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Abstract

The phenotype of von Willebrand disease (VWD) Vicenza is unique, but 
its pathogenesis remains elusive. Two type Vicenza VWD patients, one 
heterozygous for von Willebrand factor (VWF) mutation p.Arg1205His 
and the other compound heterozygous for VWF mutations p.Arg1205His 
and p.Arg924Gln, from the same family showed remarkable differences 
in bleeding tendency. To find the molecular mechanism underlying the 
disparate bleeding severity in the two patients storage and secretion of 
VWF was analyzed in transfected HEK293 cells and in patient-derived 
blood outgrowth endothelial cells (BOECs). VWF strings were characterized 
under both static and flow conditions. VWF mutants p.Arg1205His and 
p.Arg924Gln were stored normally in (pseudo-) Weibel-Palade bodies 
(WPB) both in transfected HEK293 cells and in BOECs. Histamine-induced 
release of VWF propeptide from BOECs of the two VWD patients was 
reduced to a similar extent. Upon stimulation with histamine, similar 
quantities of VWF strings were released from BOECs derived from a healthy 
donor or from the patient heterozygous for p.Arg1205His, whereas the 
quantity of VWF strings was drastically reduced for BOECs derived from 
the patient compound heterozygous for p.Arg1205His and p.Arg924Gln. In 
HEK293 cells, p.Arg1205His led to a significant reduction in total production 
of VWF, basal and regulated secretion of VWF, and to formation of shorter 
VWF strings. Similarly, p.Arg924Gln reduced regulated secretion of VWF 
and resulted in shorter VWF strings. Synergistic effects of p.Arg1205His 
and p.Arg924Gln on VWF string formation may contribute to the more 
severe phenotype in the compound heterozygous patient. Failure of 
unfolding VWF into strings is a new pathogenic mechanism for VWD that 
remains undetected by the common diagnostic VWF assays.
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Introduction

Von Willebrand factor (VWF) is a large multimeric glycoprotein circulating in 
blood. VWF is exclusively produced in endothelial cells and megakaryocytes. 
In endothelial cells VWF is stored as helical tubules within an organelle called 
Weibel-Palade body (WPB) [1,2]. Upon exocytosis VWF is released from 
WPB and unfurls into ultra-long strings that bind platelets spontaneously 
under flow [3-5]. VWF plays a pivotal role in primary hemostasis by 
recruiting platelets to the site of damaged vessel wall and by mediating 
platelet-subendothelial matrix interactions. Defects in VWF lead to a 
mild and common inherited human bleeding disorder, von Willebrand 
disease (VWD). Type 1 VWD is characterized by a low plasma level of VWF  
(5-50% of normal level) and by a mild to moderate bleeding tendency [4,6,7]. 
This subtype of VWD is mostly caused by missense mutations of VWF. Several 
mechanisms underlying type 1 VWD have been proposed, including reduced 
protein synthesis, increased retention of VWF in the endoplasmic reticulum 
(ER), and diminished storage and regulated secretion of VWF [4,8]. A recent 
study suggested that defective VWF string formation may also contribute to 
the bleeding tendency in type 1 VWD [9,10].
VWF mutation p.Arg1205His has been reported in patients with VWD 
Vicenza [11,12]. VWD Vicenza is characterized by a low plasma level  
(<0.20 U/mL) but normal platelet level of VWF, and a proportional decrease 
of VWF antigen and activity. Occasionally, ultra-large VWF multimers are 
present in some patients [11,13]. Although VWD Vicenza was classified 
as type 1 VWD, the pathogenesis of VWD Vicenza remains elusive. So 
far, accelerated clearance and decreased intracellular production of VWF 
variant p.Arg1205His has been demonstrated [14-18]. The normal to high 
response of the patients with p.Arg1205His to desmopressin (DDAVP) 
suggested normal VWF storage in and release from WPB [19]. Whether the 
DDAVP-induced elevation of plasma VWF is solely attributable to exocytosis 
of WPB remains unclear [20]. In addition, whether impaired formation of 
VWF strings is also involved in VWD Vicenza remains unknown.
Blood outgrowth endothelial cells (BOECs) are authentic endothelial cells 
that can be derived from human peripheral blood [21,22]. BOECs have 
been derived from patients and proven useful for the investigation of the 
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pathogenesis of VWD [9,23]. In order to increase understanding of the 
pathogenic mechanisms leading to VWD Vicenza, we studied the formation 
and exocytosis of WPB in BOECs directly derived from two Vicenza 
patients: one heterozygous for p.Arg1205His and the other one compound 
heterozygous for p.Arg1205His and a presumably benign polymorphism, 
p.Arg924Gln [23,24]. The pathogenic nature of mutations p.Arg1205His 
and p.Arg924Gln was also evaluated in HEK293 cells. Furthermore, the 
properties of VWF strings were characterized both under static and under 
flow conditions. 
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Materials and methods

Patients

Two type 1 VWD Vicenza patients from one family were enrolled in this 
study. One patient was compound heterozygous for VWF mutations 
p.Arg1205His and p.Arg924Gln; the other patient was heterozygous 
for p.Arg1205His. Plasma was prepared and tested using the 
standard procedures for FVIII and VWF parameters, including FVIII:C,  
VWF:Ag, VWF:RCo, VWF:CB and the VWF multimer profile. The study 
protocol was approved by the Leiden University Medical Center ethics 
review board. Informed consent was obtained from all subjects in 
accordance with the Declaration of Helsinki.

BOECs isolation and culture

BOECs were isolated and cultured as previously described [9]. Briefly, 80 
mL venous blood from each subject was collected in citrate acid coated 
S-Monovette tubes (Nümbrecht, Germany). Buffy coat mononuclear 
cells were isolated by gradient centrifugation over Ficoll-Paque PLUS  
(GE Healthcare, Diegem, Belgium) and cultured in EGM-2 (Lonza, Breda, 
The Netherlands) supplemented with 20% fetal bovine serum, a cocktail 
of growth factors, 100 U/mL penicillin, 100 μg/mL streptomycin and  
250 ng/mL amphotericin (Invitrogen). Cells were used at passages 3 to 8 in 
all experiments unless stated otherwise.

Plasmid constructs and transfection

Recombinant pCI-neo expression plasmid containing full length cDNAs 
encoding wild-type human VWF (WT-VWF) has been described previously 
[25]. Mutations p.Arg1205His (c.3864G>A) and p.Arg924Gln (c.2271G>A) 
were introduced into pCI-neo WT-VWF plasmid with the QuikChange 
XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) using 
primers 5’-GTGAGGTGGCTGGCCGT CATTTTGCCTCAGGAAAG-3’ (forward) 
and 5’-CTTTCCTGAGGCAAAATGACGGCCAGCCA CCTCAC-3’ (reverse) for 
p.Arg1205His; and  5’-GTGAAATGCAAGAAACAGGTCACCAT CCTGGTGG-3’ 
(forward) and 5’-CCACCAGGATGGTGACCTGTTTCTTGCATTTCAC-3’ reverse) 
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for p.Arg924Gln. The mutations were verified by sequencing. HEK293 
cells (ATCC, Rockville, USA) were cultured in Minimum Essential Medium 
α Medium (MEM-α, Sigma-Aldrich, St. Louis, MO, USA) supplemented 
with 10% fetal calf serum, 2 mM L-glutamine and 50 µg/mL gentamicin 
(Invitrogen, Carlsbad, CA, USA). Cells were transiently or stably transfected 
by FuGENE HD transfection reagent (Roche Diagnostics, Mannheim, 
Germany) as previously described [25]. 

Immunofluorescent analysis of fixed cells

Confluent monolayer of BOECs were fixed, permeabilized and stained 
essentially as described previously [9]. HEK293 cells were fixed for 
immunochemistry 72 hours after transfection. To visualize VWF 
strings, confluent BOECs and transfected HEK293 cells were stimulated 
with 100 µM histamine and phorbol-12-myristate-13-acetate (PMA)  
(Sigma-Aldrich), respectively.  Prior to fixation, cells were stimulated at  
37 °C for one hour under static conditions. Monoclonal antibody CLB-RAg35 
[26] and polyclonal antibody rabbit anti-human VWF (DAKO) were used to 
visualize VWF. Monoclonal antibody CD62P (Clone AC1.2, BD Biosciences) 
was used to visualize P-selectin. Polyclonal antibody rabbit anti-human 
Protein Disulfide Isomerase (PDI) antibody A66 (obtained from Prof.  
I. Braakman, Department of Chemistry, Utrecht University, Utrecht, The 
Netherlands) and polyclonal antibody rabbit anti-human β-catenin (Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) were used to visualize PDI (the ER 
marker) and β-catenin, respectively. Alexa 488- and Alexa 594-conjugated 
secondary antibodies were purchased from Invitrogen. Samples were 
embedded by Aqua-Poly/Mount medium (Polysciences, GmbH, Germany) 
and analyzed by Leica SL confocal laser scanning microscopy with a 
63X/1.40 NA oil objective (Leica Microsystems).

Live cell imaging of flow experiments

Washed platelets were prepared as described [10] and diluted into 
perfusion medium (50% M199 medium (Invitrogen) and 50% RPMI-1640 
medium (Invitrogen) supplemented with 150 mg l-glutamine per 500 ml and 
1% pen/strep) at 2.5x107/ml. The flow experiments of HEK293 cells were 
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performed as previously described [10].  Briefly, cells stably expressing 
VWF variants were cultured in ibiTreat µ-Slide I (Ibidi, Munich, Germany) 
flow chambers for 24 hours. Cells were stimulated at 37 °C under static 
conditions for 60 minutes with 160 nM PMA and then perfused with 
washed platelets at a shear stress of 2.5 dyne/cm2. Live-cell imaging was 
carried out at 37 °C with Leica fluorescence microscopy DMI-6000 at 200X 
magnification and recorded (3 seconds per video frame) and analyzed 
with Leica Microsystems LAS-AF6000 software.
To visualize and quantify released VWF strings from stimulated BOECs 
under flow, BOECs from a T75 tissue culture flask were resuspended in  
6 ml of culture medium and seeded in collagen type 1 coated ibidi µ-Slide I 
0.4 Luer (Ibidi) and cultured for 5 days. Medium was refreshed daily. Flow 
experiments were performed at 37 °C with 5% CO2. Cells were washed 
with 1 ml of perfusion medium and subsequently perfused with 100 μM 
histamine for 10 minutes at 2.5 dyne/cm2. Perfusion medium containing 
washed platelets (2.5x107 per ml) and 1/30.000 diluted Alexa 488-labelled 
rabbit anti-human VWF polyclonal antibody (DAKO) was perfused for  
15 minutes. After 5 minutes (between the 5th and 15th minute) images of 
10 randomly chosen optical fields were taken using a LSM510 microscope 
and a plan-neofluor 40X/0.3 oil immersion lens unless stated otherwise 
(Carl Zeiss, Sliedrecht, the Netherlands). Images were analyzed using 
ImageJ 1.45s software (Rasband, International Institutes of Health, 
Bethesde, USA) and Adobe Photoshop CS5. 

Statistical analysis

Student’s t-test was carried out with GraphPad Prism 5.01. P<0.05 was 
considered statistically significant.
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Results

Phenotypic characterization of the patients

The two VWD Vicenza patients are from the same family. The father is 
compound heterozygous for VWF mutations p.Arg1205His and p.Arg924Gln 
and the daughter is heterozygous for VWF mutation p.Arg1205His. Both 
patients have blood group O (Table 1). Based on the low plasma VWF 
levels, the proportionally low FVIII and VWF activities (Table 1), and 
the normal VWF multimer patterns (Figure 1), both patients fitted the 
diagnosis of type 1 VWD [6]. The father (compound heterozygote) was 
historically diagnosed as type 1 VWD because of severe bleeding episodes 
with a Tosetto bleeding score of 18 [27], whereas the daughter was almost 
asymptomatic (Tosetto bleeding score of 3).

 Table 1. Characteristics of the two VWD Vicenza patients 

Patient Gender 
Blood 
group 

Nucleotide 
change 

Amino acid 
change 

VWF:Ag, 
IU/dL 

VWF:RCo, 
IU/dL 

VWF:RCo/ 
VWF:Ag 

FVIII:C, 
IU/dL 

VWF:CB, 
IU/dL 

Tesetto 
Bleeding 

score 

Multimer 
pattern 

P6F5II1 Male O/O 
c.3864G>A 

and 
c.2271G>A 

p.Arg1205His 
and 

p.Arg924Gln 
11 7 0.64 18 6 18 Normal 

P6F5III1 Female O/O c.3864G>A p.Arg1205His 15 17 1.13 28 Not tested 3 Normal 

 

Table 1. Characteristics of the two VWD Vicenza patients.

Figure 1. Multimer analysis of plasma VWF. VWF multimers 

were analyzed by SDS-agarose gel electrophoresis and 

Western blot under non-reducing conditions. Normal 

pooled plasma (NPP) was used as reference.
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Expression of VWF variants in HEK293 cells

To confirm the pathogenic nature of VWF mutations per se, we expressed 
VWF variants p.Arg1205His and p.Arg924Gln into HEK293 cells. Both 
variants were stored normally in pseudo-WPB as WT-VWF (Figure 2A-C). 
No increase in retention of VWF in the ER was observed (Figure 2A-C).

Figure 2. Expression of VWF variants in HEK293 cells. HEK293 cells were transiently transfected 

with WT-VWF, p.Arg1205His, p.Arg924Gln or a combination as indicated. (A-C) Transfected cells 

were fixed and stained for VWF and the ER marker PDI, respectively. Scale bars in panels A-C 

represent 5 µm. Images were taken by Leica SL confocal laser scanning microscopy with a 63X/1.40 

NA oil objective. (D) HEK293 cells were transiently transfected with WT-VWF, or co-transfected as 

indicated at a 1:1 ratio. VWF released into the culture medium was used for multimer analysis. 

(E) VWF:Ag in the media (Medium) and the cell lysate (Lysate) were measured 72 hours after 

transfection. VWF in the medium and lysate was expressed as a fraction of total WT-VWF production 

(medium plus lysate), respectively. Student’s t-test compared to WT-VWF *p<0.05, **p<0.01.



78

Chapter 4

44

In order to mimic the heterozygous and compound heterozygous states in 
the two VWD Vicenza patients, we co-expressed VWF variant p.Arg1205His 
with WT-VWF or p.Arg924Gln at a 1:1 ratio. Consistent with the multimer 
patterns in the plasma from the two patients (Figure 1), there was no 
alteration in the multimer patterns of VWF that was secreted into the 
culture medium (Figure 2D). Furthermore, production and basal secretion 
of VWF variant p.Arg924Gln was normal compared to WT-VWF (Figure 2E). 
In contrast, p.Arg1205His reduced the production and basal secretion of 
VWF by more than 60%. Co-transfection with WT-VWF or p.Arg924Gln 
corrected this impairment only partially (Figure 2E).
In HEK293 cells VWF is stored in pseudo-WPB that undergo exocytosis 
upon stimulation just as the authentic WPB in endothelial cells [25,28]. 
We induced the exocytosis of pseudo-WPB by PMA and measured the 
release of VWFpp. As shown in Figure 3, 60% of VWFpp was released 
from WT-VWF transfected HEK293 cells (146 mU from 7x105 cells in  
60 minutes). VWF mutation p.Arg1205His drastically impaired exocytosis 
of pseudo-WPB (27% of total VWFpp or 18 mU VWFpp from 7x105 cells in 
60 minutes). VWF mutation p.Arg924Gln led to a similar defect albeit to a 
lesser extent. The regulated secretion of VWF mutant p.Arg1205His was 
partially restored by co-expression of WT-VWF or p.Arg924Gln (Figure 3). 

Figure 3. Regulated secretion of VWFpp from 

transfected HEK293 cells. HEK293 cells were 

transfected as indicated. Seventy-two hours after 

transfection cells were stimulated with 160 nM PMA 

for 60 minutes at 37 °C. VWFpp was measured in the 

medium and cell lysates. The fraction of secreted 

VWFpp (% of total) was calculated as described in 

the Methods. Each bar represents the mean ± SEM 

of four independent experiments. Student’s t-test 

compared to WT-VWF *p<0.05, **p<0.01.
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VWF string formation on transfected HEK293 cells

Effects of VWF mutations p.Arg1205His and p.Arg924Gln on the formation 
of VWF strings were analyzed by transfection of WT-VWF or VWF mutants 
into HEK293 cells. Upon stimulation with PMA under static conditions, as 
reported previously [10], up to several hundred micrometers long (WT-)
VWF strings readily appeared on the surface of HEK293 cells (Figure 4A).  
Those strings could form bundles and networks. Similar string structures 
were observed for the cells expressing p.Arg1205His (Figure 4B). VWF 
mutant p.Arg924Gln primarily gave rise to short VWF strings (Figure 4C-D).
We also generated stable HEK 293 cell lines expressing WT-VWF or VWF 
variant p.Arg1205His. Upon perfusion of platelets over PMA-stimulated 
HEK293 cells at a shear stress of 2.5 dyne/cm2, platelet-decorated VWF 
strings appeared in the direction of flow for both cell lines (data not 
shown). Interestingly, the majority of the platelet-decorated VWF strings 
generated from p.Arg1205His expressing HEK293 cells were significantly 
shorter than those derived from WT-VWF expressing cells (Figure 5). 
Whether VWF mutation p.Arg924Gln led to shorter platelet-decorated 
VWF strings needs further investigation.

Storage and secretion of VWF revealed by BOECs

We isolated BOECs from a healthy donor and two Vicenza patients. BOECs 
are authentic endothelial cells that express CD31 (not shown) and store 
both VWF and P-selectin in WPB (Figure 6A) [9]. Immunofluorescence 

Figure 4. Formation of VWF strings under static conditions on transfected HEK293 cells. HEK293 

cells transiently transfected with WT-VWF (A), p.Arg1205His (B) or p.Arg924Gln (C and D) were 

stimulated with 160 nM PMA for 60 minutes at 37 °C. Cells were fixed and stained for VWF to label 

VWF strings. Scale bars represent 10 µm. Images were taken by Leica SL confocal laser scanning 

microscopy with a 63X/1.40 NA oil objective.
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analysis showed that normal WPB were formed both in BOECs derived 
from the healthy donor and in BOECs derived from the two VWD patients 
(Figure 6B-C). In addition, VWF secreted from BOECs derived from all the 
three subjects showed an identical multimer pattern (Figure 6D). 
Since endothelial WPB serve as the main source of plasma VWF, we 
examined the regulated secretion of VWFpp to assess the function of 
WPB in BOECs. Upon stimulation with 100 µM histamine for 60 minutes, 
release of VWFpp from all three BOECs lines increased significantly over  
non-stimulated control cells (Figure 6E). About 70% of VWFpp was 
secreted from BOECs derived from the healthy donor, while about 40% of 
VWFpp was secreted from BOECs derived from the two patients (Figure 
6E). The absolute amount of VWFpp secreted into the release medium was 
also reduced for BOECs derived from the two VWD patients (382 mU for 
healthy BOECs versus 93~94 mU for BOECs derived from the two patients; 
secreted by 105 cells in 60 minutes). No significant difference in VWFpp 
secretion between BOECs from the two patients was evidence.

Properties of VWF strings derived from BOECs

VWF strings released from BOECs were first analyzed under static 
conditions. Upon stimulation with histamine, VWF strings were readily 
visible on the cell surface of BOECs from the healthy donor (Figure 7A). 
Similar strings were observed for BOECs heterozygous for p.Arg1205His 
(Figure 7B), while only few and short strings appeared on the cell surface 
of BOECs compound heterozygous for p.Arg1205His and p.Arg924Gln 
(Figure 7C).

Figure 5. Length of platelet-decorated VWF strings 

formed on transfected HEK293 cells. HEK293 cells 

stably expressing WT-VWF or p.Arg1205His were 

stimulated with PMA for 60 minutes. Thereafter washed 

platelets were perfused over the cells at a shear stress 

of 2.5 dyne/cm2. Images were taken with a Leica DMI-

6000 fluorescence microscope at 200X magnification 

and analyzed with Leica Microsystems LAS-AF6000 

software. VWF strings generated from four independent 

experiments were plotted. Mean ± SD was presented. 

*p<0.01.
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Figure 6. VWF storage in and secretion from BOECs. (A-C) BOECs derived from the healthy donor, 

from the patient heterozygous for VWF mutation p.Arg1205His or from the patient compound 

heterozygous for VWF mutations p.Arg1205His and p.Arg924Gln were fixed and stained for VWF 

and P-selectin. The co-localization of P-selectin and VWF (shown in yellow) indicates storage of 

P-selectin in WPB. Scale bars represent 5 µm. Images were taken by Leica SL confocal laser scanning 

microscopy with a 63X/1.40 NA oil objective. (D) VWF multimers in the culture medium of BOECs 

were analyzed by SDS-agarose gel electrophoresis and Western blotting under non-reducing 

conditions. The lanes separated by the black lines are from different parts of one gel. (E) Regulated 

secretion of VWFpp from BOECs. Confluent BOECs derived from the healthy donor and the two 

patients were incubated for 60 minutes at 37 °C with the release medium in the absence (Control) 

or presence of 100 µM histamine (Histamine). VWFpp was measured in the medium and lysates. 

The fraction of secreted VWFpp (% of total) was calculated as described in the Methods. Mean ± 

S.D. indicates variation of VWFpp secretion between three passages. *p<0.01; ns: the difference is 

statistically not significant.
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To characterize the properties of the VWF strings under physiological 
conditions, platelets were perfused over histamine-stimulated BOECs 
under a shear stress of 2.5 dyne/cm2. Meanwhile VWF strings were also 
stained with an Alexa-488 labeled VWF antibody. As shown in Figure 8A, 
both platelet-decorated and platelet-bare VWF strings appeared under flow. 

Figure 7. Formation of VWF strings on BOECs under static conditions. BOECs derived from the 

healthy donor (A) and the two patients (B, C) were cultured on pre-coated coverslips until confluent. 

Cells were stimulated under static conditions at 37 °C for 60 minutes with 100 µM histamine and 

then fixed and stained for VWF to visualize VWF string structures. VWF strings are indicated by the 

arrowheads. Scale bars represent 10 µm. Images were taken by Leica SL confocal laser scanning 

microscopy with a 63X/1.40 NA oil objective.
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Figure 8. VWF strings released from BOECs under flow. BOECs derived from the healthy donor 

and the two patients were cultured in collagen-coated flow chambers until confluent. Cells were 

stimulated under flow of a shear stress at 2.5 dyne/cm2 at 37 °C for 10 minutes with 100 µM 

histamine. Thereafter washed platelets and the Alexa-488 labeled VWF antibody were perfused 

over the cells for 15 minutes. (A) Representative confocal images are shown for VWF strings 

released from three different BOECs as indicated. Of note, a subset of VWF strings did not bind 

platelets. (B) VWF strings generated in 10 random imaging fields were transformed into barcodes. 

The red lines indicate platelet-binding VWF strings and the black lines indicate platelet-bare VWF 

strings. One representative experiment out of four for each of the BOECs is shown. Images were 

generated using a LSM510 microscope with a plan-neofluor 40X/0.3 oil immersion lens.
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To quantify VWF strings, images were taken from 10 random fields in 
each experiment (Figure 8B and Figure S1). Approximately 30 VWF strings 
(total of platelet-bound and –bare strings) per 10 fields were observed for 
BOECs derived from the healthy donor and from the heterozygous patient 
(Figure 9). Under the same experimental conditions, BOECs derived from 
the compound heterozygous patient released a smaller number of VWF 
strings. Actually, in two of the four independent experiments, no strings 
were observed at all for BOECs derived from the compound heterozygous 
patient (supplemental Figure S1). Instead, abundant extracellular VWF 
“patches” appeared on the cell surface of BOECs derived from this patient 
(Figure 8, right panel). Of the VWF strings derived from the healthy BOECs 
and BOECs from the heterozygous patient, approximately 45% bound 
platelets. A similar percentage of platelet-binding VWF strings were 
observed for BOECs derived from the compound heterozygous patient 
in the case that strings were formed (data not shown). Furthermore, the 
density of platelet binding was slightly reduced for VWF strings released 
from the two patients’ BOECs (0.12 versus 0.15 platelets per µm string for 
BOECs derived from the healthy donor). The binding properties of VWF 
strings derived from the compound heterozygous patient were not clear 
because of the limited number of strings available for analysis.

Figure 9. Number of BOECs-derived VWF string 

under flow. Images generated from figure 8 

were analyzed for the number of VWF strings per  

10 fields. Each plot represents the total number 

of VWF strings observed in 10 random fields for 

each of the BOECs in one experiment. Mean ± 

S.D. indicates variation within four independent 

experiments. *p<0.01.
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Discussion 

In this study we investigated the pathogenesis of VWD Vicenza by transient 
transfection of VWF variants into HEK293 cells and by analyzing BOECs 
derived from two Vicenza patients. We found that VWD Vicenza mutation 
p.Arg1205His reduced regulated secretion of VWF and impaired formation 
of VWF strings. In addition, compound heterozygosity of VWF mutation 
p.Arg924Gln was deleterious for the unfolding of VWF into strings and this 
may enhance the bleeding tendency in VWD Vicenza.
VWD Vicenza has a unique phenotype: a very low plasma level of VWF, 
combined with the presence of ultra-large VWF multimers in some patients 
and a normal level of VWF in platelets [11,13]. So far, several scenarios 
have been proposed to explain the VWD Vicenza phenotype. 
At least two mechanisms have been suggested for the low plasma level 
of VWF: decreased biosynthesis and accelerated clearance of VWF. Both 
mechanisms are supported by experimental evidence. Decreased synthesis 
of VWF mutant p.Arg1205His has been demonstrated in several cell lines 
for both human and murine VWF [15]. In contrast, this mutation has also 
been reported not to alter biosynthesis of VWF upon expression in 293T 
cells [17]. In the current study we showed that the mutation p.Arg1205His 
did reduce production of VWF in the homozygous, heterozygous and 
compound heterozygous (with mutation p.Arg924Gln) states in HEK293 
cells. The defective effect of p.Arg1205His on total production of VWF was 
also indicated by the lower amount of total VWFpp antigen in BOECs derived 
from the two patients than in BOECs derived from the healthy donor (data 
not shown). Since no apparent retention of VWF mutant p.Arg1205His in 
the ER occurred, we suspect that the mutation p.Arg1205His more likely 
led to defective biosynthesis of VWF. 
Increased clearance of this VWF mutant has been demonstrated by 
administration of DDAVP in Vicenza patients and by infusion of recombinant 
human VWF mutant p.Arg1205His in mice [14,15]. An increased ratio 
of VWFpp/VWF in the patients [18] and in mice after hydrodynamic 
expression of this mutant [15] also confirmed the short half-life of VWF 
mutant p.Arg1205His. Recent evidence showed that faster clearance of 
VWF is not a unique mechanism for p.Arg1205His, but also accounted 
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for the reduced plasma levels of other type 1 VWD variants [18,29,30]. 
Even though the macrophage has been suggested to be involved in the 
clearance of VWF [30,31], the molecular mechanisms that explain why 
some VWF mutants are cleared faster than others remain elusive. 
In order to explain the reduced VWF level and the presence of ultra-large 
VWF multimers in plasma of VWD Vicenza patients, Gezsi et al developed 
a mathematical model that simulated the catabolism of VWF. They found 
that accelerated clearance alone could explain the unique phenotype of 
VWD Vicenza [17]. The premise of this model was the normal synthesis 
and cleavage of VWF. As discussed above, however, the synthesis of VWF 
p.Arg1205His is actually reduced (Figure 2) [15]. Whether p.Arg1205His 
alters the cleavage of VWF by ADAMTS-13 is not clear although 
hydrodynamic expression of VWF in mice showed normal cleavage of VWF 
mutant p.Arg1205His [15]. 
Defective storage and regulated secretion of VWF has been shown for 
several type 1 VWD mutations [25,28,32,33]. We demonstrated that 
p.Arg1205His reduced the regulated secretion of VWF from pseudo-WPB 
in HEK293 cells and from BOECs derived from VWD Vicenza patients. In 
contrast to other type 1 VWD mutations, no obvious retention of VWF 
in the ER was observed for VWF mutant p.Arg1205His. Therefore, the 
decrease in regulated secretion of VWF mutant p.Arg1205His probably 
results from decreased production of VWF. Other undefined factors such 
as alteration in VWF tubular storage may also contribute to the defect in 
regulated secretion of VWF/VWFpp.
VWF is stored as highly condensed tubules within WPB. This storage relies 
on an acidic pH environment and a high concentration of calcium. Upon 
exposure to neutral pH during exocytosis, VWF is released and unfurled 
into ultra-long strings of up to several hundred microns [3-5]. VWF strings 
are assumed to bind platelets spontaneously and thus promote clot 
formation and tissue repair. Interestingly, not all newly released VWF 
strings bind platelets [34]. We found that a subgroup (~45% of total) 
VWF strings released from BOECs bound platelets under a shear stress of  
2.5 dyne/cm2. This is similar to the VWF strings released from HUVECs 
of which about 33% bind platelets at the same shear stress [34]. The 
ratio between the platelet-binding and platelet-bare VWF strings was not 
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altered by inheritance of VWF mutations p.Arg1205His and p.Arg924Gln in 
BOECs derived from the two patients. Furthermore, our preliminary data 
showed that the binding of platelets under flow was only slightly reduced 
for VWF strings released from BOECs derived from the two VWD Vicenza 
patients. Thus the Vicenza mutation has little or no effect on the binding 
capacity of VWF strings.
The two VWD Vicenza patients have similar VWF plasma levels and multimer 
patterns (Table 1) and comparable storage and regulated secretion of 
VWF from BOECs (Figure 6), whereas the patient compound heterozygous 
for p.Arg1205His and p.Arg924Gln shows a severe bleeding tendency 
and the patient heterozygous for p.Arg1205His is almost asymptomatic. 
Apparently the conventional laboratory results (Table 1) do not explain the 
remarkable differences in the Tosetto bleeding scores of the two patients 
(18 versus 3). Under both static and flow conditions, BOECs derived from 
the compound heterozygous patient released much fewer and shorter 
VWF strings compared with BOECs derived from the heterozygous 
patient (Figures 7-9 and Figure S1). Detailed analysis demonstrated that 
the low number of VWF strings resulted from insufficient unfolding of 
released VWF (indicated by formation of VWF patches seen in Figure 
8A, right panel). In addition, both VWF mutations p.Arg924Gln and 
p.Arg1205His gave rise to shorter VWF strings on transfected HEK293 cells  
(Figures 4 and 5). On the basis of these findings we postulate that 
synergistic effects of the two mutations on VWF string formation led to 
a very low number and shorter length of VWF strings formed on the cell 
surface of BOECs derived from the compound heterozygous patient. In 
contrast, the detrimental effect of p.Arg1205His on formation of VWF 
strings may have been corrected, in part, by the wild type VWF in BOECs 
derived from the heterozygous patient. Since impairment of the formation 
and function of VWF strings may decrease the hemostatic activity of VWF, 
the defective formation of VWF string may explain the severe phenotype 
of the compound heterozygous patient. This suggests that VWF mutations 
may well result in similar phenotypic characteristics in routine laboratory 
tests, including VWF:Ag, VWF:RCo and VWF multimers, but may have a 
remarkable difference in string formation due to VWF mutations per se or 
other unknown factors. 
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As discussed above, VWF mutation p.Arg924Gln appeared to add to 
the severity of p.Arg1205His. The pathogenic effects of VWF mutation 
p.Arg924Gln have been controversial [24]. p.Arg924Gln was reported as 
a frequent mutation in three type 1 VWD studies [35-37]. Further study 
demonstrated that this mutation was associated with low plasma levels 
of both VWF and FVIII even in the normal populations [38,39]. Despite 
this, no defects in VWF biosynthesis or intracellular storage were observed 
in expression studies [23,39]. Consistent with those previous studies, we 
found that p.Arg924Gln did not alter VWF biosynthesis and its trafficking 
from the ER into pseudo-WPB in HEK293 cells. The regulated secretion of 
VWF, however, was reduced by p.Arg924Gln in the present study. This is 
different from a previous study in AtT20 cells in which no alteration in the 
regulated secretion of VWF variant p.Arg924Gln was observed [23]. The 
difference may be explained by differences between the model systems 
(HEK293 cells versus AtT20 cells) and by different WPB secretagogues  
(PMA versus BaCl 

2). In addition, different assays to estimate regulated 
secretion of VWF may explain for the differential observations. We 
measured the release of VWFpp instead of VWF as we found that 
measuring VWFpp is better for estimating exocytosis from (pseudo-)
WPB [9,10]. Indeed, upon stimulation the release of VWFpp increased by  
11 folds over controls (Figure 3), whereas in the previous report the increase 
in VWF release was only 1.6 fold [23]. Since p.Arg924Gln is commonly  
co-inherited with other VWF mutations, its additive effect on the defective 
formation of VWF strings may explain the variable phenotype in VWD 
patients carrying this mutation [23,24,37-39].
In conclusion, we demonstrated, in both transfected HEK293 cells and 
BOECs derived from two Vicenza VWD patients, that p.Arg924Gln and 
p.Arg1205His impaired the regulated secretion of VWF and the formation 
of VWF strings. The lack of unfolding of VWF into strings is a new 
pathogenic mechanism of VWD that cannot be detected by the routine 
diagnostic VWF assays. Co-inheritance of p.Arg924Gln and p.Arg1205His 
has additive effects on VWF string formation and consequently on the 
severity of bleeding tendency in the patients.
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