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Supplementary information 
 

“A fully humanized von Willebrand disease type 1 mouse model as unique platform to investigate 

novel therapeutic options”  

McCluskey G., Heestermans M, et al.  
 
 

Animal and ethic statement 

Housing and experiments were done in accordance with French regulations and the experimental 

guidelines of the European Community. This project (number APAFIS #32699-2021081611421076 v1) 

was approved by the local ethical committee of Université Paris-Saclay (comité d’éthique en 

expérimentation animale no. 26). Males and females were used throughout the study (8-14 weeks 

old). Mice used in this study had a specific pathogen free (SPF) health status and were housed in 

ventilated, enriched cages with food and beverage ad libitum. 

 

Engineering of hVWD1 mice 

Transgenic mice expressing human (h)VWF and hGPIba instead of the corresponding murine proteins 

were engineered in a pure 129S2 (129S2/SvPasCrl) genetic background expressing fully functional 

ADAMTS13.1,2 For this purpose, the generation of knock-in mice for each of the protein of interest 

(hVWF and hGPIba) was entirely outsourced to genOway (Lyon, France). To engineer the 129S2Crl-

Vwf-/--Tg(VWF) mice (Figure 1A), the cDNA of hVWF followed by a hGH (human growth hormone) 

polyadenylation site, was inserted within the murine Vwf gene, in frame with the endogenous ATG. 

Such transgene insertion resulted in the inactivation of the murine Vwf gene and expression of the 

hVWF gene under the control of endogenous regulatory sequences. The common single nucleotide 

variant c.2365A>G (p.T789A), associated with increased VWF levels,3–5  was inserted within the hVWF 

cDNA. To engineer the 129S2Crl-Gp1ba-/--Tg(GP1BA) mice (Figure 1B), the murine coding sequence 

was replaced by the human cDNA, without additional changes to the regulatory sequences. 

Homozygous mice for both humanized proteins, referred to as hVWF- and hGP1BA mice, were then 

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

referred to as hVWD1 mice. Results presented in this study pertain to hVWD1 mice and littermate 

controls (named 129S2 or control mice throughout the manuscript). 

Genotyping was performed using DNA extracted by ear biopsies using a classic NaOH-based protocol 

and PCR amplification (KAPA2G Fast Genotyping Mix, Kapa Biosystems, Wilmington, MA) with various 

primer combinations (Table S1). PCR products were separated by electrophoresis on 1.5% agarose 

gels (Figure 1D).       
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Murine blood collection and counts 

Blood sampling was performed under isoflurane anesthesia (2-2.5%) with air 0.8L/minute via retro-

orbital puncture using glass capillary tubes, unless otherwise specified. Blood was collected in 10% 

vol/vol triNa-citrate (0.138M) for plasma preparation (obtained by centrifugation 1500xg, 20 minutes 

at room temperature) or in 10% vol/vol EDTA 50 mM for blood counts. Blood counts were determined 

with an automatic cell counter (Scil Vet ABC Plus, Horiba Medical, France). 

 

VWF assays 

VWF antigen levels were measured in mouse plasma with an in-house enzyme-linked immunosorbent 

assay, essentially as previously described,6 using a pair of polyclonal rabbit anti-VWF antibodies 

(Agilent Technologies, Les Ulis, France). A human pooled normal plasma (Cryopep, Montpellier, 

France) was used as reference and a standard human plasma (Siemens, Erlangen, Germany) was used 

as inter-assay control. Alternatively, a pool of monoclonal anti-human VWF antibodies previously 

produced and recognizing only human VWF has been used as coating antibody (5µg/ml).   

VWF activity was assessed in an ELISA-based collagen binding test (VWF:CB) and an automated 

platelet-based assay (VWF:GPIbR). For VWF:CB, VWF binding to fibrillar, human placental type III 

collagen (SouthernBiotech, Birmingham, USA, 5ug/ml) was detected using a polyclonal rabbit anti-

VWF antibody. A human pooled normal plasma was used as reference. Immunoturbidimetric 

VWF:GPIbR was assessed in a ACL TOP 550 (reagents and analyzer, Werfen, Bedford USA).    

VWF multimer profiling was performed essentially as previously described7 in 1.5 or 2% agarose gels. 

VWF was detected with an in-house alkaline phosphatase-conjugated polyclonal anti-VWF and 

colorimetric alkaline phosphatase-substrate kit (Bio-Rad Laboratories, Hercules, CA, USA). 

Membranes were imaged with a G:BOX Chemi XT16 Image Systems (Syngene, Bangalore, India). 

Alternatively, VWF multimers were separated in 1.5% agarose gels and visualized by an in-gel staining 

technique.8 Briefly, gels were fixed in 5% acetic acid/50% isopropanol 30 minutes, washed twice in 

H20 and stained four hours with primary antibody (polyclonal rabbit anti-VWF 0.28mg/l in TBS/0.05% 

Tween-20/5% BSA). After overnight washing in TBS/0.05% Tween-20, gels were incubated four hours 

with secondary antibody (Amersham CyDye 800 goat-anti-rabbit 0.07mg/l in TBS/0.05% Tween-20/5% 

BSA) and washed overnight (TBS/0.05% Tween-20). After an additional wash in TBS, gels were scanned 

at 800nm with an infrared image system (Amersham Typhoon NIR Plus, Cytiva).  

Multimer profiles were analyzed using the Gel Analyzer tool of ImageJ (version 1.53). 
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FVIII activity assay 

FVIII activity was measured in a chromogenic assay using the Biophen FVIII-assay kit (Hyphen, Neuville-

sur-Oise, France) as instructed. A murine pooled plasma from 129S2 (wild-type) mice was used as 

reference.  

 

Parallel plate flow perfusion 

After general anesthesia with ketamine/xylazine (200mg/kg and 20mg/kg, respectively) blood was 

collected from mice by intra-cardiac puncture in unfractionated heparin (40U/ml) and PPACK (80µM). 

Anticoagulated blood was diluted in 1.2 volumes of Tyrode’s buffer (137 mM NaCl, 2 mM KCl, 0.3 mM 

NaH2PO4, 5 mM dextrose, 5 mM N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid, 12 mM 

NaHCO3, pH 7.3) and labeled with rhodamine 6G (10 μg/mL). Thrombus formation was evaluated using 

a Maastricht flow chamber connected to a syringe pump (KD Scientific) in a whole-blood perfusion 

assay on a fibrillar collagen matrix (50µg/ml horse type I collagen, Chrono-Par, Mast Diagnostic, 

Amiens, France, incubated over night at 4°C) under arterial shear conditions (shear rate of 3000 s-1). 

Platelet adhesion was measured after 3 min of blood perfusion followed by 2 min of washing with 

Tyrode’s buffer. Every perfusion was performed with blood from a single mouse donor. Immediately 

after each perfusion, 20 images were randomly acquired using an inverted epifluorescence 

microscope (Nikon Eclipse TE2000-U) equipped with a PlanFluor 20x/0.50 objective (Nikon). The 

percentage of surface covered by fluorescent platelets and the mean fluorescent intensity were 

calculated using ImageJ (1.53k). Single dots in the graph represent individual mice (average value of 

20 images). 

 

KB-V13A12 production and administration   

Single domain antibodies (SdAbs) against VWF were generated as described9 by screening of a 

proprietary immune sdAb library obtained after immunization of a single llama with VWF. The sdAb 

KB-V13 (formerly KB-VWF-013) has been previously characterized.10 The anti-albumin nanobody KB-

OptiAlb12 is a llama-derived nanobody that displays high-affinity binding (<5 nM) to both human and 

murine albumin. The chemically synthesised KB-V13A12 sequence was cloned into a pHEN6-plasmid, 

expressed in competent E.coli WK6 bacteria and purified by affinity chromatography using a HiTrap 

TALON column (GE Healthcare, Buc dans les Yvelines, France). A control bispecific sdAb (KB-V13AT02) 

was synthetized by cloning the KB-V13 linked to the previously described KB-AT02 against 

antithrombin.11        

Purified bispecific sdAbs were administered subcutaneously (5mg/kg body weight) to isoflurane 

anesthetized mice. Blood was collected at the indicated time points for VWF antigen quantification 
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and multimer analysis. A separate group of mice was treated with KB-V13A12 and haemostasis was 

assessed 3 days post injection in a tail-clip assay, generally by a person blind to the treatment.   

 

Tail-vein-transection model and tail-artery-transection model 

In the tail-vein-transection (TVT) assay, an incision is applied to only one lateral tail vein. TVT was 

conducted as described12 and consisted in a standardized 0.7 mm deep wound obtained sliding the 

blade of a scalpel through the transection groove of a customized metal template. Mice were 

anesthetized with isofluorane and warmed on a heating pad throughout the experimental procedure. 

If mice were not actively bleeding at 15-, 30- and 45-minute post-injury, the wound was challenged by 

gently wiping it twice in the distal direction. Blood shed by the wound after the injury was collected in 

isotonic saline solution (0.9% NaCl) for 60 minutes and quantified measuring haemoglobin optical 

density at 416 nm after red blood cell lysis.  

Every spontaneous arrest of the bleeding was recorded. Bleeding profiles indicate bleeding (filled bars) 

and non-bleeding (empty bars) time periods throughout the 60-minute observation time.    

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

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

 

Tail-clip model 

A classic tail-clip assay was performed essentially as described.13,14 Briefly, 3 mm of the distal tip of the 

tail of anesthetized mice (ketamine and xylazine, 100 and 10mg/kg, respectively) was amputated using 

a razor blade. Blood shed by the injury was collected in isotonic saline solution constantly warmed at 

37°C for 30 min and quantified measuring haemoglobin optical density.  

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

weight)15 30 minutes prior to tail-clip or blood collection. The 30-minute time point was selected based 

on preliminary experiments showing that highest VWF levels were observed 30 minutes post-

histamine administration (not shown). 

Recombinant human VWF containing intact-VWF only (r-hVWF, Veyvondi, Takeda) was administered 

intravenously (50U/Kg body weight) 5 minutes before tail-clip or blood collection. 

 

Saphenous vein puncture model  

The saphenous vein puncture model was conducted essentially as described16,17 on mice anesthetized 

with ketamine/xylazine (ketamine and xylazine, 100 and 10mg/kg, respectively) and constantly 

warmed on a heating pad. Briefly, a large saphenous vein was exposed and pierced with a 23G needle 

at equal distance between the femoral vein and the distal branches. The first clot was then gently 
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removed by wiping and a longitudinal incision of ~1mm was made on the exposed side of the vessel 

using micro-scissors. The blood leaking from the incision was gently absorbed until haemostasis 

occurred and blood clots were removed using a gauze swab humidified with 0.9 % NaCl. The number 

of clots formed during 30 minutes from the first incision was recorded.  

 

In vivo ferric chloride-induced thrombus formation  

Mice were anesthetized with ketamine/xylazine and the left carotid artery exposed. Thrombus 

formation was chemically initiated by applying for 2 minutes a filter paper (0.5x3mm) previously 

soaked in a freshly prepared FeCl3 solution (15%). Blood flow was measured shortly before and after 

the FeCl3-induced damage by using a Transonic console with perivascular flowmeter module equipped 

with a nanoprobe for transit-time ultrasound flow measurement (T402 console, TS420 flowmeter, 

MA0.5PSB probe, Transonic Europe, Elsloo, The Netherlands)18. Data were digitally acquired with a 

PowerLab 2/26 device and a LabChart 8.0 software (ADInstruments, Oxford, UK). Measurements were 

stopped 10-minutes post-occlusion, indicated by blood flow < 0.2ml/min for at least 10-consecutive 

minutes; or at 60 minutes in mice that did not occlude.  

 

Platelet αIIbβ3 activation, α-granule release and surface receptor expression 

Platelet αIIbβ3 activation and α-granule release studies were conducted in whole blood as previously 

described.18,19   

Murine and human GPIba expression was studied in murine platelets by flow cytometry as previously 

described19. Briefly, whole blood was incubated with an anti-murine GPIX-FITC antibody (clone Xia.B4,  

Emfret Analytics, Eibelstadt, Germany), an anti-murine GPIba-PE (clone Xia.G5, Emfret) and an anti-

human GPIba-APC (clone HIP1, BD Biosciences, France).   

 

Mouse platelet lysates 

Platelet lysates were prepared as described19 in the absence of platelet-activators.  

 

Statistical analysis 

All data are presented as mean±standard deviation (mean±SD). Number (n) refer to the number of 

animals. The statistical analysis was performed using GraphPad Prism 10 software for Mac (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. Two-way analysis was performed for two 

factors comparisons. P<0.05 was considered as statistically significant. 
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Table S1. Genotyping primers 

   PCR product size (bp) 

   Sequence 5’-3’ Wild-type 
allele 

Knock-in 
allele 

VWF P1(common) CAAGTCTAACACAGATGGAGCACAGGTGAGT  
P1-P2 

218 

P1-P3 

288 (+ 9370) 
P2 GGACGGTGAGAACCAGCTCATTTCCT  

P3 CTTGGCACTGTCCTCTCATGCGTTG 

GP1BA P4 ACTCAAACCCAACAGGCTGCCAC P4-P5  

226 

P4-P5 

305 P5 GCAGGTAGGACACCTCCACCTTAGTGA  
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Figure S1 

 

 
Supplemental Figure S1. VWF and FVIII levels over time 

Panel A. VWF antigen levels and Panel B. FVIII activity levels in hVWD1 mice over a 15/17-month 

experimental time period. Data at 2/5 months as in Figure 1A and B.  

A-B. Grey bars indicate mean±SD. Statistical analysis: One-way ANOVA with Dunnett correction for 

multiple comparisons.  
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Figure S2 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure S2. VWF expression  

VWF antigen levels were measured by two assays. One used commercial polyclonal antibodies that 

detected both human and murine VWF (Dako/Dako) and the second used a pool of monoclonal 

antibodies as coating-antibody, therefore detecting only human VWF (moAb/Dako). Both assays used 

the same detecting antibody and the same human-pooled plasma as reference. To evaluate if human 

or human & murine VWF was expressed in engineered mice, we evaluated the correlation between 

plasmatic VWF antigen levels measured by the two assays (graphs on the left) and directly compared 

raw values obtained for the same mouse in the two assays (graphs on the right). Data were measured 

for hVWD1 mice, homozygous for hVWF and hGPIba (hVWF +/+/hGP1BA+/+) (A, n=13, purple), mice 

heterozygous for human-murine VWF and homozygous for mGPIba (hVWF +/-/mGp1ba+/+) (B, n=10, 
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light yellow) and mice homozygous for human VWF and murine GPIba (hVWF +/+/mGp1ba+/+) (C, n=13, 

pink).  

An almost perfect correlation between values obtained in the two assays was observed in mice 

homozygous for hVWF expression (hVWF +/+, A purple and C pink) irrespective of GPIba expression 

(human in A and murine in C). These correlations corresponded to almost identical raw values in the 

two antigen assays (graphs on the right), supporting the notion that these mice only express human 

VWF, and that engineering GPIba has no effects on VWF expression levels. 

Despite a positive correlation was still measured for VWF antigen levels measured by the two assays 

in plasma from heterozygous mice for VWF (B, light yellow), raw antigen levels measured in the 

Dako/Dako assay were roughly twice as high as those measured in the moAb/Dako assay (right), 

supporting the notion that heterozygous mice for VWF express both human and murine VWF.  

Altogether, these data are consistent with the hypothesis that hVWD1 mice only express hVWF.  
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Figure S3 
 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure S3. Platelet surface expression of human or murine GPIba 

Platelet surface expression of human (panel A) or murine (panel B) GPIba was confirmed by flow 

cytometry in hVWD1 (n=4, purple) and 129S2 (n=4, yellow) mice using specie-specific antibodies 

recognizing the human (anti-human GPIba-APC) or murine (anti-murine GPIba-PE) receptors.  

Histograms refer to the mean fluorescence intensity for APC (A) or PE (B) signals normalized by platelet 

size as measured by a veterinary counter. Platelets circulating in hVWD1 mice express human- but not 

murine GPIba (purple). On the contrary, platelets circulating in 129S2 mice express murine- but not 

human GPIba (yellow).  

A-B Grey bars indicate mean±SD. Statistical analysis: Mann-Whitney test. Data of one representative 

experiment out of two, 4-8 mice per experiment. MFI: mean fluorescent intensity, a.u.: arbitrary units. 
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Figure S4 

 
Supplemental Figure S4. Platelet studies in hVWD1 mice  

Panel A. Peripheral platelet counts and panel B. mean platelet volume in hVWD1 (n=21, purple) and 

control (n=28, yellow) mice assessed in whole blood collected in 10% vol/vol EDTA 50 mM using an 

automatic cell counter (Scil Vet ABC Plus, Horiba Medical, France). 

Panels C-D. Whole blood platelet activation. aIIbb3 integrin activation (C) measured with JON/A-PE 

(Emfret Analytics, Germany) and (D) P-selectin surface expression (Rat anti-Mouse CD62p/AF647, 

Emfret Analytics, Germany) in resting and activated platelets (PAR4p 500µM, Bubendorf, Switzerland) 

from hVWD1- (n=4, purple) and control- (n=9, yellow) mice.  

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

ANOVA with Sidak correction for multiple comparisons. 

PLT: platelets, MPV: mean platelet volume, MFI: mean fluorescent intensity, a.u.: arbitrary units. 
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Figure S5 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure S5. Platelet VWF  

Platelets were isolated from hVWD1- (purple) and 129S2-mice (yellow), washed and lysed as 

previously described19. Panel A. The amount of VWF in platelets from hVWD1 mice was quantified by 

ELISA using a human pooled normal plasma (hPNP) as reference. The values indicated in the graph 

refer to 108 platelets. The dotted line indicates VWF:Ag in 108 human platelets (internal data), which 

is consistent with data from the literature20. Importantly, for a direct comparison between murine 

hVWD1-platelets and human platelets, the difference in size and possibly in a-granules content should 

be taken into account, but was out of the scope of the present study. Panel B. Multimer profile of 

platelet-VWF in hVWD1 mice. As expected, platelets are enriched in HMWMs. Multimers were studied 

in 1.5% agarose gel by loading similar amount of VWF (»10ng) in the hPNP, used as reference, and in 

two platelet lysate samples (from two individual mice, M12 and M13). The dotted line indicates non-

consecutive lanes on the same gel. Panel C. The amount of VWF in platelets from 129S2 mice was 

quantified by ELISA using a murine pooled normal plasma (mPNP) as reference. The values indicated 

in the graph refer to 108 platelets. Panel D. Multimer profile of platelet-VWF in 129S2 mice. Multimers 

were performed as in B. 

hPNP, human pooled normal plasma; mPNP, murine pooled normal plasma 
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Figure S6 

 

 
 

Supplemental Figure S6. Dose-response assessment of KB-V13A12  

VWF:Ag was assessed in hVWD1 mice before (black) and 3 days post-sc administration of various 

doses (0.5, 1, 5, and 25 mg/kg) of KB-V13A12 (green).  

Statistical analysis: One-way ANOVA with Holm-Sidak correction for multiple comparisons. 
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