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Abstract

Background: Endothelial cells are crucial for hemostasis as they produce von

Willebrand factor (VWF). von Willebrand disease (VWD) results from a deficiency of, or

defects in, VWF.

Objectives: We analyzed the endothelial compartment of VWD patients with an

unexplained decrease in VWF level or nonresponse to 1-8-deamino-D-arginine vaso-

pressin (DDAVP) using endothelial colony–forming cells (ECFCs).

Methods: Thirteen healthy controls and 10 VWD type 1 and 2 patients were included,

and a total of 29 ECFC clones were obtained. Plasma was analyzed, and ECFCs were

morphologically and functionally characterized by quantitative polymerase chain

reaction, ELISA, imaging, migration assay, and mass spectrometry.

Results: VWF plasma levels were reduced in all patients. ECFCs were categorized into

2 previously defined transcriptional clusters and matched between patients and

controls. Four ECFC clones, all from DDAVP nonresponders, retained VWF in the

endoplasmic reticulum. Cluster 1 ECFCs from DDAVP nonresponders closed more

slowly in the migration assay and had lower basal release of VWF antigen than control

ECFCs. Proteomic data of ECFC lysates showed overlap in clustering with RNA profiles,

including ALDHA1, TGFB1, and other endothelial-to-mesenchymal/inflammatory

markers. However, no patient group-specific phenotype was observed. Finally, regu-

lated secretion of VWF and Weibel–Palade body count in ECFCs correlated with

various secretory machinery components.

Conclusion: Lower plasma VWF was linked to reduced production and secretion by

ECFCs obtained from patients. Furthermore, nonresponse to DDAVP in some patients

was explained by VWF retention in the endoplasmic reticulum. The correlation
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between functional aspects of ECFCs and their quantitative polymerase chain reaction

and proteome profiles yielded potential targets for further research.

K E YWORD S

endothelial cells, hemostasis, mass spectrometry, von Willebrand diseases, von Willebrand factor
1 | INTRODUCTION

Endothelial cells play a key role in hemostasis. von Willebrand factor

(VWF) is one of the main components of primary hemostasis and is

produced by endothelial cells and megakaryocytes. VWF is a large

multimeric glycoprotein that binds to collagen and platelets, thereby

initiating platelet plug formation upon vessel damage. VWF also binds

to factor (F)VIII and protects it from degradation. The protein is stored

in specialized cigar-shaped secretory organelles called Weibel–Palade

bodies (WPBs) [1,2]. These organelles can secrete their content

continuously into the vessel, which provides a steady level of VWF.

However, endothelial cells can also be stimulated by injury or stress to

rapidly secrete their content to increase VWF levels locally [3].

When VWF is deficient or qualitatively defective, bleeding can

occur, known as von Willebrand disease (VWD) [4]. This is the most

common inherited bleeding disorder in humans, found in approxi-

mately 1 in 100 individuals [5]. The disease can be divided into 3

subtypes. Type 1 is hallmarked by low levels of functionally normal

VWF, whereas in type 3, VWF is not present at all, making it the most

severe type. Type 2 VWD is associated with qualitative defects in

VWF, like impaired multimerization (type 2A), enhanced or sponta-

neous binding to platelets (type 2B), decreased binding to platelets or

collagen (type 2M), or decreased binding to FVIII (type 2N) [4]. VWD

is usually treated by either administration of 1-8-deamino-D-arginine

vasopressin (DDAVP) or VWF concentrates [6]. However, large

interindividual differences in response to DDAVP are observed.

Several studies have reported differences in response due to disease

subtype, variant, age, or blood group [7–20], but the cause of the

variation is not fully understood. Although VWD is the most common

bleeding disorder, it is difficult to diagnose due to the large

heterogeneity and number of variants or deletions in the VWF

gene observed within patients [21]. Adding to the complexity,

roughly 30% to 50% of VWD type 1 patients do not have VWF gene

variants and have been shown to present with a distinctly different

bleeding phenotype [22–24]. Current assays and genetic testing

often do not explain the cause of bleeding in these patients, and it is

hypothesized that other modifiers cause the low levels and associ-

ated bleeding [25].

As endothelial cells are vital in the synthesis, storage, and

secretion of VWF, we hypothesized that they may play a role in the

unexplained VWD phenotype of patients without VWF variant and

may yield insight into the cause of the poor response to DDAVP.

One way to study the molecular and pathophysiological aspects of

patient endothelial cells is the endothelial colony–forming cell
(ECFC) model. One significant benefit of this model is its capability

to generate clonally proliferative cells that exhibit endothelial traits,

including the production and storage of VWF within WPBs,

response to stimuli, and characteristic endothelial cobblestone-like

morphology [26]. When obtained from patients, these cells can be

used to study the pathophysiological mechanisms of VWD in

patients [27–31].

In this study, we aimed to investigate the endothelial compart-

ment in the context of VWD, as the endothelial cells may play a role in

the unexplained low levels of VWF or poor DDAVP response in some

patients. We found distinct retention of VWF in the endoplasmic re-

ticulum (ER) in the ECFCs of some patients who did not respond to

DDAVP. Furthermore, we highlight the inverse correlation between

secreted VWF antigen (VWF:Ag) by ECFCs after stimulation and WPB

count with cell area, and the correlation between VWF levels and

exocytotic machinery.
2 | MATERIALS AND METHODS

2.1 | Patient inclusion and ethical approval

Patients were selected from the previous nationwide cross-sectional

Willebrand in the Netherlands (WiN) study [32]. Informed consent

was obtained from 10 patients and 13 healthy donors. Healthy donors

had not been diagnosed with VWD or any other bleeding disorder.

Inclusion criteria for the patients were as follows: diagnosed with

VWD and either 1) no identified VWF variants, as measured in the

WiN study, or 2) with a VWF variant but nonresponsive to DDAVP.

Complete response was defined as 2 times increase in VWF platelet

binding activity (VWF:Act) from baseline at 1 hour after DDAVP and

VWF:Act ≥ 50 IU/dL until 4 hours after DDAVP [32]. At the moment

of inclusion, the International Society on Thrombosis and Haemostasis

Bleeding Assessment Tool [33] was obtained, and blood samples were

drawn (10 mL citrated and 50 mL heparinized blood).
2.2 | Plasma coagulation factor levels

Citrated plasma samples from patients and controls at the time of

inclusion were centrally measured for VWF:Ag, VWF:Act, VWF

collagen binding (VWF:CB), and FVIII coagulant activity. The assays

that were used for these central measurements are described in the

Supplementary Methods. Furthermore, from the WiN database,
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historically lowest plasma levels and levels at the time of inclusion in

the WiN study were also used in this study [32]. Note that historical

VWF activity was measured with different platelet binding assays. In

this article, all VWF activity levels are indicated as VWF:Act.
2.3 | ECFC generation

ECFCs were obtained following study protocols, which were approved

by the Leiden University Medical Center and Erasmus University

Medical Center (EMC) ethics review boards. Isolation and cell culture

of ECFCs were performed as described previously [34] based on the

original protocol [35]. In short, isolation and culture procedures

involved venipuncture to collect whole blood, isolation of peripheral

blood mononuclear cells, and subsequent culture in endothelial growth

medium (EGM)-18; (EBM-2 Basal Medium with EGM-2 supplements

and growth factors; Lonza or PromoCell) with 18% heat-inactivated

fetal bovine serum (Thermo Fisher Scientific). At the EMC, non–heat-

inactivated fetal bovine serum was used. Clones typically emerged

between days 10 and 21 and were frozen upon reaching confluency in

3 T75 flasks (at Leiden University Medical Center) or 4 T75 flasks (at

EMC) at passage 3. A total of 29 clones were isolated in this study, with

experiments conducted on clones at passage 5. Detailed information

regarding each clone is provided in Table.
2.4 | Brightfield and immunofluorescence image

acquisition

For brightfield imaging, ECFCs at passage 5 were imaged 3 days after

confluency was reached with the Leica MC170 HD camera attachment

to a DM IL LED (2.5× and 5× lens; Leica). For immunofluorescence

imaging, staining and imaging were performed as described before [36].

All samples were stained with antibodies against VWF and VE-cad-

herin, and nuclei were stained with Hoechst diluted in blocking buffer.

In addition, ER was visualized by staining with antibodies against pro-

tein disulfide isomerase. See Supplementary Table S1 for details on

antibodies. Imaging for large tile scans was performed similarly, as

described before [36], although a 5 × 5 tile scan was made for a total

area of 1059.84 × 1059.84 μm (23261 μm2). For superresolution im-

aging, cells were imaged using the Zeiss LSM900 Airyscan2 upright

confocal microscope with a 63× oil immersion objective.
2.5 | Migration assay and image acquisition

For the cell migration assay, all samples were cultured in 48-well

plates at passage 5. The protocol was followed as described previ-

ously [36]. Briefly, each clone was randomly plated in 6 wells of a 48-

well plate. Three days after confluency was reached, cells were labeled

with CellTracker Green (Life Technologies) diluted 1:10 000 in

EGM-18 medium for 45 minutes. Three wells per clone were treated

with 12.5 μg/mL mitomycin C (Sigma–Aldrich) for 2 hours, while the
remaining 3 wells received medium only. The confluent cell layer was

damaged by making a scratch using a p100 pipette tip, after which the

cells were imaged using the AF6000 microscope (Leica) with a 10×
lens at 37 ◦C and 5% CO2. Each well was imaged every 30 minutes for

24 hours for visualization of cell migration. Time points 1, 2, and 3 had

to be removed from analysis due to shifting of the plate during image

acquisition.
2.6 | Automated quantification of ECFC morphology

and migration

Automated quantification of ECFC parameters was done mostly with

CellProfiler (version 4.2.1) [37]. Confocal imaging tile scans of ECFCs

were analyzed using the purpose-made OrganelleProfiler pipeline as

described previously [38]. The pipeline was optimized as needed for the

antibodies used and the measured intensity. For the current study, we

adjusted the OrganelleProfiler pipeline so that artifacts with high

intensity, usually 6 to 7 times >VWF signal, were identified and masked

out of the image prior to WPB analysis. For the migration assay

analysis, a previously developed CellProfiler pipeline was used to

identify, count, and track individual cells [36]. Analysis parameters and

pipeline modifications specific to this study are detailed in the Supple-

mentary Methods. The CellProfiler pipelines used for morphology and

migration analysis are supplied in Supplementary Files S1 and S2 and

are made available on GitHub (https://github.com/Clotterdam).
2.7 | Basal and stimulated release of VWF

Basal release of VWF in EGM-18 medium by ECFCs was determined by

collecting cell culture supernatants over 24 hours as described previ-

ously [34]. To determine Ca2+- and cyclic adenosine monophosphate-

mediated regulated release of VWF (further referred to as stimulated

release), cells were stimulated with 100 μM histamine (Sigma–Aldrich)

or 10 μM epinephrine (Sigma–Aldrich) and 100 μM IBMX

(Sigma–Aldrich) for 1 hour [34,39], respectively. Cell culture superna-

tants of the stimulated cells were then collected. Cells were then lysed

to collect intracellular VWF. Finally, media and lysates were measured

by VWF:Ag enzyme-linked immunosorbent assay as described

previously [40].
2.8 | Mass spectrometry sample preparation,

acquisition, and analysis

For mass spectrometry analysis of endothelial cell (EC) proteomes,

samples were digested with trypsin as described previously [41].

Tryptic digests were transferred to an Evotip Pure (Evosep) according

to manufacturer’s guidelines and analyzed with an Evosep One liquid

chromatography system (Evosep) coupled to a timsTOF HT mass

spectrometer (Bruker). Peptides were separated on a 15 cm × 150 μm,

1.5 μm Performance Column (EV1137 from EvoSep) with a

https://github.com/Clotterdam


T AB L E Patient and control endothelial colony–forming cell characteristics.

ID Diagnosis DNA change Protein change

Age at

inclusion Sex

Blood

group

ISTH-BAT

bleeding

score

Hist. lowest

Sample

no.

Day of

detectionb
Time in

culturec Cluster

VWF:Ag

(U/dL)

VWF:Act

(U/dL)

1 Control n.d. n.a. 22 Female O 0 n.d. n.d. S2 13 10 1

S4 13 11 1

2 Control n.d. n.a. 28 Female n.d. n.d. n.d. n.d. S6 19 30 1

3 Control n.d. n.a. 29 Female O 4 n.d. n.d. S12 21 38 2

4 Control n.d. n.a. 23 Female n.d. n.d. n.d. n.d. S14 13 23 2

S20 15 27 2

5 Control n.d. n.a. 27 Female O 0 n.d. n.d. S18 14 44 2

6 Control n.d. n.a. 28 Male n.d. n.d. n.d. n.d. S22 14 26 2

7 Control n.d. n.a. 30 Female B 1 n.d. n.d. S24 13 29 1

8 Control n.d. n.a. 27 Male n.d. n.d. n.d. n.d. S26 14 23 1

9 Control n.d. n.a. 25 Female AB 1 n.d. n.d. S28 10 14 1

10 Control n.d. n.a. 23 Female B n.d. n.d. n.d. S30 11 17 1

11 Control n.d. n.a. 29 Male n.d. n.d. n.d. n.d. S32 21 54 2

12 Control n.d. n.a. 23 Male n.d. n.d. n.d. n.d. S34 16 53 2

13 Control n.d. n.a. 64 Male n.d. n.d. n.d. n.d. S38 13 24 1

14 VWD

type 1

no n.a. 32 Female A 23 42 49 S1 8 13 1

S3 11 7 1

15 VWD

type 1

no n.a. 66 Female O 14 38 27 S5 13 19 1

S7 15 20 1

16 VWD

type 1

no n.a. 39 Female O 9 48 44 S9 16 35 2

17 VWD

type 1

no n.a. 50 Male O 24 55 43 S13 17 45 2

18 VWD

type 2A

no n.a. 66 Female O 14 45 22 S11 9 28 2

S15 16 26 1

19a VWD

type 2B

4022G>C Arg1341Pro 73 Male O 12 11 4 S23 17 20 1

20a VWD

type 2A

2771G>A Arg924Gln 88 Male O 14 15 4 S25 19 25 1

21a VWD

type 2A

4120C>T Arg1374Cys 21 Male n.d. 10 18 9 S29 14 32 1

22a VWD

type 1

421G>A +
6937C>T

Asp141Asn +
Arg2313Cys

39 Female O 12 22 14 S27 13 20 1

S35 15 21 2

23a VWD

type 1

3614G>A Arg1205His 74 Female B 12 3 4 S37 12 39 2

Hist., historically; ISTH-BAT, International Society on Thrombosis and Haemostasis Bleeding Assessment Tool; n.a., not applicable; n.d., not determined;

VWD, von Willebrand disease; VWF:Act, von Willebrand factor activity; VWF:Ag, von Willebrand factor antigen.
a Did not respond to 1-8-deamino-D-arginine vasopressin.
b Number of days after inclusion.
c From the day of detection to freezing (in days).

LAAN ET AL. - 2637
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30-sample-per-day gradient. Buffer A was composed of 0.1 % formic

acid and buffer B of 0.1 % formic acid in acetonitrile (Biosolve). Pep-

tides were ionized and electro-sprayed into the mass spectrometer.

Data were acquired in data-independent acquisition parallel accumu-

lation-serial fragmentation mode using an mass spectrometer 1 scan

range of 100 to 1700 m/z. Accumulation time was set at 100 milli-

seconds with a duty cycle of 100%. Mass spectrometer 2 acquisition

was performed using 32 pyDIAID [42] optimized mass and ion

mobility windows, ranging from 400.2 to 1500.8 m/z and 0.70 to 1.50

1/k0 with a cycle time of 1.80 seconds, respectively. A collision energy

of 20.00 eV at 0.6 1/k0 and 59 eV at 1.60 1/k0 was used. Raw mass

spectrometry data files were processed using the DIA-neural

networks software (Demichev, version 1.8) as previously reported

[41]. Data were analyzed using CRAN - R 4.2.3/RStudio. Sample S34

could not be included in the analysis due to technical reasons.

Detected proteins were filtered for proteotypic and at least 1 unique

peptide per protein. Proteins should be quantified in at least 6

different samples. Label-free quantification (LFQ) values were trans-

formed to a log2-fold scale. Missing values were imputed by normal

distribution (width = 0.3, shift = 1.5), assuming these proteins were

close to the detection limit. All LFQ values are available in Supple-

mentary File S3. The analysis script is made available on GitHub

(https://github.com/Clotterdam).
2.9 | RNA isolation and quantification with

quantitative polymerase chain reaction

All ECFC clones were cultured in 24-well plates at passage 4 and were

kept in culture for 5 to 7 days after they reached confluency. Isolation

of RNA, synthesis of complementary DNA, and subsequent charac-

terization of ECFCs into clusters by a quantitative polymerase chain

reaction (qPCR) gene panel were performed as described previously

[36]. Primer sequences of all genes tested are available in

Supplementary Table S2. Measurements were analyzed using the

comparative Ct method, where GAPDH was used as the housekeeping

gene. Results from the qPCR were analyzed using the prcomp function

from stats in CRAN - RStudio (version 3.6.2). The script is supplied as

Supplementary File S4 (also made available on GitHub; https://github.

com/Clotterdam).
2.10 | Statistical analysis

Functional aspects of ECFCs between controls and patient groups

were compared with Mann–Whitney U-test (not normally distributed)

and unpaired t-test with Welch correction (normally distributed).

Kruskal–Wallis one-way analysis of variance (ANOVA) was used when

comparing >2 groups. Plasma measurements are presented as boxplot

with median or as points per ECFC clone, with mean for all others.

P value < .05 was considered statistically significant. Data were

analyzed using GraphPad Prism 9.3.1 (GraphPad Software) unless

otherwise indicated. For proteome analysis, partition around
medoids-based clustering was performed using the Cluster package

[43], employing a maximum number of clusters of 20 with 100 itera-

tions each. To determine differentially abundant proteins, moderated

t-tests were performed using Linear Models for Microarray and Omics

Data [44,45]. A Benjamini-Hochberg-adjusted P < .05 and log2-fold

change >1 was considered significant and relevant. Spearman

correlations were calculated using Hmisc [46]. Gene Ontology (GO)

term enrichment was performed using the clusterProfiler package

[47]; enrichments with a Benjamini-Hochberg-adjusted P value < .05

were considered significant.
3 | RESULTS

3.1 | VWD study population and ECFC isolation

In this study, we aimed to investigate the endothelial compartment as a

potential modifier of VWD phenotype by studying ECFCs obtained

from 13 healthy controls and from 2 groups of VWD patients in which

an endothelial contribution to their disease etiology is plausible:

(1) patients without an identified known variant in VWF, with a normal

response to DDAVP, and (2) patients with VWD with an identified,

known variant in VWF, who do not respond to DDAVP (Figure 1A).

Patients were classified as type 1 (6 patients) or type 2 (4 patients)

VWD based on the current VWD diagnostic guideline [48]. Detailed

characteristics of the patients and controls are shown in the Table. All

functional assay results are shown in Supplementary File S5. Plasma

coagulation factor levels (VWF:Act, VWF:Ag, VWF:CB, and FVIII

coagulant activity) were determined again at time of inclusion in this

study (Figure 1B–E). All measured coagulation factors were signifi-

cantly lower in DDAVP nonresponders compared with healthy con-

trols. VWF and FVIII levels were also reduced in VWD patients without

identified VWF variants, but this was only statistically significant for

VWF:CB. Compared with historically lowest levels until WiN inclusion

and levels measured during the WiN inclusion (12-16 years ago) [32],

current levels have partially corrected (Figure 1B–E), which is likely due

to an age-dependent increase in plasma VWF levels [23,49–51].
3.2 | ECFC isolation and RNA-based

characterization

To study VWD-specific signatures of endothelial cells, we isolated at

least 1 ECFC clone from all patients and controls. When multiple

clones were isolated per donor, the 2 clones that were first to reach

the third passage were taken for this study, which resulted in 15 clones

from controls and 14 from patients (Figure 1A). A complete overview

of the ECFC clone and donor characteristics is shown in Table. All

clones displayed characteristic cobblestone-like endothelial

morphology, although with large heterogeneity (Supplementary

Figure S1). It is widely recognized that substantial phenotypic het-

erogeneity can exist between ECFC clones isolated from healthy

controls and even from the same individuals [34,40], which can be

https://github.com/Clotterdam
https://github.com/Clotterdam
https://github.com/Clotterdam


F I GUR E 1 Patient and control plasma levels and endothelial colony–forming cell (ECFC) characteristics. (A) Schematic overview of donor

inclusion. Boxplots of (B) von Willebrand factor (VWF) antigen (VWF:Ag), (C) VWF activity (VWF:Act), (D) factor VIII coagulant activity

(FVIII:C), and (E) VWF collagen binding (VWF:CB) in the plasma of von Willebrand disease (VWD) patients and controls at inclusion in the

current study. Furthermore, historically (Hist.) lowest factor levels and levels at time of inclusion in the Willebrand in the Netherlands (WiN)

[32] are shown. Statistical analysis was performed by Kruskal–Wallis one-way ANOVA, *P < .05, **P < .01. Values 1.5 times outside the IQR are

shown as black dots. Note that previous VWF activity was measured with different platelet binding assays. In this article, all VWF activity levels

are indicated as VWF:Act. (F) Principal component analysis (PCA) plot showing heterogeneity between ECFC clones. All clones on the left of

the y-axis were categorized as cluster 1, and clones on the right as cluster 2. Numbers correlate with sample numbers, and color indicates

which group the clone belongs to: controls (yellow), VWD patients without 1-8-deamino-D-arginine vasopressin (DDAVP) response (red), and

VWD patients without VWF variant (purple). IU, International Units; ns, not significant.

LAAN ET AL. - 2639
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explained by the existence of at least 2 discrete transcriptional clusters

of ECFCs [36]. We carried out a qPCR-based transcriptional analysis of

ECFC clones, as described previously [36] (Supplementary Table S2),

which can distinguish between the aforementioned phenotypic clusters

of ECFCs. To visualize the variation between clones, we performed

principal component analysis (Figure 1F), which revealed large intra

and interindividual heterogeneity and allowed us to categorize ECFC

clones into cluster 1 and cluster 2 ECFCs through hierarchical clus-

tering (Table). To ensure correct comparison between control and

patient ECFCs, we used this categorization in all following assays to

compare ECFC clones with clones within their assigned cluster.
3.3 | Morphologic and migratory characterization of

ECFCs obtained from VWD patients

Morphology of ECFCs was studied to investigate whether defects in

the secretory pathway or abnormal distribution, count, and/or shape

of WPBs contribute to the VWD phenotype of the patients. All ECFCs

were imaged for VWF, vascular endothelial cadherin, and their nuclei

(Figure 2A). Clone S38 is shown as a representative of the control

ECFCs and shows typical cigar-shapedWPBs. We observed that 4 (out

of 6) ECFCs obtained from 3 patients (out of 5) with DDAVP nonre-

sponse showed retention of VWF in the ER. S29 is shown as repre-

sentative clone of other ECFCs, S25, S27, and S35, which were

confirmed by protein disulfide isomerase staining (Supplementary

Figure S2). No uniform morphologic phenotype was seen in patients

without identified VWF variants, but S11 did display very large cells

and small and round WPBs. ECFC characteristics were quantified

using an automated image-analysis pipeline developed in CellProfiler

[38]. Great variation in cell count, WPB count per cell, organelle ec-

centricity, and relative distance to the nucleus between all ECFCs was

observed (Figure 2B–E), as was also shown previously in healthy

controls [36,38]. Between patient groups and controls, only mean

organelle eccentricity was found to be significantly lower in cluster 1

ECFCs of patients without DDAVP response. This effect was primarily

attributable to the ECFCs that showed ER retention (clones S25, S27,

S29, and S35), which, on average, had lower organelle eccentricity

(mean ± SD, 0.637 ± 0.015 vs control 0.721 ± 0.039) and WPB count

per cell (35.97 ± 24.20 vs control 132.30 ± 27.60). Together, these

data show a phenotype in ECFCs of some DDAVP nonresponders that

results in retention of VWF in the ER, which could reduce its avail-

ability for stimulus-induced release of VWF from WPBs.

It has been shown that VWF plays a role in migration, prolifera-

tion, and angiogenesis of endothelial cells [52] and that some ECFCs

obtained from type 1 and 2 VWD patients have lower directionality in

wound healing assays [53]. Therefore, we also analyzed the migration

behavior of all ECFCs using a scratch wound migration assay

(Supplementary Figure S3A). We observed that cluster 1 DDAVP

nonresponder ECFCs had a slower closing speed compared with

control ECFCs, while cluster 2 ECFCs from DDAVP nonresponders

closed the scratch faster than controls (Supplementary Figure S3B).

No significant differences were observed for speed of movement,
X trajectory, and linearity (Supplementary Figure S3C). However,

samples S25, S27, and S29 in cluster 1 did show markedly decreased

X trajectory. This suggests that ECs with observed ER retention and

decreased VWF levels also have implicated migratory processes.
3.4 | Impaired synthesis and secretion upon

stimulation of patient ECFCs

We investigated whether production of VWF and secretory capabil-

ities of the ECFCs may clarify the low VWF levels or lack of response

to DDAVP. We measured basal VWF secretion over 24 hours

(Figure 3A), intracellular VWF content in the lysate (Figure 3B), and

regulated secretion of VWF following Ca2+- (histamine) and cyclic

adenosine monophosphate-mediated (epinephrine) stimulation

(Figure 3C, D). Cluster 1 ECFCs from DDAVP nonresponders had

significantly lower basal VWF release (Figure 3A) and lower intra-

cellular VWF content (Figure 3B) than control ECFCs, while ECFCs

from patients with no VWF variant (but who were responsive to

DDAVP) did not differ from controls. Cluster 1 DDAVP nonresponder

ECFCs also showed a trend toward lower VWF secretory response

upon histamine and epinephrine stimulation (Figure 3C, D), whereas

ECFCs from patients without identified VWF variants responded

comparably to control ECFCs. We next correlated VWF synthesis and

secretion in ECFCs with plasma VWF levels (Figure 3E–H). ECFCs in

cluster 1 showed positive correlations between plasma VWF:Ag levels

and basal VWF secretion (Figure 3E), VWF synthesis (Figure 3F), as

well as histamine- (Figure 3G) and epinephrine-stimulated secretion

(Figure 3H), while there were no such correlations in cluster 2 ECFCs.

This suggests that cluster 1 ECFCs are a good representative of VWF

synthesis and secretion in the vessels of the patients.
3.5 | VWD does not drive disease-specific

proteomic differences

Next, we investigated whether we could find differences in protein

abundance in ECFCs obtained from VWD patients. Therefore, we

performed unbiased proteomics on 28 ECFC clones using a bottom-up

LFQ mass spectrometry workflow (Figure 4A). On average, 8349

proteins were quantified per sample (Supplementary Figure S4A) with

an overall high correlation (Supplementary Figure S4B). Based on

principal component analysis, we did not observe a clear distinction

between controls and the 2 VWD patient categories (Figure 4B).

Partition around medoids clustering of the proteomes identified 3

ECFC clusters (A, B, and C; Figure 4C), of which clusters A and B

partially overlapped with the annotation based on the qPCR panel

(Figure 4D). Statistical analysis comparing ECFCs obtained from

healthy controls with ECFCs obtained from VWD patient groups (LFC

>1; P < .05) did not reveal differentially abundant proteins (Figure 4E).

To remove interference from different ECFC types, testing was also

performed within the different clusters based on the proteome data

(Figure 4F) and qPCR panel (Figure 4G), but none showed



F I GUR E 2 Morphologic differences of endothelial colony–forming cells (ECFCs) obtained from von Willebrand disease patients. Phenotypic

profiling of all ECFCs was done using tile scans (1123261 μm2). ECFC clones were analyzed per cluster and stained with Hoechst (blue) and

antibodies against vascular endothelial cadherin (VE-cadherin; red) and von Willebrand factor (VWF; green). (A) Representative confocal

images of a control ECFC clone (top–S38), a patient with retention of VWF in the endoplasmic reticulum (middle–S29), and a patient ECFC with

round Weibel–Palade bodies (WPBs; bottom–S11). The scale bar represents 30 μm. The white box indicates the area that is enlarged by 3× of

the merged image (scale bar represents 10 μm). Images were taken with a 63× objective. (B) Cell count per surface area of the tile scan. (C)

Mean WPB count per cell per ECFC clone. (D) Mean eccentricity of WPBs per ECFC clone. (E) Distance of the WPBs to the nucleus relative to

their position in the cell in percentage. S29 and S11 values are indicated by x and xx, respectively, in B–E. Values per ECFC clone are shown,

and the line shows the mean. Kruskal–Wallis one-way ANOVA was performed; *P < .05. DDAVP, 1-8-deamino-D-arginine vasopressin; ns, not

significant; resp., responder; var., variant.
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F I GUR E 3 von Willebrand factor (VWF) production and secretion are lower in patient endothelial colony–forming cells (ECFCs). ECFCs

were grown in culture until confluent and then stimulated by histamine and epinephrine + IBMX to secrete VWF. VWF antigen (VWF:Ag;

International Units [IU]/dL) levels as measured by enzyme-linked immunosorbent assay are shown per ECFC clone. (A) VWF levels are secreted

in media during 24 hours of culture of ECFCs preceding the stimulation. (B) VWF levels in the lysates of unstimulated cells (dimethyl sulfoxide

exposure only). (C) Secretion of VWF after 1 hour of stimulation as a percentage of the total amount of VWF in the cell. Calculated as the

released VWF:Ag in media minus VWF:Ag released without stimulant (dimethyl sulfoxide) divided by the total amount of VWF in the cell (the

lysate of the unstimulated cells). If stimulated release was not higher than the negative control, a value of 0 was noted. Plasma VWF:Ag

measurements were correlated to the basal release levels of VWF:Ag by the (E) ECFCs, (F) in the lysate, (G) secreted after histamine

stimulation, and (H) secreted after epinephrine + IBMX stimulation. Statistical analysis was performed by Kruskal–Wallis one-way ANOVA,

*P < .05, **P < .01. R2 was calculated by linear regression. DDAVP, 1-8-deamino-D-arginine vasopressin; ns, not significant; resp., responder;

var., variant. The sample marked by x indicates a DDAVP nonresponder ECFC in cluster 1, which had intracellular VWF levels close to the

detection limit of the ELISA. Due to the low levels, the relative secretion is incorrectly high.
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F I GUR E 4 von Willebrand disease does not drive disease-specific proteomic differences. (A) Schematic overview of proteomics workflow.

Principal component (PC) analysis of proteomes across PC1 and PC2, colored based on (B) disease type, (C) proteomics-based clustering, and

(D) quantitative polymerase chain reaction-based division. Overview of samples and significantly regulated proteins (t-test, P < .05 and log2-

fold change [LFC] >1) between (E) disease type vs controls, (F) disease type vs control per proteome cluster, and (G) disease type vs controls

per quantitative polymerase chain reaction-based distinction. DDAVP, 1-8-deamino-D-arginine vasopressin; ECFC, endothelial colony–forming

cell; mass. spec., mass spectrometry; VWF, von Willebrand factor.
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group-specific differences. A comparison of individual patient ECFC

clones vs controls within the proteomics clusters did reveal clone-

specific alterations (Supplementary Figure S4C). However, the

observed heterogeneity in ECFC clones obtained from the same donor

(Supplementary Figure S4D), combined with marginal overlap in

regulated proteins between ECFC clones from same VWD donor

(Supplementary Figure S4E), hampered interpretation of donor-

specific differences. Finally, we plotted the VWF coverage across all

samples, which mainly corresponded to the heterogeneity in VWF

levels across ECFC clones (Supplementary Figure S5A). In one of the

patient-derived ECFCs, the Arg1374Cys variation was detected

(Supplementary Figure S5B). Taken together, this highlights the

challenge of dissecting VWD-specific defects in an individual patient.
3.6 | Proteomic signatures of heterogeneous ECFC

phenotypes

To further investigate endothelial heterogeneity in the context of

VWD, we explored the differences that drive separation into clusters
A, B, and C (Figure 4C). On a morphologic level, cluster A contained

ECFCs with hallmark cobblestone morphology, while cluster B con-

tained cells with a more inflamed and mesenchymal-like phenotype

(Figure 5A), in agreement with qPCR segregation. Among the proteins

driving the most variation between proteomic clusters A and B were

ALDH1A1, CLU, and VWF (increased abundance in cluster A), and

TGFBI, CD44, and TAGLN (increased abundance in cluster B), which

were previously described as separating cobblestone-mesenchymal

phenotypes by RNA sequencing [34] (Figure 5B, C). In total, 316 of

451 significantly different proteins between groups A and B were also

identified in that study at transcript level (Supplementary Figure S6A,

B). GO enrichment indicated that cluster A was enriched for meta-

bolism and Golgi-system activity, while cluster B was enriched for

extracellular matrix components such as collagens (COL8A1), fibulin

(FBLN1), and fibronectin (Figure 5D and Supplementary Figure S6C).

Moreover, cell type-specific enrichment analysis of the differentially

expressed proteins between cluster A and B ECFCs using WebCSEA

[54] showed that cluster A was enriched predominantly for ECs, while

cluster B was enriched for connective tissue cells such as fibroblasts,

stromal cells, and smooth muscle cells (Supplementary Figure S6D).



F I GUR E 5 Proteomic signatures of heterogeneous endothelial colony–forming cell phenotypes. (A) Brightfield images of hallmark

endothelial colony–forming cell clones per proteomic cluster; scale bar indicates 500 μm. (B) Distribution of samples and loading plot across

principal component (PC) 1; shape indicates disease type (control–circle; no 1-8-deamino-D-arginine vasopressin [DDAVP]–diamond; no von

Willebrand factor [VWF] variant—square). Highest positive and negative separating proteins in the loading plot are highlighted in red and

labeled. (C) Dot plots of protein label-free quantification (LFQ) values with high positive and negative separation across PC1. (D) Gene

Ontology enrichment of proteins that are differentially abundant between clusters A and B. Colors indicate enrichment of proteins higher in A

(red) and higher in B (green). (E) Number of up- and downregulated proteins (t-test, P value < .05; log2-fold change [LFC] >1) in cluster C vs

clusters A and B. (F) Top 15 WebCSEA enriched endothelial cell (EC) subtype terms of upregulated proteins in group C. Colors indicate

lymphatic EC terms (black) and other EC terms (gray). (G) Dot plots of lymphatic protein LFQ values.
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These findings further support the mesenchymal traits of this group of

ECFCs. Interestingly, cells in cluster C showed a unique phenotype of

spindle-like ECs that diverged from clusters A and B. The variation

across principal component 2, which mostly separated cluster C, was

driven by RELN, TIMP3, and CEACAM1, among others

(Supplementary Figure S6E, F). In total, 345 proteins were differen-

tially abundant in cluster C compared with clusters A and B (LFC >1;

P < .05; Figure 5E). WebCSEA [54] cell-type enrichment of these

proteins had the highest enrichment for lymphatic ECs (Figure 5F).

Moreover, lymphatic markers PROX1, VEGFR3 (FLT4), and, to a lesser

extent [55–57], were all more abundant in cluster C ECFCs
(Figure 5G), suggesting these clones are of lymphatic endothelial

lineage.
3.7 | Combined data integration to decipher

proteomic profiles in the context of VWF

To investigate proteomic profiles in the context of VWF across a

heterogeneous ECFC population, we integrated VWF secretion, qPCR

cluster profiles, and morphologic and functional data with protein

expression profiles. Correlation analysis revealed that abundance of
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an extensive network of proteins (N = 2173) was associated with a

functional or cell biological outcome (Spearman correlation coefficient

> .7; Supplementary Figure S7A). As expected, VWF:Ag levels in ly-

sates and secreted VWF measured by ELISA correlated highly with

the proteome VWF LFQ measurements (Spearman correlation > .85;

Supplementary Figure S7B). VWF LFQ, VWF:Ag, and secreted VWF

levels also correlated positively with cell and WPB counts, and

inversely with cell area (Supplementary Figure S7A). Proteins posi-

tively correlated with histamine-induced VWF secretion (n = 791),

enriched predominantly for the GO biological process term “RNA

processing,” and proteins inversely correlated (n = 550) with biological

process enriched for “Endomembrane system” (Figure 6A). To spe-

cifically look for proteins associated with the VWF exocytosis ma-

chinery and WPBs, we highlighted known and putative WPB

interactor proteins [2] and found that important adaptors in VWF

release were positively correlated with increased VWF release, such

as RAB27A, RAB3D, and SYTL4 [58–60], while others, such as GBF1,

which is important in ER-Golgi trafficking of VWF, correlated nega-

tively (Figure 6B). Of these proteins, only RAB3D also positively

correlated with WPB count per cell (Figure 6C). This suggests that,

while both RAB3D and RAB27A are important in WPB release,

RAB3D also functions in managing WPBs in steady state. Surprisingly,

IGFBP7, a protein known to be present in WPBs [61], was lower in

abundance when more WPBs were present per cell (Figure 6D).

Moreover, 18 mitochondrial proteins correlated positively with WPB

count. Interestingly, several of these proteins, particularly those

involved in protein import into mitochondria (eg, AGK, TOMM70, and

small TIMs [62]), showed high correlation with WPB count, while other

mitochondrial proteins that they are known to interact (TOMM40 and

TIMM22) did not (Supplementary Figure S7C). The interaction

between mitochondria and WPBs has been indicated to facilitate WPB

maturation [63], suggesting a potential function of these proteins in the

life cycle of WPBs. Finally, correlating proteins to organelle eccen-

tricity, which is a proxy for ER retention, was limited. However, several

members of the vacuolar-ATPase (ATP6V-B1, -E1, -G1, and -H1)

negatively correlated with organelle eccentricity (Figure 6E). Coun-

terintuitively, although v-ATPase proton pump is required for the

maturation of WPBs [61,64,65], our analysis showed that higher levels

of this protein correlated with round WPBs (Figure 6F).
4 | DISCUSSION

ECFCs have been used to study biological processes in endothelial

cells and elucidate the pathogenic mechanisms of various diseases

[29,30,53]. There is a lot of variability in bleeding phenotype in pa-

tients with VWD [4], and it is hypothesized that other modifiers cause

the low levels of VWF and associated bleeding [25] or perhaps

nonresponse to DDAVP treatment. Therefore, in this study, we used

ECFCs to attempt to unravel those mechanisms. Patients were pre-

viously diagnosed with VWD based on reduced levels of plasma

VWF:Ag and VWF:Act, which correlated with low levels of produced

and secreted VWF by ECFCs. Furthermore, we observed retention of
VWF in the ER, which was connected with very low levels of secreted

VWF. Proteomic characterization of the ECFC clones yielded distinct

clusters of ECFC clones that were not dependent on patient groups.

Proteomic clustering overlapped with RNA-based clustering and

yielded a third cluster in this study, which seems to be of lymphatic

endothelial lineage. Finally, comparing functional outcomes to prote-

omics, we observed that VWF levels and WPB count per cell corre-

lated inversely with cell area, and regulated secretion of VWF and

WPB count in ECFCs was correlated with various secretory machinery

components. Protein regulation showed strong enrichment of DNA

and messenger RNA processing in cells with high VWF levels and a

smaller cell area.

Despite the advantages of ECFCs, considerable phenotypic het-

erogeneity has been observed [34,36,40], which is influenced by day

of initial appearance of ECFCs [34], passaging [66], and duration in

culture [67,68]. Interestingly, the proteomic heterogeneity between

clones was remarkably similar to the transcriptomic differences

observed previously [36], even though different ECFCs, cultured in

separate laboratories, were used. Three hundred sixteen of 451

significantly different proteins between groups A and B were previ-

ously measured by RNA sequencing [36]. This large overlap indicates

that ECFCs maintain similar patterns in both protein and RNA

expression levels. Furthermore, endothelial-to-mesenchymal–associ-

ated proteins, TGFBI, TGFB2, and BMP2 [69], were also found to be

significantly different at the proteome level. The overlap between the

transcriptome and the proteome suggests that the characterization of

ECFCs could also be performed at the protein level, which is compa-

rable with qPCR panel we have used, and could lead to better char-

acterization if combined.

While the origin of circulating ECFCs is uncertain, the heteroge-

neity we observed between clones resembles the differences in

expression profiles between endothelial cells from distinct vascular

beds [41,70]. The proteomic signature showed a distinct cluster

enriched for ECs of lymphatic endothelial lineage. These cells were

visually smaller and more spindle-like compared with other ECFC

clones, and they had higher protein levels of transcription factors

PROX1 [71] and CEACAM1, which are important in the formation of

new lymphatic vessels [72]. Whether the observed ECFCs respond

differently to external stimuli remains to be elucidated, but it provides

an interesting avenue to investigate vascular bed-related differences

using ECFCs.

We hypothesized that unexplained nonresponse to DDAVP could

be caused by modifiers outside of VWF. ECFCs that showed retention

of VWF in the ER were all obtained from DDAVP nonresponsive

patients who carried a VWF variant. The p.Arg924Gln variant (S25) is

associated with reduced VWF and FVIII levels [73], but ER retention in

previous studies has not been confirmed through any staining. S27

and S35 (from the same patient) carry p.Asp141Asn and p.Arg2313-

Cys, respectively. The variant p.Asp141Asn has been shown to cause

ER retention in transfected human embryonic kidney cells [74], which

we have now confirmed in ECFCs carrying this variant. Finally,

p.Arg1374Cys (S29) is still disputed as causing either VWD type 2A or

2M [75], but we show here that this variant is accompanied by



F I GUR E 6 Proteomic and functional data integration. (A) Spearman correlation plot of histamine-induced secreted von Willebrand factor

(VWF) levels with protein label-free quantification (LFQ) levels, and (B) protein correlations of interest. (C) Spearman correlation plot of

Weibel–Palade body (WPB) count per cell with protein LFQ levels, and (D) protein correlations of interest. (E) Spearman correlation plot of

organelle eccentricity with protein LFQ levels, and (F) protein correlations of interest. For all Spearman correlation plots, correlations > .7 and

P values < .01 are indicated by dotted red lines. Total number of proteins above cutoffs is indicated at the top of graph. WPB-interacting

proteins are indicated in red. Major enriched Gene Ontology terms per functional output and number of proteins per term are shown. DDAVP,

1-8-deamino-D-arginine vasopressin.
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significant retention within the ER. Collectively, the retention of VWF

in the ER, which would prevent it from progressing to WPBs from

where it can be released via basal and stimulus-induced secretion,

appears to be a common mechanism in VWD, which could explain the

lower circulating levels of VWF and the subsequent nonresponse to

DDAVP.

In this study, we show that circulating VWF plasma levels

correlate with the amount of VWF contained in ECFCs and the

amount of VWF that is released from ECFCs upon stimulated secre-

tion, which confirms the relevance of ECFCs as ex vivo cell models for

VWF secretion in vivo. Moreover, we show that protein levels of

various secretion machinery proteins, such as RAB27A, RAB3D, VWF,

and SYTL4, were significantly correlated with the stimulated release

of VWF and WPB count. Taken together, this suggests that the

exocytotic machinery that is recruited to WPBs is a determinant of

circulating VWF, which is in line with previous findings from genome-
wide association studies that identified components of the secretory

pathway, such as STX2 and STXBP5, as determinants of VWF plasma

levels [76–78]. Interestingly, the correlation between plasma VWF:Ag

and ECFC VWF levels (intracellular and released after stimulus) was

only observed in cluster 1 cobblestone ECFCs and not in cluster 2

mesenchymal/inflamed-like ECFCs. This raises the question whether

cluster 2 ECFCs are representative of the endothelial compartment

that is responsible for production of VWF that circulates in plasma

and underscores the intricate connection between VWF and inflam-

mation [79].

A limitation of this study was that patient characteristics were

very diverse, and despite ECFC matching, no common cause for the

VWD phenotype was found. ECFC variation between groups was not

representative of individual patient heterogeneity. Therefore, we

focused on patient-specific qualitative findings rather than quantita-

tive results. Our findings remain to be validated in a different setting
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or larger cohort to confirm whether these are patient-specific differ-

ences that contribute to the bleeding phenotype or arise from ECFC

variation. Furthermore, other functional aspects, like angiogenesis,

proliferation, and apoptosis, were not included in this study. Analysis

of ECFCs from patients with a bleeding disorder of unknown cause,

especially those with gastrointestinal bleeding, might benefit from

these assays. Moreover, as bleeding is mediated through the interplay

of different cells, incorporation of multiple cell types, such as platelets

and leukocytes, or the addition of shear stress in a flow model, might

boost future studies in unraveling VWD bleeding phenotypes.

Finally, to our knowledge, this study is the first to examine a large

panel of ECFCs of both healthy and VWD donors through extensive

characterization by both functional assays and proteomics. As such, it

highlights the current opportunities and challenges in using ECFCs as

a model to study WPB-specific mechanisms and provides a broad EC-

wide picture of the molecular regulation of WPB machinery and its

outcomes.
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