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Abstract

von Willebrand disease (VWD) and hemophilia A (HA) are the most common inherited bleeding
disorders, caused by quantitative or qualitative defects of von Willebrand factor (VWF) and
coagulation factor VIII (FVIII). Over the past decades, both diseases have undergone a profound
therapeutic transformation, evolving from supportive care to highly effective replacement,
pharmacological, and prophylactic strategies. This perspective article compares the parallel but
distinct trajectories of therapeutic developments in HA and VWD, highlighting shared milestones
and disease-specific limitations. In HA, advances in recombinant technology, extended half-life factor
concentrates, nonfactor therapies such as FVIII mimetics and emerging gene therapy approaches
have established prophylaxis as the standard of care. VWD therapy has evolved more slowly, largely
owing to the marked clinical and molecular heterogeneity of this disease, that often causes difficult
and delayed diagnosis. Current management is based on desmopressin, plasma-derived products,
and recombinant VWF, with limited prophylaxis implementation. Nevertheless, a rapidly expanding
pipeline of novel therapies -- including VWF half-life extension strategies, VWF-independent
coagulation rebalancing agents, antifibrinolytics, platelet-mimetic technologies, and gene-based
approaches -- suggests an imminent shift in VWD management. Collectively, these developments
indicate a transition toward more individualized and mechanism-driven therapy, with the potential
to fill the therapeutic gap between VWD and HA and improve long-term outcomes and quality of life

in patients with these inherited bleeding disorders.
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Introduction

von Willebrand disease (VWD) and hemophilia A (HA) are the most common inherited bleeding

diseases, with prevalences in the general population of 1 in 1000 for symptomatic cases of VWD and
1in 10.000 for HA (all degrees of severity).l'2 VWD is caused by the deficiency or dysfunction of von

Willebrand factor (VWF), a large platelet-adhesive glycoprotein essential for primary hemostasis and

encoded by a gene on chromosome 12, whereas HA results from X-linked deficiency of coagulation

factor VIII (FVIII). 3% n the majority of VWD cases FVIIl is also deficient, because VWF is the essential
endogenous stabilizer of FVIII in plasma.5 Whilst HA is the epitome of coagulation defects mainly

characterized by soft tissue hemorrhages (in joints, muscles, at surgery and after trauma),z'6 in VWD

mucosal tract bleeding owing to the primary hemostasis defect (epistaxis, gastrointestinal bleeding,
heavy menstrual bleeding) may be accompanied by soft tissue bleeding (hemarthrosis, post-

operative and postpartum bleeding) proportional to the plasma levels of Fvii.’o

The therapy of both rare diseases has witnessed dramatic progress particularly in the last 10-15
years, driven by increased mechanistic knowledge and advances in molecular biology and
biotechnology, that prompted evolution from deficient factor replacement with blood derivatives to
medications manufactured by recombinant DNA technology, as well as nonfactor products based

upon monoclonal antibodies and more recently gene and nucleic acid-based therapies.lo'13

However, differences in diagnostic pathways and healthcare delivery may have contributed to
divergent trajectories in disease recognition and management, with VWD more frequently under-

recognized or managed outside specialised haemophilia treatment centres compared with HA,

particularly for milder phenotypes.l'2

This perspective article is focused for general hematologists on the parallel therapeutic advances

that materialized first for HA and more recently for VWD. The related trajectory promises a much
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more efficacious and feasible secondary prevention of both diseases and their clinical phenotypes,

as well as expanded options for personalized medicine.

Evolution of FVIII- and VWF-directed therapeutics: from replacement to modulation

Figure 1 depicts the timeline of available therapeutics for both HA and VWD and highlights the
evolution from such therapies as desmopressin, plasma-derived and recombinant replacement
products to nonfactor medications towards gene and nucleic acid-based approaches. Several
therapeutic agents originally developed for HA later prompted VWD management because of the
physiological interdependence of FVIII and VWF.

Early replacement therapies: cryoprecipitate and plasma-derived concentrates

An efficacious therapy for both HA and VWD first materialized in the 1960s with the availability of
cryoprecipitate, a blood product that contains both FVIII and VWF. Its discovery by Judith Graham
Pool represented a landmark advance that transformed both HA and VWD from conditions managed
primarily with supportive care into treatable diseases.'* Practical limitations for its production by
blood banks and storage issues led to the commercial manufacturing of lyophilized plasma-derived
concentrates containing both FVIII and VWF in varying relative proportions. Originally produced for
HA, they were subsequently employed and licensed also for VWD, first with a product characterized
by a high relative proportion of VWF to FVIII activities and then with others with more balanced
proportions of the two related moieties.’®*>7 |n VWD, this type of replacement therapy was
planned to restore both FVIII levels and the primary hemostasis functions of VWF. The clinical use
of these products purified from large plasma pools was jeopardized in the 1980s by the transmission

of bloodborne viral infections as hepatitis and HIV, subsequently tackled with the adoption in the



manufacturing process of such virucidal procedures as heating, filtration and solvent detergent,ls'19

that markedly improved product safety.

Desmopressin: the first pharmacological therapy for inherited bleeding disorders

The shadow of bloodborne infections but also the relatively limited availability and costs of these
products prompted in the 1970s the search of pharmacological treatments for both HA and VWD
that led to the development of desmopressin, a vasopressin derivative listed by WHO among
essential drugs.20 It is efficacious in mild HA, in the most frequent VWD type 1 plus in selected cases
of type 2 by transiently raising the plasma levels of FVIIIl and VWF through the release of these
endogenous moieties from vascular endothelial cells.?? Notably, desmopressin was the first therapy
for inherited bleeding disorders that could be administered by the subcutaneous and intranasal
routes, at variance with the venous access needed for plasma-derived products. Overall, it is
estimated that this medication has the potential to manage globally more than 220,000 bleeding

episodes annually, underscoring its substantial clinical value plus cost-effectiveness.?2

Recombinant technologies and the emergence of prophylaxis

In the 1980s cloning of genes encoding VWF and FVIII led to novel use of recombinant DNA
technology for manufacturing FVIII and VWF.2 Recombinant products also avoided the risk of

pathogen transmission associated with plasma-derived therapies. In the 1990s the safety and
successful clinical adoption of recombinant of FVIII fostered, at least in higher-income countries, the

more widespread implementation of prophylaxis regimens as the preferred management of HA
that, pioneered in Sweden, became state-of-the art in the decade.?>?> The transition from episodic

treatment to preventive care transformed HA from a disabling disease characterized by recurrent

hemarthroses and related arthropathy into a condition compatible at least in high income settings

with near-normal quality of life and life expectancy.26



It took a few more years to produce by recombinant technology such as huge and complex protein
as VWF and it is a monument of ingenuity that a commercial product was first employed in 2013 in

patients with the most severe form of VWD (type 3) and subsequently in other types, providing the
first plasma-free replacement option.?” The advantages of recombinant VWF are a plasma half-life
longer than that of plasma-derived products and an intact multimeric pattern, although the product
is more expensive for prophylaxis and is not reimbursed in several countries.?®

Extended half-life factor concentrates

Notwithstanding that prophylaxis became the paradigm of management of HA since the 1990s, its
implementation was hampered by the need of frequent intravenous injections owing to the short
plasma half-life of FVIIl. These challenges highlighted the unmet need to improve patients’
treatment adherence and quality of life by reducing the infusion frequency burden. A first step was
the production of a new class of antihemophilic drugs endowed with a more extended plasma half-

life by means of the recombinant fusion of coagulation factors with such proteins as albumin and
IgG Fc or their conjugation with a chemical such as polyethylene egcoI.lo'zg'30 First-generation

extended half-life FVIII products prolonged the half-life by roughly 1.3-1.5-fold compared with
standard products, allowing to reduce prophylaxis frequency from three times weekly to twice

weekly, or from every other day to every 3 days, depending on individual pharmacokinetics.31'34

More recently, further progress in biotechnology allowed the manufacturing of a product with such

a more extended plasma half-life that can be administered once weekly by overcoming the VWF-

imposed FVIII half-life ceiling.?’s'36

The nonfactor revolution
In the frame of this evolving scenario, a spectacular milestone was the development and clinical use

for prophylaxis of HA of the first nonfactor replacement medication, namely emicizumab. This



bispecific monoclonal antibody, when administered subcutaneous, mimics in plasma activated FVIII
by putting together in optimal configuration the enzymatic activities of factors IXa and Xa.3”38 This

truly innovative drug, licensed on the basis of the largest clinical number of patients ever used for
the clinical approval of a hemostatic drug, is efficacious in HA patients of all ages with and without

coagulation FVIII inhibitors and is currently being used at various dosages globally in approximately
40.0000 cases with all degrees of severity.37‘42 Its use has been associated with profound reductions

in annualized bleeding rates and a major improvement in quality of life owing to the shift to

subcutaneous and infrequent administrations. Nevertheless, breakthrough bleeding still occurs, and
factor replacement remains necessary in clinical settings such as major surgery or trauma.*® The

strategy of activated FVIII mimicking is being more recently pursued by means of at least two other
products, such as Mim8 and NXT007, which differ from emicizumab for being more favorable in
terms of FVIlla mimicking potency as well as for a longer plasma half-life that allows much more

spaced subcutaneous injections.44'47

Rebalancing therapies targeting natural anticoagulants

Emicizumab as the first nonfactor replacement agent for HA paved the way to other compounds
acting through distinct mechanisms of action. Defective thrombin generation is rebalanced in HA
(but at a variance with emicizumab, also in hemophilia B) by products that quench the naturally
occurring anticoagulant activity of antithrombin and tissue factor pathway inhibitor (TFPI).48'49 This
goal is attained through different mechanisms: fitusiran is based on RNA liver silencing of

48,49

antithrombin, whereas concizumab’® and marstacimab® are monoclonal antibodies that inhibit

TFPI activity in plasma. These compounds -- that can be administered subcutaneously at intervals

ranging from daily (concizumab) to weekly (marstacimab) and up to every two months (fitusiran) --

offer an ample choice for personalized therapy in both the hemophilias.“g'51 At variance with
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emicizumab, their approval was obtained recently, so that real world experience is still limited. This
snag is particularly relevant pertaining to the potential risk of thrombosis related to thrombin
rebalancing and its uncontrolled production.

Gene therapy and future curative strategies

Following the outstanding success of emicizumab and other nonfactor products, the second decade
of this century witnessed the advent of gene therapy, endowed with the potential to address the
management of HA toward cure. Valoctocogene roxaparvovec was developed by a Californian
company. Notwithstanding some limitations relative to the varied and unpredictable expression of
the transgene, progressive diminution of the FVIII plasma levels and the issue of hepatotoxicity, the
results of clinical trials of this first attempt of gene therapy in adults with severe HA showed

substantial clinical benefits epitomized by the elimination or marked reduction of the need of
prophylaxis with factor or nonfactor therapeutics.>>>3 More recently, the manufacturer has taken

the unexpected decision to discontinue commercialization, in spite of the fact that more than 50
patients have bene treated in real world situations in the USA, Germany and Italy. Gene editing
technologies such as CRISPR/Cas9 are still in their infancy in HA, perhaps for the predominance in

severe disease of a null gene variant such as the intron 22 inversion that is a formidable challenge

for edi‘ting.54'56 Nevertheless, preclinical studies are ongoing with attempts of editing platelets,

hepatocytes and hemopoietic stem cells.”” The myth of oral therapy for HA unsuccessfully

pursued for many years is becoming promising with the current phase 1 evaluation of a FVllla
mimicking antibody engineered to make it orally absorbable and circulation available.”®
Despite their promise, emerging technologies raise important safety considerations. Rebalancing

therapies may increase the thrombotic risk due to excessive thrombin generation, whereas gene

therapy approaches are associated with concerns regarding hepatotoxicity, variability and durability



of FVIII expression, and long-term safety. Similar considerations will need careful evaluation as

comparable technologies enter clinical development for VWD.

Translating therapeutic advances to von Willebrand disease

With this background of an almost miraculous progress in HA, what is the corresponding scenario
for VWD, the most frequent inherited bleeding disorder? Which are the novelties after the
formidable development and availability of recombinant VWF? Notably, the VWF structural
complexity, endothelial storage, shear dependence, and VWD phenotypic heterogeneity makes
therapeutic targeting challenging in VWD and prevents it from being simply confined to protein
replacement or modulation, at variance with HA. In addition to plasma-derived VWF-FVIII

concentrates, desmopressin, and recombinant VWF which still are the cornerstone of therapy for all
forms of VWD, several innovative therapeutic strategies are now emerging.lz'13 Although most of

them are in preclinical stages or are in the very early-phase of clinical development, these strategies
reflect a growing effort to translate to the management of VWD the therapeutic advances achieved
in HA.

It should be emphasized upfront that these approaches are mainly aimed at prophylaxis rather than
the episodic management of acute episodes of bleeding, and none is currently licensed for clinical
use. Nevertheless, several candidates are in the pipeline and can be differentiated according to their
mechanisms of action and their potential personalized and precision-based application to different
VWD types and predominant clinical manifestations (Table 1). Some of them aim to extend the
plasma half-life of VWF and FVIII, others rebalance thrombin generation without directly targeting
VWEF, others modulate fibrinolysis, which plays a key role in the onset of bleeding in mucosal tracts,
particularly heavy menstrual bleeding. Collectively, these developments may substantially expand

the therapeutic landscape of VWD in the coming years, particularly but not exclusively for patients
9



with severe disease or those requiring long-term prophylaxis. In this perspective article, we discuss

these emerging agents according to their mechanisms of action.

Increasing endogenous VWF-FVIII levels

A first group of investigational therapies aims to enhance endogenous VWF levels and prolong the
persistence in plasma of both VWF and its companion FVIII. KB-V13A12 is a bispecific single-domain
antibody that bridges circulating VWF to albumin, thereby exploiting FcRn-mediated recycling in

order to prolong the plasma half-life of both VWF and FVIII without interfering with VWF function
or ADAMTS13-mediated proteolysis.60 A single subcutaneous dose of KB-V13A12 in VWD1 mice
produced a 2-fold increase in VWF and FVIII for up to 10 days, improved multimer pattern and
corrected the bleeding defect using the saphenous vein puncture model.®? Similarly, HMB-002 is a
monovalent antibody directed against the VWF CK domain whose engineered Fc portion enhances

FcRn-dependent recycling and increases circulating VWF/FVIII levels.®? In nonhuman primates,

HMB-002 doubled endogenous VWF and FVIII levels preserving VWF multimer pa’ctern.62 This

project has now entered clinical development and is being evaluated in an ongoing phase 1/2 first-
in-human trial (Velora Pioneer; NCT06754852) in patients with VWD, with the first participant dosed

in 2025. Another innovative approach is BT200/rondoraptivon pegol, a pegylated RNA aptamer
derived from ARC1779 that targets the VWF A1l domain and inhibits VWF—GPlba interaction.®3 It

reduces platelet adhesion at higher doses, yet low doses paradoxically increase VWF and FVIII levels,

improve multimer pattern, and raise platelet counts by modulating VWF clearance, its peri-

procedural clinical use being already reported in type 2B vWD.53:64
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VWF-independent strategies: FVIIl mimicry and thrombin rebalancing

In parallel with strategies aimed at increasing endogenous VWF and FVIII, additional agents attempt
to rebalance coagulation independently of VWF replacement and to restore hemostasis by
enhancing thrombin generation and mimicking FVIII activity. As described earlier, emicizumab

restores thrombin generation and its off-label use in type 3 VWD, particularly in cases with anti-VWF
alloantibodies, demonstrated hemostatic efficacy and improved quality of life.6>56 Ongoing studies,

such as the phase 3 WILL-EMI (NCT06998524) or the phase 1 BCDI-XIl (NCT05500807), aim to

13,67

establish safety and efficacy as an alternative to replacement products. Efanesoctocog alfa,

originally developed for hemophilia A, may be of utility in selected VWD subtypes, including type 2N

and type 3, by providing VWF-independent and sustained FVIII levels.6870

A separate class of investigational agents enhances thrombin generation through the modulation of
naturally occurring anticoagulant systems. VGAO39 is a monoclonal antibody that inhibits protein S

cofactor activity toward activated protein C and tissue factor pathway inhibitor, thereby enhancing
thrombin genera‘rion.71 Itis currently being evaluated in a phase 3 multicenter, open-label, crossover

study in all VWD types: NCT07115004 investigates safety and efficacy of subcutaneous VGA039 for
bleeding prevention.

Genetic and molecular strategies

In contrast to protein- and antibody-based therapies, emerging genetic approaches seek potentially
durable correction of the underlying molecular defect. Allele-selective, small interfering RNA
strategies aim to silence dominant-negative VWF gene variants while preserving expression from the

72,73

normal allele, whereas CRISPR/Cas9-based editing technologies attempt the direct correction

of pathogenic variants.”* Parallel efforts in gene therapy have explored lentiviral and adeno-

associated viral approaches for endothelial expression of VWF, although challenges remain because
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of the large size of the VWF cDNA and the physiological complexity of multimer assembly.74

Additional approaches focus on preventing excessive VWF degradation, particularly in type 2A VWD

and the acquired von Willebrand syndrome, through monoclonal antibodies targeting VWEF-
ADAMTS13 interactions or directly inhibiting ADAMTS13 act'ivity.75 A new non-VWF genetic

approach has recently emerged for VWD by targeting fibrinolysis. ALN-6400 is an investigational

RNAIi therapeutic that inhibits liver plasminogen production to reduce fibrinolysis and enhance
hemostasis.”® It is currently being evaluated in a phase 1/2 trial (NCT06659640) assessing safety and
efficacy of the subcutaneous administration in healthy volunteers and patients with hereditary
hemorrhagic telangiectasia.’”’ In addition, HMBeacon is a phase 2 study meant to evaluate ALN-6400

in adult VWD women with heavy menstrual bleeding (NCT07575308).

Other new approaches

Beyond targeted modulation of VWF and coagulation pathways, more general hemostatic
approaches are also under development. Synthetic platelet nanoparticles (SynthoPlate) are peptide-
coated lipid vesicles that mimic platelet adhesion and aggregation by binding VWF, collagen, and

activate platelet receptors at injury sites, thereby enhancing primary hemostasis independently of

the native platelet function.’®

Taken together, these developments suggest that VWD therapeutics may progressively follow the
trajectory observed in HA, albeit with greater complexity and need for more individualized

approaches because of the broader heterogeneity of VWD phenotypes and clinical severity.

Prophylaxis in hemophilia A and VWD: similarities and differences

Even though prophylaxis represents a cornerstone of management in both HA and VWD, its role,

implementation and clinical impact differ substantially between the two disorders. If one compares
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the annual bleeding rate in patients managed episodically rather than prophylactically, median
values are in most cases 20—-30 or more in HA versus 5—6 in VWD cases except for the more severe

forms (Figure 2). A key difference between the two disorders lies in the bleeding phenotype.>? In

HA, spontaneous joint bleeding is a defining feature, making continuous prophylaxis highly effective
in altering the disease trajectory. In VWD, bleeding is often mucocutaneous, intermittent, and highly
variable in onset and severity between and within patients, which complicates the identification of
candidates benefitting from long-term prophylaxis. In HA, prophylaxis is the standard of care, aiming
to prevent spontaneous joint and soft tissue bleeding and thereby preserve long-term
musculoskeletal function. This strategy is supported by the high annual bleeding rate in patients

treated episodically and the well-established link between recurrent hemarthroses and arthropathy

(Figure 2).7° Importantly, women and girls with HA and symptomatic carriers may experience

clinically relevant bleeding, including heavy menstrual bleeding, epistaxis, and joint bleeds.®°

On the other hand, at variance with HA, prophylaxis regimens are not necessarily required in all

VWD cases and until now their adoption has largely been restricted to those with a history of more
severe and frequent bIeeding.81 This situation was experienced by us when attempting to enroll

VWD cases in the only randomized study showing the superiority of twice-weekly prophylaxis over
episodic therapy with a plasma-derived FVIII-VWF concentrate. We managed to enroll only 19
patients in the two study arms because many potentially eligible cases stated during screening
interviews that their bleeding episodes were not frequent or severe enough to justify the burden of
twice-weekly intravenous inject‘ions.82 However, recurrent minor mucosal bleeds significantly affect
disease burden and quality of life, indicating that treatment decisions should not solely rely on major

bleeding frequency.
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Prophylaxis is warranted in several clinical situations in VWD. Epistaxis occurs frequently in children
and is often associated with considerable anxiety in families despite limited severity. Gastrointestinal
bleeding is a threatening and difficult-to-control complication in older patients owing to the
development of angiodysplastic lesions in the gastrointestinal tract in types 2A, 2B, and 3 VWD.
Recurrent joint bleeding may lead to severe and disabling arthropathy in type 3 VWD. Furthermore,

heavy menstrual bleeding in adult women and girls with VWD is associated with markedly impaired
health status and quality of life and is frequently jeopardized by a delayed diagnosis.g?"84 Thus,

despite the efficacy of currently available therapies, important unmet needs remain, because a
number of persons with VWD continue to experience physical and psychosocial limitations as well
as the burden of intravenous injections, in contrast to the subcutaneous therapies now available for
HA. These unmet needs are especially cogent in women with VWD, who often relied on hormonal
therapy rather than prophylaxis in order to control heavy menstrual bleeding, with variable efficacy
and notable side effects.

Despite these differences, both diseases share a growing need for more focused and personalized
prophylaxis strategies that reduce treatment burden and improve quality of life.”® The advent of

extended half-life products and nonfactor therapies, particularly subcutaneous agents, is
progressively reshaping the prophylaxis paradigm in HA. With the emergence of easier-to-administer
and more global hemostasis-modulating therapies, there is an increasing option to reconsider which

VWD patients may benefit from prophylactic strategies.

Conclusions

The therapeutic trajectories of HA and VWD illustrate two parallel yet distinctly paced revolutions in
inherited bleeding disorders. Both have evolved from conditions managed mainly with supportive

care into treatable and, in many cases, preventable disorders through prophylaxis. As the two most
14



common inherited bleeding disorders, they have experienced different paces of advances, clinical
attention, and innovation of treatment strategies. HA has undergone a particularly rapid
transformation, driven by a relatively homogeneous pathophysiology and the clear success of factor
replacement, extended half-life products, nonfactor therapies, and gene-based approaches. These
advances have established prophylaxis as the standard of care and enabled many patients to achieve
near-normal life expectancy and daily functioning. In contrast, despite being the most common
inherited bleeding disorder, VWD witnessed a slower and more complex pace of therapeutic
evolution, largely reflecting its marked molecular and clinical heterogeneity as well as difficult and
often delayed diagnosis, notwithstanding the central regulatory role of VWF in primary hemostasis
and FVIII stabilization. However, this gap is now narrowing, driven by advances in pathophysiology-
based and precision-targeted therapeutic strategies. Several novel treatment options for VWD are
expected to become available in the near future, with the potential to substantially reshape the

management paradigm.
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Table 1. Emerging therapeutic approaches for von Willebrand disease, grouped by mechanism of

action.

Mechanism of Action

Drug Class

Mechanism

Development Stage

Bispecific single-

Bridges VWF to albumin; exploits FcRn-mediated recycling to

Preclinical (VWD1

KB-V13A12 prolong VWF and FVIII half-life without impairing VWF
domain antibody murine model)
function or ADAMTS13 proteolysis
Phase 1/2
Targets VWF CK domain; enhanced FcRn-dependent recycling
Increasing Endogenous Monovalent antibody (NCT06754852; Velora
HMB-002 increases circulating VWF and FVIII levels while preserving
VWEF-FVIII Levels (engineered Fc) Pioneer; first-in-human,
multimer pattern
2025)
BT200 / Targets VWF Al domain; low doses modulate VWF clearance, Peri-procedural use
Pegylated RNA
Rondoraptivon paradoxically increasing VWF and FVIII levels and improving reported in type 2B
aptamer
pegol multimer pattern VWD (clinical)
Approved for HA; off-
label use in type 3 VWD;
Bispecific monoclonal Mimics activated FVIII by bridging FIXa and FX; restores
Emicizumab Phase 3 (WILL-EMI,

FVIII Mimicry

antibody

thrombin generation independently of VWF

NCT06998524); Phase 1

(BCDI-XII, NCT05500807)

Efanesoctocog alfa

Extended half-life

recombinant FVIII

VWEF-independent, sustained FVIII replacement; bypasses

VWEF-imposed half-life ceiling

Approved for HA; under
evaluation in type 2N

and type 3 VWD

Thrombin Generation

Inhibits protein S cofactor activity toward activated protein C

Phase 3 (NCT07115004;

multicenter, open-label,

VGA039 Monoclonal antibody and TFPI, enhancing thrombin generation across all VWD
Rebalancing crossover; all VWD

types
types)
Phase 1/2

Inhibits hepatic plasminogen production, reducing fibrinolysis (NCT06659640; healthy

RNAI therapeutic
Fibrinolysis Modulation ALN-6400 and enhancing hemostasis; non-VWF approach targeting volunteers and HHT

(SiRNA)

mucosal bleeding

patients); Phase 2

(HMBeacon,
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Mechanism of Action

Drug Class

Mechanism

Development Stage

NCT07575308; VWD

women with HMB)

Tranexamic acid /

Lysine analogue

Inhibits plasminogen activation; adjunct to reduce mucosal

Established adjunct

therapy (guideline-

antifibrinolytics bleeding, particularly heavy menstrual bleeding
recommended)

Silences dominant-negative VWF variants while preserving

Allele-selective

RNA interference expression from the normal allele (relevant in type 2 and type Preclinical

SiRNA

3 VWD)
Genetic and Molecular CRISPR/Cas9 gene Direct correction of pathogenic VWF variants; potential
Gene editing Preclinical
Strategies editing durable molecular correction

Viral vector gene
Endothelial expression of VWF; challenges include large VWF

therapy (lentiviral Gene therapy Preclinical
cDNA size and multimer assembly complexity

/ AAV)

Anti-ADAMTS13 Inhibit ADAMTS13-mediated VWF proteolysis; preserve high-

Prevention of Excessive
monoclonal Monoclonal antibody molecular-weight multimers (relevant in type 2A VWD and Preclinical
VWEF Degradation

antibodies acquired VWS)
Mimics platelet adhesion and aggregation by binding VWF,

SynthoPlate

Novel Hemostatic Peptide-coated lipid collagen, and activating platelet receptors at injury sites;
(synthetic platelet Preclinical

Agents

nanoparticles)

nanoparticle

enhances primary hemostasis independently of native

platelet function

Abbreviations: AAV, adeno-associated virus; ADAMTSI3, a disintegrin and metalloproteinase with thrombospondin motifs 13; FVIII, factor VIII;

FIXa, activated factor IX; FX, factor X; FcRn, neonatal Fc receptor; HA, hemophilia A; HHT, hereditary hemorrhagic telangiectasia; HMB, heavy

menstrual bleeding; RNAi, RNA interference; siRNA, small interfering RNA; TFPI, tissue factor pathway inhibitor; VWD, von Willebrand disease;

VWE, von Willebrand factor; VWS, von Willebrand syndrome.
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Figures legend

Figure 1. Parallel treatment evolution of hemophilia A and von Willebrand disease. The timeline
illustrates the historical development of therapeutic approaches for hemophilia A (left, blue) and
von Willebrand disease (VWD, right, green) from the 1950s to the present. Both conditions initially
relied on whole plasma and cryoprecipitate, followed by intermediate- and high-purity plasma-
derived concentrates. The 1980s introduced desmopressin (DDAVP), the first non-plasma-derived
pharmacological therapy for both disorders. From the 1990s onward, the two conditions diverged:
hemophilia A rapidly adopted recombinant concentrates, prophylaxis, and subsequently extended
half-life products, whereas VWD management continued to evolve more gradually, with high-purity
concentrates and recombinant VWF becoming available in the 2000s—2010s. The current decade
represents a transformative era for hemophilia A, with nonfactor therapies and gene therapy
entering clinical practice, while multiple analogous innovative approaches are now emerging for

VWD. The arrow indicates the direction of ongoing therapeutic progress for both conditions.

Figure 2. Prophylaxis paradigms in hemophilia A and von Willebrand disease. The figure compares
prophylaxis implementation in hemophilia A and von Willebrand disease. In hemophilia A,
prophylaxis is the standard of care, supported by high annualized bleeding rates under episodic
treatment (typically >20-30 episodes) and the well-established link between recurrent
hemarthroses and arthropathy. In VWD, bleeding rates are generally lower (5-6 episodes),
predominantly mucocutaneous and intermittent, and long-term prophylaxis has been reserved for
more severe cases, including recurrent epistaxis, gastrointestinal bleeding, joint bleeds in type 3, and
heavy menstrual bleeding. A major remaining disparity is the continued reliance on intravenous

administration in VWD, in contrast to the subcutaneous nonfactor therapies now reshaping the

24



prophylaxis landscape in hemophilia A. Importantly, bleeding in hemophilia A also affects women
and girls, including symptomatic carriers with FVIII <40 IU/dL, in whom heavy menstrual bleeding

and joint bleeding may be under-recognized within current prophylaxis frameworks.
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Prophylaxis paradigms: Hemophilia A vs. von Willebrand disease
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