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Abstract

Von Willebrand disease (VWD) is a heterogeneous group of defects characterized by a spectrum of bleeding symptoms
ranging from mild to severe, which remain difficult to identify and assess quantitatively. Despite significant advances in our
understanding of the pathophysiology of the disease, diagnosis and management remain challenging. This review examines
the therapeutic landscape for VWD, discussing historical treatments, recent advancements and prospects. Decades of clin-
ical evidence supporting the efficacy of replacement therapy will be critically presented, and preclinical data for emerging
options will be examined. For many years, the standard of care for VWD has involved replacement therapy with blood-de-
rived products and desmopressin. The introduction of recombinant von Willebrand factor represents a more recent devel-
opment compared to other recombinant factors, and its use in certain populations of patients is still under investigation.
Despite being relatively new, innovative therapeutic options are being explored and developed to address patients’ unmet
needs. Some of these therapies are currently undergoing or nearing clinical evaluation, while others remain in the preclin-
ical phase of development. After years of neglected attention, innovation in the treatment of VWD is now rapidly expanding.

Introduction and familial bleeding history and specialized laboratory as-
says measuring VWF antigen (VWF:Ag) and activity (VWF:RCo
Von Willebrand disease (VWD) is the most prevalent in- or more recent activity tests), and FVIII activity (FVIII:C). For
herited bleeding disorder, affecting up to 1% of the general the past two decades, treatment options have primarily fo-
population, although symptomatic disease is less common. cused on replacement strategies with plasma-derived (pd)
It is caused by defects in von Willebrand factor (VWF), a and recombinant (r) VWF, or with desmopressin (DDAVP),
multimeric glycoprotein essential for primary hemostasis which induces the release of VWF (and FVIII) from intra-
and stabilization of coagulation factor VIII (FVIII).! VWD cellular storage granules within endothelial cells, resulting
results from quantitative deficiencies (types 1 and 3) or in atemporary rise of the protein concentrations in circu-
qualitative defects (type 2) of VWF.23 lation. Additional approaches, not specific to VWD, include
Type 1, the most common form accounting for approximately antifibrinolytics and hormonal therapies.
70-80% of cases, is characterized by a partial quantitative In contrast to these general methods, innovative strategies
deficiency. Subtype 1C group defects are associated with are being developed and tested to enhance and correct
increased clearance of VWF. Type 2 includes subtypes 2A, specific molecular defects in VWF functions, targeting
2B, 2M, and 2N, each with a different qualitative defect in groups of patients with similar molecular abnormalities
VWEF function. Type 3 is the rarest and most severe form, and clinical presentations.
marked by a near-total absence of VWF, often associated This review aims to discuss the history of currently avail-
with severely reduced FVIII levels. able therapies, including pdVWF, rVWF and desmopressin,
Symptoms range from mild mucocutaneous bleeding (e.g., highlighting available clinical evidence. Innovative strategies
epistaxis, menorrhagia) to life-threatening hemorrhages in  will be described, exploring preclinical studies and a few
severe forms. The diagnosis involves assessment of personal case reports outlining their specific mechanisms of action
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as potential future therapeutic approaches for VWD pa-
tients (Figure 1). A separate manuscript in this review series
focuses on the management of women, girls and people
with the potential to menstruate affected by VWD. There-
fore, this subject will not be discussed thoroughly here.

Plasma-derived products to treat von
Willebrand disease

At the time Erik von Willebrand* published his hallmark ar-
ticle on the first families with a bleeding disorder, currently
known as VWD, no hemostatic treatment was available.
He did however describe how patients were managed in
a follow-up paper in 1931: “One must ensure the most
favorable hygienic conditions possible, especially a varied
mixed diet with plenty of vegetables and fruit”.® He re-
ported a favorable outcome and reduction of bleeding in
this detailed description of a patient treated with vitamin
A supplements. Direct blood transfusion also appeared
to be a very effective hemostatic agent for severe and
life-threatening bleeding in cases of hemorrhagic diathe-
sis.® In the following decades, during the time that the
exact pathogenesis of VWD was still unknown, patients
were treated with blood transfusions, and later with various
blood-derived products, including fresh-frozen plasma,
plasma fractions and cryoprecipitate. This was initiated by
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the laboratory findings of Blomback in 1957, who purified
fibrinogen from human plasma fractions and observed
that, besides fibrinogen, anti-hemophilia globulin (AHG,
now called FVIII) remained as a precipitate. Subsequent-
ly, Bldbmback and Nillson® found that AHG was recovered
in Fraction I-0 and remained stable. This human plasma
fraction (I1-0) was used to treat patients with hemophilia,
and later also patients with VWD.” In the 1960s, after Pool®®
discovered the therapeutic effect of cryoprecipitate in
patients with hemophilia A, patients with VWD were also
treated with this plasma-derived product. In 1971 several
research groups discovered that AHG actually consisted
of two proteins, a smaller fragment now known as FVIII
and a larger fragment, consisting of multimers, which they
designated as factor Vlll-related antigen, now called VWEF.°™
After obtaining more insight into the pathophysiology of
the disease and the characteristics and functions of VWF,
it became obvious that both VWF and FVIII are reduced in
VWD patients. Since both proteins are needed for proper
hemostasis, both deficient proteins should be replaced
at the time of bleeding or before medical interventions.
In the following years, several pdFVIIlI products containing
VWF were developed for the treatment of both hemophilia
A and VWD. Unfortunately, cryoprecipitate and the newly
developed FVIII/VWF plasma products manufactured from
large pool-blood donations were contaminated by viruses,
resulting in hepatitis B, hepatitis nonA-nonB (hepatitis C)

Figure 1. Overview of current and fu-
ture therapies for von Willebrand
disease. For the past two decades,
limited treatment options have been
available, essentially consisting of
replacement strategies with plas-
ma-derived and recombinant von Wil-
lebrand factor (more recently), or
desmopressin. These therapies were
quite efficient at arresting bleeding
episodes, but were still associated
with burden and low quality of life in
patients. Future novel options are
intended to implement personalized
approaches designed for groups of
patients with similar genotypic or
phenotypic characteristics and for
specific types and locations of bleed-
ing. Moreover, to address the current
limited use of prophylaxis, most new
therapies focus on bleeding preven-
tion (prophylactic administration)
rather than acute management. Fig-
ure created in BioRender. Casari, C.
(2025) https://BioRender.com/trf8ys0
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and later also human immunodeficiency virus infections in
many patients with hemophilia and VWD."?"* These devas-
tating transmissions called for new purification methods
to ensure virus safety.

VWF/FVIIl concentrates are mostly purified by heparin
ligand chromatography or ion-exchange chromatography.”™
This is now followed by viral inactivation steps using sol-
vent/detergent and dry heat. Concentrates are adminis-
tered once or twice daily by intravenous injections or by
continuous infusion. pdVWF/FVIII concentrates are still
the most used treatment for patients with severe VWD
worldwide. There are several pdVWF/FVIII concentrates
available (Table 1), with a large variation in VWF:RCo/
VWF:Ag and VWF:RCo/FVIII:C ratios and multimer pat-
terns. The VWF:RCo/VWF:Ag ratios vary from 0.29 to 2.4
and the VWF:RCo/FVIII:C ratios vary from 0.81 to >10."®""
It is, therefore, important to take into account the exact
VWF and FVIIlI contents in the specific concentrate that
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is used.® Haemate P® (Humate P®; CSL Behring), one of
the first virus-safe products, is a pasteurized FVIII/VWF
product that was developed more than 40 years ago and
is still in use.” It has the most physiological multimeric
composition and a high VWF:FVIII ratio.

Dosing of VWF/FVIII concentrate was historically based
only on the FVIII:C content of the product. Therefore,
during treatment with VWF/FVIII concentrate the only
parameter to perform dose adjustment was FVIII:C, be-
cause the VWF:RCo activity assay was time-consuming,
and the results were not readily available. Nowadays, both
FVIIl and VWF can be measured more easily using various
automated assays.?® Therefore, monitoring of both FVIII
and VWF levels during treatment with factor concentrates
has become more routine.?"?? During surgery or repeat-
ed VWF/FVIIlI concentrate infusions, it is recommended
that both VWF activity and FVIII:C are measured daily to
tailor the dose of concentrates and ensure that patients

Table 1. Comparison of plasma-derived and recombinant concentrates.

Name Product tvoe VWF:RCo/ Multimer
(Manufacturer) yP FVIlIl composition
Plasma-derived concentrates
L- M- H-MWM
Haemate P/ o o
Humate-P VWF/EVIII 241 H'\H";’,V ';"b?]‘é r/m‘:;
(CSL Behring) triplet structure
Voncento/
Biostate/Aleviate ~ VWF/EVIII  -2.2 4-1 LH'\I\;IIWHMNEIB\éV'/\A
(CSL Behring) °
. . L- M- H-MWM but
Yg:}?;e/fgr"r"rgte VWF/FVIII 11 <HMWM, intact
P triplet structure
Immunate/ L- M- H-MWM but
Alphanate/Fanhdi  VWF/FVIII ~1.2:1 (EelEES) [nhihol
(Grifols) 4-32%, abnormal
triplet structure
Immunate L- M- H-MWM,
(Baxalta/Takeda) VWF/FVIII ~0.75/1 nosrirjgttljlrzlet
. . . L- M- H-MWM,
mf;;’“”/w lefact \\wEstow VI ~60-1 normal triplet
structure

Recombinant VWF

Veyvondi/Vonvendi UL-MWM present;
(vonicog alpha) VWE (no FVIII) - L- M- H-MWM (no
(Takeda) triplet structure)

Plasma Availability Viral inactivation
provenance
USA, Germany, Europe, USA, S/D and pasteurization
Austria, Canada Canada, 60°C 10 h

Australia, New
Zealand, Malaysia,
Singapore, Hong
Kong, USA

EU, UK, Australia,
New Zealand, Asia-
Pacific, Latin America

TNBP/Triton X-100 and dry
heat 80°C 72 h

TNBP/Triton X-100, and
terminal dry heat, 100°C,
120 min, at controlled
residual moisture

Sweden, Austria,

Germany, USA EU, USA, Canada

USA, Spain, Czech  USA, EU, Latin TNBP/polysorbate 80 and
Republic, Slovakia America dry heat, 80°C, 72 h
USA, Austria,

Czech Repubilic, _ i o
Germany, Sweden, Europe, Asia S/D; vapor-heat, 60°C, 10 h
. at 190 mbar

Switzerland,
Norway
France/EU Western Europe/ S/D; dry heat, 80°C, 72 h;

Nordic countries nanofiltration (35 nM)

- EU, USA, Australia -

Online Registry of Clotting Factor Concentrates, Third edition, 2016, WFH elLearning Platform. Multimer composition references: Gritsch H et
al.®® - Riddell A et al.®® - Harper P et al.°” - Kannicht C et al.°® VWF:RCo: von Willebrand factor activity; FVIII: factor VIII; VWF: von Willebrand
factor; L- M- H-MWM: low- medium- high-molecular-weight multimers (HMWM are generally considered as >10mer); NHP: normal human
plasma; S/D: solvent/detergent; TNBP: tri-N-butyl phosphate (lipid solvent); UL-MWM: ultra-large molecular weight multimers (not present in

normal human plasma).
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reach the target levels of VWF and FVIII.>? It is, howev-
er, still disputed whether normalization of VWF, FVIII or
both is needed to achieve adequate hemostasis in VWD
patients.®?3

In the latest guidelines on VWD from the American Society
of Hematology (ASH), International Society on Thrombosis
and Haemostasis (ISTH), World Federation of Hemophilia
(WFH) and National Foundation of Hemophilia (NHF),?? rec-
ommendations are given regarding the dose and duration of
administration of VWF/(FVIII) concentrate. Typically, a dose
of 40-80 IU VWF:RCo per kg body-weight is administered,
aiming for aVWF:RCo and FVIII:C of 250 IU/dL for at least 3
days in individuals undergoing major surgery.

Patients with more severe VWD also have low baseline FVIII
due to the fast clearance of FVIII in the absence of VWF.
Therefore, correction of FVIII levels is needed in the case
of emergency surgery or severe bleeding. However, since
patients with VWD have normal endogenous synthesis of
FVII, FVII levels will increase during treatment with plas-
ma-derived products containing both VWF and FVIII, which
may even lead to supraphysiological levels of FVIII. This can
increase the risk of venous thrombosis in these individuals.?*?®
Despite the wide use of pdVWF concentrates in patients with
VWD, data on their efficacy during surgery, delivery and in
the case of bleeding have mostly been obtained from case
series, and large, randomized studies are still lacking.?6?"

Plasma-derived pure von Willebrand factor concentrates
To reduce the risk of high levels of FVIII, pure plasma VWF
concentrate can be used. Pure VWF is currently available
in some countries (Wilfactin®, LFB) in Europe and may be
preferred in patients who are at high risk of thrombosis, for
instance, patients who have had prior thrombotic events,
or patients with other predisposing factors for thrombosis.
Experience with this product has been reported in several
retrospective case series and it has been shown to be effec-
tive and safe.?® Pure VWF concentrates increase VWF levels
immediately to the desired target level, while FVIII levels will
increase gradually over time by binding of endogenous FVIII
to the administered exogenous VWF. Most patients reach
FVIII levels of >60 IU/dL 6 to 8 hours after infusion of pure
VWEF.2 Therefore, the first dose of pure VWF can be given the
evening prior to planned surgery. If pure VWF concentrates
are administered to patients with severe VWD in emergency
situations or shortly before surgery, additional FVIII is given
to normalize FVIII levels immediately.

Long-term prophylaxis with plasma-derived
concentrates

In 2005 the first case-series from Sweden was reported on
the use of long-term prophylaxis with pdVWF/FVIII concen-
trates in VWD patients with a severe bleeding phenotype,
including severe nose bleeds, joint bleeding or gastroin-
testinal bleeding.?® This study presented data of 35, mainly
VWD type 3, patients with VWF and FVIII levels <10 IU/dL,
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who were treated with long-term prophylaxis with a pdFVIII
concentrate containing VWF (Haemate-P®). In a second
small, prospective study on prophylaxis in only 12 patients
with severe VWD, VWF concentrate (50 VWF:RCo IU/kg 2 or
3 times per week) reduced mucosal and joint bleeds.*® The
PRO.WILL study included 19 VWD patients of whom 12 com-
pleted the study. Patients were randomized to intervention
with VWF/FVIII concentrate (60 VWF:RCo units/kg every 2
or 3 days; Fanhdi®, Grifols, Spain) or on-demand treatment.
Bleeding was reduced with prophylaxis (rate ratio=0.24,
95% confidence interval: 0.17-0.35), which also significantly
reduced the number of spontaneous epistaxis.*

The current ASH-ISTH-WFH-NHF VWD guidelines acknowl-
edge that prophylactic treatment reduces the risk of bleed-
ing and potentially improves quality of life. The conditional
recommendation was to use long-term prophylaxis rather
than no prophylaxis in patients with VWD with a history
of severe and frequent bleeds.?? After the guidelines were
published, the largest study to date, including 43 VWD
patients, was completed and showed that long-term pro-
phylaxis with Wilate® (Octopharma, Lachen, Switzerland),
a VWF/FVIII concentrate with a ratio of 1:1, (20-40 |IU VWF/
kg 2 or 3 times per week) reduced the number of bleeds by
84.4%. Other recent studies on the use of prophylaxis with
plasma-derived concentrates confirmed the findings that
prophylaxis reduces the number of bleeds.*?

Side-effects of plasma-derived concentrates

Several side-effects of pdVWF/FVIII products have been
recorded. The main documented side-effects are mild
allergic reactions, as reported earlier by the European
Haemophilia Safety Surveillance system (EUHASS).*® As
mentioned above, viral transmission has occurred in the
past, but has not been reported with the current products
in patients with VWD.*?

A rare but severe side-effect of treatment with plasma-de-
rived concentrates is the development of alloantibodies
against VWF. In a recent study in patients with VWD type 3,
inhibitors developed in 6% of patients treated with exoge-
nous VWF.?* Inhibitor development is frequently associated
with potentially life-threatening anaphylactic responses,
which makes treatment of these patients challenging.
Thrombosis is rarely reported in VWD patients receiving
pdVWF/FVIII products, and this may be related to high
levels of FVIII. Therefore, it is recommended to avoid the
combination of extended increased VWF and FVIII levels
>150 1U/dL.»2

Desmopressin

In 1977 Mannucci et al.*® reported for the first time the
use of desmopressin (DDAVP) for treatment of VWD. Ad-
ministration of desmopressin, a vasopressin analog, leads
to transient increases of FVIII and VWF in the circulation.
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FVIIl and VWF levels are increased 2- to 3-fold, which
makes it safe to perform dental extractions and minor
surgery in VWD patients. Desmopressin can be adminis-
tered intravenously, subcutaneously or intranasally. It is
recommended that a test dose be given to newly diag-
nosed VWD patients to assess the individual response.
DDAVP is administered at a dose of 0.3 ug/kg subcuta-
neously or infused intravenously over 30 minutes, and
VWF and FVIII are measured immediately prior to and
1 and 4 hours after administration.?? Desmopressin can
also be administered intranasally at a dose of 150 ug in
both nostrils. Most patients treated with desmopressin
encounter mild side-effects such as flushes or tachy-
cardia, but more serious side-effects, including acute
myocardial infarction and ischemic stroke, have also
been described sporadically.®® Desmopressin is still the
most frequently used treatment in patients with type 1
VWD. If the test shows a positive functional response,
it can be used in individuals with type 2 VWD (2A, 2M,
2N), usually for minor bleeds, despite VWF being altered.
Desmopressin is not useful in type 3 VWD because stores
are virtually empty, and it is contraindicated in VWD type
2B, in which it can induce or worsen thrombocytopenia
due to platelet-aggregate formation subsequent to 2B/
VWF release. In most patients with severe forms of VWD
or major bleeding VWF(/FVIII) concentrates are needed.???

Recombinant von Willebrand factor

Concerns about blood-borne pathogen transmission and
product variability in plasma-derived concentrates have
prompted the development of recombinant alternatives
(Table 1).

Recombinant VWF (rVWF), known as vonicog alfa (VON-
VENDI® in the USA, Japan, Australia, and VEYVONDI® in
Europe, UK, Switzerland) offers a purified, consistent, and
pathogen-free alternative, addressing several limitations
of plasma-derived products.

rVWF is produced using Chinese hamster ovary cells via
recombinant DNA technology. It consists of full-length
human VWF and is free of any other human or animal
plasma proteins, reducing the risk of immunological re-
actions and transmissible infections.

Notably, rVWF contains a full spectrum of multimers,
including ultra-large multimers, which are critical for
effective hemostasis and are depleted in pdVWF prod-
ucts due to processing. Ultra-large multimers enhance
platelet adhesion and aggregation, potentially translating
into superior clinical outcomes.?"38

Recombinant von Willebrand factor to treat von
Willebrand disease

rVWF was approved for on-demand treatment and control
of bleeding episodes, perioperative bleeding management
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and routine prophylaxis in severe VWD.

Market access varies by region. It is widely available in
the USA, while reimbursement for prophylactic use is
still being negotiated in some European countries. As
more long-term data become available, broader guideline
adoption is expected.

A clinical advantage of rVWF relies is its use in patients
with elevated baseline FVIII levels or underlying throm-
botic risk factors. Since rVWF contains very little or no
FVIII, it enables hemostatic management without the risk
of accumulation of FVIII, which could otherwise predis-
pose patients to thromboembolic events.*"* FVIII must be
co-administered during initial bleeding episodes or emer-
gency surgery, particularly in patients with type 3 VWD
or when baseline FVIII levels are low. Pharmacokinetic
studies have shown that rVWF has a biphasic elimination
profile with a terminal half-life of approximately 15-20
hours for VWF: RCo activity. Following administration
of rVWF, VWF activity typically increases within 30-60
minutes, while FVIII levels rise more gradually, reaching
peak concentrations around 6-12 hours after infusion,
as endogenous FVIIl is stabilized by circulating rVWEF.39:40
Dose recommendations for acute bleeding or surgery are
40-80 IU/kg of rVWF, with or without FVIII, followed by
additional doses guided by clinical response and labo-
ratory monitoring.

rVWF has demonstrated excellent or good hemostatic
efficacy in the treatment of bleeding episodes and during
surgical procedures in patients with severe VWD.

In a pivotal phase Il study by Gill et al.*° patients with
severe VWD (types 1, 2, and 3) were treated with rVWF
on-demand for a total of 192 bleeding episodes. All bleeding
events were controlled effectively, showing rapid cessation
of bleeding. The study reported excellent (97%) or good
(3%) hemostatic efficacy with 100% treatment success.
In the surgical setting, the use of rVWF provided effective
hemostatic coverage during the perioperative period for
VWD patients undergoing both minor and major proce-
dures. Co-administration with a recombinant or pdFVIII
concentrate may be necessary in those cases in which
baseline FVIII levels are low or rapid correction is needed,
especially in emergency interventions.*®*! In a phase Il
study by Peyvvandi et al.*? patients undergoing elective
surgery received a preoperative rVWF dose of 40-60 U/
kg. If FVIII:C levels were below target (=30 IU/dL for mi-
nor/oral surgery or 260 IU/dL for major surgery) 3 hours
before surgery, rFVIII was (co-)administered prior to the
surgery. Intra- and postoperative infusions were indi-
vidualized to maintain target trough levels. Overall and
intraoperative hemostatic efficacy was rated excellent
(73.3% and 86.7%, respectively) or good (26.7% and 13.3%,
respectively) in all patients. Most rVWF infusions (89.4%)
were administered alone, resulting in hemostatically ef-
fective levels of endogenous FVIII within 6 hours, which
were sustained for 72-96 hours (70%, N=7/10).42
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Long-term prophylaxis with recombinant von Willebrand
factor

Routine prophylaxis in VWD has gained traction, especially
in patients with type 3 VWD and those with severe type 2
with recurrent joint or gastrointestinal bleeding. The 2021
ASH/ISTH/NHF/WFH guidelines? recommend considering
prophylaxis with VWF concentrates in patients with a high
bleeding burden or poor quality of life. In the case of rVWF,
individualized regimens (e.g. 50-80 IU/kg twice weekly) are
used in patients with severe disease or frequent bleeding.
rVWEF is suited for this role because of its reliable multimer
profile and dosing flexibility. Multiple phase Il trials have
reinforced evidence of its clinical benefit as prophylaxis.
One trial (NCT02973087) showed that long-term prophy-
laxis with rVWF significantly reduced the bleeding burden
in patients with severe VWD, with a strong reduction in
spontaneous bleeding episodes compared to on-demand
treatment. A post-hoc analysis focused on patients with
type 3 VWD, showing that switching from on-demand
therapy to rVWF prophylaxis led to a 91.6% reduction in
the annualized rate of treated spontaneous bleeds. Nota-
bly, 84.6% of these patients experienced no spontaneous
bleeds requiring treatment during the study period.*?
Menorrhagia is a frequent and debilitating symptom in
women with VWD. rVWF can be effective for the control of
menstrual bleeding and during pregnancy-related events,
such as delivery and postpartum hemorrhage. However,
data from the VWDMin study** suggested that rVWF was
not superior to tranexamic acid in reducing abnormal
uterine bleeding in patients with mild/moderate VWD. The
predictable pharmacokinetics and lack of plasma exposure
could make rVWF a preferred choice also in sensitive and
challenging settings such as gastrointestinal bleeding.
However, available data suggest that even rVWF is not
always sufficient to control and prevent these severe and
recurrent types of bleeding.?42

Safety and side-effects of recombinant von Willebrand
factor

The safety and effectiveness of rVWF in individuals aged
18 or younger are currently under investigation in several
clinical trials.

rVWF has shown a favorable safety profile*®-434® with no
inhibitors to VWF or FVIII reported so far. Mild hypersen-
sitivity reactions, such as rash or pruritus, have occurred
in a small percentage of patients.*® Thrombotic events are
rare but may occur, especially when rVWF is administered
with FVIII in high doses. Therefore, careful monitoring of
FVIII:C levels is advised in patients with risk factors for
thrombosis (e.g., age >65 years, obesity, cardiovascular
disease).

rVWF has represented a significant advancement in the
treatment landscape of VWD and ongoing studies contin-
ue to refine its role across diverse patient populations. As
with all therapies, optimal outcomes rely on individualized
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treatment plans, careful monitoring, and adherence to
evolving clinical guidelines.

Innovative therapeutic strategies

Despite current treatment options being quite efficient in
arresting and preventing bleeding episodes, VWD patients
still report a high disease-associated burden, negatively im-
pacting their social, school and working life.*® Quality-of-life
studies document increased depression and anxiety, es-
pecially in diagnosed women, and an overall low quality of
life in VWD patients.*® Limitations of current treatments
include the need for frequent intravenous administrations,
recurrent hospital admissions, specialized monitoring, the
restricted use of prophylactic regimens and gender dispar-
ities, in terms of diagnosis and access to medical attention
and appropriate care.*-%®

Some changes are required to improve the therapeutic
management of VWD, aiming at maintaining high efficacy
in bleeding prevention and implementing personalized
approaches tailored to the needs of the patients and the
type and location of the bleeding.

In this context, innovative strategies have been proposed,*®-®
with a few being under clinical investigation and others
remaining in preclinical development (Table 2). To address
the current limited use of prophylaxis, most new thera-
pies focus on bleeding prevention rather than acute man-
agement. Moreover, emerging therapies are not intended
to target all VWD patients; rather, they are designed for
groups of patients with similar genotypic or phenotypic
characteristics and to tackle specific molecular aspects
of the disease. Downsides of personalized approaches are
the limited number of eligible patients, which can pose
significant challenges in designing and conducting clinical
trials, and the economic barrier.

New approaches for VWD are described and classified
based on their mechanism of action.

Molecules increasing von Willebrand factor levels
KB-V13A12

KB-V13A12 is a bispecific single-domain antibody bridging
circulating VWF to albumin. When associated with albu-
min, VWF is recycled through an FcRn-mediated pathway,
increasing VWF half-life and plasma concentration. Impor-
tantly, the anti-VWF single-domain antibody is non-inhib-
itory, and KB-V13A12 did not interfere with VWF functions
or ADAMTS13 proteolysis.®? One single subcutaneous ad-
ministration (5 mg/kg) of KB-V13A12 in a murine model of
VWD type 1 (hVWD1 mice) was associated with a sustained
2-fold increase of VWF (and FVIII) levels for up to 10 days,
an improved multimeric profile and normalization of the
hemostatic defects in bleeding models.52%% It is important
to note that in mice, a consistent albeit subnormal rise
in VWF/FVIII levels was sufficient to normalize hemosta-
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Table 2. Potential future therapies for von Willebrand disease.

Mechanism Available Potential target

Name Molecule of action studies Administration VWD type References
Molecules increasing VWF levels
gl)srrr)lz?r:ﬂ;nstzgg?- Albumin-bridging of VWF v} i model of
KB-V13A12 . . y and FcRn-mediated SC/prophylactic ~ VWD1 (VWD2) 52, 53
anti-albumin and recveling of VWF VWD1
anti-VWF yeling
HMB-002 (Hemab Anti-VWF/CK FcRn-mediated WT-NHP, healthy IV/SC/ VWD1 (VWD2) 55
Therapeutics) monovalent antibody recycling of VWF subjects prophylactic
BT200/ Pegylated RNA Decrease of VWF/FVIII - .
rondoraptivon aptamer blocking clearance, increase of S'gﬁ:liglswgzss IV/SC/ VWD1 VWD2B 56. 58-61
pegol (Band VWF/GPlba platelet counts (in P HA ’ prophylactic ’
Therapeutics) interaction thrombocytopenic patients)
Agents enhancing the procoagulant potential
Emicizumab FVIIl-mimetic. Increase of thrombin 555‘858‘;%2?\ o VWD with low FVII]
. Bispecific antibody generation in the 23 P ‘. SC/prophylactic ~ (VWD1), VWDS, 63-69
(Roche/Chugai) i Fixa & anti-FX absence of FVIII murine models of VWD2N
VWDS3, VWD2A
BIVV0O01/ FVIII-mimetic. Fusion Increase of thrombin Clinical trial in VWD with low FVIII
efanesoctocog protein independent generation in the VWD3 VWD2N IV/prophylactic | (VWD1), VWD3, 70
alfa (Sanofi) of VWF absence of FVIII VWD2N
Other FVIII mimetics potentially useful for VWD: Mim8 (Novo Nordisk), NTX007 (Chugai/Roche)
NHP model of
VGA039 (STAR Rebalancing-agent. Rebalance of thrombin acquired VWD,
Therapeutics) Monoclonal antibody generation in the clinical trial in ~ SC/prophylactic All VWD types 71-73
P anti-protein S absence of FVIII VWD (various
types)
Sl ||jsp|red Synthetic : Severe VWD(3),
nanoparticles functionalized Increase of platelet Murine models of IV/on-demand VWD2B 75
(Haima . adhesion and aggregation VWD3, VWD2B
: nanoparticles Other VWD
Therapeutics)

Other rebalancing and generalized hemostatic agents potentially useful for VWD: ETX-148 (E-Therapeutics), marstacimab
(Pfizer), concizumab (Novo Nordisk), fitusiran (Sanofi), SerpinPC (Apcintex Ltd/Centessa Pharmaceuticals), HMB-001 (Hemab
Therapeutics), SG-100 (SeraGene Therapeutics)

Genetic approaches

Inhibition of the expression

SiRNA targeting VWF of altered VWF multimers =~ Murine models All VWD genetic

SIRNA unique or common and correction of the VWD2A, VWD2B Prophylactic variants 80, 84
variants . .
dominant-negative effect
- : Cellular and I
Gene therapy Lentivirus AGlElEITEN Wi OfaEss e murine model of v CIEIERTE W= 91, 92
Increase of VWF levels defects
VWD3
Additional VWF expression/ Murine model of Quantitative VWF
Gene therapy Dual-AAV Increase of VWF levels VWD3 v defects 93
Molecules preventing excessive VWF degradation
. Prevention of excessive .

MAb508 Monoclonal antibody — * Ap AMTS13-mediated  MOCK Circulatory : Acquired VWS 94

anti-VWF/D4 . ECMO loop

VWEF degradation
Monoclonal

o . Inhibition of ADAMTS13- Calf model of :
Sk e arXBXﬁ;I?FSS?gtI- mediated VWF degradation  acquired VWS A AUl i =

VWD: von Willebrand disease; VWF: von Willebrand factor; FcRn: neonatal Fc receptor; SC: subcutaneous; WT: wild-type; NHP: non-human
primate; IV: intravenous; GPlba: glycoprotein Iba; HA: hemophilia A; FVIII: coagulation factor VIII; FIXa: activated coagulation factor IX; FX:
coagulation factor X; siRNA: small interfering RNA; AAV: adeno-associated virus; ADAMTS13: a disintegrin and metalloproteinase with a throm-
bospondin type 1 motif, member 13; ECMO: extracorporeal membrane oxygenation device; VWS: von Willebrand syndrome.
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sis in bleeding models. In patients, an inverse correlation
between VWF/FVIII levels and the bleeding score was re-
ported for patients with type 1 VWD, suggesting that even
modest sustained increases in protein levels might reduce
bleeding.®* It should be noted that albumin-fusion proteins
generally have a relatively shorter half-life in mice than in
humans, due to the shorter half-life of murine albumin
compared to that of human albumin. This suggests that
the rise in VWF might be more important in humans than
in mice. Therefore, KB-V13A12 is a promising prophylactic
option for many VWD type 1 patients with low levels of
functional VWF. While it has not been tested yet in mod-
els of VWD type 2, it could be effective in patients eligible
for desmopressin. Advantages include subcutaneous ad-
ministration, long half-life and unaltered VWF functions.
Preclinical studies are ongoing.

HMB-002

HMB-002 is a monovalent antibody that binds to the
C-terminal CK domain of endogenous VWF. The modified
Fc portion can engage the FcRn-recycling pathway. /n
vitro, the antibody did not interfere with VWF functions
and ADAMTS13 proteolysis. Intravenous/subcutaneous
administration (10 mg/kg) in cynomolgus monkeys in-
creased VWF/FVIII antigen levels and VWF:RCo activity
while leaving multimer profiles unaffected.®®* HMB-002
could represent a prophylactic option for VWD type 1
patients. An interventional phase | study in adults with
type 1 VWD (NCT06754852) was started early in 2025.
Similarly to KB-V13A12, HMB-002 has not yet been eval-
uated in models of type 2 VWD.

BT200/rondoraptivon pegol

BT200/rondoraptivon pegol is an optimized pegylated RNA
aptamer that binds to the VWF/A1 domain derived from
ARC1779. It was first designed as an anti-thrombotic agent
for its capacity to inhibit the VWF-GPIba interaction, there-
by decreasing platelet adhesion and aggregation.®®5” A pilot
trial in patients with VWD type 2B showed that ARC1779
could counteract desmopressin-induced thrombocytope-
nia, suggesting that it interferes with VWF elimination,®®
and next-generation BT200 was tested in five VWD type 2B
patients. Low doses of BT200 increased VWF/FVIII levels
and, in thrombocytopenic patients, also improved platelet
counts and the multimeric profile. The inhibitory effects were
predominant at higher doses, and only minor spontaneous
bleeds and minor thrombotic complications were reported.5£°
BT200 is particularly interesting for its ability to increase
platelet counts in complex cases of VWD type 2B. Recently,
it was successfully administered peri-interventionally with
or without replacement therapy to elevate platelet counts
during interventions and post-procedurally.®’

While beneficial effects are undoubted in some patients,
BT200 still maintains inhibitor potential toward VWF, and
close monitoring should be considered.

C. Casari et al.

Agents enhancing the procoagulant potential
Procoagulant approaches, mainly developed for patients
with hemophilia A, include FVIII mimetics and general he-
mostatic agents that enhance FVIII activity, rebalance the
pro- and anti-coagulant equilibrium or improve platelet
adhesion and aggregation.

Emicizumab and factor VIII mimetics

Emicizumab is a bispecific monoclonal antibody that si-
multaneously binds activated factor IX and factor X, thereby
partially mimicking FVIII cofactor activity. Emicizumab has
revolutionized the clinical management and quality of life
of many people with hemophilia A.*? In 2019, a first clini-
cal case documented the off-label use of emicizumab in
a pediatric patient with severe VWD type 3 with anti-VWF
alloantibodies,®® rekindling the question of whether restor-
ing FVIlI-like activity improves or corrects the hemostatic
response in these patients. Since then, several VWD type
3 patients with or without anti-VWF antibodies and dif-
ferent bleeding characteristics have been treated off-label
with emicizumab, with regimens similar to those applied
to hemophilia patients. Importantly, emicizumab not only
enhanced the hemostatic capacity of these VWD patients
but also significantly improved their quality of life.®*¢® Not
surprisingly, breakthrough bleeding occasionally occurred
and sometimes required additional treatments with re-
combinant activated factor VII, rFVIII, or pdVWF/FVII].63-6567
Generally, the follow-ups reported have been short (1-12
months), except for one patient with severe VWD who de-
veloped gastrointestinal bleeding and was then switched
to off-label emicizumab. Only one bleeding episode was
reported during 5 years of treatment, with a concomitant
reduction of VWF inhibitor to undetectable levels.®®

Ryu et al.” have reported the first successful surgical
management (multiple teeth extraction) using BIVV001/
efanesoctocog alfa (one preoperative dose) in a patient
with VWD type 2N and coronary artery disease.

Similarly, other FVIII mimetics (Mim8, NXT007) could be
interesting prophylactic options for some VWD patients.
Phase | clinical studies have been initiated for emici-
zumab (NCT05500807) and BIVVO0O1/efanesoctocog alfa
(NCT04770935), but no results have yet been presented.

Advantages of FVIII mimetics include subcutaneous ad-
ministration, except for BIVV0O01, long half-life, and the
existence of clinical data in patients with hemophilia A.

VGAO39

VGAO039 is a monoclonal IgG4 antibody inhibiting the co-
factor activity of protein S to activated protein C and tis-
sue-factor pathway inhibitor. /n vitro, VGA039 enhanced
thrombin generation in plasma samples from patients with
various types of VWD, and, in a non-human primate with
acquired VWD, it improved hemostatic response in a labial
mucosa puncture assay.”? In the early stage of the VIVID2
open-label phase | study (NCT05776069), seven adult pa-
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tients with VWD (1 with VWD type 1, 1 with VWD type 2A,
2 with VWD type 2M and 3 with VWD type 3) with FVIII
activity <50 IU/dL received a single dose of 3 or 4.5 mg/
kg of the antibody. In patients receiving the higher dose,
thrombin generation was enhanced to levels observed
in healthy volunteers for about 4 weeks and annualized
bleeding rates decreased. No grade =2 or drug-related
adverse events were reported.”

Other rebalancing molecules

Other rebalancing agents with potential effects in VWD in-
clude marstacimab and concizumab, antibodies inhibiting
tissue-factor pathway inhibitor; fitusiran, a short interfering
(si)RNA targeting antithrombin; SerpinPC, a serin-protease
inhibitor of activated protein C; and ETX-148, a siRNA tar-
geting protein Z-dependent protease inhibitor.>"™

Platelet-inspired synthetic nanoparticles (SynthoPlate)
Synthetic platelet nanoparticles are transfusable lipid vesi-
cles decorated with peptides to mimic some platelet func-
tions. Early versions of synthetic platelets designed to im-
prove platelet adhesion and aggregation displayed peptides
binding VWF, collagen and activated allbp3. In physiological
conditions, synthetic platelets have no biological activity,
while at sites of vascular injury, they collaborate with en-
dogenous platelets and improve the hemostatic response.
Synthetic platelets were tested ex vivo and in vivo in mu-
rine models of VWD types 3 and 2B, significantly improv-
ing hemostasis in a tail-clip assay.” Milder effects in VWD
type 2B were probably associated with the thrombopathy
in these mice.”®""

Synthetic platelets are potential general hemostatic agents
for short-term/peri-interventional treatment (alone or in
combination with other treatments) which could be benefi-
cial for all VWD types, with or without inhibitors. Advantages
include high stability, room temperature storage, lyophilized
formulation and the potential to expand their functions.

Other generalized approaches

Other generalized approaches include siRNA that target
plasminogen (SG-100) and suppress fibrinolysis™ and HMB-
0001, a bispecific antibody that accumulates activated
factor VII and promotes factor X activation.*®

Genetic approaches

Short interfering RNA/gene editing

siRNA are short RNA molecules inducing RISC-mediated
RNA degradation based on sequence complementarity
and can, theoretically, target any gene of interest. The
first siRNA-based studies in VWD used variant-selec-
tive siRNA in cellular models™ and, a few years later, in
a murine model® mimicking heterozygous VWD. These
proof-of-concept studies aimed to demonstrate that it is
possible to modulate the dominant-negative effect of het-
erozygous VWF variants with silencing approaches. Later,
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allele-selective siRNA were proposed to target common
variants (single nucleotide polymorphisms) present on the
same allele of a heterozygous pathologic variant, with the
potential to target patients with different disease-causing
alterations with the same siRNA.®' This approach was test-
ed in cellular models,®?8 and in an ad-hoc murine model
of VWD type 2B administered endothelial-directed lipid
nanoparticles loaded with siRNA.*

Despite some specific limitations of each strategy, siRNA-based
approaches are rarely associated with complete inhibition
of their target, failing to completely prevent the expression
of altered VWF and its dominant-negative effect.

Besides siRNA, CRISPR/Cas9-based gene editing approaches
also have the potential to counteract dominant-negative
variants and have been tested in cellular models of VWD.
These are rapidly evolving personalized technologies with
great potential to cure VWD but are still in early preclinical
development.

Other genetic approaches/gene therapy

Early attempts at gene therapy for VWD relied on hepato-
cyte-mediated expression of VWF by hydrodynamic gene
transfer or a “Sleeping Beauty” transposon system in mu-
rine models of VWD with the major challenge being correct
multimerization.®¢-°° Such techniques remain invaluable
tools for research studies.

Lentiviral-mediated expression of VWF was first achieved in
canine VWD type 3 endothelial colony-forming cells® and in
VWF knock-out mice through intrahepatic administration in
newborn mice,®? but these early studies were not pursued.
Adeno-associated virus-based gene therapy for VWD is
limited by the large size of VWF cDNA, which exceeds the
packaging capacity of adeno-associated virsuses. An endo-
thelial cell-targeted dual vector strategy resulted in long-
term expression of VWF in VWF knock-out mice.®*®* However,
expression levels were too low to be clinically relevant.
Further studies are required to improve viral-mediated VWF
expression and to understand if and how gene therapy can
overcome the dominant-negative effect of VWF variants,
which will not be prevented by endothelial expression of
the normal transgene.

Molecules preventing excessive von Willebrand factor
degradation

ADAMTS13-mediated degradation is enhanced in patients
carrying VWD type 2A (group Il) variants and in some cases
of acquired von Willebrand syndrome, secondary to aortic
stenosis or to support with mechanical circulatory devices.
Mab508 is a monoclonal anti-VWF/D4 antibody interfering
with the docking of ADAMTS13 on VWF. This antibody pre-
vented excessive VWF degradation without interfering with
physiological degradation.®* 3H9 and 17C7 are anti-ADAMTS13
monoclonal antibodies that entirely block ADAMTS13 activity,
thereby preventing VWF degradation in ex vivo loops. 17C7
was tested in a preclinical calf model of acquired von Wille-
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brand syndrome and partially reversed the loss of VWF high
molecular weight multimers.®®

The major difference between anti-VWF and anti-ADAMTS13
antibodies is the partial versus complete inhibition of ADAMTS13
activity, with potentially higher risks of thrombotic throm-
bocytopenic purpura-like adverse events with 3H9 or 17C7.
The latter may, therefore, require closer medical surveillance.

Concluding remarks

Desmopressin remains the standard treatment for patients
with mild VWD type 1 with partial quantitative deficien-
cies of VWF. For patients with moderate to severe VWD,
plasma-derived and recombinant VWF are effective and
safe options. Despite efficacy in arresting and preventing
severe bleeding events, these treatments have some lim-
itations, including their short duration of action, requiring
frequent administration, and they may be less effective
in certain bleeding situations, resulting in a high burden
and low quality of life for the patients. To address these
challenges and better meet the needs of the patients, in-
novative therapies tailored to groups of patients with the
same molecular defect or bleeding phenotype are currently
under investigation. While clinical studies in VWD patients
remain challenging, some of these new options have been
evaluated in clinical trials or are close to entering clinical
evaluation. These advancements are paving the way for
more personalized treatments for VWD.

References

C. Casari et al.

Disclosures

CC is co-inventor on a patent related to KB-V13A12 and
receives research funding, to her institute, from Institut
Roche and Novo Nordisk. FWGL has received unrestricted
research grants from CSL Behring, Takeda and Sobi. He is a
consultant for CSL Behring, Takeda and Biomarin, receiving
fees that are paid to his institution. FP has received hon-
oraria for participating in advisory boards for CSL Behring,
Biomarin, Roche, Sanofi, Sobi and Pfizer and in educational
symposia organized by Takeda, Sanofi and Kendrion.

Contributions
CC, FWGL and FP contributed to writing and editing the
manuscript.

Funding

FP acknowledges the support of the Ministry of Health, Ban-
do Ricerca Corrente and the Italian Ministry of Education
and Research - MUR (‘Dipartimenti di Eccellenza’ Program
2023-27 - Department of Pathophysiology and Transplan-
tation, Universita degli Studi di Milano). The Hemostasis
& Thrombosis Unit of the Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico is a member of the Euro-
pean Reference Network on Rare Hematological Diseases
Euro-BloodNet-Project ID No 101157011. ERN-EuroBloodNet
is partly co-funded by the European Union within the frame-
work of the Fourth EU Health Program.

. Sadler JE. Biochemistry and genetics of von Willebrand factor.
Annu Rev Biochem. 1998;67:395-424.

. Seidizadeh O, Eikenboom JCJ, Denis CV, et al. von Willebrand
disease. Nat Rev Dis Primers. 2024;10(1):51.

. Leebeek FWG, Eikenboom JCJ. Von Willebrand’s disease. N Engl
J Med. 2017;376(7):701-702.

.von Willebrand EA. Hereditare pseudohemofili. Fink Lak Handl.
1926;67:7-112.

. von Willebrand EA. Uber hereditidre Pseudohdmophilie. Acta
Med Scand. 1931;76(4-6):521-550.

. Nilsson IM, Blomback M, Jorpes E, Blomback B, Johansson SA.
Von Willebrand’s disease and its correction with human plasma
fraction 1-0. Acta Med Scand. 1957;159(3):179-188.

. Nilsson IM, Blomback M, Blomback B. v. Willebrand’s disease in
Sweden; its pathogenesis and treatment. Acta Med Scand.
1959;164:263-278.

. Pool JG. Cryoprecipitated factor VIIl concentrate. Thromb Diath
Haemorrh Suppl. 1968;35:35-40.

. Bennett E, Dormandy K. Pool’s cryoprecipitate and exhausted

plasma in the treatment of von Willebrand’s disease and factor-

XI deficiency. Lancet. 1966;2(7466):731-732.

van Mourik JA, Mochtar IA. Purification of human antihemophilic

factor (factor VIII) by gel chromatography. Biochim Biophys Acta.

1970;221(3):677-679.

Zimmerman TS, Ratnoff OD, Powell AE. Immunologic

10.

11.

differentiation of classic hemophilia (factor 8 deficiency) and
von Willebrand’s dissase, with observations on combined
deficiencies of antihemophilic factor and proaccelerin (factor V)
and on an acquired circulating anticoagulant against
antihemophilic factor. J Clin Invest. 1971;50(1):244-254.
Hilgartner MW, Giardina P. Liver dysfunction in patients with
hemophilia A, B, and von Willebrand’s disease. Transfusion.
1977,17(5):495-499.

Preston FE, Triger DR, Underwood JC. Blood product
concentrates and chronic live disease. Lancet. 1982;1(8271):565.
Schulman S, Biberfeld G, Blomback M, et al. HIV infection in a
defined population of Swedish haemophiliacs. Scand J Infect
Dis. 1987;19(2):159-166.

Peyvandi F, Kouides P, Turecek PL, Dow E, Berntorp E. Evolution
of replacement therapy for von Willebrand disease: from
plasma fraction to recombinant von Willebrand factor. Blood
Rev. 2019;38:100572.

Favaloro EJ, Bukuya M, Martinelli T, et al. A comparative multi-
laboratory assessment of three factor VlIlI/von Willebrand factor
concentrates. Thromb Haemost. 2002;87(3):466-476.

Lethagen S, Carlson M, Hillarp A. A comparative in vitro
evaluation of six von Willebrand factor concentrates.
Haemophilia. 2004;10(3):243-249.

Eikenboom J, Federici AB, Dirven RJ, et al. VWF propeptide and
ratios between VWF, VWF propeptide, and FVIII in the

12.

13.

14.

15.

16.

17.

18.

Haematologica | 111 January 2026

63



REVIEW SERIES - Treatment landscape of VWD

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

characterization of type 1 von Willebrand disease. Blood.
2013;121(12):2336-2339.

Ettingshausen CE, Lassila R, Escolar G, et al. Plasma-derived
von Willebrand factor/factor VIl concentrate (Haemate P) in von
Willebrand disease: a systematic review and pharmacovigilance
update. Haemophilia. 2025;31(2):247-262.

Boender J, Eikenboom J, van der Bom JG, et al. Clinically
relevant differences between assays for von Willebrand factor
activity. J Thromb Haemost. 2018;16(12):2413-2424.,

Gill JC, Ewenstein BM, Thompson AR, Mueller-Velten G,
Schwartz BA, Humate-P Study Group. Successful treatment of
urgent bleeding in von Willebrand disease with factor VIII/VWF
concentrate (Humate-P): use of the ristocetin cofactor assay
(VWF:RCo) to measure potency and to guide therapy.
Haemophilia. 2003;9(6):688-695.

Connell NT, Flood VH, Brignardello-Petersen R, et al. ASH ISTH
NHF WFH 2021 guidelines on the management of von Willebrand
disease. Blood Adv. 2021;5(1):301-325.

Mannucci PM, Franchini M. Von Willebrand’s disease. N Engl J
Med. 2017;376(7):701.

Mannucci PM. Treatment of von Willebrand’s disease. N Engl J
Med. 2004;351(7):683-694.

Coppola A, Franchini M, Makris M, Santagostino E, Di Minno G,
Mannucci PM. Thrombotic adverse events to coagulation factor
concentrates for treatment of patients with haemophilia and
von Willebrand disease: a systematic review of prospective
studies. Haemophilia. 2012;18(3):e173-187.

Brignardello-Petersen R, El Alayli A, Husainat N, et al. Surgical
management of patients with von Willebrand disease: summary
of 2 systematic reviews of the literature. Blood Adv.
2022;6(1):121-128.

Al Arashi W, Cloesmeijer ME, Leebeek FWG, et al. Replacement
therapy in pregnant women with von Willebrand disease during
delivery: factor levels and pharmacokinetics. Hemasphere.
2025;9(1):e70061.

Borel-Derlon A, Federici AB, Roussel-Robert V, et al. Treatment
of severe von Willebrand disease with a high-purity von
Willebrand factor concentrate (Wilfactin): a prospective study of
50 patients. J Thromb Haemost. 2007;5(6):1115-1124.

Berntorp E, Petrini P. Long-term prophylaxis in von Willebrand
disease. Blood Coagul Fibrinolysis. 2005;16(Suppl 1):523-26.
Abshire T, Cox-Gill J, Kempton CL, et al. Prophylaxis escalation
in severe von Willebrand disease: a prospective study from the
von Willebrand Disease Prophylaxis Network. J Thromb
Haemost. 2015;13(2):1585-1589.

Peyvandi F, Castaman G, Gresele P, et al. A phase Ill study
comparing secondary long-term prophylaxis versus on-demand
treatment with VWF/FVIII concentrates in severe inherited von
Willebrand disease. Blood Transfus. 2019;17(5):391-398.

Rugeri L, Harroche A, Repessé Y, et al. Effectiveness of long-
term prophylaxis using pdFVIII/VWF concentrate in patients
with inherited von Willebrand disease. Eur J Haematol.
2022;109(1):109-117.

Franchini M, Makris M, Santagostino E, Coppola A, Mannucci PM.
Non-thrombotic-, non-inhibitor-associated adverse reactions to
coagulation factor concentrates for treatment of patients with
hemophilia and von Willebrand’s disease: a systematic review of
prospective studies. Haemophilia. 2012;18(3):e164-172.

Pagliari MT, Budde U, Baronciani L, et al. von Willebrand factor
neutralizing and non-neutralizing alloantibodies in 213 subjects
with type 3 von Willebrand disease enrolled in 3WINTERS-IPS. J
Thromb Haemost. 2023;21(4):787-799.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

C. Casari et al.

Mannucci PM, Ruggeri ZM, Pareti FI, Capitanio A. 1-Deamino-8-
d-arginine vasopressin: a new pharmacological approach to the
management of haemophilia and von Willebrands’ diseases.
Lancet. 1977;1(8017):869-872.

Mannucci PM, Lusher JM. Desmopressin and thrombosis.
Lancet. 1989;2(8664):675-676.

Turecek PL, Schrenk G, Rottensteiner H, et al. Structure and
function of a recombinant von Willebrand factor drug candidate.
Semin Thromb Hemost. 2010;36(5):510-521.

Gritsch H, Schrenk G, Weinhappl N, Mellgard B, Ewenstein B,
Turecek PL. Structure and function of recombinant versus
plasma-derived von Willebrand factor and impact on multimer
pharmacokinetics in von Willebrand disease. J Blood Med.
2022;13:649-662.

Mannucci PM, Kempton C, Millar C, et al. Pharmacokinetics and
safety of a novel recombinant human von Willebrand factor
manufactured with a plasma-free method: a prospective clinical
trial. Blood. 2013;122(5):648-657.

Gill JC, Castaman G, Windyga J, et al. Hemostatic efficacy,
safety, and pharmacokinetics of a recombinant von Willebrand
factor in severe von Willebrand disease. Blood.
2015;126(17):2038-2046.

European Medicicines Agency EMA. https:/www.ema.europa.eu/
en/documents/product-information/veyvondi-epar-product-
information_en.pdf Accessed May 30, 2025.

Peyvandi F, Mamaev A, Wang J-D, et al. Phase 3 study of
recombinant von Willebrand factor in patients with severe von
Willebrand disease who are undergoing elective surgery. J
Thromb Haemost. 2019;17(1):52-62.

Leebeek FWG, Peyvandi F, Tiede A, et al. Prophylaxis with
recombinant von Willebrand factor in patients with type 3 von
Willebrand disease: results of a post hoc analysis from a phase
3 trial. Eur J Haematol. 2023;111(1):29-40.

Ragni M, Rothenberger SD, Feldman R, et al. Recombinant von
Willebrand factor and tranexamic acid for heavy menstrual
bleeding in patients with mild and moderate von Willebrand
disease in the USA (VWDMin): a phase 3, open-label,
randomised, crossover trial. Lancet Haematol.
2023;3026(23):1-12.

Leebeek FWG, Peyvandi F, Escobar M, et al. Recombinant von
Willebrand factor prophylaxis in patients with severe von
Willebrand disease: phase 3 study results. Blood.
2022;140(2):89-98.

Denis CV, Susen S, Lenting PJ. von Willebrand disease: what
does the future hold? Blood. 2021;137(17):2299-2306.

Atiq F, Saes JL, Punt MC, et al. Major differences in clinical
presentation, diagnosis and management of men and women
with autosomal inherited bleeding disorders. EClinicalMedicine.
2021;32:100726.

Casari C, Leung J, James PD. New and emerging therapies for
women, girls, and people with the potential to menstruate with
VWD. Blood Adv. 2023;7(24):7501-7505.

Lenting PJ, Kizlik-Manson C, Casari C. Towards novel treatment
options in von Willebrand disease. Haemophilia.
2022;28(S4):5-10.

James P, Leebeek F, Casari C, Lillicrap D. Diagnosis and
treatment of von Willebrand disease in 2024 and beyond.
Haemophilia. 2024;30(Suppl 3):103-111.

Regling K, Sidonio RF. Factor VIII stimulants and other novel
therapies for the treatment of von Willebrand disease: what’s
new on the horizon? Expert Opin Pharmacother.
2024;25(11):1427-1438.

Haematologica | 111 January 2026

64



REVIEW SERIES - Treatment landscape of VWD

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

McCluskey G, Heestermans M, Peyron I, et al. A fully humanized
von Willebrand disease type 1 mouse model as unique platform
to investigate novel therapeutic options. Haematologica.
2025;110(4):923-937.

Peyron I, Casari C, Christophe O, Lenting P, Denis C. KB-V13A12,
a novel nanobody-based therapeutic molecule for the
treatment of von Willebrand disease. Res Pract Thromb
Haemost. 2023;7(Suppl2):100545.

Tosetto A, Rodeghiero F, Castaman G, et al. A quantitative
analysis of bleeding symptoms in type 1 von Willebrand disease:
results from a multicenter European study (MCMDM-1 VWD). J
Thromb Haemost. 2006;4(4):766-773.

Ostergaard H, Zivkovic M, Gandhi P, et al. Elevating levels of
endogenous circulating von Willebrand factor (VWF): the
potential of HMB-002 as a prophylactic treatment of von
Willebrand disease. Haemophilia. 2025;31(S1):24.

Gilbert JC, DeFeo-Fraulini T, Hutabarat RM, et al. First-in-
human evaluation of anti von Willebrand factor therapeutic
aptamer ARC1779 in healthy volunteers. Circulation.
2007;116(23):2678-86.

Duerschmied D, Merhi Y, Tanguay JF, et al. Inhibition of von
Willebrand factor-mediated platelet activation and thrombosis
by the anti-von Willebrand factor Al-domain aptamer ARC1779.
J Thromb Haemost. 2009;7(7):1155-1162.

Jilma B, Paulinska P, Jilma-Stohlawetz P, Gilbert J, Hutabarat R,
Knobl P. A randomised pilot trial of the anti-von Willebrand
factor aptamer ARC1779 in patients with type 2b von Willebrand
disease. Thromb Haemost. 2010;104(09):563-570.

Kovacevic KD, Grafeneder J, Schorgenhofer C, et al. The von
Willebrand factor A-1 domain binding aptamer BT200 elevates
plasma levels of von Willebrand factor and factor VIII: a first-in-
human trial. Haematologica. 2022;107(9):2121-2132.

Ay C, Pabinger |, Kovacevic KD, et al. The VWF binding aptamer
rondoraptivon pegol increases platelet counts and VWF/FVIII in
type 2B von Willebrand disease. Blood Adv.
2022;6(18):5467-5476.

Moser M, Ay C, Schoergenhofer C, Gilbert JC, Zhu S, Jilma B.
Rondaptivon pegol (BT200) to correct thrombocytopenia in a
peri-interventional setting in type 2B von Willebrand disease
(VWD). Blood. 2024;144(Supplement 1):3984.

Callaghan MU, Negrier C, Paz-Priel I, et al. Long-term outcomes
with emicizumab prophylaxis for hemophilia A with or without
FVIII inhibitors from the HAVEN 1-4 studies. Blood.
2021;137(16):2231-2242.

Weyand AC, Flood VH, Shavit JA, Pipe SW. Efficacy of
emicizumab in a pediatric patient with type 3 von Willebrand
disease and alloantibodies. Blood Adv. 2019;3(18):2748-2750.
Cefalo MG, Ronco F, Felice G, et al. Effectiveness of emicizumab
in preventing life-threatening bleeding complications in type 3
von Willebrand disease with inhibitors: a paediatric report.
Haemophilia. 2021;27(4):e495-e497.

Barg AA, Avishai E, Budnik I, et al. The potential role of
emicizumab prophylaxis in severe von Willebrand disease. Blood
Cells Mol Dis. 2021;87:102530.

Shanmukhaiah C, Jijina F, Kannan S, et al. Efficacy of
emicizumab in von Willebrand disease (VWD) patients with and
without alloantibodies to von Willebrand factor (VWF): report of
two cases and review of literature. Haemophilia.
2022;28(2):286-291.

LeMaistre Fl, Chiang E, Streiff MB, Yui JC. Efficacy of
emicizumab therapy in two adult patients with type 3 von
Willebrand disease. Blood Coagul Fibrinolysis.

68.

69.

70.

1.

2.

73.

4.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

C. Casari et al.

2024;35(4):206-208.

Giuffrida AC, Siboni SM, Baronciani L, Poli G, Gandini G,
Peyvandi F. Emicizumab in type 3 von Willebrand disease: report
of a case with an alloantibody and literature review. Semin
Thromb Hemost. 2025;51(1):73-80.

Briane A, Horvais V, Sigaud M, et al. Bleeding management in
type 3 von Willebrand disease with anti-von Willebrand factor
inhibitor: a literature review and case report. EJHaem.
2024;5(5):964-970.

Ryu JH, Bauer KA, Schulman S. Periprocedural management of
type 2N von Willebrand disease with efanesoctocog alfa. J
Thromb Haemost. 2023;21(12):3508-3510.

Leong L, Byun T, Kim B, et al. Pre-clinical characterization of
VGAO039, an anti-protein S monoclonal antibody being
developed as a universal hemostatic agent for various bleeding
disorders. Blood. 2022;140(Supplement 1):1666-1667.

Huck I, Leong L, Byun T, et al. PB1311 prophylactic efficacy of
VGAO039, an anti-protein S monoclonal antibody, in a novel
non-human primate model of acquired von Willebrand disease.
Res Pract Thromb Haemost. 2023;7(Suppl 2):101253.

Millar CM. A phase | study of VGA039, a protein S-targeting
monoclonal antibody, in individuals with von Willebrand disease
demonstrates sustained drug concentrations, increased
thrombin generation and decreased bleeding following a single
subcutaneous injection. Haemophilia. 2025;31(S1):153.

Pursell N, Whitmore A. Efficacy and safety of ETX-148 in murine
models of haemophilia A and B. Haemophilia. 2025;31(S1):27.
Roullet S, Luc N, Rayes J, et al. Efficacy of platelet-inspired
hemostatic nanoparticles on bleeding in von Willebrand disease
murine models. Blood. 2023;141(23):2891-2900.

Casari C, Berrou E, Lebret M, et al. von Willebrand factor
mutation promotes thrombocytopathy by inhibiting integrin
allbp3. J Clin Invest. 2013;123(12):5071-5081.

Casari C, Paul DS, Susen S, et al. Protein kinase C signaling
dysfunction in von Willebrand disease (p.V1316M) type 2B
platelets. Blood Adv. 2018;2(12):1417-1428.

Ketelboeter L, Skaer C, Schroeder J, et al. OC 39.2 siRNA
knockdown of plasminogen inhibits fibrinolysis and reduces
bleeding in animal models of bleeding disorders. Res Pract
Thromb Haemost. 2025;9(Suppl 2):268-269.

Casari C, Pinotti M, Lancellotti S, et al. The dominant-negative
von Willebrand factor gene deletion p.P1127_C1948delinsR:
molecular mechanism and modulation. Blood.
2010;116(24):5371-5376.

Campioni M, Legendre P, Loubiere C, et al. In vivo modulation of
a dominant-negative variant in mouse models of von Willebrand
disease type 2A. J Thromb Haemost. 2021;19(1):139-146.
Linthorst NA, Van Vlijmen BJM, Eikenboom JCJ. The future of
siRNA-mediated approaches to treat von Willebrand disease.
Exp Rev Hematol. 2025;18(2):109-122.

de Jong A, Dirven RJ, Oud JA, Tio D, van Vlijmen BJM,
Eikenboom J. Correction of a dominant-negative von Willebrand
factor multimerization defect by small interfering RNA-
mediated allele-specific inhibition of mutant von Willebrand
factor. J Thromb Haemost. 2018;16(7):1357-1368.

De Jong A, Dirven RJ, Boender J, et al. Ex vivo improvement of a
von Willebrand disease type 2A phenotype using an allele-
specific small-interfering RNA. Thromb Haemost.
2020;120(11):1569-1579.

Linthorst NA, Jongejan YK, Dirven RJ, et al. Amelioration of a
von Willebrand disease type 2B phenotype in vivo upon
treatment with allele-selective siRNAs. Blood Adv.

Haematologica | 111 January 2026

65



REVIEW SERIES - Treatment landscape of VWD

85.

86.

87.

88.

89.

90.

91.

2025;9(2):310-320.

Barraclough A, D’Amico A, Leite de Oliveira R, et al. Restoration
of VWF in von Willebrand disease type 3 canine ECFCs through
CRISPR-Cas9 mediated gene editing. Res Pract Thromb
Haemost. 2022;6(Suppl 1):601-602.

De Meyer SF, Vandeputte N, Pareyn |, et al. Restoration of
plasma von Willebrand factor deficiency is sufficient to correct
thrombus formation after gene therapy for severe von
Willebrand disease. Arterioscler Thromb Vasc Biol.
2008;28(9):1621-1626.

Golder M, Pruss CM, Hegadorn C, et al. Mutation-specific
hemostatic variability in mice expressing common type 2B von
Willebrand disease substitutions. Blood.
2010;115(23):4862-4869.

Marx I, Christophe OD, Lenting PJ, et al. Altered thrombus
formation in von Willebrand factor-deficient mice expressing
von Willebrand factor variants with defective binding to
collagen or GPllIbllla. Blood. 2008;112(3):603-609.

Portier I, Vanhoorelbeke K, Verhenne S, et al. High and long-
term von Willebrand factor expression after Sleeping Beauty
transposon-mediated gene therapy in a mouse model of severe

von Willebrand disease. J Thromb Haemost. 2018;16(3):592-604.

Quiviger M, Giannakopoulos A, Verhenne S, et al. Improved
molecular platform for the gene therapy of rare diseases by
liver protein secretion. Eur J Med Gen. 2018;61(11):723-728.
De Meyer SF, Vanhoorelbeke K, Chuah MK, et al. Phenotypic
correction of von Willebrand disease type 3 blood-derived
endothelial cells with lentiviral vectors expressing von

92.

93.

94.

95.

96.

97.

98.

C. Casari et al.

Willebrand factor. Blood. 2006;107(12):4728-4736.

Wang L, Rosenberg JB, De BP, et al. In vivo gene transfer
strategies to achieve partial correction of von Willebrand
disease. Hum Gene Ther. 2012;23(6):576-588.

Barbon E, Kawecki C, Marmier S, et al. Development of a dual
hybrid AAV vector for endothelial-targeted expression of von
Willebrand factor. Gene Ther. 2023;30(3-4):245-254.

Rauch A, Legendre P, Christophe OD, et al. Antibody-based
prevention of von Willebrand factor degradation mediated by
circulatory assist devices. Thromb Haemost.
2014;112(5):1014-1023.

Deconinck SJ, Nix C, Barth S, et al. ADAMTS13 inhibition to treat
acquired von Willebrand syndrome during mechanical
circulatory support device implantation. J Thromb Haemost.
2022;20(12):2797-2809.

Riddell A, Vinayagam S, Gomez K, Laffan M, McKinnon T.
Evaluation of von Willebrand factor concentrates by platelet
adhesion to collagen using an in vitro flow assay. Res Pract
Thromb Haemost. 2019;3(1):126-135.

Harper P, Favaloro EJ, Curtin J, Barnes C, Dunkley S. Human
plasma-derived FVIII/VWD concentrate (Biostate): a review of
experimental and clinical pharmacokinetic, efficacy and safety
data. Drugs Context. 2016;5:212292.

Kannicht C, Fisseau C, Hofmann W, Kréning M, Fuchs B.
ADAMTS13 content and VWF multimer and triplet structure in
commercially available VWF/FVIIlI concentrates. Biologicals.
2015;43(2):117-122.

Haematologica | 111 January 2026

66



