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ABSTRACT  

Patients suffering from von Willebrand disease (VWD) have reduced quality-of-life despite current 

treatment options. Moreover, innovation in VWD therapeutic strategies has essentially stalled and 

available treatments have remained unchanged for decades. Therefore, there is an unmet need to 

develop new therapeutic strategies for VWD-patients, especially for the large portion of those with 

VWD-type 1. Due to species differences, the available VWD murine models are not suitable for 

preclinical studies, making it difficult to test new therapeutic approaches in vivo. With this in mind, 

we generated mice selectively expressing human von Willebrand factor (VWF) and human GPIba. 

Because this fully humanized model was found to express low VWF (12%) and FVIII (40%) levels with 

normal multimer profile and activity/antigen ratio, we repositioned it as a VWD-type 1 model (hVWD1 

mice). In depth characterization of this model confirmed VWD-type 1 features with a decrease in 

platelet adhesion and thrombus formation in vitro. In vivo, a moderate bleeding phenotype was 

observed which was corrected upon the administration of recombinant-VWF or upon histamine-

induced release of endothelial VWF. In search for new therapeutic options for VWD, we designed a 

bispecific single-domain antibody that bridges VWF to albumin (KB-V13A12). Remarkably, a single 

subcutaneous administration of KB-V13A12 coincided with a sustained 2-fold increase in VWF antigen 

levels for up to 10 days and normalized haemostasis in a tail-clip model in hVWD1 mice.  

We have developed a unique humanized mouse model for VWD-type 1 and a promising new 

therapeutic that corrected haemostasis in these mice.  
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INTRODUCTION 

Von Willebrand Disease (VWD) is the most common inherited bleeding disorder, historically 

categorized into three main types and further subtypes.1 In most reported cohorts, VWD-type 1 is the 

most frequent type (70-80% of cases). It consists of heterogeneous quantitative deficiencies with 

reduced von Willebrand factor (VWF) antigen levels between 5 and 30-50% (<30, regardless of 

bleeding, <50 with abnormal bleeding), usually normal activity-to-antigen ratios (>0.6) and normal or 

minimally abnormal multimer profiles.1–3 Unsurprisingly, such a wide range of VWF levels is associated 

with variable phenotypes from minor to severe bleedings, which highly contribute to the challenge of 

diagnosing VWD-type 1/low VWF and precisely defining cut-off levels.4,5 Genetics and pathogenesis of 

VWD-type 1 are again heterogeneous. VWF levels below 30% are often associated with bleedings and 

hereditary dominant genetic variants, whereas VWF DNA alterations are less common in low VWF 

patients with milder levels (30-50%).6–10 Adding to the difficulties of VWD-type 1 diagnosis are 

fluctuating VWF levels, which may increase with age, during pregnancy, or after exercise. Finally, some 

of the bleeding symptoms typical for VWD-type 1 are also found in healthy individuals, although the 

severity may differ.11,12 Due to this vast heterogeneity, the molecular mechanisms responsible for 

VWD-type 1 have not been fully elucidated.  

Diagnosis and management of patients with VWD-type 1 rely not only on laboratory results but also 

on the personal and familial bleeding history, which remains challenging.13 Desmopressin, an 

antidiuretic that promotes VWF release from intracellular storage into the circulation, is the standard 

of care for these patients but has some disadvantages: 1) it remains ineffective in a small proportion 

of patients, 2) is difficult to manage in children, 3) is associated with tachyphylaxis, 4) can induce minor 

side effects in some patients and 5) is only produced by one company, which causes supply issues.14  

In the context of haemostasis, mouse models are irreplaceable tools to untangle the pathophysiology 

of disorders and to develop new therapeutic strategies. One of the major limitations of studying VWF 

in murine models is the human/mouse incompatibility between VWF and the platelet receptor GPIba. 

In contrast to murine-(m)VWF, which can bind to human-(h)GPIba in vivo, although with a reduced 

affinity,15–17 human-VWF binds poorly to the murine receptor, preventing the normal recruitment of 

platelets at sites of injury. To overcome this limitation, several chimeric approaches have been 

developed.17–19 The present study, describes the first fully humanized murine model expressing full-

length hVWF and hGPIba. Because this model was found to recapitulate the characteristics of VWD-

type 1, they will be referred to as hVWD1 mice throughout the manuscript. hVWD1 mice have a mild 

bleeding phenotype that can be rapidly but shortly normalized by exogenous administration of 

recombinant hVWF concentrate or by the release of intracellular pools of VWF. Sustained haemostatic 

improvement was also observed with a bispecific single-domain antibody (sdAb) designed to increase 
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VWF levels. Altogether, these engineered mice represent a new and exclusive platform for studying 

VWD-type 1 and appear to be a promising tool for developing & testing innovative therapeutic 

approaches for VWD. 

 

METHODS 

A detailed description of the experimental procedures can be found in the Supplementary online 

information. 

 

Animal and ethic statement 

This project (number APAFIS #32699-2021081611421076 v1) was approved by the local ethical 

committee of Université Paris-Sud (comité d’éthique en expérimentation animale no. 26).  

 

Engineering of hVWD1 mice 

Transgenic mice expressing hVWF and hGPIba instead of the corresponding murine proteins (Figures 

1A-B, respectively) were engineered in a pure 129S2 genetic background known to express functional 

ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13)20,21 

(genOway, Lyon, France). 129S2Crl-Vwf-/--Tg(VWF) mice and 129S2Crl-Gp1ba-/--Tg(GP1BA) mice, were 

intercrossed to generate double knock-in mice 129S2Crl-Vwf-/--Tg(VWF),Gp1ba-/--Tg(GP1BA), which 

will be referred to as hVWD1. Littermate controls will be referred as 129S2 (Figure 1C). 

PCR products for genotyping were separated by electrophoresis (Figure 1D).       

 

VWF-FVIII assays 

VWF antigen (VWF:Ag) levels22 and multimer profiles23,24 were assessed as previously described. VWF 

activity was measured with a collagen binding (VWF:CB) and a platelet-dependent assay (VWF:GPIbR). 

FVIII activity (FVIII:C) was measured using the chromogenic Biophen FVIII-assay kit (Hyphen, Neuville-

sur-Oise, France) as instructed.  

 

Parallel plate flow perfusion 

Thrombus formation was evaluated using a Maastricht flow chamber in a whole-blood perfusion assay 

on a fibrillar collagen matrix under arterial shear conditions (shear rate of 3000 s-1). Single dots in the 

graph represent individual mice (average value of 20 images). 

 

KB-V13A12 production and administration   
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SdAbs against VWF were generated25 and sdAb KB-V13 (formerly KB-VWF-013) binding h/mVWF has 

been previously characterized.26 KB-V13 recognizes the D’D3 region of VWF and does not interfere 

with the FVIII binding to VWF. The anti-albumin KB-OptiAlb12 is a llama-derived sdAb that displays 

high-affinity binding (<5 nM) to both human and murine albumin. KB-V13A12, combining the two 

sdAbs, was expressed in competent E.coli WK6 bacteria and purified by affinity chromatography. A 

control bispecific sdAb (KB-V13AT02) was synthetized by cloning the KB-V13 linked to the previously 

described KB-AT02 against antithrombin.27        

Purified bispecific sdAbs were administered subcutaneously (SC) (5mg/kg body weight).  

 

Tail vein transection model and tail artery transection model 

Tail-vein-transection (TVT) was conducted as described.28  

The tail artery transection (TAT) model consisted of a modified TVT in which the ventral tail artery was 

transected using the same customized templates. Experimental time was set at 30 minutes.   

 

Tail-clip model 

A tail-clip assay was performed as described.29,30  

Histamine (Merck, Fontenay Sous Bois, France) was administered intraperitoneally (13 µmol/kg body 

weight)31 30 minutes prior to the procedures.  

Recombinant hVWF (r-hVWF, Veyvondi, Takeda) was administered IV (50U/Kg body weight) 5 minutes 

before the procedures. 

 

Saphenous vein puncture model  

The saphenous vein puncture model was conducted as described.32  

 

Thrombosis model 

In vivo thrombus formation in the carotid artery was induced by 15% ferric-chloride.  

 

Statistical analysis 

All data are presented as mean±standard deviation (mean±SD). Numbers (n) refer to individual 

animals. The statistical analysis was performed using GraphPad Prism 10 software (La Jolla, California, 

USA). One-way analysis of variance (1-way ANOVA) followed by Tukey’s or Dunnett’s multiple 

comparison test was performed when comparing multiple groups. Pairwise analysis was performed 

using the unpaired two-tailed Student’s t-test, unless otherwise stated. Two-way analysis was 

performed for two factors comparisons. P<0.05 was considered as statistically significant. 
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RESULTS 

hVWD1 mice are viable and fertile 

By using the targeting strategy outlined in Figure 1, hVWD1 mice expressing hVWF (wild-type) and 

hGPIba (wild-type), were generated. Intercross of heterozygous mice for each transgene to obtain 

homozygous mice 129S2Crl-Vwf-/--Tg(VWF) named hVWF mice and 129S2Crl-Gp1ba-/--Tg(GP1BA) 

named hGP1BA mice, resulted in mendelian distribution of genotypes (not shown), suggesting that 

expression of the human version of VWF and GPIba proteins in mice does not impair murine 

embryonic development or perinatal survival. Homozygous hVWF and hGP1BA mice were then 

intercrossed to obtain homozygous, double humanized mice named hVWD1 (129S2Crl-Vwf-/--

Tg(VWF), Gp1ba-/--Tg(GP1BA), Figure 1C).  

 

hVWD1 mice express human VWF and have a normal multimer profile 

Because hVWD1 mice express hVWF and littermate controls express mVWF, VWF:Ag levels cannot be 

compared in the two groups of mice. Therefore, VWF:Ag levels for hVWD1 mice were quantified using 

human pooled normal plasma (hPNP) as reference, finding that average VWF:Ag levels were 12±3% 

(n=51; Figure 2A). VWF activity was measured with a VWF:CB and a VWF:GPIbR assays. 

Activity/antigen ratios were similar for the two assays (0.8±0.2, n=7, Figure 2B). FVIII:C levels were 

also reduced compared to control mice (40±9% and 117±17%, respectively, p<0.001, Figure 2C). Both, 

VWF:Ag and FVIII:C levels were relatively stable over a 15/17-week time period (Figure S1A-B). 

Despite the quantitative defect, multimer profiles of plasmatic VWF showed normal distribution of 

low, medium and high molecular weight multimers (HMWMs), consistent with VWD-type 1 profiles in 

patients (Figure 2D, lanes 1-2). Multimers were characterized by the typical triplets that are also 

observed in human plasma, suggesting that hVWF expressed in mice is cleaved by mADAMTS13 in a 

similar way as in humans (Figure 2D, lanes 3-4).   

The presence of hVWF was validated in an immunosorbent assay using monoclonal antibodies 

selectively recognizing hVWF (Figure S2). Although in an indirect manner, these analyses also 

supported the absence of mVWF in hVWD1 mice. Exclusive human or murine GPIba expression on 

platelets was validated by flow cytometry using species-specific monoclonal antibodies (Figure S3) and 

by immunofluorescence on blood smears (not shown). 

 

Mice expressing hGPIba have been previously generated with a similar genetic approach and their 

platelets & GPIb-IX-V complex characterized15,16. We tested platelet counts, volume and activation 

(Figure S4). Peripheral platelet count was modestly decreased in hVWD1 compared to control mice 

(471±47 and 592±65*103/µl, respectively, P<0.001, Figure S4A), while platelet size was moderately 
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increased (6±0.3 and 5±0.3µm3, Figure S4B). Despite these minor differences, agonist-induced platelet 

activation was similar between the two groups (Figure S4C-D).  

We also assessed VWF in platelets and found that hVWD1 mice have a minor reduction in platelet-

VWF content, compared to human platelets or 129S2-platelets (Figure S5). Importantly, platelet-VWF 

was slightly enriched in HMWMs, akin to VWF in human platelets (Figure S5).  

 

VWF function was evaluated using classic parallel plate perfusion chambers at elevated shear rate 

(3000s-1), at which platelet tethering is highly dependent on VWF.33,34 Consistent with low VWF:Ag in 

circulation and minor platelet-VWF reduction, only some small thrombi were formed in hVWD1-mice 

(Figure 2E). Platelet-covered surface and fluorescence intensity were 4-6-fold decreased compared to 

control-mice (% of covered-surface 5.2±1.9 versus 19.6±3.4, fluorescence a.u. 241±126.2 versus 

1367±480.2, respectively; P<0.001, Figure 2F-G), suggesting that the reduced VWF levels are 

insufficient to support normal thrombus formation in hVWD1 mice.    

 

hVWD1 mice have a mild bleeding phenotype and a modestly reduced response to ferric chloride  

To thoroughly characterize this model of VWD-type 1, haemostasis and thrombosis were assessed 

using in vivo assays of various severity.  

First, the difference between the amount of blood shed by hVWD1 and control mice was not 

statistically significant (84±82 and 36±22µl, respectively, P=0.1223, Figure 3A) when assessed in the 

TVT model. In addition, bleeding profiles were similar between both groups (Figure 3B), showing that 

hVWD1 mice exhibited similar haemostasis as control mice in this particular model. 

We next applied more severe models. In a TAT assay, the bleeding tendency of hVWD1 mice was 

higher than that of control mice, with 2-fold more of blood shed from the injury (511±232 and 

245±184µl, respectively, P=0.0082, Figure 3C) and longer bleeding times in hVWD1 mice (Figure 3D). 

In a tail-clip assay, despite some variability, the amount of blood shed over 30 minutes was increased 

5-fold in hVWD1- compared to control-mice (102±122 and 18±37µl, respectively, P=0.0004, Figure 3E) 

and the time of the first bleeding arrest was substantially delayed (463±624s in hVWD1 mice and 

88±49s in control mice, P=0.0095, Figure 3F). Finally, in a model of large saphenous vein puncture, the 

number of clots formed during the 30-minute observation time, was notably decreased in hVWD1 

versus control mice (12±5 versus 20±4 clots, respectively, P<0.0001, Figure 3G), which also coincided 

with relatively longer bleeding times (not shown). Overall, these data indicate that hVWD1 mice 

display a moderate bleeding phenotype recapitulating the profile of a large part of patients with this 

disease.  
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In addition, we evaluated FeCl3-induced thrombus formation in the carotid artery of hVWD1- and 

control-mice. hVWD1 had reduced response to FeCl3 (Figure 4). The decrease in blood flow upon FeCl3 

administration, a proxy for progressive vessel occlusion, was slower and less pronounced in hVWD1- 

than in control mice, resulting in a higher area under the curve (697±267 versus 393±121a.u., 

respectively P=0.0260, Figure 4A-B). Occlusion was delayed in hVWD1 mice but failed to reach 

statistically significant difference between both groups (14±8.1 versus 8.1±2.2s, respectively 

P=0.0649; one out of 6 hVWD1 did not occlude, Figure 4C).  

  

Recombinant human VWF is functional and restores haemostasis in hVWD1 mice 

We evaluated whether restoring VWF normal levels using r-hVWF would be functional in our hVWD1 

mice. Mice were administered with 50U/kg of r-hVWF (therapeutic dose) and VWF antigen, multimers 

and haemostasis were assessed 5 minutes post IV injection. VWF:Ag levels increased »6-fold post-

infusion, reaching 76±5.2% (Figure 5A). As expected, when evaluated in medium-resolution gels, 

multimer profiles were similar before- and post-r-hVWF administration, however, due to higher 

protein concentration, bands corresponding to multimers of almost all molecular weight appeared 

more sharp post-infusion (Figure 5B-C). Densitometry suggested that r-hVWF administration resulted 

in an enrichment of medium-MWMs (Figure 5C). A separate group of mice were subjected to a tail-

clip assay (Figure 5D). The amount of blood shed by hVWD1 mice receiving r-hVWF (64±82 µl, 

magenta) was similar to that shed by control mice (19±37µl, yellow, P=0.5290) and coincided with 

normalization of the bleeding time (not shown). These data demonstrate that r-hVWF is functional 

and restores haemostasis in hVWD1 mice.  

 

Agonist-induced release of endothelial hVWF restores haemostasis in hVWD1 mice 

To explore whether intracellular VWF could be released in circulation and affect haemostasis, we 

triggered histamine-induced endothelial degranulation (as a surrogate for desmopressin).31 Thirty 

minutes after intraperitoneal administration of histamine to hVWD1 mice, circulating VWF:Ag was 

significantly increased in 14 out of 15 mice (from 13±3% to 17±2%; p<0.0001; Figure 6A). Because VWF 

stored in Weibel-Palade bodies is known to be enriched in HMWMs, we also performed multimer 

analysis. To minimize inter-gel differences, plasmas collected from the same mouse, before and after 

histamine administration were loaded in consecutive lanes, after normalization of VWF 

concentrations (Figure 6B). Densitometric analysis showed that multimer profiles were shifted toward 

increased levels of HMWMs post- (black profiles) compared to pre-injection (grey, Figure 6C), in the 

majority of mice (8 out of 11). Despite the variable antigen response, the quantitative increase, paired 

with the multimer improvement, was sufficient to sustain haemostasis in the tail-clip model (19±37µl 
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yellow-control mice and 48±62µl blue-hVWD1 mice receiving histamine, P=0.6928, Figure 6D). These 

data indicate that, similar to humans, hVWD1 mice have a pool of highly multimerized, functional 

VWF, which can be rapidly released in circulation.  

 

hVWD1 mice are instrumental in developing new therapeutic molecules: the example of KB-V13A12  

Despite currently available treatments for patients with VWD-type 1 being considered quite effective, 

recurrent bleedings are still reported, especially in patients with the potential to menstruate suffering 

from menorrhagia.  

In search for novel therapeutic options, we generated a bispecific antibody composed of a non-

inhibitory anti-VWF(D’D3) sdAb26 linked to a sdAb recognizing human and murine albumin, named KB-

V13A12.35 While thorough characterization of this bispecific sdAb will be discussed in a separate study 

(in preparation), the hVWD1 mice seemed to be the perfect platform to test this molecule. Following 

its administration (5mg/kg), VWF levels were determined over a 14-day period, while the tail-clip 

procedure was performed three days after administration, in another series of mice. The 5mg/kg dose 

was selected based on a dose-effect curve (Figure S6). Remarkably, VWF antigen levels rapidly 

increased one-day post-injection, achieving a relatively stable near 2-fold increase between 3- and 10-

days post-injection (11±2% pre- versus 21±3% 3-day post- and 19±3% 10-day post-administration, 

P<0.0001, Figure 7A, green). As a control, the administration of a bispecific sdAb targeting VWF and 

antithrombin (KB-V13AT02) had no effects on VWF levels (Figure 7A, grey).  

We also tested two conditions for multimer analysis. First, total amount of VWF was normalized 

(Figure 7B, samples M9-M10) at the expense of having to use different ratios of plasma and buffer 

between pre- and post-administration samples. In these conditions, we observed that the overall 

multimer profile remained unaffected by administration of KB-V13A12 (Figure 7C). Triplets were 

visible only in post-administration samples having the lower plasma/buffer ratio. Consistent with 

normal triplet structure, the central band was more intense compared to satellite bands, suggesting 

that VWF degradation was not perturbed. In the second condition, we loaded the maximum amount 

of VWF for each sample, keeping the plasma/buffer ratio identical between pre- and post-treatment 

samples (Figure 7B-C, samples M11-M12). In these conditions, multimers of all molecular weight 

appeared increased post-KB-V13A12 infusion, suggesting that the sdAb is able to bind multimers of 

any molecular size.  

Finally, tail-clip was performed 3 days post-treatment (Figure 7D). One single SC administration of KB-

V13A12 was sufficient to restore haemostasis of hVWD1 mice by normalizing the amount of blood 

shed upon injury in a quite severe bleeding model (19±37µl in control- (yellow) and 47±49µl in hVWD1 

mice receiving KB-V13A12 (green), P=0.7111). 
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DISCUSSION 

VWD-type 1 is the most frequent VWD-type but also one of the most heterogeneous, making it 

difficult to diagnose and manage, especially in patients with mild VWF levels, also referred to as low 

VWF.4,12 Despite the high prevalence of this VWD-type, the only available murine model, so far, is the 

RIIIS/J mouse expressing low levels of mVWF, FVIII and factor XI.36,37 These mice have been 

instrumental to link aberrant post-translational modifications to elevated VWF clearance, however, 

their use as models to test therapeutic molecules is limited. In the present study, we report on the 

fortuitous creation and characterization of the first fully humanized VWD-type 1 model (hVWD1 mice) 

and its unique use as a platform to test new therapeutic strategies, one of which is presented here.  

Patients with VWD-type 1 and VWF levels below 30% often carry dominant genetic variants within the 

VWF gene. The hVWD1 mice express low levels (»12%) of normal hVWF without any pathological 

genetic variant within the VWF gene. Several mechanisms associated with genomic engineering could 

contribute to these low levels and are not mutually exclusive: a) the absence of intronic regulatory 

sequences, missing because only the h-cDNA has been inserted in the m-genome, b) expression of the 

hVWF under the control of endogenous murine regulatory elements, which have not been humanized 

and c) structural differences due to genomic rearrangements somehow affecting transcription of the 

h-cDNA and protein expression.  

One major functional complication needs to be carefully considered when expressing hVWF in murine 

models. VWF accomplishes its functions by binding to its partners and, during primary haemostasis, it 

is essential to initiate tethering of platelets to the sub-endothelium at sites of vascular injury. 

However, due to a human/mouse incompatibility between VWF and GPIba, hVWF poorly interacts 

with murine platelets. In the past, to overcome this limitation, our group and others have engineered 

one partner or the other by creating chimeric models able to sustain VWF/platelet interaction.17–19 To 

the best of our knowledge, the hVWD1 mice are the first model expressing fully humanized VWF and 

GPIba.  

Consistent with previous data,16,17,38 expression of hGPIba in mice is associated with slightly perturbed 

platelet count and size but had no functional haemostatic effects (Figure S4).  

Accurate analysis of multimer profiles is an essential step for VWF studies, however, it remains 

technically challenging and protocols vary from one laboratory to another. Because hVWD1 mice 

express hVWF in murine plasma, no perfect reference is available, therefore we studied VWF 

multimers in different conditions. Using standard sample dilutions, we confirmed that multimers of 

all sizes circulate in hVWD1 murine plasma as in human plasma (Figure 2D). Some mouse strains, 

including the C57Bl/6J, express a less functional ADAMTS13, which is missing the carboxy-terminal 
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thrombospondin type 1 repeat and CUB domains.21 To overcome this limitation, we generated the 

hVWD1 mice in a 129S2 genetic background and visualized similar triplet structures in hVWD1 mice 

as in human plasma (Figure 2D, lanes 3-4).  

Patients with VWD-type 1 often experience mucocutaneous bleedings such as bruising, epistaxis, oral 

bleeds, bleeds from minor wounds and menorrhagia.4 To evaluate the bleeding tendency of the 

transgenic mice, we assessed haemostasis in assays of different severity (Figure 3). In the TVT model, 

the hVWD1 mice have a rather normal response, similar to control mice. In three more severe models, 

however, hVWD1 mice display a mild-to-moderate bleeding tendency, consistent with a large 

proportion of patients’ phenotypes. We also observed in hVWD1 mice, as in patients, that bleeding 

phenotype is quite variable. This suggests that ~12% VWF:Ag levels, likely reflect the threshold amount 

of VWF necessary to maintain haemostasis in mice and small variations (7.3-18%, minimum-maximum 

VWF:Ag range) are sufficient to shift the balance towards bleeding or not. Moreover, other than from 

plasma, VWF from other physiologic compartments (i.e. endothelial cells and platelets) is present in 

hVWD1 mice and likely contribute to the hemostatic response. In hVWD1 mice, endothelial-VWF 

mobilization and contribution was demonstrated by the correction of the bleeding tendency upon 

histamine administration (Figure 6), a proxy for desmopressin, the first treatment option for VWD-

type 1 patients. For those not responding to desmopressin, VWF concentrates are the best option. 

Similar to patients, therapeutic doses of r-hVWF corrected the bleeding tendency of hVWD1 mice 

(Figure 5). Abnormal haemostatic behavior in hVWD1 mice was further confirmed by reduced 

thrombus formation over collagen surfaces in perfusion assays (Figure 2E-F-G) and by a delayed 

response to ferric chloride in vivo (Figure 4), which are most likely due to the VWF-defect39 rather than 

hGPIba expression.17,40 Altogether, these experiments validate the hVWD1 transgenic mice as models 

of VWD-type 1.  

In search for innovative therapeutic options that could be safe, efficient and long-acting, we 

developed a bispecific sdAb41 (KB-V13A12) that simultaneously binds albumin and VWF. We 

hypothesized that VWF bridged to albumin by the nanobody should follow albumin in the FcRn-

mediated recycling pathway within the endothelial cells42 and that this mechanism should increase 

circulating VWF levels. In vivo, one subcutaneous administration of KB-V13A12 to hVWD1 mice was 

associated with a sustained 2-fold increase in VWF:Ag levels for up to 10 days and an increase of 

multimers of all molecular weights (Figure 7A-B-C). Furthermore, KB-V13A12 was as efficient as r-

hVWF and histamine in correcting haemostasis (Figure 7D). Based on this data, we believe that KB-

V13A12 has the potential to be a new treatment option for VWD, particularly VWD-type 1.  

It is important to emphasize that heterogenous bleeding symptoms may manifest in VWD, including 

gender-specific bleeding in people with the potential to menstruate, who still experience increased 
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depression, anxiety, and low quality-of-life.43–46 Because of its effects on circulating VWF levels, we 

believe that KB-V13A12 should be further investigated in the context of various bleeding symptoms.  

Currently, several murine models for severe VWD subtypes are available and have been crucial for our 

understanding of the pathophysiology of VWD.39,47–50 Here, we report the first humanized murine 

model for the most common mild/moderate forms of VWD. Besides their help in dissecting molecular 

pathways, humanized models are very useful for translational research, for testing therapeutic, 

diagnostic molecules that directly bind their target (i.e, antibodies such as the KB-V13A12). Apart from 

hVWD1 mice, other variants (type 2A, type 2M or type 2N) could also be developed for this purpose.  

Some limitations should be considered when using hVWD1 mice. These mice have a 129Sv genetic 

background, which complexifies and increases the costs of breeding and colony management. Most 

in vivo assays have been originally developed in C57Bl/6 mice and should be internally validated for 

the 129 mice. The hVWD1 mice expressing ~12% of hVWF exhibit a certain degree of variability in the 

in vivo assays. Therefore, the choice of the specific assay and the number of animals is key in every 

experiment. Because of the humanization of VWF and GPIba, the best reference/control condition 

should be carefully considered for each experiment. As for some VWD-type 1 patients, the molecular 

mechanism explaining the low VWF levels in the hVWD1 mice is still unclear, which can limit some 

interpretation and exploitation. 

Our study indicates that, despite some limitations, this humanized model is a unique platform for 

preclinical testing of innovative therapeutic options overcoming the species/species incompatibility 

between hVWF and mGPIba. 
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FIGURE LEGENDS  
Figure 1. Engineering of hVWD1 mice. 

Panel A. Targeting vector comprising the whole coding sequence (cds) of human VWF followed by a 

hGH (human growth hormone) polyadenylation site (polyA). A neomycin positive selection cassette 

(Neo) flanked by two loxP sites was inserted downstream of the polyA site and a Diphteria toxin 

negative selection cassette (DTA) was inserted outside the homologous recombination area, upstream 

of exon 5. Following homologous recombination and double selection of embryonic stem cells, the 

recombined locus bore the hVWF cds followed by a Neo cassette flanked by two loxP sites. After 

injection of ES cells into blastocysts and breeding of the generated mice with 129Sv Cre-deleter mice, 

the Neo cassette was excised and heterozygous mice carrying the mutant allele were generated. 

Heterozygous mice were intercrossed to generate homozygous mice 129S2Crl-Vwf-/--Tg(VWF) mice 

named hVWF. Panel B. Targeting vector comprising the whole cds of human GP1BA. A Neo positive 

selection cassette flanked by two FRT sites was inserted downstream of the polyA site and a DTA 

negative selection cassette was inserted outside the homologous recombination area, upstream of 

exon 1. Following homologous recombination and double selection of embryonic stem cells, the 

recombined locus bore the hGP1BA cds followed by a Neo cassette flanked by two FRT sites. After 

injection of ES cells into blastocysts and breeding of the generated mice with 129Sv FLP-deleter mice, 

the Neo cassette was excised and heterozygous mice carrying the mutant allele were generated. 

Heterozygous mice were intercrossed to generate homozygous 129S2Crl-Gp1ba-/--Tg(GP1BA) mice 

named hGP1BA. Panel C. Schematic of the breeding strategy. Homozygous hVWF and hGP1BA were 

crossed to generate double-transgenic mice, referred as hVWD1 and control mice, referred as 129S2 

mice. Panel D. Representative PCR products in transgenic mice expressing human or murine VWF and 

GPIba. Primers, P1, P2, P3, P4 and P5 as indicated in A and B. Primer sequences are reported in 

Supplemental table 1. 

 

Figure 2. VWF and FVIII in hVWD1 mice. 

Panel A. VWF antigen (VWF:Ag) levels in hVWD1 mice compared to a human pooled normal plasma 

(n=51). Panel B. VWF activity/antigen ratio for hVWD1 mice (n=7). VWF activity was assessed in a 

VWF:CB and a VWF:GPIbR assays. (Normal ratios >0.7). Panel C. FVIII activity (FVIII:C) levels in hVWD1 

(n=42, purple) and control (n=10, yellow) mice compared to a murine pooled normal plasma. Panel D, 

left. Representative plasmatic VWF multimer profiles in 2% agarose gels. Colorimetric detection. Lanes 

1 and 2 were prepared with standard sample dilution and similar amount of total VWF loaded (»25ng). 

Lanes 3 and 4, were prepared to minimize the amount of murine plasma loaded in each sample. Total 

amount of VWF was »15ng. The dotted line indicates non-adjacent lanes on the same gel. Lanes 3 and 

4 were loaded on a different gel. Panel D, middle. Densitometric analysis of multimers in D. Panel D, 
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right. Triplet structures are shown at higher magnification for some of the profiles (blue boxes). Panel 

E. Representative images of thrombi formed during perfusion of blood collected from hVWD1- (upper) 

and control -mice (bottom) over a collagen-coated surface at 3000s-1. Pictures were randomly selected 

over a total of 160-200 acquired images (20 images/perfusion, every perfusion was performed with 

blood collected from individual mice). Panels F-G. Quantification of the percentage of surface covered 

by platelets (F) and mean fluorescence intensity (G) in hVWD1 mice (n=8, purple) versus control mice 

(n=10, yellow). 

A-B-C-F-G. Grey bars indicate mean±SD. Statistical analysis: C-F-G Unpaired two-tailed Student’s t-

test.  

a.u. arbitrary units, low indicates VWF-LowMWMs and high indicates HighMWMs. 

 

Figure 3. Haemostasis is mildly altered in hVWD1 mice 

Panel A. Schematic representation of a tail-vein-transection (TVT) assay indicating the injured vessel. 

Amount of blood shed by hVWD1 (n=14, purple) and control (n=10, yellow) mice during the 60-minute 

experimental time. Panel B. Representative bleeding profiles in the two groups of mice. Filled bars 

indicate active bleedings, empty bars indicate non-bleeding periods. Dotted lines at 15-30 and 45-

minute indicate clot removal (challenge). Panel C. Schematic representation of a tail-artery-

transection assay (TAT). Amount of blood shed by hVWD1 (n=19) and control mice (n=8) during 30 

minutes. Panel D. Representative bleeding profiles. Filled and empty bars as in B. Panel E. Schematic 

representation of a tail-clip assay and of the severed vessels. Amount of blood shed by hVWD1 (n=26) 

and control (n=13) mice during the 30-minute experimental time. Panel F. Time of first bleeding arrest 

upon the injury in the two groups of mice. Panel G. Schematic representation of a saphenous vein 

puncture assay. The number of clots formed upon the first incision in hVWD1 (n=13) and control 

(n=17) mice in 30 minutes.  

A,C, E-G. Grey bars indicate mean±SD. Statistical analysis: A, E-G Mann-Whitney test; C Unpaired two-

tailed Student’s t-test 

 

Figure 4. Ferric chloride-induced thrombus formation.  

Panel A. Carotid artery blood flow measured post-FeCl3-induced endothelial damage in hVWD1 

(purple) and control (yellow) mice. Initial blood flow was similar in all mice and set at 100% for 

normalization purposes. The graph indicates average curves (colored lines) and SD (filled area), n=6 

per group of mice. Panel B. Statistical analysis was performed by comparing the area under the curve 

(AUC) of individual curves for hVWD1- and control-mice. Panel C. Occlusion times were measured (an 

occlusive event was indicated by flow < 0.2ml/min for a minimum of 10 min). Panel D. Schematic 
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representation of the in vivo thrombus-formation model. Ferric chloride was administered by gentle 

deposition of a wet filter paper on the exposed vessel (white rectangle) for 2 minutes. The paper was 

then removed and the probe placed at the same position for flow monitoring. 

B-C. Grey bars indicate mean±SD. Statistical analysis: B-C Mann-Whitney test 

AUC: area under the curve, a.u.: arbitrary unit 

 

Figure 5. Recombinant human VWF administration restores haemostasis in hVWD1 mice 

Panel A. VWF antigen levels in hVWD1 mice before (purple) and 5 minutes post (magenta) r-hVWF 

administration (n=6). Panel B. Representative multimer profiles in 1.5% agarose gel. Fluorescent 

detection. Similar total amount of VWF loaded in consecutive lanes corresponding to samples 

collected from the same mouse (6-10ng). Panel C. Densitometric analysis of multimers in B. Profiles 

on the left are before- and profiles on the right are post-r-hVWF infusion. Panel D. Amount of blood 

shed in 30 minutes by control (n=13, yellow), untreated hVWD1 (n=26, purple) and treated hVWD1 

mice (n=7, magenta).  

A-D. Grey bars indicate mean±SD. Statistical analysis: A. Paired two-tailed Student’s t-test. D. One-way 

ANOVA with Dunnett correction for multiple comparisons. low indicates VWF-LowMWMs and high 

indicates HighMWMs.  

 
Figure 6. Histamine-induced endothelial degranulation rapidly restores haemostasis in hVWD1 mice 

Panel A. VWF antigen levels in hVWD1 mice before (purple) and 30 minutes post (blue) histamine 

administration (n=15). Levels of individual mice are indicated in the inset. Panel B. Representative 

multimer profiles in 2% (left) or 1.5% (right) agarose gels. Colorimetric detection. Similar total amount 

of VWF (15-20ng) loaded in each consecutive lane. White space separates two distinct gels. Panel C. 

Densitometric analysis of multimers in B. Profiles of samples collected from the same mouse, before 

(grey) and post- (black) histamine infusion are superposed. Panel D. Amount of blood shed in 30 

minutes by control (n=13, yellow), untreated hVWD1 (n=26, purple) and treated hVWD1 mice (n=10, 

blue).  

A-D. Grey bars indicate mean±SD. Statistical analysis: A. Paired two-tailed Student’s t-test. D. One-way 

ANOVA with Dunnett correction for multiple comparisons. low indicates VWF-LowMWMs and high 

indicates HighMWMs.  

 

Figure 7. KB-V13A12 modulates VWF levels and restores haemostasis in hVWD1 mice 

Panel A. VWF antigen levels in hVWD1 mice before and post KB-V13A12 (n=15-17, green) or 

control/KB-V13AT02 (n=3-4, grey) administration at indicated time points. Panel B. Representative 

multimer profiles in 2% agarose gel. Colorimetric detection. M9-M10 non-standard sample dilution, 
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»13ng of VWF. M11-M12. standard sample dilution 10-30ng of VWF. Panel C. Densitometric analysis 

of multimers in B. Profiles on the left are before- and profiles on the right are three days post-KB-

V13A12 infusion. Panel D. Amount of blood shed in 30 minutes by control (n=13, yellow), untreated 

hVWD1 (n=26, purple) and treated hVWD1 mice (n=9, green).  

A. Dots indicate mean±SD. D. Grey bars indicate mean±SD. Statistical analysis: A. Two-way ANOVA. (P 

values in green: VWF:Ag levels in KB-V13A12 receiving mice compared to T0. P values in black: VWF:Ag 

levels in KB-V13A12- versus KB-V13AT02-receiving mice at every time point.) D. One-way ANOVA with 

Dunnett correction for multiple comparisons. low indicates VWF-LowMWMs and high indicates 

HighMWMs.  
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