of 

endothelial chemotaxis, and integrin αvβ3 inhibition reduced migrational directionality in 

fibroblasts.211 Thus, our results are conflicting since the slight decrease in αvβ3 surface expression 

of the type 2B BOECs should have corresponded to a decrease in migrational sense. 
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As previously mentioned, increased permeability is a hallmark of destabilized, immature 

vessels and is evident in angiodysplasia.199 Previously in our lab, we observed rapid leakage of a 

FITC-albumin fluorescent marker from the vasculature of a VWF-deficient mouse during a routine 

imaging procedure (data unpublished). This lead us to examine the endothelial barrier integrity of 

BOECs using a permeability assay. Recently, it was shown that integrin αvβ3 activation by IGFBP7 

increases vascular permeability by disrupting cell-to-cell adherence junctions.212 IGFBP7 is another 

angiogenic mediator that is stored in WPBs with VWF and Ang-2.145 It is conceivable that IGFBP7 

release would also be augmented in type 2A and 2B VWD BOECs, and we would therefore expect 

to see increases in vascular permeability in these cells. Instead, there was no significant difference 

in type 2A VWD permeability, possibly owing to the great variation in permeability amongst the 

controls. Furthermore, permeability was slightly decreased in the type 2B. 

No significant differences in tubule formation in Matrigel were observed, contrasting with 

the increases witnessed by Starke and associates in their three type 2M and one of two type 2A 

VWD BOECs. Reduced vessel stability was not to blame for the lack of increased angiogenesis in 

our type 2 VWD patients when viewed only at 20 hours after seeding. This could again be due to 

the great variability in tubule formation amongst the controls. 

Overall, the type 2A VWD patient produced the most angiogenic BOECs, as hypothesized. 

They displayed heightened proliferation, adhesion to gelatin, but decreased migration efficiency. 

The type 2A p.Pro2377fsX mutation destroys the RGD binding motif in the C4 domain of VWF in 

addition to the CK dimerization binding domain. One would expect that this mutation would nullify 

VWF binding to integrin αvβ3. Pathogenic effects would result as pro-angiogenic signaling through 

the integrin αvβ3-VEGFR-2 could not be dampened, leading to disturbed proliferation and 

migration. The contributions of the HMWM VWF loss in this patient to the regulation of 

angiogenesis is still unknown. Understanding the nature of the integrin αvβ3-VWF interaction, the 

signaling pathways activated by this association, and the route by which VWF regulates β3 

expression will help to clarify the mechanisms through which the p.Pro2377fsX induces a pro-
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angiogenic phenotype. The aberrant angiogenesis in the type 2A VWD BOECs translates clinically: 

this patient’s severe bleeding history includes recurrent, intractable epistaxis, which may stem from 

a nasal vascular abnormality. 

GI bleeding is present in the family history of the type 2B patient, but not in the patient 

himself. While we expected no significant differences in the angiogenic potential of the type 2B 

BOECs in an in vitro system, increased Ang-2 release was evident and the cells were highly 

proliferative and migrated with increased directional efficiency. 

The type 2M VWD BOECs in this study contradicted what was expected for a mutant in 

which multimerization was normal. These cells displayed enhanced proliferation and adhesion, yet 

impaired migration velocity, distance and directness. Though there have been no reported cases of 

angiodysplasia in type 2M VWD patients, our results correspond with those of Starke et al., whose 

type 2M VWD BOECs were also angiogenic. The type 2N VWD in this thesis also defied 

expectations by demonstrating increased adhesion, and decreased migration. Thus, the second, as-

of-yet undiscovered VWF mutation leading to the type 2N phenotype may also be contributing to 

the increased angiogenesis that is apparent in this patient.  Though our data point to a role for VWF 

in the regulation of angiogenesis, the angiogenic phenotypes of the type 2M and 2N BOECs 

indicate that HMWM VWF may not contribute. Furthermore, while Ang-2 storage deficiencies 

may have been the stimulus for angiogenic growth in the type 2A and 2B VWD BOECs, it is not 

clear that integrin αvβ3 was involved in this process in any of the type 2 VWD patients. 

4.5 Angiogenesis in a hemangioma from a type 1 VWD patient 

A hepatic hemangioma is a vascular malformation of the liver which arises from the 

disorganized growth of blood vessels. Hemangioma consist of large vascular spaces lined with a 

single layer of endothelial cells which have undergone aberrant vasculogenesis and angiogenesis 

through a mechanism that is not well understood.213 We successfully isolated endothelial cells from 

the giant hepatic hemangioma of a type 1 VWD patient and assayed the angiogenic profile of these 
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HEMECs to determine if their inherent VWF defect may be contributing to their abnormal growth. 

Ultimately, we demonstrate that VWF does not likely contribute to the pathogenesis of this patient’s 

hemangioma through the purported Ang-2 storage/integrin αvβ3-binding mechanisms. 

 Despite a lack of a clearly identifiable VWF mutation, even after whole-genome 

sequencing, the HEMECs displayed a reduction in VWF synthesis and release, though stimulated 

secretion was normal. VWF storage was furthermore abnormal: though VWF located to WPBs, a 

mix of normal rod-shaped organelles and rounded granules were identified. The pathogenesis of 

VWD in this patient likely extends through a decreased release of VWF due to abnormal storage 

in WPBs. Interestingly, the reduced VWF release from the HEMECs did not reflect the pre-

operative plasma VWF:Ag level of the patient, which was within the normal range. We postulate 

that the sheer expansion in VWF-producing endothelium afforded by the hemangioma could have 

normalized the patient’s VWF:Ag. 

 Ang-2 was strongly overexpressed in cultures from ten HEMEC samples, implicating it 

heavily in the pathogenesis of hemangiomas.213 However, an increase in cellular Ang-2 content 

was not evident in our type 1 VWD HEMECs. The VWF storage abnormality did not coincide with 

an increased Ang-2 release, as the molecule appeared to localize with VWF even in rounded WPBs. 

Nonetheless, the HEMECs were significantly more proliferative than normal BOECs at 96 and 144 

hours. These cells had increased permeability and slightly reduced adhesion to VWF, though these 

results were not significant. The adhesive deficits did not coincide with decreased integrin αvβ3 

HEMEC surface levels, which were akin to the normal controls. Migration distance and velocity 

were also increased. Finally, total tubule formation and stability in Matrigel were marginally 

decreased, but this result was also insignificant.  

There is not a clear role for VWF in the development of this tumour along the lines 

proposed by Starke et al.3: the storage of Ang-2 is not affected, and adhesion and surface levels of 

αvβ3 integrin were only weakly suppressed. Expression profiling has shown that integrin αvβ3 is 

strongly expressed on the hemangioma endothelium.214 Perhaps the down-regulation of integrin 
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αvβ3 secondary to a VWF deficit is in equilibrium with whatever mechanisms elevate it during 

hemangioma formation. Though, this would mean that a VWF deficiency is protective against 

aberrant angiogenesis, which is not the case. A more likely source of the pathogenic vessel growth 

in this patient was revealed by whole-genome sequencing: the patient has a large (2,200 kb) deletion 

of chromosome 2, which resulted in the deletion of the entire FAM84A (family with sequence 

similarity 84, member A) gene. FAM84A overexpression has been implicated in mouse liver 

tumourigenesis.215 The upregulation of FAM84A resulted in increased migration of a hepatocellular 

carcinoma cell line.215  

These angiogenic differences between HEMECs from this type 1 VWD patient and normal 

ECs may have been more pronounced with the use of an appropriate control. The population 

averages of the ten normal BOECs described previously in this thesis were used as a references. As 

discussed in section 4.3, EPCs evolved for the purpose of depositing on the vessel wall at sites of 

growth and repair to supplement angiogenesis occurring there.184 Thus, it is difficult to estimate the 

breadth of the angiogenic potential of these HEMECs. HEMECs derived from a non-VWD patient 

could allow the role of VWF in the development of non-angiodysplastic vascular abnormalities, 

including hemangiomas. Furthermore, a comparison of these type 1 VWD HEMECs with BOECs 

derived from this patient could provide insights into the individual’s inherent angiogenic baseline.   

4.6 Future directions and conclusions 

This thesis used BOECs derived from patients with type 2 VWD to demonstrate that 

qualitative VWF mutations lead to increased angiogenesis, and thus may contribute to the aberrant 

angiodysplasia and GI bleeding that coincides with high incidence in this population. This effect 

predominated in the type 2A VWD patient, but BOECs from the type 2B, 2M VWD subject and 

2N VWD subjects were also angiogenic. We show that this effect could be through defective Ang-

2 storage in the type 2A and type 2B BOECs, but for reasons unknown in the type 2M and 2N 

VWD patients. 



 

93 

Angiogenesis is a complex process which relies on the delicate interplay of hundreds of 

molecules.172 An imbalance of any of these molecules in the pro- or anti-angiogenic direction can 

cause pathologies. Therefore, it is unlikely that the pathogenesis of angiodysplasia in VWD is 

characterized simply by an increase in angiogenesis. Angiodysplasia results from the chaotic 

growth of vessels. Increased migration, invasion and adhesion would be as likely to result in 

pathologic vessel growth as would decreased cellular motility and adhesion. Accordingly, the 

decreased migration velocity observed in the type 2A, 2M and 2N could be pathogenic. The 

additional use of a physiologically representative assay, such as the fibrin bead model of sprouting 

angiogenesis, would help to further define the aberrant qualities of angiogenesis occurring in VWD 

patients.216 

The most valuable outcome of our validation of the BOEC model is in their therapeutic 

applications for VWD. Though BOECs may not be a suitable model for uncovering mechanistic 

links in the VWF-mediated regulation of angiogenesis, they are useful in the bench-to-bedside 

analysis of a deficit within an individual. BOECs could be used for the optimization of a patient-

specific anti-angiogenic regimen so as to lessen the considerable burden of GI bleeding in VWD.  
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