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1  |  INTRODUC TION

Von Willebrand disease (VWD) is a common inherited bleeding disor-
der characterized by spontaneous mucocutaneous bleeding caused 
by quantitative (types 1 and 3) or qualitative (types 2A, 2B, 2M, and 
2N) defects of von Willebrand factor (VWF).1,2 VWF is a large mul-
timeric glycoprotein involved in primary hemostasis, but it also acts 

as a factor VIII (FVIII) carrier.3,4 VWF is synthesized as pre-pro-VWF 
(2813 amino acids) in endothelial cells and megakaryocytes.5 In the 
endoplasmic reticulum, the signal peptide of 22 amino acids is re-
moved and pro-VWF undergoes C-terminal dimerization through 
cysteine disulfide bond formation and post-translational modifica-
tions such as glycosylation.6 Once in the trans-Golgi apparatus, the 
VWF propeptide (VWFpp; 741 amino acids) is cleaved, although it 
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Abstract
Background: Type 3 von Willebrand disease (VWD) is a severe bleeding disorder caused 
by the virtually complete absence of von Willebrand factor (VWF). Pathophysiological 
mechanisms of VWD like defective synthesis, secretion, and clearance of VWF have 
previously been evaluated using ratios of VWF propeptide (VWFpp) over VWF anti-
gen (VWF:Ag) and factor (F)VIII coagulant activity (FVIII:C) over VWF:Ag.
Objective: To investigate whether the VWFpp/VWF:Ag and FVIII:C/VWF:Ag ratios 
may also be applied to understand the pathophysiological mechanism underlying type 
3 VWD and whether VWFpp is associated with bleeding severity.
Methods: European and Iranian type 3 patients were enrolled in the 3WINTERS-IPS 
study. Plasma samples and buffy coats were collected and a bleeding assessment tool 
was administered at enrolment. VWF:Ag, VWFpp, FVIII:C, and genetic analyses were 
performed centrally, to confirm patients’ diagnoses. VWFpp/VWF:Ag and FVIII:C/
VWF:Ag ratios were compared among different variant classes using the Mann-
Whitney test. Median differences with 95% confidence intervals (CI) were estimated 
using the Hodges-Lehmann method. VWFpp association with bleeding symptoms was 
assessed using Spearman’s rank correlation.
Results: Homozygosity/compound heterozygosity for missense variants showed 
higher VWFpp level and VWFpp/VWF:Ag ratio than homozygosity/compound het-
erozygosity for null variants ([VWFpp median difference, 1.4 IU/dl; 95% CI, 0.2–2.7; 
P = .016]; [VWFpp/VWF:Ag median difference, 1.4; 95% CI, 0–4.2; P = .054]). FVIII:C/
VWF:Ag ratio was similarly increased in both. VWFpp level did not correlate with the 
bleeding symptoms (r = .024; P = .778).
Conclusions: An increased VWFpp/VWF:Ag ratio is indicative of missense variants, 
whereas FVIII:C/VWF:Ag ratio does not discriminate missense from null alleles. The 
VWFpp level was not associated with the severity of bleeding phenotype.
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remains non-covalently bound to the mature VWF.3 In this phase, 
the VWFpp plays a role in the VWF multimerization that occurs 
through N-terminal interchain disulfide bonds.6,7 Mature VWF can 
be stored in platelet alpha granules and endothelial Weibel-Palade 
bodies or it can be constitutively secreted into the circulation.8 After 
secretion, VWFpp dissociates from mature VWF and circulates and 
is cleared independently from VWF.3

Although equimolarly secreted, VWF and VWFpp have a differ-
ent half-life of 8–12 and 2  h, respectively.9 Previous studies have 
demonstrated that the ratio of VWFpp over VWF antigen (VWF:Ag) 
along with the ratio of FVIII coagulant activity (FVIII:C) over VWF:Ag 
can be used to assess the properties of VWF synthesis, secretion, 
and clearance.10,11 This allows discrimination of whether reduced 
VWF levels in type 1 VWD patients are due to reduced synthesis, 
increased clearance, or a combination of both mechanisms.11 The 
VWFpp/VWF:Ag ratio also discriminates between type 3 and se-
vere type 1 VWD patients, which highlights the utility of VWFpp in 
the study of the pathophysiology of VWD and also in the diagnosis 
of VWD.12

This study, which includes European and Iranian type 3 VWD pa-
tients enrolled in the Type 3 von Willebrand International Registries 
Inhibitor Prospective Study (3WINTERS-IPS), aimed to assess 
the pathophysiological mechanisms leading to type 3  VWD using 
VWFpp/VWF:Ag and FVIII:C/VWF:Ag ratios in combination with 
the various underlying variants.

2  |  METHODS

2.1  |  Participants

The 3WINTERS-IPS study includes 265 patients previously diag-
nosed with type 3 VWD and recruited in Europe and Iran. The study 
was approved by the local ethical committees of all participating 
centers and patients gave their written informed consent. Briefly, 
inclusion criteria were: patients of both sexes and all ages, diagnosed 
by the recruiting centers as type 3  VWD; accessible information 
about previous bleeding episodes and treatment with concentrates 
containing VWF; and availability to follow-up.

For the analysis, we focus on patients who were genotyped 
for the underlying VWF variant, who were not using prophylactic 
concentrates containing VWF at the time of blood sampling as that 
precludes reliable VWFpp/VWF:Ag and FVIII:C/VWF:Ag ratios, and 
for whom the diagnosis of type 3  VWD was confirmed by a cen-
trally measured VWF:Ag ≤ 3  IU/dl (Figure 1). Briefly, 265 patients 
were enrolled in the study; of these, 52 patients were excluded be-
cause of the lack of DNA samples or multiple missing data. Of the 
213 genotyped patients, a further 43 were excluded from analysis 
as they were on prophylaxis using concentrates containing VWF at 
the time of blood draw or because this information was missing. In 
the remaining group of 170  genotyped patients, 147 patients had 
a confirmed VWF genotype and this group forms the main study 
group, whereas in 8 patients no variant could be identified and 

15 genotyped patients had a VWF:Ag level >3 IU/dl not fulfilling the 
stringent diagnostic criteria for type 3 VWD.

2.2  |  Phenotypic and genotypic characterization

Plasma samples and buffy coats were collected to confirm patients’ 
phenotype. Biochemical measurements were performed in cen-
tralized laboratories on samples taken at the time of recruitment. 
VWF:Ag was measured using a sensitive ELISA-based assay. FVIII:C 
was measured by a one-stage clotting assay using FVIII-deficient 
plasma (Siemens) and activated partial thromboplastin time rea-
gent Triniclot (TCoag). VWFpp measurement was performed with 
an ELISA-based assay using antibodies from Sanquin.9,12 Molecular 
analysis included next generation sequencing, polymerase chain re-
action with Sanger sequencing, and multiplex-ligation dependent 
probe amplification.13 Bleeding score (BS) was calculated using a 
common bleeding assessment tool at time of enrolment.14

2.3  |  Statistical analyses

Continuous variables were reported as median and interquartile 
range (IQR), whereas descriptive variables were reported as num-
bers with percentages.

The VWF gene defects identified in type 3 VWD patients were 
divided into missense and null defects. Missense defects included 
missense variants, gene conversions (not leading to null variants), 
small insertions and small deletions that do not alter the reading 
frame. Null defects included variants that introduce a stop codon, 
splice variants, large deletions, large insertions, small insertions, 
small deletions, indels, or small duplications which alter the reading 
frame and thereby cause a premature stop codon.

Based on these definitions, patients were grouped as homozy-
gous/compound heterozygous for missense variants, homozygous/
compound heterozygous for null variants, and compound heterozy-
gous null/missense variants. Patients with a partial molecular diag-
nosis because only one mutated allele was identified were referred 
to as “other” and excluded from the statistical analysis due to their 

Essentials

•	 Type 3 von Willebrand disease is a recessively inherited 
disorder.

•	 High von Willebrand factor propeptide (VWFpp)/VWF 
antigen (VWF:Ag) ratio can identify homozygosity/com-
pound heterozygosity for missense variants.

•	 Factor VIII coagulant activity/VWF:Ag ratio does not 
discriminate homozygosity/compound heterozygosity 
for null variants.

•	 VWFpp level does not correlate with the severity of 
bleeds.
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heterogeneity. Analyses were repeated by considering European 
and Iranian patients separately.

VWF:Ag, VWFpp, FVIII:C, VWFpp/VWF:Ag ratio, FVIII:C/
VWF:Ag ratio, and bleeding score were analyzed in the different 

groups of patients classified as described above. As continuous vari-
ables were not normally distributed, comparisons (missense vs. null 
and missense vs. missense/null compounds) were performed using 
the non-parametric Mann-Whitney test. Median differences with 

F I G U R E  1  Flowchart of 3WINTERS-IPS patients analyzed in this study. Type 3 patients enrolled in the 3WINTERS-IPS study who met the 
inclusion criteria were further divided depending on the availability of biochemical and molecular information. *Main study group included 
147 fully characterized patients with von Willebrand factor antigen (VWF:Ag) ≤ 3 IU/dl and a complete molecular characterization. **The 
group of 8 patients with VWF:Ag ≤ 3 IU/dl in whom no genetic defect could be identified and the remaining group of 15 patients with a 
genetic defect identified, but who did not meet inclusion criteria (VWF:Ag > 3 IU/dl), were considered separately for secondary analyses

Variant identified,
VWF:Ag ≤ 3 IU/dl

No variant identified,
VWF:Ag ≤ 3 IU/dl

Variant identified,
VWF:Ag > 3 IU/dl

N 147 8 15

Age, years 27.0 (16.0–40.0) 18.5 (12.5–30.8) 41.0 (32.0–54.0)

Sex (female), n (%) 87 (59.0) 6 (75.0) 9 (60.0)

VWF:Ag, (IU/dl) 0.5 (0.5–0.5) 1.8 (1.2–2.4) 5.2 (4.1–6.3)

Missing, n — — —

VWFpp, (IU/dl) 1.5 (0.7–4.2) 2.8 (2.3–4.4) 8.5 (3.4–15.9)

Missing, n 4 1 —

FVIII:C (IU/dl) 2.3 (1.8–2.9) 1.8 (1.6–2.7) 19.1 (14.9–33.4)

Missing, n 1 1 —

VWFpp/VWF:Aga 2.8 (1.4–6.6) 1.6 (1.2–4.6) 1.7 (0.4–4.0)

Missing, n 4 1 —

FVIII:C/VWF:Agb 4.4 (3.4–5.5) 1.1 (0.7–1.7) 3.9 (1.6–6.4)

Missing, n 1 1 —

Bleeding Score 14.0 (8.0–19.0) 8.5 (4.3–17.5) 11.0 (6.0–18.0)

Missing, n 6 — —

Variant identified, n (%) 147 (100) 0 (0) 15 (100)

Note: Continuous variables were reported as median and interquartile range (IQR).
Abbreviations: FVIII:C, factor VIII coagulant activity; VWF:Ag, von Willebrand factor antigen; 
VWFpp, von Willebrand factor propeptide.
a VWFpp/VWF:Ag, normal range 0.8–2.2, calculated as 2.5th to 97.5th percentile in 387 healthy controls.11

bFVIII:C/VWF:Ag normal range 0.6–1.9, calculated as 2.5th to 97.5th percentile in 387 healthy controls.11

TA B L E  1  Baseline characteristics of the 
included patients
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95% confidence intervals (CI) were estimated using the Hodges-
Lehmann method. The correlation between VWFpp and bleeding 
score was evaluated using Spearman’s rank distribution. All analyses 
were performed using SPSS statistics 27 (IBM Corporation).

3  |  RESULTS

The biochemical characteristics of 170 type 3 VWD patients are re-
ported in Table 1. The main study group of 147 type 3 patients with a 
complete characterization had a median age of 27 years (IQR, 16.0–
40.0) and included more women than men (59% and 41%, respec-
tively). VWF:Ag was below the assay limit of detection (LOD, 0.8 IU/
dl) in most of patients (n = 135; 92%); therefore, it was arbitrarily set 
as 0.5 IU/dl. Median VWFpp was 1.5 IU/dl (IQR, 0.7–4.2), whereas 
median FVIII:C was 2.3 IU/dl (IQR, 1.8–2.9). Patients had a median 
bleeding score at inclusion of 14.0 (IQR, 8.0–19.0). Both VWFpp/
VWF:Ag and FVIII:C/VWF:Ag ratios were above the respective nor-
mal ranges (NR; VWFpp/VWF:Ag, NR: 0.8–2.2; FVIII:C/VWF:Ag 
NR: 0.6–1.9).11

The 8 patients in whom no VWF variant could be identified 
showed higher VWF:Ag (median, 1.8 vs. 0.5 IU/dl) and VWFpp val-
ues (median VWFpp, 2.8 vs. 1.5  IU/dl) than those of fully charac-
terized type 3 patients, and the corresponding VWFpp/VWF:Ag 
ratio was lower (median, 1.6 vs. 2.8). They also had slightly lower 
FVIII:C (median, FVIII:C, 1.8 vs. 2.3 IU/dl), a lower FVIII:C/VWF:Ag 
ratio (median FVIII:C/VWF:Ag ratio 1.1 vs. 4.4), and a lower bleeding 
score (median 8.5 vs. 14.0) than the patients with a confirmed gen-
otype. The 15  genotyped patients with an unconfirmed diagnosis 
of type 3  VWD (VWF:Ag  >  3  IU/dl) were also analyzed (Table  1). 
They showed an increased median FVIII:C/VWF:Ag of 3.9, whereas 
the median VWFpp/VWF:Ag ratio (1.7) was within the normal range. 
Five patients were homozygous/compound heterozygous for null or 
missense variants (n  =  4 and n  =  1, respectively), five were com-
pound heterozygous for null/missense variants, whereas the remain-
ing five were referred as “other” because only one mutated allele 
was identified.

The main study group of 147 patients was grouped according 
to the molecular defects as described in the Methods section. 
Analyses of the VWF and FVIII parameters as well as the bleeding 
score are reported in Table 2. Type 3 patients homozygous/com-
pound heterozygous for missense variants showed higher VWFpp 
levels than those homozygous/compound heterozygous for null 
variants (median, 3.6 vs. 1.2  IU/dl; P  =  .016, median difference 
of 1.4  IU/dl; 95% CI, 0.2–2.7). The group of patients compound 
heterozygous for a missense and a null variant showed a median 
VWFpp level of 2.6 IU/dl, which was intermediate between the pa-
tients homozygous/compound heterozygous for missense variants 
and those homozygous/compound heterozygous for null variants 
(Table 2). VWFpp/VWF:Ag ratio was higher in those homozygous/
compound heterozygous for missense variants than in those ho-
mozygous/compound heterozygous for null variants (median, 4.9 
vs. 2.4, P = .054; median difference of 1.4; 95% CI, 0–4.2).TA
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Compound heterozygosity for missense-null variants showed 
intermediate VWFpp/VWF:Ag ratio (2.8) between those homozy-
gous/compound heterozygous for missense or null variants. All pa-
tients showed a similar FVIII:C/VWF:Ag ratio, regardless of the type 
of variant considered (Table 2).

Analyses were also performed by evaluating European and Iranian 
patients separately (Table  3). Patients homozygous/compound 
heterozygous for missense variants also showed higher VWFpp/
VWF:Ag ratio than those with null variants, in both European (me-
dian, 4.7 vs. 2.4; P =  .483; median difference of 1.0; 95% CI, −2.0 
to 5.5) and Iranian patients (median, 5.4 vs. 2.4; P =  .062, median 
difference of 1.6; 95% CI, −0.2 to 5.8). Compound heterozygosity for 
missense-null variants were mainly found among European patients 
(5 out of 6).

There was no association between VWFpp and the bleeding 
phenotype in type 3 VWD patients, assessed in the group of 147 
completely characterized patients using Spearman’s rank correlation 
(r = .024; P = .778).

4  |  DISCUSSION

Type 3 VWD is a severe recessively inherited bleeding disorder char-
acterized by the virtual absence of VWF. It is mainly caused by ho-
mozygous or compound heterozygous VWF null variants.1,2 However, 
missense variants have also been identified as a possible cause.15,16 
While the pathomechanism of null variants consists of reduced VWF 
synthesis, the missense variants may lead to reduced VWF levels 
through a combination of factors like reduced synthesis, intracellular 
retention, impaired secretion, or fast clearance from the circulation. 
The ratios of VWFpp/VWF:Ag and FVIII:C/VWF:Ag have previously 
been shown to be indicative of the pathogenic mechanism underly-
ing the VWF deficiency for other types of VWD.10–12

In this study, we investigated whether VWFpp/VWF:Ag and 
FVIII:C/VWF:Ag ratios can be applied to evaluate the pathophysi-
ological mechanism underlying type 3 VWD and to predict the type 
of variant. The analysis of this large group of type 3 VWD patients 
showed that the VWFpp level as well as the VWFpp/VWF:Ag ratio 
were clearly higher in patients with missense variants than those 
with null variants, indicating that increased clearance of secreted 
mature VWF plays a role in the pathogenesis of the disease in the 
former. Fully in line with this observation the patients compound 
heterozygous for a null and a missense variant had intermediate lev-
els of VWFpp and VWFpp/VWF:Ag.

In all type 3 VWD patients, we identified strongly reduced 
levels of VWF measurements (VWF:Ag and VWFpp). This is ex-
pected in patients characterized by a genotype of homozygous or 
compound heterozygous null variants, as these variants predict a 
defect in VWF synthesis leading to very low or undetectable levels 
of both VWFpp and VWF:Ag. However, in patients characterized 
by a genotype of homozygous or compound heterozygous mis-
sense variants it may be expected that the mutant VWF protein is 
still synthesized. Therefore, the low levels of circulating VWF:Ag 

measured in those patients could be explained by a combination of 
intracellular retention, secretion defect, or fast clearance of mutant 
protein from the circulation. In the group of type 3 patients with 
homozygous or compound heterozygous missense variants the 
VWFpp level was indeed measurable at a low level (median 3.6 IU/
dl), indicating the synthesis of the protein at low level and/or in-
tracellular retention. The VWFpp/VWF:Ag ratio in this group was 
clearly increased and also higher than in the group characterized 
by null alleles, indicating that the secreted VWF is cleared faster 
from the circulation. Interestingly, most missense variants were not 
localized in the propeptide; therefore, a direct effect on propeptide 
clearance and as consequence on VWFpp/VWF:Ag ratio was ex-
cluded. Moreover, these findings showed that also in type 3 VWD 
an increased VWFpp/VWF:Ag ratio is indicative of the presence of 
missense variants. Sanders et al. previously reported the descrip-
tion of a group of 15 patients with VWF:Ag levels < 5  IU/dl and 
high levels of VWFpp (median 72 IU/dl).12 Of them, 14 were gen-
otyped and 10 were heterozygous for missense variants known to 
be associated with (very) rapid clearance of the protein from the 
circulation.12 Indeed, those heterozygous patients should actually 
be reclassified as severe type 1. The VWFpp/VWF:Ag ratio can 
thus easily discriminate between type 3 and severe type 1 VWD. In 
contrast to Sanders et al. we have now studied patients that fulfil 
all criteria for type 3 VWD, including being homozygous or com-
pound heterozygous for a VWF defect. Even then, the increased 
VWFpp/VWF:Ag ratio indicates the presence of missense variants 
versus null variants, highlighting the utility of VWFpp in studying 
the pathophysiology of type 3 VWD.

Previously, we have reported that increased FVIII:C/VWF:Ag 
ratio can discriminate in type 1 VWD between heterozygous car-
riers of null variants and missense variants, where a high FVIII:C/
VWF:Ag indicates a synthetic defect as the pathophysiological 
mechanism in the case of null variants.11,12 In the current cohort 
of type 3 VWD patients we did not find a difference in FVIII:C/
VWF:Ag ratio between patients homozygous/compound hetero-
zygous for null or missense variants, although the ratio was higher 
than the normal reference range. At very low levels of VWF:Ag 
the capacity to bind and stabilize FVIII is severely compromised, 
and the circulating FVIII may partly be unbound FVIII, and thus 
the FVIII:C/VWF:Ag ratio in type 3  VWD may not be reliable. 
Based on the higher circulating levels of VWFpp and the increased 
VWFpp/VWF:Ag ratio in type 3 patients homozygous/compound 
heterozygous for missense variants, it could be possible that more 
mature VWF:Ag is secreted to the circulation than in patients 
homozygous/compound heterozygous for null variants, although 
VWF is cleared rapidly. Therefore, we expected a milder bleeding 
phenotype for patients homozygous/compound heterozygous for 
missense variants. This hypothesis was partially supported by the 
fact that these patients showed a slightly lower BS than patients 
homozygous/compound heterozygous for null variants (11.5 
vs. 14.0; P  =  .501). However, there was no association between 
VWFpp level and the bleeding symptoms represented by the BS 
(r = .024; P = .778). Our result may be affected by the use of the 
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BS, as it is easily saturated in type 3 patients, thus preventing dis-
crimination of small differences.

The potential correlation between VWFpp level and bleeding 
phenotype has also been evaluated depending on the location of the 
genetic defects. To this purpose patients were grouped as: (i) homo-
zygous/compound heterozygous carriers for variants in the VWFpp; 
(ii) homozygous/compound heterozygous carriers for variants in ma-
ture VWF; (iii) compound heterozygous carriers for a variant in the 
VWFpp and a variant in mature VWF, and (iv) “excluded patients” 
as they do not meet the requirements to be coded in the previous 
groups (i.e., carriers for large deletions/duplications involving both 
VWFpp and mature VWF; Table  S1 in supporting information). 
However, none of these groups showed the association between 
VWFpp level and the bleeding symptoms.

The 3WINTERS-IPS study represents the largest population of 
type 3 VWD patients so far collected. However, the principal limitation 
of this study consists in the considerable number of excluded patients 
because they did not fulfil the inclusion criteria, they had multiple 
missing data, or were on prophylaxis at sampling time. Second, we did 
not have information about the distance between last treatment and 
sampling time. Therefore, we cannot exclude that the VWF:Ag ≥ 3 IU/
dl measured in some patients (e.g., the 15 subjects excluded from the 
main analysis group despite having a complete molecular characteriza-
tion) were due to residual traces of concentrate containing VWF, thus 
contributing to the sample size reduction. Then, the choice to focus 
the genetic analysis on the coding region and intron/exon boundaries 
may have contributed to reducing the number of completely charac-
terized patients such as for the eight subjects with VWF:Ag ≤ 3 IU/dl 
excluded because of the inconclusive genotyping.

Last, we had considered whether our results could be affected 
by the genotype heterogeneity of European and Iranian patients. 
Indeed, the European population showed the highest number of dif-
ferent variants, which were distributed along the VWF, whereas the 
Iranian population has the highest number of homozygous carriers 
of variants, which were mainly localized at the VWF amino-terminal 
end.13 Nevertheless, the results obtained considering the two pop-
ulations separately were in line with those of the main analysis, thus 
suggesting good generalizability of our results.

In conclusion, this study showed that an increased VWFpp/
VWF:Ag ratio can be indicative of the presence of missense variants 
as the cause of VWD even in type 3, whereas the FVIII:C/VWF:Ag 
ratio failed to discriminate the presence of null alleles. Discriminating 
homozygosity/compound heterozygosity of missense variants could 
be useful clinical information as it might be indicative of a milder 
bleeding phenotype; however the BS as used in this study failed to 
show an association with VWFpp levels.
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