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Abstract

Background: von Willebrand disease (VWD) is the most common inherited bleeding

disorder, characterized by either partial or complete von Willebrand factor (VWF)

deficiency or by the occurrence of VWF proteoforms of altered functionality. The gene

encoding VWF is highly polymorphic, giving rise to a variety of proteoforms with

varying plasma concentrations and clinical significance.

Objectives: To address this complexity, we translated genomic variation in VWF to

corresponding VWF proteoforms circulating in blood.

Methods: VWF was characterized in VWD patients (n = 64) participating in the Wil-

lebrand in the Netherlands study by conventional laboratory testing, DNA sequencing

and complementary discovery, and targeted mass spectrometry–based plasma prote-

omic strategies.

Results: Unbiased plasma profiling combined with immune enrichment of VWF verified

VWF and its binding partner factor VIII as key determinants of VWD and revealed a

remarkable heterogeneity in VWF amino acid sequence coverage among patients.

Subsequent VWF proteotyping enabled identification of both polymorphisms (eg,

p.Thr789Ala, p.Gln852Arg, and p.Thr1381Ala), as well as pathogenic variants (n = 16)

along with their corresponding canonical sequences. Targeted proteomics using stable

isotope–labeled peptides confirmed unbiased proteotyping for 5 selected variants and

suggested differential proteoform quantities in plasma. The variant-to-wild-type pep-

tide ratio was determined in 6 type 2B patients heterozygous for p.Arg1306Trp, con-

firming the relatively low proteoform concentration of the pathogenic variant. The
his study.
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elevated VWF propeptide/VWF ratio indicated increased clearance of specific VWF

proteoforms.

Conclusion: This study highlights how VWF proteotyping from plasma could be the first

step to bridge the gap between genotyping and functional testing in VWD.

K E YWORD S

mass spectrometry, plasma, proteomics, proteotyping, von Willebrand disease
1 | INTRODUCTION

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

disorder caused by deficiencies or abnormalities in von Willebrand

factor (VWF) [1,2]. VWF is a large glycoprotein (GP) that is translated as

a prepropolypeptide that is proteolytically processed to generate a

signal peptide with a length of 22 amino acids (AAs), a propeptide (von

Willebrand factor propeptide [VWFpp]) consisting of 741 AAs, and a

large mature subunit containing 2050 AAs [3]. The mature VWF sub-

units contain a variety of functional domains (D′-D3-A1-A2-A3-D4-C1-

C2-C3-C4-C5-C6-CK) that are important for its hemostatic properties

[4]. Specifically, the D′D3 domain interacts with coagulation factor (F)

VIII, the A1 and A3 domains facilitate binding to collagen fibers, the A1

and C4 domains contain a platelet receptor glycoprotein Ib alpha

(GPIbα) and a glycoprotein IIbIIIa (GPIIbIIIa) binding site that support

platelet interactions, and the A2 domain interacts with “a disintegrin

and metalloproteinase with thrombospondin type 1 motif member 13”

(ADAMTS-13) to processes ultralarge VWFmultimers in circulation [5].

Patients with VWD are subtyped for tailored monitoring and

treatment [6] and classified by partial (type 1) or complete (type 3) VWF

deficiencyor by thepresenceofVWFproteoformswith altered function

(type 2) [7]. Type 2 classification is primarily based on the discrepancy

between VWF antigen (VWF:Ag) levels and platelet-dependent VWF

activity (VWF:Act) or FVIII activity. Specifically, type 2A can be char-

acterized by reduced or absent high-molecular-weight VWFmultimers,

type 2B by increased platelet binding, type 2M by altered platelet or

collagen binding, and type 2N by reduced VWF binding to FVIII [8].

Recently, the International Society on Thrombosis and Haemostasis

subclassification was expanded with the addition of type 1C, known for

its accelerated VWF clearance from plasma [6].

Deficiencies in VWF are mostly caused by variants in the VWF

gene, affecting messenger RNA transcription and translation, VWF

biosynthesis, clearance, or protein functionality [9]. To facilitate the

interpretation of variant pathogenicity, variances of unknown signifi-

cance, benign variants, and pathogenic variants are registered in the

Coagulation Factor Variant Databases portal, which is supported by

the European Association for Haemophilia and Allied Disorders

(EAHAD) [10], and the ClinVar archive. Despite these efforts, the

pathogenicity of VWF variants remains elusive for the clinical

phenotype in the individual patient, which may result in suboptimal

VWD subclassification for clinical management [11]. In addition, in

around 30% of VWD type 1 patients, no pathogenic variant in VWF
can be identified [11,12]. Therefore, the added value of genetic

counseling for disease phenotyping in the diagnostic pathway remains

a topic of discussion [11] and laboratory tools are needed to facilitate

the genotype-to-proteotype translation to interpret the clinical

phenotype in a VWD patient [13].

The study of VWF proteoforms and their diverging concentra-

tions in relation to the disease phenotype requires an analytical

platform with sensitivity toward AA sequence variance to capture

VWF heterogeneity. Here, we explored the potential of upcoming

discovery-based and targeted mass spectrometry (MS)–based tech-

nologies in proteotyping in VWD [14–16]. To this end, we selected

type 1, 2A, 2B, 2M, 2N, and 3 VWD patients with known genetic

mutations and type 1 patients without a pathogenic variant in VWF

[11] included in the Willebrand in the Netherlands (WiN) study [17].

First, we studied the whole plasma proteome by discovery proteomics.

Hereafter, we analyzed the levels of VWF and VWFpp from plasma by

quantitative proteomics and compared those with enzyme-linked

immunosorbent assay (ELISA)–measured VWF plasma levels. Finally,

we set out to detect VWF variants from plasma, independent of ge-

netic variant information a priori. By combining different proteomics

strategies, we demonstrate that MS-based proteomics is a valuable

platform to proteotype VWD.
2 | METHODS

2.1 | Patient cohort and study design

Blood samples were collected from a subpopulation of 64 VWD pa-

tients from the WiN study (Supplementary Figure S1) [17]. Initially, for

our discovery proteomics study, we selected 19 type 1 patients, 5 type

2A patients, 95 type 2B patients, 5 type 2M patients, 1 type 2N pa-

tient, and 4 type 3 patients. For our follow-up experiments, we

expanded our cohort by including all accessible plasma samples from

patients in the WiN study harboring p.Cys1190Arg, p.Phe1293Leu,

p.Arg1306Trp, p.Arg1374His, or p.Tyr1584Cys to verify our initial

observations with a targeted proteomics approach. VWD classification

was according to standard practice of the medical centers, as

described previously [18]. VWF:Ag, VWF Collagen Binding activity

(VWF:CB), VWF:Act, FVIII activity levels (FVIII:C), and VWFpp were

measured elsewhere [17,19]. The 52 exons of VWF gene including ±20

bp exon-intron boundaries were sequenced using ion semiconductor
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sequencing (Ion-Torrent PGM, Thermo Fisher Scientific) and multiplex

ligation-dependent probe amplification [11]. Blood samples were

collected from anonymized healthy volunteers in accordance with

Dutch regulations and Sanquin Ethical Advisory Board approval,

following the Declaration of Helsinki. Blood samples collected at both

institutes were centrifuged twice at 2200 × g for 10 minutes at room

temperature, and citrated plasma aliquots were stored at −80 ◦C until

analysis. VWF:Ag in healthy controls was determined by ELISA as

detailed in the Supplementary Methods.
2.2 | Sample preparation

The different sample preparation methods for discovery and targeted

proteomic analyses are detailed in the Supplementary Methods. In

brief, plasma proteins were denatured, alkylated, and digested with

trypsin and peptides were desalted with solid phase extraction prior

to liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Plasma samples from 4 type 3 patients and 10 healthy controls were

depleted for the top 14 highly abundant proteins to study the pro-

teome with increased proteomic depth. For plasma-derived protein

variant mapping, VWF was immunocaptured using monoclonal anti-

bodies CLB-Rag35 and CLB-Rag201 [20]. For targeted proteomics,

plasma samples were supplemented with an internal standard (IS)

mixture containing synthetic stable isotope–labeled (SIL) VWF pep-

tides or a concatenated VWF polypeptide produced by stable isotope

labeling by amino acids in cell culture (SILAC; Supplementary

Figure S2). For absolute quantification, we prepared 5 calibrators by

admixing VWF-deficient citrated plasma (Hyphen, catalog: DP150K)

and an in-house value-assigned citrated plasma standard (Sanquin,

PS18).
2.3 | LC-MS/MS analyses

Peptides were analyzed by LC-MS/MS in Data Dependent Acquisition

mode for discovery proteomics and in Parallel Reaction Monitoring

(PRM) mode for targeted proteomics using an orbitrap mass spec-

trometer (Fusion or Fusion Lumos Tribrid, Thermo Fisher Scientific).

The LC-MS/MS setting is detailed in the Supplementary Methods, and

the PRM mass list is provided in Supplementary Table S1.
2.4 | Variant database generation

A FASTA file was generated consisting of the Human UniProt data-

base (UP000005640, 75 776 entries), supplemented with VWF pro-

tein variants reported in the EAHAD database (461 entries https://

dbs.Eahad.org) and unique VWF variants identified through genetic

sequencing in our cohort (8 entries).
2.5 | Data analysis

MS data acquired using Data-dependent acquisition were analyzed by

MaxQuant software [21], and PRM data were processed in Skyline

[22]. Data were further processed in Rstudio [23]. Prcomp function

was used for principal component analysis (PCA) as an unsupervised

method aimed to get a global overview of the data. PCA was per-

formed on proteins quantified across all samples within each data set,

with variation in protein expression visualized in a score plot. Protein

variation was assessed by the coefficient of variation (CV) of non–

log2-fold transformed intensities in proteins quantified in 50% of the

samples. Missing values were imputed by a normal distribution

(width = 0.3; shift = 1.8) and used for statistical analysis employing the

Limma package [24], with P values corrected for multiple testing using

the Benjamini–Hochberg method. Sequence coverage of immuno-

captured VWF was determined using the MaxQuant peptide.txt

output file. PRM data validity was checked by IS retention time

agreement, IS intensity (area under the curve > 10 000), and consis-

tent fragment ion ratios (median, ±0.15; Supplementary Figure S3).

The relative responses (RRs) of endogenous and ISs for

220GLWEQCQLLK229 and 2479SGFTYVLHEGECCGR2493 were inter-

polated in the calibration curve to report concentrations in Interna-

tional Units per deciliter. For quantification of the variant-to-wild-type

ratio, the RR to the peptide from SILAC concatenated VWF poly-

peptide of the variant peptide was divided by the RRs of the corre-

sponding wild-type peptide sequence.
3 | RESULTS

3.1 | Studied VWD population characteristics

Sixty-four VWD patients were analyzed, including 30 type 1 patients,

30 type 2 patients, and 4 type 3 patients (Table 1). Type 1 VWD pa-

tients were divided into 10 patients without a VWF gene variant and

20 with a pathogenic VWF variant. Of the type 2 patients, 15 had type

2A, 9 had type 2B, 5 had type 2M, and 1 had type 2N VWD. The

laboratory results of VWF:Ag, VWFpp:Ag, VWFpp:Ag/VWF:Ag,

VWF:Act/VWF:Ag, and FVIII:C were grouped by VWD subclass

(Supplementary Figure S4). All included subjects in this study were

analyzed for pathogenic variants in the VWF gene, with an overview of

sequencing results available in Supplementary Table S2.
3.2 | Unbiased plasma profiling indicated VWF

variance, but a stable proteome in VWD

To explore significant proteome changes in plasma, unbiased prote-

omics was conducted in the first subset of VWD patients (n = 39) and

healthy controls (n = 10). Based on those proteins identified in all

samples, plasma proteomes from VWD patients did not separate from

https://dbs.eahad.org
https://dbs.eahad.org


T AB L E 1 Studied von Willebrand disease and healthy population characteristics.

Patient characteristics All VWD patients VWD type 1 VWD type 2 VWD type 3 Healthy controls

n (%) 64 (100) 29 (45.3) 31 (48.4) 4 (6.3) 10 (100)

Age (IQR), y 46 (36.0-54.0) 47 (40.8-54.3) 45 (32.0-52.0) 26 (14.0-54.5) 52 (45.0-54.8)

Sex (% male) 22 (34.4) 10 (34.5) 11 (35.7) 1 (25.0) 5 (50)

Blood group O, (%) 34 (51.1) 19 (65.5) 13 (41.9) 2 (50.0) 6 (60)

Bleeding score (IQR) NA

Female 10 (5.5-14.5) 10 (5.5-14) 17.5 (11.0-24.0) 20 (19.5-21.0)

Male 9 (5.0-17.0) 10.5 (7.5-22.3) 7.5 (4.3-9.8) 23 (NA)

Variant identified VWF gene, n (%) 54 (84.4) 19 (65.5) 31 (100) 4 (100) NA

Blood biochemistry

VWFpp (IU/dL) 87.0 (71.0-110) 79.0 (69.0-92.0) 110.0 (86.0-127.0) <1 NA

VWF:Ag (IU/dL) 29.0 (19.0-37.0) 37.0 (0.28-0.40) 24.0 (19.0-37.0) <1 96.7 (69.7-108.5)a

VWF:Act (%) 1.7 (0.3-0.4) 4.0 (3.0-5.5) 0.4 (0.2-1.3) <0.01 NA

VWF:CB (%) 2.5 (0.8-4.3) 4.1 (3.0-5.6) 0.9 (0.6-2.0) <0.01 NA

FVIII activity (%) 4.7 (3.2-6.4) 6.3 (4.8-7.0) 3.7 (3.1-4.7) 0.1 (0.1-0.1) NA

Median (IQR) values are provided for numerical values.

VWD, von Willebrand disease; VWF, von Willebrand factor; VWFpp, von Willebrand factor propeptide; VWF:Ag, von Willebrand facto antigen; VWF:CB,

von Willebrand factor collagen binding activity.
a Measured with other enzyme-linked immunosorbent assays.
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healthy controls, and the predominant factors influencing the plasma

proteome were immunoglobulins and hemoglobin (HB) subunits

(Supplementary Figure S5A). The majority of quantified proteins (n =

239, Supplementary Table S3) were considered stable in abundance

(CV ≤ 30%). As expected, VWF levels were most variable (CV = 269%)

in this population, followed by acute phase protein serum amyloid A-1

(CV = 219%), pregnancy zone protein (CV = 214%), carbonic anhy-

drase 1 (CV = 121%), apolipoprotein(a) (CV = 149%), and HB subunits

(HBA, CV = 140%; HBB, CV = 148%; HBD, CV = 149%; Figure 1A).

The variations in HB subunits and carbonic anhydrase 1 levels were

likely to be a result of erythrocyte contamination introduced during

the preanalytical phase [25]. The variance in apolipoprotein(a) could

be explained by the polymorphic kringle-domain structure between

individuals but was also found at the lower end of the detection range

[26]. Overall, the variation in VWF levels was subgroup-dependent,

while plasma levels of serum amyloid A-1 were individual-specific

(Figure 1B). The variation in pregnancy zone protein levels was sex-

specific (Supplementary Figure S6), which is in line with previous

studies [15,27].

Proteomic depth was gained by depletion of the top 14 highly

abundant proteins, resulting in an increased number of protein identi-

fications (from 422 to 1338) and quantifications (from 239 to 963;

Supplementary Table S3). The interindividual proteomic variance was

primarily drivenbyHBand immunoglobulins (Figure1C, Supplementary

Figure S7). VWFwas the keydeterminantwhen comparing the depleted

plasma proteome between the type 3 patients (n = 4) and healthy

controls (n = 10), but also macrophage colony-stimulating factor 1 was

found to be slightly increased in VWD type 3 patients (Figure 1D, E).
To examine potential alternative VWF binding partners in plasma

or proteins with differential binding affinity in VWD specifically, we

immunocaptured VWF from plasma and studied the proteome in an

unbiased manner. In PCA, VWD subclasses represented the proteome

variance, although type 2 subclasses and type 1 patients with and

without a mutation in VWF could not be distinguished by their pro-

teomic signature (Figure 1F). In addition, the proteomic variance was

primarily driven by VWF and its binding partner FVIII (Figure 1G).

Moreover, VWF levels strongly correlated with FVIII levels (R = 0.95),

with the exception in the type 2N patients that is known for its

reduced FVIII affinity (Figure 1H) [28]. Of note, in VWF-enriched

samples, we did not detect other intracellular VWF interactors, such

as low abundant cytokines osteoprotegerin, angiopoietin-2, apolipo-

protein B-100, or the cell surface protein P-selectin. Taken together,

we verified that among all quantified proteins, VWF and FVIII were

the key discriminant proteins in VWD patients.
3.3 | Absolute quantification of VWF and VWFpp

highlights proteoforms of aberrant clearance

Next, as a proof-of-concept for proteotyping in VWD, we developed

an LC-MS/MS method to quantify VWF and VWFpp from plasma.

Based on theoretical characteristics (including peptide uniqueness,

minimal 7 AA tryptic peptide length, no posttranslational modifica-

tions [PTMs], and no common sequence variants) and experimental

data obtained with unbiased proteomics, we selected one signature

peptide 220GLWEQCQLLK229 unique to the D1 domain of VWFpp and



F I GUR E 1 Unbiased profiling indicates a stable global plasma proteome in von Willebrand disease (VWD). (A) Coefficient of variation (CV,

%) in global plasma protein quantification in relation to their Label-Free Quantification (LFQ) values from VWD patients (n = 39) and controls

(n = 10). Proteins with the highest interindividual variation of a CV > 100% were annotated. (B) Distribution of LFQ intensity levels of proteins

with highest variation, serum amyloid A1 (SAA1), von Willebrand factor (VWF), and pregnancy zone protein (PZP) categorized by VWD

subtype. (C) Protein quantification variation (CV, %) in relation to protein abundance (LFQ) in depleted plasma from healthy (n = 10) and VWD

type 3 patients (n = 4). (D) Comparison of the depleted plasma proteome in VWD type 3 patients and healthy controls. Volcano plot with the x-

axis depicting the protein level fold change and the y-axis showing the −log10-fold t-test P values (adjusted Benjamini–Hochberg P < .05 and

effect size |logFC| > 1). (E) LFQ intensity levels of significantly altered VWF and colony-stimulating factor 1 (CSF1) in VWD type 3 compared

with healthy controls after depletion of the top 14 highly abundant plasma proteins. (F) Immunoprecipitation of VWF from plasma combined

with unbiased proteomic acquisition showed separation of healthy controls and VWD type 3 patients in principal component analysis (PCA)

based on 131 proteins. (G) Loading protein plot from PCA with each dot representing a protein highlights VWF and FVIII as key determinants

of proteomic variance. (H) Relation between the abundance (LFQ intensity) between VWF and FVIII after immunoprecipitation of VWF from

plasma. A zoom-in of data from type 1 and type 2 VWD patients with annotation of type 2N is provided in the rectangle box. Color coding

represents VWD subclasses type 1 (no mutation/mutation), type 2 (A, B, M, and N), and type 3.
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peptide 2479SGFTYVLHEGECCGR2493 unique to the C2 domain of

mature VWF (Figure 2A). To report results in conventional units (IU/

dL), the RR (Figure 2B) was interpolated in the plasma-based cali-

bration curve (Figure 2C). A 7-leveled calibration curve for VWF and a

single point-calibration strategy for VWFpp (0.12 RR represented 99

IU/dL) were obtained, as VWFpp remained present in VWF-deficient

plasma.
The median VWF concentration was 2.3-fold lower in VWD pa-

tients compared with controls (Table 2). Eighteen VWD patients had

VWF levels > 50 IU/dL. Interestingly, type 1 patients harboring the

Y1584C variant had remarkably high levels of VWF (median, 58 IU/

dL) and 6 out of 11 patients with this variant would not have met the

50 IU/dL threshold criteria for VWD diagnosis based on our LC-MS/

MS analysis. The remaining 12 patients with mature VWF levels



F I GUR E 2 Quantification of von Willebrand factor (VWF) and VWF propeptide (VWFpp) by targeted mass spectrometry highlights

proteoforms of increased clearance. (A) Mature VWF was quantified based on peptide 2479SGFTYVLHEGECCGR2493 derived from the C2

domain, and VWFpp was quantified based on peptide 220GLWEQCQLLK229 from the D1 domain. (B) The area under the curve (AUC) of the

targeted tryptic peptide was divided by the AUC of the corresponding synthetic stable isotope–labeled peptide, functioning as an internal

standard to obtain a relative response. (C) To convert results into conventional units, a calibration strategy was developed by admixing a value-

assigned plasma standard and VWF-deficient plasma. The relative responses were interpolated in the calibration curve to report results in

International Units per deciliter. (D) VWF concentrations among healthy controls and VWD patients. (E) Method comparison between liquid

chromatography-tandem mass spectrometry (LC-MS/MS) and VWF antigen (VWF:Ag) in VWF quantification. (F) VWFpp concentrations among

healthy controls and VWD patients. (G) Method comparison between LC-MS/MS and VWFpp:Ag in VWFpp quantification. (H) VWFpp/VWF

ratios among controls and VWD patients. (I) VWFpp/VWF ratios grouped per VWD subtype and pathogenic variant. (J) Comparison of the

VWFpp/VWF ratio determined by antigen-based testing and LC-MS/MS analysis with the previously proposed clinical cutoff value of 2.2

indicated by the dashed line. Data of healthy controls (n = 10) and VWD patients (n = 64) colored by subtype. 1NM = type 1 without a

pathogenic mutant. 1M = type 1 with a pathogenic mutant. In method comparison, the solid slide represents Deming regression, the dashed line

represents the line of identity, data are labeled when the difference between methods was ≥2-fold, and the Pearson correlation coefficient and

quantification bias are provided.
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> 50 IU/dL were as follows: (a) patients without a reported VWF

mutation (n = 4), (b) patients with a p.Val241Gly variant in VWFpp

(n = 1), (c) patients with a p.Arg854Gln (n = 2) or a p.Arg924Gln (n = 1)

representing the VWD phenotype of reduced FVIII affinity rather than

low VWF concentration, (d) patients with a p.Arg1374His (n = 1), and

(e) patients with type 2B VWD (n = 3) with variants p.Arg1306Trp or

p.Arg1308Cys. VWF levels varied remarkably among VWD subtypes,

with the lowest levels found in type 2A and 2M patients, and VWF

was below the analytical detection limit in type 3 patients (Figure 2D).

Overall, VWF concentrations determined by LC-MS/MS were in
agreement with conventional VWF:Ag levels with a positive absolute

bias of 28% (Figure 2E). Compared with mature VWF, VWFpp levels

were more stable across subtypes. The overall median VWFpp con-

centration in plasma was 96 IU/dL (IQR, 76-131; Figure 2F). Although

VWFpp levels determined with LC-MS/MS were in the same range as

quantified by immunoassay (50-200 IU/dL), data were scattered, and

the correlation coefficient was r = 0.67 (Figure 2G). Noteworthy,

based on nonnormalized and noncalibrated data, VWFpp concentra-

tions in plasma were typically 8-fold lower than mature VWF

(Table 2).



T AB L E 2 von Willebrand factor and von Willebrand factor propeptide quantified by liquid chromatography-tandem mass spectrometry.

Measurand

Type 1: no

variant (n = 9)

Type 1:

variant (n = 17)

Type 2A

(n = 12)

Type 2B

(n = 9)

Type 2M

(n = 8)

Type 2N

(n = 1)

Type 3

(n = 4)

Healthy controls

(n = 10)

VWFpp (IU/dL) 89 (78-138) 108 (85-135) 90 (61-121) 127 (103-149) 228 (97-320) 94 ND 162 (129-199)

VWF (IU/dL) 49 (34-54) 57 (37-66) 22 (20-32) 42 (25-56) 23 (18-32) 53 ND 79 (57-103)

VWFpp/VWF 2.2 (2.0-2.9) 2.0 (1.7-2.5) 3.3 (2.6-5.1) 3.8 (2.7-4.5) 7.4 (5.0-9.3) 1.75 ND 2.1 (1.9-2.4)

Median (IQR) values are provided. VWFpp was quantified based on peptide 220GLWEQCQLLK229 and VWF based on 2479SGFTYVLHEGECCGR2493. In

type 3 patients, VWF was not detected directly from plasma without immune enrichment (n = 4). Quantitative VWF and VWFpp data were invalid for 4

patients (type 1/2).

ND, not detected; VWF, von Willebrand factor; VWFpp, von Willebrand factor propeptide.
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Finally, we evaluated the VWFpp/VWF ratios as a surrogate

measure of clearance of VWF from the circulation (Figure 2H). While

we observed similar VWFpp/VWF ratios among controls (median, 2.1;

IQR, 1.9-2.4), type 1 patients (median, 2.1; IQR, 1.7-2.8), and the type

2N patient (median, 1.8), this ratio was typically higher in type 2A, 2B,

or 2M patients (median, 5.9; IQR, 2.6-12.7), indicating an accelerated

clearance of VWF proteoforms in these patients. Since the VWFpp/

VWF ratio was highly variable within VWD subtypes, we evaluated

the VWFpp/VWF ratio per genetic variant (Figure 2I). VWFpp/VWF

ratios tended to be higher in patients carrying multiple variants or a

single pathogenic variant affecting the D3, A1, A2, or A3 domains.

Subsequently, we compared VWFpp/VWF ratios examined by LC-MS/

MS with those obtained from ELISA. With the LC-MS/MS approach,

the highest ratios were found in patients heterozygous for mutants

p.Lys1408del, p.Ser1285Pro, and p.Pro2063Ser; 33-34 exon deletion;

or a combination of p.Val1229Gly, p.Asn1231Thr, and p.Val1546Glu

(Figure 2J). Especially the p.Lys1408del and the exon 33-34 deletion

have been described for their impaired plasma secretion or increased

clearance [11]. Interestingly, 1 patient classified as type 1 without a

pathogenic variant in the VWF gene showed a remarkably high

VWFpp/VWF ratio of >7, which may indicate VWF deficiency due to

accelerated clearance. Finally, we questioned whether the VWF levels

or VWFpp/VWF ratios were determinants of the bleeding severity.

The examined parameters, VWF:Ag, VWF:Act, VWF, and VWFpp/

VWF ratios, were all poorly associated with bleeding severity

expressed by the bleeding score (all R < (−)0.2).
3.4 | Protein sequence heterogeneity of plasma-

derived VWF among healthy individuals and VWD

patients

Since we did not identify alternative protein-based disease modifiers

other than VWF in VWD, we studied circulating VWF in more detail

by characterizing plasma-derived VWF variants. Upon VWF immu-

nocapture from plasma, an AA sequence coverage of 74% for mature

VWF (AAs 764-2813) was obtained. Peptides from VWFpp (AAs 23-

763) were also detected with low signal intensity and covered 50% of

its sequence (Supplementary Figure S5). The coverage of the func-

tional domains of interest was 85% for D′D3, 79% for A1, 82% for A2,
74% for A3, and 73% for C4, which allowed for peptide mapping for

variant characterization (Figure 3A). Interestingly, peptide intensity

mapping per individual revealed a remarkable variation in sequence

coverage within the population (Figure 3B). For VWD type 3 patients

in specific, no peptides derived from the propeptide were identified,

and limited coverage for mature VWF was acquired (<23%).
3.5 | Plasma-derived VWF proteotyping matches

genotyping results of pathogenic variants and reveals

benign variants de novo

To examine the observed heterogeneity of VWF proteoforms among

individuals, we searched for benign and pathogenic variants by pep-

tide mapping in a subset of VWD patients (n = 39). The acquired

spectral matches were searched against an in-house generated

sequence database including VWF variants. Based on peptide mapping

using the extended sequence database, we identified 5 peptides

unique to the polymorphisms p.Ala2178Ser, p.Val471Leu,

p.Thr789Ala, p.Gln852Arg, and p.Thr1381Ala (Supplementary

Table S4). For p.Thr789Ala, p.Gln852Arg, and p.Thr1381Ala, we

detected both the wild-type (from UniProt) as well as the variant

(noncanonical) sequence in the studied population (Figure 4A, B). In 27

of all 28 type 1 and 2 patients, the canonical variant p.Thr789 was

detected either exclusively or in combination with the noncanonical

variant p.Ala789. The individual with solely the noncanonical

sequence p.Ala789 detected was a type 2N patient heterozygous for

p.Arg854Gln. With respect to the polymorphism p.Gln852Arg, we

detected the peptide noncanonical sequence, 844IGCNTCVCQDR854

more frequently (n = 26) compared with the wild-type sequence

844IGCNTCVCR852 (n = 8; Figure 4A). Comparison between the pep-

tide frequency of p.Thr789Ala, p.Gln852Arg, and p.Thr1381Ala within

our small study population and the genetic frequency of corre-

sponding variant within the general population indicated that our MS-

based proteotyping was in strong agreement with the expected minor

allele frequencies reported in the Genome Aggregation Database

(Figure 4C) [29].

In addition to proteotyping of polymorphisms, we aimed to detect

the pathogenic variants in VWF by peptide mapping. In the studied

VWD population, 27 different variants were identified by DNA



F I GUR E 3 Canonical sequence coverage highlights interindividual variation in plasma-derived von Willebrand factor (VWF). (A) Schematic

representation of the VWF domain organization adapted from [4] and complemented with the overall sequence coverage based on tandem

mass spectrometry (MS/MS) peptide identification. The sequence was divided into propeptide and mature VWF, and the increased coverage

indicates the higher abundance of mature VWF in plasma. (B) Overview of peptide coverage displayed per individual in the studied population

with color coding based on peptide intensity. Gray indicates that the peptide is measured in one of the samples, blue denotes lower peptide

intensity, and red signifies higher intensity. ADAMTS-13, a disintegrin and metalloproteinase with thrombospondin type 1 motif member 13;

Ctrl, control; FVIII, factor VIII; GP, glycoprotein; VWD, von Willebrand disease.
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sequencing, from which 24 were missense mutations leading to a

single AA substitution [11]. We were able to identify 18 different

pathogenic variants with peptide mapping, of which 16 were previ-

ously identified by DNA sequencing (Figure 5A). Noteworthy, the

exon 33-34 deletion was recognized by the unique peptide sequence

1871LCSGVCTGSSTR1955. Furthermore, 2 additional variants,

p.Leu1383Pro (in type 2A and type 1) and p.Gly2518Ser (in type 1),

were identified at the peptide level but initially not reported upon

DNA sequencing, as the clinical relevance of these variants was

considered uncertain. Two pathogenic variants identified by DNA

sequencing could not be identified by peptide mapping using tryptic

digestion and emphasize the need for multidigestion strategies to

increase sequence coverage and thus sensitivity toward single

nucleotide variance.

Next, we assessed whether we could differentiate in mutant allele

zygosity by assessing the presence of both wild-type and variant

peptide sequences. For the pathogenic variant p.Cys1190Arg, a pa-

tient heterozygous (type 2A) and a patient homozygous for this mu-

tation (type 3) were included in the studied population, and, therefore,

we selected this variant as a proof-of-principle. In a VWD patient

without the p.Cys1190Arg variant, only the wild-type sequence

1182ILDELLQTCVDPEDCPVCEVAGR1205 was detected; in the patient

heterozygous for p.Cys1190Arg, both the wild-type and the variant

peptide sequence 1182ILDELLQTR1190 were detected, whereas in the

patient homozygous for p.Cys1190Arg exclusively the variant peptide

was identified (Figure 5B). Collectively, proteotyping enabled the
identification of VWF variants at the peptide level and was in agree-

ment with the allele zygosity for the p.Cys1190Arg variant.
3.6 | Verification of plasma-derived VWF

proteotyping highlights distinct variant-to-wild-type

ratios in plasma

To confirm our VWF proteotyping results, we analyzed the 5 most

prevalent pathogenic variants in our cohort as proof-of-concept,

namely p.Cys1190Arg, p.Phe1293Leu, p.Arg1306Trp, p.Arg1374His,

and p.Tyr1584Cys, with targeted proteomics. First, peptides unique to

wild-type or variant VWF were compared with MS/MS spectra of

(light) synthetic reference peptides (Supplementary Figures S7–S18)

and examined whether the variant peptides could be detected directly

from plasma of VWD patients without prior immunocapture. As ex-

pected, the combination of wild-type and variant peptides was

exclusively found in the VWD patients heterozygous for the specific

mutation (Figure 6A–E).

Since both peptides unique to wild-type or variant VWF were

detectable in plasma, we assessed whether these peptides were

representative of the proteoform concentration. Wild-type and

variant peptides were relatively quantified using SIL peptides as ISs

for each target variant and their corresponding wild-type sequence.

Overall, relative quantification (RR) highlighted the similarity of the

wild-type and variant peptide levels with the concentration of VWF in



F I GUR E 4 von Willebrand factor (VWF) polymorphisms identified by incorporation of the European Association for Haemophilia and Allied

Disorders variant database. (A) Summary of the most frequent VWF polymorphisms identified within the study population by mass

spectrometry–based proteotyping. Peptides correspond either to the canonical or variant of p.Thr789Ala, p.Gln852Arg, and p.Thr1381Ala. (B)

Extracted ion chromatograms of peptides unique for polymorphisms (I) p.Thr789Ala, (II) p.Gln852Arg, and (III) p.Thr1381Ala in 3

representative individuals. The amino acid representing the canonical sequence reported in the Broad Institute’s database is shown in black,

whereas the substituted amino acid in the variant peptide is colored in red. (C) Comparison of the frequency of common VWF polymorphisms

in the studied population (beige) by mass spectrometry–based proteotyping compared with the allele frequency reported in the Broad

Institute’s database (orange) for (I) Thr/Thr, Ala/Ala, and Thr/Ala at position 789, (II) Gln/Gln, Arg/Arg, and Gln/Arg at position 852, and (III)

Thr/Thr, Ala/Ala, and Thr/Ala at position 1381. Ala, alanine; Arg, arginine; Gln, glutamine; MS/MS, tandem mass spectrometry; Thr, threonine.
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plasma (Figure 6F). The variant-to-wild-type ratio could not be

determined for all VWD patients due to low VWF levels, especially for

individuals harboring p.Arg1374His and p.Cys1190Arg. However, for

type 1 patients heterozygous for Tyr1584Cys and type 2M patients

heterozygous for Phe1293Leu, the variant-to-wild-type ratio based on

the RR was around 1. A relatively high variance in RR was observed

for type 2B patients heterozygous for p.Arg1306Trp, although the RR

of variant and wild-type peptide were in agreement, except for 1

patient. Surprisingly, for this type 2B patient, the variant-to-wild-type

ratio was approximately 9-fold lower compared with that for the other

patients heterozygous for p.Arg1306Trp, which was directed by

relatively high levels of the wild-type peptide.
To overcome the limitation of a lacking calibration standard for

noncanonical sequences, we designed a SILAC concatenated poly-

peptide including both the wild-type and variant sequence within the

same molecule (Supplementary Figure S1) and used this for absolute

quantification of the p.Arg1306Trp variant. For 5 out of the 6 type 2B

patients heterozygous for the p.Arg1306Trp, the variant-to-wild-type

ratio was between 0.5 and 0.6 (Figure 6G), suggesting that the VWF

proteoform carrying a tryptophan residue at position 1306 was

approximately 2-fold lower in abundance compared with the VWF

proteoform carrying an arginine residue at this position. For the pa-

tient, we previously observed a relatively high wild-type VWF based

on the RR using SIL peptides (Figure 6F); we again found a relatively



F I GUR E 5 Verification of pathogenic variants in von Willebrand factor (VWF) as a result of abnormalities in the VWF gene causing von

Willebrand disease. (A) Overview of all tryptic peptide sequences unique to pathogenic variants in the VWF gene identified by unbiased mass

spectrometry–based proteotyping on VWF enriched from plasma. (B) Extracted ion chromatogram of VWF-derived peptides

1182ILDELLQTCVDPEDCPVCEVAGR1204 (black) and variant peptide 1182ILDELLQTR1190 (red) in (I) a patient control, (II) a type 2M patient

heterozygous for p.Cys1190Arg variant, and (III) a type 3 patient homozygous for p.Cys1190Arg variant (type 3).
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low variant-to-wild-type ratio of 0.1. This ratio implies a 10-fold higher

level of the wild-type VWF proteoform compared with VWF with

p.Arg1306Trp variant. Upon closer inspection of the clinical data, this

1 type 2B patient received recent VWF replacement therapy (3 times

a week 25 E/kg antihemofilie factor/von Willebrand factor complex

(Haemate(R) P, CSL Behring GmbH) recurrent gastrointestinal

bleeding), suggesting that the relatively high wild-type VWF sequence

may be exogenous and derived from VWF replacement therapy,

despite a washout period of >72 hours [17].
4 | DISCUSSION

Genetic variation in VWF gives rise to a highly polymorphic protein

with differential functionalities within hemostasis. For the majority of

genetic variants, the clinical impact remains to be elucidated for the

individual patient [6,11,30,31]. Analytical methodologies with sensi-

tivity toward protein domains and sequence variants facilitate the

translation from genetic variation to the (dys)functional proteoform
involved in hemostasis. To bridge the gap between genotyping and

functional testing in VWD, we quantified mature VWF, VWFpp, and

sequence proteoforms from plasma using MS-based proteomics.

A VWF sequence database was developed, combining the ca-

nonical VWF sequence from UniProt, variant sequences registered in

the EAHAD database, and unique variants present in this specific

VWD cohort. Following this strategy, 16 unique pathogenic variants

and 5 polymorphisms classified as likely benign were identified based

on plasma-derived VWF [29]. Interestingly, 2 of these common poly-

morphisms are located within the D′D3 region of VWF, which con-

stitutes the FVIII binding region. Although these variants are

registered as “unlikely to be pathogenic” in the ClinVar database, they

are associated with altered VWF and FVIII levels [13]. Specifically, the

p.Gln852Arg variant has previously been shown to display reduced

FVIII binding [32], whereas the p.Thr789Ala variant has been associ-

ated with slightly higher VWF levels and is described as protective

modifier of the bleeding phenotype [33,34]. This raises the question of

whether combinations of polymorphisms might act as (pathogenic)

modifiers of hemostasis. Since variants in the D′D3 regions that affect



F I GUR E 6 Quantification of pathogenic von Willebrand factor (VWF) variants from plasma reveals distinct variant-to-wild-type (VAR/WT)

stoichiometry. Peptides characteristic to variants (A) p.Tyr1584Cys, (B) p.Phe1293Leu, (C) p.Arg1306Trp, (D) p.Arg1374His, and (E)

p.Cys1190Arg, and their corresponding wild-type (WT) sequence were quantified by targeted mass spectrometry (MS). Representative MS2

extracted ion chromatograms are shown for each target variant found in a von Willebrand disease (VWD) patient heterozygous for this specific

variant and a type 1 patient without this variant (control). (F) Relative quantification of 5 VWF variants from plasma using synthetic stable

isotope–labeled peptides for each target variant and corresponding WT peptides. The acquired relative response (RR) was normalized per

peptide sequence. (G) Quantification of the VAR/WT of VWF in plasma for 6 type 2B patients heterozygous for p.Arg1306Trp and 1 type 1

patient without a pathogenic variant (control). The MS1 extracted ion chromatogram is provided for both endogenous VWF and the stable

isotope labeling by amino acids in cell culture concatenated (SILAC concat)–derived peptides. The SILAC VWF concat polypeptide comprised

both the WT and variant sequence within the same molecule to enable comprehensive VAR/WT quantification.
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FVIII interaction may contribute to a clinical phenotype resembling

mild hemophilia A [35,36], it could be beneficial to monitor the plasma

level of common VWF variants as a combined signature in relation to

the clinical phenotype. Noteworthy in this respect, 2 VWD patients

harbored the p.Arg854Gln variant, but only 1 patient was classified as

type 2N (FVIII/VWF:Ag ratio = 0.4), while the other patient was

classified as type 1 (FVIII/VWF:Ag ratio = 1.8). Based on VWF pro-

teotyping, the type 2N patient was also suspected homozygous for

p.Thr789Ala in the D′D3 domain, while the type 1 patient was sus-

pected heterozygous for p.Thr789Ala.

Subsequently to polymorphic variant identification, the MS-based

proteotyping strategy was verified for 6 distinct pathogenic variants in

29 of 32 affected VWD patients by coanalyzing synthetic peptides

corresponding to canonical and noncanonical sequences. Additionally,

we challenged the assumption that a minor allele heterozygosity re-

sults in 50% wild-type and 50% variant protein concentration in blood

by determining the variant-to-wild-type ratio for p.Arg1306Trp in 6

VWD type 2B patients. The concentration of the pathogenic Trp1306

variant was 2-fold lower compared with that of the wild-type Arg1306

of VWF in plasma. VWF multimers with relatively more variant

p.Trp1306 than wild-type p.Arg1306 incorporated have previously

been shown to be more sensitive to shear flow-induced unfolding,

resulting in enhanced interaction with the clearance receptor low-

density lipoprotein receptor-related protein 1, increased platelet

binding, and augmented proteolysis by ADAMTS-13, collectively

leading to accelerated VWF clearance [37,38]. Interestingly, 1 type 2B

patient heterozygous for p.Arg1306Trp had relatively higher con-

centration of wild-type than variant VWF, which could be explained

by recent VWF replacement therapy.

There are some limitations and opportunities to this study that

need to be addressed. First, the selection of 64 VWD patients does not

represent the natural distribution of VWD patients in the general

population. Evaluation of the diagnostic potential of plasma-derived

proteotyping by MS requires follow-up studies with independent and

larger cohorts of VWD patients. In addition, patients with variants

known for impaired biosynthesis or increased clearance (eg,

p.Arg1205His) [39] should be included to verify the proteomic strategy

for VWFpp/VWF determination and accuracy of the variant-to-wild-

type ratio. Second, we highlight the heterogeneity of circulating VWF

among individuals. This not only exemplifies the inherent difficulties in

assigning reference values for VWF standards across different labora-

tories for the variety of conventional VWF laboratory tests (VWF:Ag,

VWF:CB, VWF:Act, and VWFpp) but also stresses the importance of

careful consideration with respect to MS-based reference standards.

For instance,we founda relatively highdiscrepancy in theVWFpp/VWF

ratio determined by MS and antigen testing for individuals harboring

the p.Arg1374His variant, which appeared to be mainly driven by the

relatively low VWF:Ag levels in the ELISA-based assay using polyclonal

antibodies (Figure2E–J) [17,40]. Interestingly, VWDsubclassificationof

patients harboring the p.Arg1374His has been described as being

complex or even “unclassifiable” based on the laboratory phenotype

[41]. Third, absolute quantification of noncanonical sequences by syn-

thetic SIL peptides needs careful interpretation due to the lack of a
calibration strategy when using a normal pooled plasma standard. The

use of SILAC polypeptide comprising both canonical and noncanonical

sequences facilitated the quantification but was not yet feasible for all

target sequences. Fourth, in the type 1 patients without pathogenic

VWF variants identified by DNA sequencing, no shared altered signa-

tures were identified by our plasma profiling or proteogenomic

screening. For 1 of these type 1 patients, VWF deficiency could be

explained by increasedVWFclearance (VWFpp/VWF ratio>7). For the

other type 1 patients, however, low VWF may be the result of alter-

native biological mechanisms, such as variants in genes encoding pro-

teins involved in cellular VWF biosynthesis or trafficking [42,43].

Finally, MS-based proteotyping VWF was considered challenging in

patientswith lowVWFplasma levels. Consequently, not all variants (eg,

for 2 patients harboring p.Arg1308Cys or p.Ser1506Leu variant;

Figure 5A) could be quantified in all patients because the (i) concen-

tration was below the analytical limit of detection (peptide-dependent),

(ii) detectability of variant sequences was dependent on single enzyme

rather than multienzyme digestions, or (iii) sequence comprising PTMs

were neglected in our analyses. In a follow-up study, both variant

identification specificity and sensitivity could be improved via multi-

enzyme digestion to advance the diagnostic accuracy of variant pro-

teotyping in plasma [44].

This study is a first step toward bridging the gap between geno-

typing and functional assays. In this respect, proteoforms resulting

from not only genetic variation but also PTMs on VWF are expected

to be of great interest from both a biological as well as a clinical

perspective [45,46]. A well-known PTM on VWF is glycosylation,

which has been shown to be vastly different between plasma- and

platelet-derived VWF, to be dependent on the ABO blood group

system, and to be a key regulator of ADAMTS-13–mediated VWF

cleavage [47]. Although we did not specifically focus on character-

ization of glycosylation sites in this study, we did note that certain

areas in our peptide mapping studies are consistently not covered. It is

highly likely that these areas contain PTMs, such as N-/O-glycosyla-

tion. Specifically, regions including 1212TL-N1231-CSR1274,

1509IGEADFN1515R1516, and 1570YQGGN1574R1575 were not covered

by peptide mapping, which contain well-known N-glycosylation sites

[48]. In addition, we observed interindividual variability in the

sequence comprising the N1147SC-glycosylation motif, which might be

due to macro-heterogeneity in glycan occupancy previously observed

for this specific site [48]. For further qualitative protein analysis,

including PTM analysis, alternative analytical approaches could be

applied, such as multienzyme digestion combined with de novo

sequencing or limited proteolysis in combination with top/middle-

down MS [49,50]. We expect that proteotypic characterization of

plasma-, platelet-, and endothelial cell–derived VWF may shed light on

the molecular composition of VWF proteoforms. Nevertheless,

quantification of PTMs on plasma-derived VWF, beyond character-

ization, demands alternative analytical methodologies with appro-

priate robustness and quality control assurance that still need to be

developed prior to its applicability in patient cohort studies.

To conclude, we show that identification of VWF variants from

plasma of VWD patients is feasible without the need for genomic
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information a priori. MS-based proteotyping facilitates (i) VWF and

VWFpp quantification from plasma in conventional units and (ii)

identification and quantification of VWF variant sequences. Antibody

and manufacturer-independent quantification of VWFpp by MS may

overcome the analytical hurdles of current immunoassays and can be

used to study the additional value of VWFpp/VWF in relation to pa-

tient outcome in diagnostic accuracy studies [6]. In addition, the ability

to distinguish between endogenous and exogenous VWF in this study

exposes opportunities for MS-based protein quantification in phar-

macokinetic studies, therapeutic drug monitoring, and assessment of

gene therapy efficacy [51,52]. We envision a position for MS-based

proteotyping to characterize and quantify pathogenic variants,

contributing to the clinical (bleeding) phenotype, and support plasma-

based VWD subclassification in the diagnostic care pathway.
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