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THROMBOSIS AND HEMOSTASIS

Type 1 VWD classification revisited: novel insights
from combined analysis of the LoVIC and WiN
studies

Ferdows Atiq,“2 Robin Blok,? Calvin B. van Kwawegen,2 Dearbhla Doherty,“3 Michelle Lavin,"® Johanna G. van der Bom,”

Niamh M. O’Connell,® Joke de Meris,” Kevin Ryan,3 Saskia E. M. Schols,® Mary Byrne,3 Floor C. J. I. Heubel-Moenen,’

Karin P. M. van Galen,® Roger J. S. Preston,’ Marjon H. Cnossen,” Karin Fijnvandraa‘cﬂO Ross I. Baker,""'? Karina Meijerﬂ3 Paula James,"*
Jorge Di Paola,’ Jeroen Eikenboom,'® Frank W. G. Leebeek,?* and James S. O'Donnell’"2*

UIrish Centre for Vascular Biology, School of Pharmacy and Biomolecular Sciences, Royal College of Surgeons in Ireland, Dublin, Ireland; 2Department of
Haematology, Erasmus University Medical Center-Erasmus MC, Rotterdam, The Netherlands; 3National Coagulation Centre, St James's Hospital, Dublin, Ireland;
4Department of Clinical Epidemiology, Leiden University Medical Center, Leiden, The Netherlands; SNetherlands Hemophilia Society, Leiden, The Netherlands;
®Department of Hematology, Radboud University Medical Center, Nijmegen and Hemophilia Treatment Center, Nijmegen-Eindhoven-Maastricht, The
Netherlands; 7Department of Hematology, Maastricht University Medical Center, Maastricht, The Netherlands; 8Van Creveldkliniek, University Medical Center
Utrecht, Utrecht University, Utrecht, The Netherlands; 9Depar‘tment of Pediatric Hematology and Oncology, Erasmus MC, University Medical Center-Sophia
Children's Hospital Rotterdam, Rotterdam, The Netherlands; '°Department of Pediatric Hematology, Emma Children’s Hospital, Amsterdam University Medical
Centres, University of Amsterdam, Amsterdam, The Netherlands; ""Western Australia Centre for Thrombosis and Haemostasis, Perth Blood Institute, Murdoch
University, Perth, WA, Australia; "2|rish-Australian Blood Collaborative Network, Dublin, Ireland:; 13Department of Hematology, University Medical Center
Groningen, Groningen, The Netherlands; 'Department of Medicine, Queen’s University, Kingston, ON, Canada; '>Department of Pediatrics, School of
Medicine, Washington University in St. Louis, St. Louis, MO; and 1é’Depar‘tment of Internal Medicine, Division of Thrombosis and Hemostasis, Leiden University
Medical Center, Leiden, The Netherlands

There is significant ongoing debate regarding type 1 von Willebrand disease (VWD)
defintion. Previous guidelines recommended patients with von Willebrand factor (VWF)
levels <30 IU/dL be diagnosed type 1 VWD, whereas patients with significant bleeding and
VWEF levels from 30 to 50 IU/dL be diagnosed with low VWF. To elucidate the relationship
between type 1 VWD and low VWEF in the context of age-induced increases in VWF levels,
we combined data sets from 2 national cohort studies: 162 patients with low VWF from the
Low VWF in Ireland Cohort (LoVIC) and 403 patients with type 1 VWD from the Willebrand
in The Netherlands (WiN) studies. In 47% of type 1 VWD participants, VWF levels remained
<30 IU/dL despite increasing age. Conversely, VWF levels increased to the low VWF range
(30-50 1U/dL) in 30% and normalized (>50 1U/dL) in 23% of type 1 VWD cases. Crucially,

® Age-dependent effects
on plasma VWF levels in
type 1 VWD define
distinct subgroups with
important differences
in underlying
pathogenesis.

® Low VWF does not
constitute a discrete
clinical-pathological

entity; rather, it is part
of an age-dependent
type 1 VWD evolving
phenotype.

J

absolute VWF antigen (VWF:Ag) levels and increase of VWF:Ag per year overlapped
between low VWF and normalized type 1 VWD participants. Moreover, multiple regression
analysis demonstrated that VWF:Ag levels in low VWF and normalized type 1 VWD patients
would not have been different had they been diagnosed at the same age ( = 0.00; 95%
confidence interval, —0.03 to 0.04). Consistently, no difference was found in the prevalence

of VWF sequence variants; factor VIl activity/VWF:Ag or VWF propeptide/VWF:Ag ratios; or desmopressin responses
between low VWF and normalized type 1 VWD patients. In conclusion, our findings demonstrate that low VWF does not
constitute a discrete clinical or pathological entity. Rather, it is part of an age-dependent type 1 VWD evolving

phenotype. Collectively, these data have important implications for future VWD classification criteria.

Introduction

Von Willebrand disease (VWD) results from a reduction in
plasma von Willebrand factor (VWF) levels and constitutes the
most common inherited bleeding disorder.” VWD is classified
according to whether the underlying VWF deficiency is quan-
titative and/or qualitative in nature.”? Type 1 VWD s

characterized by a partial quantitative reduction in plasma
VWF antigen (VWF:Ag) and accounts for ~75% of cases.' Over
recent years, a number of consensus guidelines on VWD
diagnosis have been published.” Initial guidelines proposed
that patients with partial quantitative VWF deficiency be sub-
grouped into 2 categories.”> First, the guidelines proposed
that individuals with plasma VWF:Ag <30 IU/dL should be
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diagnosed with type 1 VWD.>® Second, the guidelines rec-
ommended that patients who had personal bleeding histories
coupled with plasma VWF:Ag in the range of 30 to 50 [U/dL
should be diagnosed with low VWF.?> The recommendation
that low VWF should be considered a distinct entity was pred-
icated upon previous studies that highlighted important differ-
ences between patients with VWF levels <30 IU/dL compared
with those with VWF levels in the 30 to 50 IU/dL range.”"° For
example, VWF pathological sequence variants were signifi-
cantly more prevalent in patients with plasma VWF levels <30
IU/dL than in those with low VWF."""® In addition, mucocuta-
neous bleeding in the type 1 VWD group was more common
and correlated inversely with residual plasma VWF levels.""'¢
Conversely, accumulating data have demonstrated that many
individuals with mild-to-moderate reduction of plasma VWF
levels in the 30 to 50 IU/dL range do not have significant
bleeding tendencies.'®"”?° Furthermore, bleeding risk in this
low VWF group does not correlate with plasma VWF levels."”:'?

Classification of patients with partial quantitative reductions in
plasma VWF levels was recently revised in American Society of
Hematology (ASH)/International Society on Thrombosis and
Haemostasis (ISTH)/World Federation of Hemophilia (WFH)/
National Hemophilia Foundation (NHF) expert consensus guide-
lines.® Based on a systematic review that noted low certainty in
the available evidence, the panel strongly recommended that
VWEF levels of <30 IU/dL (and VWF activity [VWF:Act)/VWF:Ag
ratio >0.7) were sufficient to confirm type 1 VWD, irrespective of
whether the patient had a personal bleeding history.® In contrast
to previous guidelines, the ASH/ISTH/WFH/NHF panel further
recommended that patients with a significant bleeding history
and plasma VWF levels in the 30 to 50 IU/dL range should also be
diagnosed with type 1 VWD.>*¢ The ASH/ISTH/WFH/NHF
panel advocated that for individuals with VWF levels in the 30 to
50 IU/dL range and bleeding symptoms, a diagnosis of type 1
VWD rather than low VWF might better facilitate access to clinical
care in some countries.”’ Nevertheless, the decision to merge the
low VWF cohort into the type 1 VWD category has been chal-
lenged and remains the focus of ongoing debate.?'#?

The question of whether low VWF constitutes a discrete clinical
entity is further complicated by the fact that plasma VWF:Ag is
known to increase with aging.'”?*?¢ This has been demon-
strated in healthy individuals as well as patients with VWD."?#32¢
Although the biology underpinning this age-induced increase in
VWEF levels remains poorly defined, it has been attributed to both
increased VWF biosynthesis and reduced plasma VWF clearance
rates.”’"?’ As highlighted in the recent ASH/ISTH/WFH/NHF
expert consensus guidelines, significant clinical challenges
remain with respect to diagnosis and management of patients
with mild-to-moderate reductions in plasma VWF levels.® In
this study, we specifically investigated the critical question of
whether low VWF is indeed a discrete clinical entity or whether it
is instead part of an age-dependent type 1 VWD evolving
phenotype. To gain novel insights into the relationships between
aging, low VWF, and type 1 VWD, we utilized datasets for
patients with low VWF included in the Low VWF in Ireland Cohort
(LoVIC) combined with patients with type 1 VWD included in the
Willebrand in The Netherlands (WiN) study.“"w9 Collectively, our
findings demonstrate that low VWF does not constitute a
discrete clinical or pathological entity. Rather, it is part of an age-
dependent type 1 VWD evolving phenotype.

LOW VWF VS TYPE 1 VWD

Materials and methods

LoVIC and WiN studies

The methods of the LoVIC and WiN studies have previously
been described in detail."”*° In brief, both studies were
national cross-sectional studies performed in Ireland and The
Netherlands, respectively. The WiN study was initiated in
2007, whereas the LoVIC study was initiated in 2014. For the
LoVIC study, inclusion criteria required that individuals had
historically lowest plasma VWF:Ag and/or VWF:Act in the 30 to
50 IU/dL range, confirmed on 2 occasions measured at least 3
months apart. The LoVIC study was approved by the St James’
Hospital Research Ethics Committee, and written informed
consent was obtained from all participants. For the WiN study,
inclusion criteria required that patients had either a personal
bleeding history or positive family history, combined with
historically lowest plasma VWF:Ag, VWF:Act, or VWF collagen
binding (VWF:CB) <30 IU/dL. The WiN study was approved by
the Medical Ethics Committee of all participating centers, and
written informed consent was obtained from all participants.
Both studies determined bleeding history using bleeding
assessment tools (BATs). In the LoVIC study, both Condensed
Molecular and Clinical Markers for the Diagnosis and Man-
agement of Type 1 VWD (Condensed MCMDM-1VWD) and
International Society of Thrombosis and Haemostasis Bleeding
Assessment Tool (ISTH BAT) scores were assessed for each
patient. In the WIN study, Condensed MCMDM-1VWD was
self-administered at inclusion in the study. Extensive BAT data
on both the LoVIC and WiN cohorts have previously been
reported in detail.'¢"73"-32

Laboratory studies

Hemostasis testing was repeated on patients at enrollment
into both the LoVIC and WiN studies. This included plasma
VWF:Ag, VWEF ristocetin cofactor, VWF:CB, and FVIII activity
(FVII:C) as previously described.’”*° VWF propeptide
(VWFpp) was measured in both studies with an enzyme-linked
immunoassay, in which antibody CLB-Pro 35 was used for
coating and antibody CLB-Pro 14.3 for detection.'”*® In
addition, previously recorded laboratory hemostasis results for
all patients were collected from electronic patient files. Finally,
a subset of patients in the LoVIC and WiN studies were fol-
lowed up over time with serial VWF and FVIII levels. For
studies investigating the effect of age on plasma VWF levels,
only LoVIC and WiN patients with a follow-up period >5 years
were included.

Desmopressin response

Desmopressin trials were performed in a subset of patients as
previously detailed.***> Briefly, desmopressin was adminis-
tered IV at a dosage of 0.3 pg/kg body weight (maximum dose
capped at 27 pg) in 50 mL of sodium chloride 0.9% and infused
over 30 minutes or intranasally at a total dosage of 300 pg.
Subsequently, blood samples were taken for VWF and FVIII
levels at predetermined time points. Complete desmopressin
response was defined according to the 2021 ASH/ISTH/WFH/
NHF guidelines (ie, an increase of twofold or more from base-
line levels and sustained VWF and FVIII levels >50 1U/dL for at
least 4 hours).>**” In patients with baseline VWF:Act >50 IU/dL,
response was defined as VWF:Act >100 IU/dL for at least 4
hours, as used in previous studies.*®
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Genetic analysis

The genetic analysis in the WiN and LoVIC studies have previ-
ously been described.’*"” In short, in the LoVIC study a custom
genetic array was used to sequence VWF. TruSeq Custom
Amplicon v1.5 Library Prep Kit (lllumina, San Diego, CA) was
used to prepare the libraries. MiSeq sequencer (lllumina) using
the 300-bp paired-end sequencing was used to analyze the
pooled libraries. In the WiN study, all 52 exones of the VWF
gene = 20 bp exon-intron boundaries were analyzed using ion
semiconductor sequencing (lon-Torrent). If no mutation was
found, multiplex ligation-dependent probe amplification was
performed to detect large deletions or duplications.

Statistical analysis

Continuous data are presented as mean * standard deviation,
whereas categorical data are presented as number (percent-
age). Because we had >30 individuals in each group, parametric
tests were used to compare continuous variables. Independent
t test was used to compare continuous data between 2 groups,
whereas analysis of variance was used to compare >2 groups.
Bonferroni correction was applied to take multiple testing in to
account. Categorical data were compared between groups
using y’tests. Again, Bonferroni correction was applied if mul-
tiple groups where compared with 3 tests. Regression analysis
was used to assess whether VWF:Ag would be different if
patients were diagnosed at the same age. Regression analysis
was also used to investigate whether desmopressin response
changes with aging, in which we included age groups as
independent variable in the analysis. Outcomes of regression
analysis are presented as p (difference) and 95% confidence
interval (Cl). Kaplan-Meier curves with log-rank test were used
to determine whether there were differences in time-to-
normalization of VWF levels. Cox regression analysis were

Table 1. Patient characteristics

WiN persistent

<30 Iu/dL
n = 188

30-50 1U/dL

used to investigate which variable is independently associated
with time-to-normalization of VWF levels. Outcomes of Cox
regression analysis are presented as hazard rate (HR) and 95%
Cl. A Pvalue <.05 was defined as significant. Statistical analysis
were performed with SPSS Statistics version 25 (IBM Corp,
Armonk, NY).

Results

In total, 565 patients were included in the combined analysis
(403 WiN patients with type 1 VWD and 162 LoVIC patients with
low VWF). For the WiN cohort, plasma VWF levels had been
assessed at the time of first local diagnosis in The Netherlands
(defined as historical levels) and then subsequently repeated at
the time of enrollment into the national WiN study (defined as
levels at inclusion). Based on VWF levels at inclusion in the WiN
study, patients with type 1 VWD were categorized into 3
groups: (1) 188 patients with persistent plasma VWF:Ag and/or
VWF:Act levels <30 IU/dL; (2) 121 patients with partial correc-
tion in plasma VWF levels into the 30 to 50 |U/dL range; and (3)
94 patients with normalization of plasma VWF levels >50 IU/dL
at inclusion in the study (Table 1).

Overall, we observed that female sex (88.9%) and blood group
O (91.8%) were significantly more common in LoVIC patients
than those in the WiN groups (P < .001). In contrast, WiN
patients with persistent VWF levels <30 IU/dL were less often
female (63.3%) and less frequently had blood group O (61.8%)
compared with those in the other WiN groups (Table 1; P <
.001). No significant differences in VWF parameters (including
FVII:C/VWF:Ag and VWFpp/VWF:Ag ratios) were observed
between females and males nor between blood group O and
non-O (data not shown). In addition, WiN patients with

WiN partially

WiN normalized
>50 IU/dL LoVIC
n=94 n =162

corrected

n=121

Age at diagnosis, y 23.3£19.0 265+ 17.3 251 £17.7 325 %135 <.001
Age at enrollment, y 39.3+19.9 39.4 = 18.5 41.2 +20.3 39.2 £13.5 .532
Time between diagnosis and enrollment 16.0 = 14.3 13.0 £ 10.0 155+ 11.2 6.9 69 <.001

Female sex 119 (63.3%)

84 (69.4%) 65 (69.1%) 144 (88.9%) <.001

Blood group O 115 (61.8%)

92 (76.0%) 68 (73.1%) 145 (91.8%) <.001

Reason for referral
109 (62.6%)
62 (35.6%)

Positive family history
Bleeding history

37 (32.2%)
70 (60.9%)

22 (25.6%)
61 (70.9%)

40 (24.0%) <.001
78 (46.7%)

Both family history and bleeding 12 (7.2%)
Incidental findings 3(1.7%) 8 (7.0%) 3(3.5%) 37 (22.2%)
VWEF sequence variants 120 (93.0%) 39 (53.4%) 14 (22.6%) 44 (36.4%) <.001

Age at desmopressin trial, y 31.8 £ 16.1

36.0 = 13.9 419138 32.9 £10.7 <.001

Data are presented as mean * standard deviation or number (%).

P values are outcomes of analysis of variance or y? tests.

1416 € blood® 4 APRIL 2024 | VOLUME 143, NUMBER 14

ATIQ et al

202 Jaquiadaq 0} uo }sanb Aq ypd-utew-/G42Z0-€202-PId_ PO0IA/9086122/v Ly LY LIEYL/Pd-8jonIe/po0|q/B10°suoneolgndysey/:dny woly papeojumoq



persistent VWF levels <30 IU/dL were more often referred
because of a positive family history, whereas family history was
significantly less common in WiN patients in whom VWF levels
had normalized >50 1U/dL over time or in LoVIC patients (P <
.001). Interestingly, the number of patients who were referred
because of a positive family history was similar (P = .775)
between the WiN-normalized cohort (25.6%) and LoVIC cohort
(24.0%). Importantly, the MCMDM-1VWD bleeding score and
bleeding requiring treatment in the year before inclusion in the
WiN study were not different in males and females with
persistent VWF levels <30 [U/dL, partially corrected VWF levels,
and normalized levels >50 IU/dL (P > .05; supplemental
Figure 1, available on the Blood website).

Effect of aging on diagnosis of type 1 VWD and
low VWF

Mean age at diagnosis was significantly higher in the LoVIC
cohort than the 3 WiN subgroups (32.5 years vs 23.3 years, 26.5
years, and 25.1 years, respectively; P < .001; Table 1).
Conversely, there was no difference in age for the LoVIC cohort
or WiN subgroups at time of enrollment into both national
studies (P = .532). To assess the impact of this age difference,
we first investigated how plasma VWF:Ag varied over time in
WiN patients with type 1 VWD compared with the LoVIC
cohort.

In line with previous studies, we observed an age-dependent
increase in plasma VWF levels in half of the type 1 VWD and
the majority of patients with low VWF (Figure 1A). Among the
total WiN cohort, 47% of patients had VWF levels that
remained <30 IU/dL despite advancing age. Conversely, in
30% of patients with type 1 VWD, plasma VWF levels
increased into the low VWF range (30-50 IU/dL) over time,
whereas 23% had age-dependent increments that led to
complete normalization in VWF levels >50 IU/dL. Finally, in the

LoVIC cohort, plasma VWF levels normalized >50 1U/dL over
time in 39% of patients. It should be noted that the time
between diagnosis and enrollment was much shorter for the
LoVIC cohort (6.9 years) than for the WiN subgroups (>13
years; P < .001; Table 1).

Importantly, we observed that VWF:Ag in patients with low
VWEF clearly overlapped with VWF:Ag in patients with type 1
VWD whose plasma VWF levels had progressively increased
>30 IU/dL as they got older (Figure 1A). Furthermore, when
the WIN cohort were subcategorized into 3 groups based
upon time-dependent effect on VWF levels, the LoVIC cohort
appeared as a subgroup within the WiN-normalized >50 IU/dL
(Figure 1B). Additionally, the increase of VWF:Ag per year
was not different between LoVIC patients and WiN normalized
>50 IU/dL patients (2.6 + 8.5 IU/dL vs 2.2 + 2.1 IU/dL; P =
.652). To further investigate this concept, we proceeded to
perform multiple regression analysis. Importantly, we
observed that plasma VWF:Ag in the LoVIC cohort and the
WiN-normalized >50 IU/dL subgroup would not have been
significantly different had they been diagnosed at the same
age (difference of p = 0.00; 95% ClI, —0.03 to 0.04). Cumula-
tively, these results indicate that significant heterogeneity
exists among patients with type 1 VWD with respect to the
effect of aging on their plasma VWF levels. In addition, our
findings demonstrate that because of age-dependent
increases in plasma VWF:Ag, the majority of patients with
low VWF would have been diagnosed with type 1 VWD had
they undergone assessment earlier in life.

Low VWF and normalized type 1 VWD patients
share similar pathophysiology

To further address the hypothesis that low VWF and normal-
ized type 1 VWD represent the same condition assessed at
different time points, we next investigated underlying
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® WiN persistent < 30 1U/dL
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Figure 1. Effects of age on plasma VWF:Ag levels in patients with low VWF compared with those in type 1 VWD subgroups. Plasma VWF:Ag levels were assessed in
patients with low VWF and type 1 VWD at the time of first diagnosis and then subsequently repeated at time of enrollment into the national studies. The left dot depicts the
mean plasma VWF:Ag and the corresponding mean age at time of original diagnosis and the right dot depicts mean plasma VWF:Ag and the corresponding mean age at trial
enrollment. Broken lines with colored areas depict the standard deviations for separate groups. (A) Age-dependent increases in plasma VWF:Ag aligns for LoVIC participants
and WIN patients whose plasma VWF levels increased >30 IU/dL. (B) Age-dependent increases in plasma VWF:Ag completely overlap for LoVIC patients compared with WiN

patients whose plasma VWF levels normalized >50 1U/dL.
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pathophysiology in the LoVIC and WiN subgroups. Elevated
plasma FVIII:C/VWF:Ag ratios have been used to identify VWD
patients with reduced VWF synthesis and/or secretion.®”
Importantly, we observed similar FVIII:C/VWF:Ag ratios in
WiN-normalized (1.46 + 0.27) and LoVIC patients (1.24 = 0.24)
(Figure 2A; P = .444). In contrast, WiN patients with persistent
VWEF levels <30 IU/dL had significantly higher FVIII:C/VWF:Ag
ratios (2.65 = 1.62) than both WiN-normalized and LoVIC
patients (Figure 2A; P < .001). Previous studies have demon-
strated that elevated VWFpp/VWF:Ag ratios can identify VWD
patients with enhanced VWF clearance.***" Although VWFpp/
VWF:Ag ratios were again similar (P = 1.000) in WiN-
normalized (1.75 * 0.38) and LoVIC patients (1.36 = 0.99),
they were markedly elevated in WiN patients with persistent
VWEF levels <30 IU/dL (6.14 = 7.05) compared to the other
groups (P < .001; Figure 2B). Together, these results suggest
that the pathophysiological mechanisms in patients with low
VWF and normalized type 1 VWD are similar. Furthermore, the
data highlight that patients with type 1 VWD who fail to cor-
rect plasma VWF levels with increasing age have more marked
VWEF biosynthesis/secretion and/or VWF clearance defects as
the cause of their VWD.

Desmopressin responses in low VWF compared
with WiN type 1 VWD subgroups

We next investigated how desmopressin responses varied
among different WiN type 1 VWD subgroups compared with
patients with low VWF. Importantly, a complete response to
desmopressin was observed in 100% of both the LoVIC
patients and WiN patients who had increased >30 IU/dL
(Figure 3). Conversely however, only 58.1% of WiN patients
with persistent VWF levels <30 1U/dL demonstrated a com-
plete response to desmopressin (P < .001). Consistent with
the FVII:C/VWF:Ag and VWFpp/VWF:Ag ratio data, this
subgroup demonstrated both a significantly attenuated initial
VWEF response at 1 hour after desmopressin (P < .001) as well
as a more rapid falloff in plasma VWF levels over time
(Figure 3; P < .001).

Unexpectedly, plasma VWF:Ag at 1, 4, and 24 hours after
desmopressin were significantly higher in WiN-normalized
than in LoVIC patients (Figure 3; P < .001). Because the
WiN-normalized cohort were significantly older at the time of
their desmopressin trial than the LoVIC group (41.9 = 13.8
years vs 32.9 + 10.7 years; P = .002), we hypothesized that
the difference in VWF responses might be age-dependent.
To investigate this concept, desmopressin responses were
assessed in LoVIC and WiN patients who had increased >30
IU/dL, divided into 5 different age groups (Figure 4). Inter-
estingly, an age-dependent effect on VWF responses
after desmopressin administration was observed. Plasma
VWF:Ag responses at 1, 4, and 24 hours after desmopressin
were significantly higher in the advancing age groups
(Figure 4; P = .047; P = .001; and P = .045, respectively).
Collectively, these results further support the idea that
patients with low VWF and normalized type 1 VWD share
similar pathogenesis and consequently exhibit comparable
complete VWF responses after desmopressin administration.
Our findings further suggest that in older patients initial VWF
response is better and VWF half-life is longer after desmo-
pressin administration.
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Determinants of age-induced VWF level
normalization in low VWF and type 1 VWD

To investigate determinants of age-induced VWF level
normalization in low VWF and type 1 VWD, we performed a
retrospective cohort study that included all LoVIC (n = 94) and
WiN (n = 185) patients who had been followed up for >5 years.
Importantly, there was no difference in the VWF:Ag increase
per decade between LoVIC patients (21 + 26 |U/dL per
decade) and WiN-normalized patients (18 +31 IU/dL per
decade; P = .434). As expected, normalization in plasma VWF
levels with aging was significantly more common in patients
with low VWF than in patients with type 1 VWD (Figure 5A; P =
.025). From the LoVIC cohort, 62 patients (66%) achieved
plasma VWF levels >50 IU/dL over time (mean follow-up, 9.7 +
3.9 years). In contrast, despite a longer follow-up period (mean
follow-up, 16.9 +7.4 years), only 96 patients (51.9%) of the
WiN type 1 VWD cohort attained VWF levels in the normal
range. Interestingly, none of the patients who had an incom-
plete response to desmopressin reached plasma VWF levels
>50 IU/dL during follow-up, whereas the median time of
normalization was 13 years (interquartile range 7-26) in
patients with complete response to desmopressin (Figure 5B;
P < .001). Thus, an incomplete desmopressin response had a
100% negative predictive value for lack of normalization of
VWEF levels with aging.

Pathological VWF gene sequence variants were significantly
more common in the WiN subgroup of patients with persis-
tent VWF levels <30 IU/dL than in either the WiN—partially
corrected or WiN-normalized groups (93.0% vs 53.4% and
22.6%, respectively; Table 1; supplemental Figure 2; P <
.001). There was no significant difference in the percentage
of patients with VWF gene variants between LoVIC (36.4%)
and WiN-partially corrected (P = 1.000) or WiN-normalized
>50 IU/dL subgroups (P = 1.000). The presence or absence
of pathological VWF sequence variants was shown to signif-
icantly influence the likelihood of age-induced plasma VWF
level normalization (Figure 5C; P < .001). Likewise, presence
of a type 1C VWF gene variant was associated with a signif-
icantly reduced chance of normalization of VWF levels with
aging (P < .001). Similarly, historically lowest VWF levels <10
IU/dL was strongly associated with significantly reduced
normalization of VWF levels over time (Figure 5D; P < .001).
Finally, underlying pathogenic mechanisms (marked reduced
synthesis and/or increased clearance of VWF) were also
identified as significant determinants of a lower chance of
VWF normalization over time (Figure 5E; P < .001). Because
these determinants are strongly correlated, we used a Cox
regression model to investigate which factors are indepen-
dently associated with the normalization of plasma VWF
levels over time. Historically lowest levels <10 IU/dL (HR,
0.27; 95% Cl, 0.10-0.76) and pathogenesis (HR, 0.37; 95% ClI,
0.22-0.61) remained strongly associated with a lower chance
of normalization over time, whereas presence of VWF
sequence variants was no longer significantly associated (HR,
0.76; 95% ClI, 0.50-1.16). Additional analysis revealed that
reduced synthesis (HR, 0.43; 95% Cl, 0.19-0.99) and
increased clearance (HR, 0.49; 95% Cl, 0.27-0.88) were both
associated with a lower chance of normalization of VWF levels
during follow-up, independent of VWF variants and histori-
cally lowest levels.
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Figure 2. Pathophysiological mechanisms in patients with low VWF compared with type 1 VWD subgroups. FVII:C/VWF:Ag and VWFpp/VWF:Ag ratios were assessed
in patients with low VWF and type 1 VWD to assess underlying pathophysiology. (A) Significantly increased plasma FVII:C/VWF:Ag ratios suggesting marked reductions in
VWEF synthesis/secretion were observed in the WiN persistent <30 |U/dL subgroup. In contrast, FVII:C/VWF:Ag ratios were the same in LoVIC and WiN-normalized patients. (B)
Similarly, significantly increased plasma VWFpp/VWF:Ag ratios suggesting markedly enhanced VWF clearance were also observed in the WiN persistent <30 IU/dL subgroup.
Again, VWFpp/VWF:Ag ratios were not significantly different between LoVIC and WiN-normalized patients. Ns, not significant.

Discussion

For many years, there has been an ongoing debate about how to
optimally diagnose type 1 VWD.??*47212242 This is complicated
by (1) the wide variation in plasma VWF levels in healthy indi-
viduals (~50-200 [U/dL); (2) the effect of ABO blood group on
VWF levels; (3) the effect of aging on plasma VWF levels; and (4)
the prevalence of bleeding symptoms that are estimated to be

present in at least 25% of the healthy general population.””*

Consequently, establishing the relationship between partial
quantitative VWF deficiency and bleeding is difficult. Further-
more, defining diagnostic criteria to delineate healthy from
diseased has presented an ongoing challenge, particularly for
patients with mild-to-moderate reductions in plasma VWF in the
30 to 50 1U/dL range.®'® The cumulative findings from the WiN

P <.001 P <.001 P <.001 P <.001
r 1 r 1 r 1 r 1
ns P <.001 P<.001 P<.001 P<.001 P<.001 P=.015 P<.001
400 — — —
300
300 +
3 o LoVIC
= 200 - WiN normalized
=2 e WiN partially corrected
";'- ® WiN persistent < 30 1U/dL
=
T+1 hour T+4 hours T+24 hours

Figure 3. Desmopressin responses in low VWF compared with WiN type 1 VWD subgroups. Plasma VWF:Ag were determined prior to desmopressin administration (T0),
andat 1 (T + 1), 4 (T + 4), and 24 (T + 24) hours after desmopressin administration. The mean and standard deviations are depicted; n = 226 before desmopressin administration;
n =217 at 1 hour; n = 146 at 4 hours; and n = 126 at 24 hours. Significantly reduced VWF responses were observed at all postdesmopressin time points in the WIN persistent
<30 IU/dL subgroup. Plasma VWF:Ag levels at 1, 4, and 24 hours after desmopressin were significantly higher in WiN-normalized than in LoVIC patients. ns, not significant.
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Figure 4. Effect of aging on desmopressin-induced VWF responses. The effects of increasing age on plasma VWF:Ag levels after desmopressin administration were
assessed in combined subgroups of patients with low VWF and type 1 VWD in whom plasma VWF levels increased >30 IU/dL. Plasma VWF:Ag were determined prior to
desmopressin administration (T0), and at 1 (T + 1), 4 (T + 4), and 24 (T + 24) hours after desmopressin administration. The mean and standard deviations are depicted; n = 171
before desmopressin administration; n = 164 at 1 hour; n = 123 at 4 hours; and n = 98 at 24 hours after desmopressin administration. Significantly increased VWF responses

were observed at 1, 4, and 24 hours after desmopressin administration with increasing age at the time of desmopressin trial. P values are outcomes of linear regression analysis

with the presented age groups included as independent variable. ns, not significant.

and LoVIC studies presented herein provide important insights in
this context. By combining data from these 2 deeply phenotyped
and genotyped cohorts of patients with low VWF and type 1
VWD, respectively, we have specifically investigated the rela-
tionship between age, low VWF, and type 1 VWD. Our data

demonstrate that type 1 VWD (as defined by historical plasma
VWF levels <30 IU/dL and VWF:Act/VWF:Ag ratio >0.7) is a
heterogeneous disorder. Almost half of patients (47%) with type
1 VWD will continue to have persistently reduced VWF levels <30
IU/dL that do not change as they age. Conversely, in a majority of
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Figure 5. Determinants of age-induced VWF level normalization in low VWF and type 1 VWD. Normalization of plasma VWF levels (defined as increase of VWF:Ag,
VWEF:Act, VWF:CB and FVIII:C >50 IU/dL with aging) was assessed in LoVIC and WiN patients with more than 5 years of retrospective follow-up. Kaplan-Meier curves were used
to illustrate determinants of normalization of VWF levels with aging. P values are outcomes of log-rank tests. (A) Normalization in plasma VWF levels during follow-up was
significantly higher in LoVIC than in WiN patients. (B) Normalization in plasma VWF levels during follow-up was significantly increased in patients with low VWF and type 1
VWD who demonstrated complete desmopressin responses (defined according to the 2021 ASH/ISTH/WFH/NHF guideline). (C) Age-induced normalization in plasma VWF
levels was significantly higher in patients with low VWF and type 1 VWD who did not have a pathological VWF sequence variant. (D) Normalization in plasma VWF levels with
aging was markedly reduced in patients with historically lowest levels VWF levels <10 IU/dL. (E) Age-induced normalization in plasma VWF levels was significantly decreased in
patients with marked underlying pathophysiological defects (defined as FVIII:C/VWF:Ag ratio 1.9 and/or VWFpp/VWF:Ag ratio >2.2).
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individuals diagnosed with type 1 VWD at younger ages (53%),
plasma VWF levels progressively increase over time. Our data
clearly demonstrate that as these patients get older, their plasma
VWEF levels increase into the low VWF range (30-50 1U/dL), before
ultimately reaching the normal range (>50 IU/dL) in many cases.
Importantly however, the rate at which plasma VWF levels
increases varies between different patients with type 1 VWD.
Finally, it is important to note that the majority of enrolled
patients were Caucasian. Therefore, the results may not be
applicable to patients from other ethnic backgrounds, because
the rate at which their VWF levels increase with aging may be
different.

The dynamic influence of age on plasma VWF levels has major
implications in relation to defining thresholds for diagnostic
guidelines. Previous guidelines recommended that patients
with plasma VWF levels in the 30 to 50 IU/dL range should be
diagnosed with low VWF rather than type 1 VWD.?> Our data
highlight that these criteria mean that the registered diagnosis
for many patients will critically depend upon the age at which
they first undergo VWF laboratory testing. Importantly, recent
studies have demonstrated that there is often a major delay to
VWD diagnosis, notably in women with heavy menstrual
bleeding (HMB).****> Consequently, many of these patients do
not have plasma VWF assessment until they are aged 20 to 30
years. Our findings suggest that had these individuals under-
gone testing earlier in life, their plasma VWF levels would have
been <30 IU/dL in many cases and, therefore, would have led to
a type 1 VWD diagnosis. In line, it was recently demonstrated
that VWF:Ag levels steadily increase an average of 20 IU/dL
from early childhood to late adolescence in healthy children
from the general population.*® Thus, the delay in VWF testing in
the setting of HMB likely explains the overrepresentation of
women diagnosed with low VWF in the LoVIC cohort, together
with the observation that HMB constitutes the most common
bleeding domain in low VWF cohort studies.*”

Importantly, our findings clearly demonstrate that low VWF
does not constitute a discrete clinic-pathological entity. Rather,
patients with VWF in the 30 to 50 IU/dL range have plasma VWF
levels that are dynamically evolving over time. Consequently,
first VWF testing is only a snapshot taken at a single time point
on a progressive age-dependent gradient. Nevertheless, this
initial VWF level critically affects ultimate VWD diagnosis for the
patient. Consistent with the idea that low VWF is really a sub-
group within the heterogeneous type 1 VWD, our findings
demonstrate that genetic background, underlying pathophysi-
ological mechanisms, and desmopressin response are the same
for patients with low VWF and those with normalized type 1
VWD. Additionally, the number of patients with a positive family
history were similar between low VWF and normalized type 1
VWD patients. Furthermore, patients with low VWF and type 1
VWD are frequently seen across different generations of a sin-
gle family. Collectively, our findings, therefore, support the
decision of the recent ASH/ISTH/WFH/NHF guidelines, which
recommended that individuals with VWF levels of 30 to 50 U/
dL and a personal bleeding phenotype should be classified as
type 1 VWD as opposed to low VWF.®

In striking contrast, we further demonstrate that patients with

type 1 VWD with persistent VWF levels that remain <30 1U/dL
despite aging represent a distinct entity compared with patients

LOW VWF VS TYPE 1 VWD

with low VWF and normalized type 1 VWD. In particular, path-
ological VWF sequence variants, marked pathophysiological
defects, and reduced responses to desmopressin were mark-
edly more prevalent in the subgroup of patients with type 1
VWD with persistent VWF levels <30 IU/dL over time. In addi-
tion, these patients had more often a positive family history of
VWD compared with patients with type 1 VWD whose VWF
levels increased with aging. These findings suggest that any
future subcategorization of type 1 VWD seeking to focus
according to underlying biology should be based upon time-
dependent progression in plasma VWF levels rather than sim-
ply applying a single VWF threshold cutoff level (Figure 6).

It has been debated for years whether age-induced increases in
plasma VWF levels in patients with partial quantitative VWF
deficiency lead to a reduced bleeding phenotype.?**’ Based
upon bleeding scores, as well as specific bleeding episodes
requiring treatment in the year before inclusion in the WiN
study, we observed no difference in bleeding severity among
WiN patients with type 1 VWD with persistent VWF levels <30
IU/dL, WiN-partially corrected, or WiN-normalized subgroups
of patients. Similarly, significant bleeding was still observed in
LoVIC patients even though their plasma VWF levels had
increased >50 IU/dL over time."” Together, these clinical data
suggest that mild-to-moderate reductions in plasma VWF levels
do not explain all of the bleeding observed in these patients,
but rather, other pathological modifiers may also be contrib-
uting to their bleeding phenotype.® Consistently, previous
studies have reported similar BAT scores in patients with VWF
levels in the 10 to 50 1U/dL range.'®'¢""1? This hypothesis is
further supported by evidence demonstrating that most indi-
viduals with mild reductions in plasma VWF levels do not
demonstrate significant bleeding.”'%? With respect to clinical
management, these data suggest that increases in plasma VWF
levels >50 IU/dL will therefore not necessarily be associated
with a complete correction in bleeding risk for all patients with
partial quantitative VWD. However, it should be noted that
these results are based on interindividual differences. It remains
unknown whether the bleeding phenotype changes intra-
individually when VWF levels normalize with aging. Further
prospective studies are needed to investigate this specific
question that is of direct clinical significance.

From a clinical perspective, an important finding from our study
is that desmopressin responses are better in older patients with
VWD. This age-dependent improved response involves 2
components (Figure 4). First, there is a significant increase in
initial VWF secretion after desmopressin infusion. Second, the
clearance of VWF released in patients after desmopressin is also
significantly reduced in older patients with VWD (Figure 4).
These findings are consistent with previous murine data that
reported that both increased synthesis and reduced clearance
contributed to age-dependent elevations in plasma VWF levels
in mice.”® However, desmopressin is less widely used in older
patients in many countries (eg, with an upper age limit of 60-70
years) because of concerns regarding potential cardiovascular
risks.*® Given our data, future studies assessing the clinical
efficacy and safety of using attenuated desmopressin doses
should be considered. Alternatively, developing additional
therapies that can be safely used to trigger secretion of
enhanced Weibel-Palade body stores of VWF in older patients
may provide novel treatment opportunities.
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Figure 6. Overview of the relationship between low VWF, type 1 VWD, and progressive aging.

In conclusion, this study demonstrates that low VWF does not
constitute a discrete clinical or pathological entity. Rather, it is
part of an age-dependent type 1 VWD evolving phenotype. In
contrast, patients with type 1 VWD with persistent VWF levels
<30 IU/dL despite aging represent a distinct entity compared
with patients with low VWF and age-dependent normalized
type 1 VWD. As such, our findings have important implications
for VWD diagnosis in the clinic; the definition of diagnostic
thresholds in future VWD guidelines; and for futures studies
investigating pathogenic mechanisms underpinning heteroge-
neous type 1 VWD.
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