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Essentials:

e Treatment options for von Willebrand disease (VWD) patients are limited.

o The p.P1127_C1948delinsR deletion/variant is a useful model to study VWD in vitro and in
vivo.

o Counteracting dominant-negative effects restores von Willebrand factor multimerization in
mice.

o First siRNA-based treatment applied to a mouse model of VWD-type 2A.

Abstract

Background: Treatment options for patients suffering from von Willebrand disease (VWD) are
limited. Willebrand factor (VWF) is a polymeric protein that undergoes regulated dimerization and
subsequent multimerization during its biosynthesis. Numerous heterozygous variants within the
VWF-gene display a dominant-negative effect and result in severe von Willebrand disease
(VWD). Previous studies have suggested that preventing the assembly of wild-type and mutant
heteropolymers using siRNAs may have beneficial effects on VWF phenotypes in vitro.
Objectives: To study heterozygous dominant-negative variants in vivo, we developed a mouse
model of VWD-type 2A and tested two independent strategies to modulate its detrimental effect.
Methods: The p.P1127_C1948delinsR deletion/variant, causing defective VWF multimerization
was expressed in mice as a model of VWD-type 2A variant. Two corrective strategies were
applied. For the first time in a mouse model of VWD, we applied siRNAs selectively inhibiting
translation of the mutant transcripts and we combined the VWD-type 2A deletion with the Cys to
Arg substitution at position 2773, which is known to prevent dimerization.

Results: The RNA silencing approach induced a modest but consistent improvement of the VWF
multimer profile. However, due to incomplete efficiency, the dominant-negative effect of the
original variant could not be completely prevented. In contrast, the DNA-approach resulted in
increased antigen levels and restoration of a normal multimer profile.

Conclusions: Our data showed that preventing the detrimental impact of dominant-negative
VWEF variants by independent molecular mechanisms has beneficial consequences in vivo, in

mouse models of dominant VWD.

Keywords: von Willebrand factor, von Willebrand disease, in vivo RNA interference, mouse

models, dominant-negative variants.
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Introduction.

In contrast to the recent therapeutic advances in haemophilia A/B or Thrombotic
Thrombocytopenic Purpura, treatment options for patients with von Willebrand disease (VWD)
have remained essentially unchanged for decades. While plasma-derived drugs have been
available since the 80s, the FDA approved the use of recombinant von Willebrand factor (VWF),
in 2015. However, this did not revolutionize the therapeutic strategy for VWD, which essentially
consists of supplementing VWF to restore platelet adhesion and aggregation[1].

Hundreds of genetic alterations have been identified in the VWF gene accounting for a highly
heterogeneous disease with complicated diagnostic and treatment options. Many heterozygous
variants display dominant-negative effects due to the multimeric nature of the protein[2-4]. Best
known are heterozygous changes in the carboxy- and amino-terminal end of VWF, which impair
dimerization[5-7] or multimerization[8-11], respectively, and lead to termination of the growing
process when a mutant-subunit is incorporated into a polymer.

In the attempt to explore a new therapeutic approach for VWD, we previously demonstrated that
counteracting the dominant-negative effect of heterozygous pathogenic variants, applying siRNAs
selectively targeting the altered allele, prevents the assembly of wild-type and mutant
heteropolymers and has beneficial effect in cellular models of VWD[12]. Although further
confirmed in vitro by others[13], the value of this approach has not yet been demonstrated in vivo.
Despite important research efforts (reviewed in [14-16]), efficient in vivo targeted delivery to
endothelial cells or megakaryocytes has not been achieved yet and represents a major obstacle
that hampers the use of silencing- or gene editing-based therapies, for example using the
CRISPR-Cas9 system, in VWD animal models and VWD patients.

To study heterozygous dominant-negative variants in vivo, we developed a mouse model of
VWD-type 2A, the p.P1127_C1948delinsR deletion/variant[12], causing defective VWF
multimerization, and tested two independent strategies to modulate its detrimental effect: i) for the
first time in a mouse model of VWD, we applied siRNAs selectively inhibiting translation of the
mutant transcripts and demonstrated a moderate improvement in VWF multimer profile or ii) we
combined the VWD-type 2A deletion with the Cys to Arg substitution at position 2773, a variant
known to prevent VWF dimerization[5, 7], and observed both an increase in antigen levels and
restoration of a normal multimer profile.

Our data showed that preventing the detrimental impact of dominant-negative VWF variants by
independent molecular mechanisms has beneficial consequences in mouse models of dominant
VWD.

Materials & Methods:
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Animals & ethics statement.

Vwi-deficient mice[17] are housed in our animal facility and have been backcrossed greater than
10 generations onto the C57BL/6J background. Males and females were used throughout the
study (8-12 weeks old, 20-25g). Experiments were performed in accordance with French
regulations and guidelines of the European Community. The local ethical committee of Université
Paris-Sud (comité d’éthique en experimentation animale n 26) approved this project (number
20037/2019032714308918 v3).

Plasmids for VWF expression in vitro and in vivo

Plasmid for the expression of murine VWF-WT has been previously described[18, 19]. A DNA
fragment mimicking the DEL variant[12], which merges exon 25 and 35 in frame, was
synthesized and cloned into the pLIVE-VWF/WT to obtain a pLIVE-VWF/DEL
(p-P1127_C1948delinsR) plasmid. Subsequently, a DNA fragment containing the p.C2773R[5, 7]
substitution was synthesized and cloned into the pLIVE-VWF/DEL to obtain the double mutant
pLIVE-VWF/DEL/C2773R.

50ug of total DNA or equal amounts of two plasmids (25ug) to mimic heterozygous conditions[20]
were injected for in vivo expression of exogenous murine VWF via hydrodynamic gene transfer
(HGT)[18, 21, 22].

Plasmid for the expression of human (h)VWF-WT and -DEL have been previously described[12,
23]. A DNA fragment containing the p.C2773R was synthesized and cloned into the pSV-
hVWF/DEL to obtain the double mutant pSV-hVWF/DEL/C2773R. In vitro experiments have
been conducted as previously described[12]. VWF multimeric composition and antigen levels

were evaluated in cellular media collected 72 hours post-transfection.

In vivo study design & corrective approaches

Heterozygous mouse models of VWD due to a dominant-negative variant were established using
the hydrodynamic gene transfer (HGT) in Vwif-deficient mice[17] to express the previously
characterized p. P1127_C1948delinsR in frame deletion (DEL)[12], which impairs VWF
multimerization, together with wild type VWF (VWF/WT).

Invivofectamine 2.0 or 3.0 was applied for systemic, highly efficient in vivo siRNA delivery to
mouse liver[24, 25]. siRNA (siDEL) specific for VWF-DEL silencing were selected based on
previous cellular studies[12] and purchased as custom Ambion In Vivo siRNAs (HPLC purified)
with high stability and no toxicity. Ambion In Vivo Negative Control (siNEG) with no sequence
similarity to mouse gene sequences were used as negative controls. siRNAs were administered

accordingly to manufacturer’s indications IV at 7 or 1 mg/kg (for Invivofectamine 2.0 and 3.0,
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respectively) 4-days post HGT. All reagents used for in vivo silencing were from ThermoFisher
Scientific.

For the DNA-approach, we co-injected by HGT the pLIVE-double mutant plasmid with the pLIVE
containing VWF-WT cDNA.

Blood was collected at indicated time points by retro-orbital puncture from isoflurane-anesthetized
mice, in 10% vol/vol triNa-citrate (0.138M). Plasma for VWF analysis was prepared by

centrifugation for 20 minutes at 1500xg at room temperature.

VWF assays

VWEF multimer profile was performed essentially as previously described[26] in 2-3% agarose
gels. In mouse plasma, VWF was detected with an in-house Alkaline phosphatase-conjugated
polyclonal goat anti-VWF (recognizing both human and mouse VWF) & colorimetric Alkaline
phosphatase-substrate kit (Bio-Rad Laboratories, Hercules, USA). In cellular media, a primary
polyclonal rabbit anti-human VWF & a secondary HRP-conjugated goat anti-rabbit IgG (both from
Dako, Glostrup, Denmark) followed by chemiluminescent detection was applied.

VWEF antigen levels were measured with an in-house E.L.I.S.A. assay essentially as previously
described[27]. For mVWF, a pooled plasma prepared from 20 (males and females) C57BIl/6 mice
was used as reference. Mice with a maximum antigen level of 1500% have been included in this
study. For hVWF a human pooled normal plasma (Cryopep, Montpellier, France) was used as

reference.

Tail-clip bleeding assay
Four days post-HGT, tail-clip was performed essentially as previously described[19, 21]. Mice

expressing VWF antigen levels between 300 and 1500% have been used for this assay.

Results and Discussion:

When the VWF-DEL (p.P1127_C1948delinsR)[12] and VWF-WT combination was expressed in
Vwf-deficient mice[17] (Figure 1A), plasma multimer analysis revealed that high molecular weight
multimers (HMWMs) were absent (Figures 1B and 3B). Every oligomer displayed one extra-band
consistent with heteropolymers of lower molecular weight, confirming that both plasmids were
expressed by the same hepatocytes, mimicking heterozygous conditions. Indeed, since
dimerization and multimerization occur intracellularly, the dominant-negative effect can be
detected only under conditions of co-expression within the endoplasmic reticulum. Our results
show that heterozygous mice reflect patient phenotype[10, 28, 29]. Hepatocyte-mediated VWF-
DEL expression was then inhibited in heterozygous mice expressing both VWF-WT & VWF-DEL,
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by infusing siRNAs selectively targeting the new junction between exons 25 and 35 only present
in the DEL variant (siDEL, previously referred as si3681 [12]) in complex with the Invivofectamine
reagent. The effect of siDEL administration was evaluated first on VWF multimer profiles and as
shown on Figure 1B (left panel) higher multimer bands were visible after treatment and more
consistently, the odd-bands corresponding to heteropolymers were decreased, reflecting
selective reduction of VWF-DEL expression. In contrast, in mice receiving negative control
siRNAs not targeting any mouse gene product (siNEG), VWF multimers and each WT- and odd-
band appeared similar before and after treatment (Figure 1B, right panel). These qualitative
observations were further validated by plotting and comparing gel profiles (Figure 1C), confirming
how siDEL but not siNEG modulated VWF expression. To quantify these observations, we
performed a densitometric analysis of the multimer bands and estimated the amount of
heteropolymers in each -mer before and after siRNA treatment (Figure 1D). The intensity of the
odd band at the dimer, tetramer and hexamer level was significantly decreased after siDEL- but
not siNEG-treatment.

VWEF antigen was also measured in plasma of mice expressing VWF-WT & VWF-DEL, three and
five days post-HGT, ie. one day before- and one day after siRNA treatment (Figure 1E).
Circulating VWF was essentially stable in siNEG-treated and untreated mice, whereas siDEL-
treatment, resulted in a 25% increase in VWF antigen levels (p=0.004). Importantly, this increase
was detected in 14 out of 16 siDEL-receiving mice (87.5%) (Figure 1E, bottom panel). These
results show that siRNAs can be successfully targeted to the liver of mice expressing VWF post-
HGT and selectively modulate VWF-DEL expression. Nevertheless, full phenotypic correction
was not achieved, which can be explained by the fact that siRNA-mediated silencing does not
result in complete inhibition of protein expression. Indeed, only 50-80% of target mRNA
knockdown was previously reported using Invivofectamine[25]. Due to the higher translation
efficiency and strong dominant-negative effect of the VWF-DEL, it is conceivable that even low
amounts of VWF-DEL are then able to terminate multimer polymerization intracellularly thus
preventing complete multimer correction and subsequent plasmatic antigen restoration. In
addition, some limitations can be ascribed to the mouse model: first, mice subjected to HGT
express supraphysiologic levels of the exogenous protein, synthesized almost exclusively by the
portion of hepatocytes (60-70%) that have internalized the expression plasmids; second, the RNA
interfering approach relies on the physical entry of siRNAs into the same hepatocytes, and we
could speculate that a proportion of transfected hepatocytes did not internalize the siRNAs, thus
contributing to the incomplete phenotypic correction. Many studies are ongoing to find innovative
and cell-specific delivery strategies. If successful, endothelial cell targeted-siRNA will represent a

great improvement to test silencing-based therapies for VWD directly into genetically engineered
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mice with physiologic VWF expression rates and for longer period of time, overcoming the
limitations and variability due to the HGT model.

We subsequently hypothesized that an alternative genetic approach targeting the altered allele
would prevent the dominant-negative effect of the DEL variant. To test this hypothesis, we
investigated the consequences of combining the in-frame deletion[10, 12, 28, 29] preventing
multimerization, with the p.C2773R substitution[5, 7], which impairs VWF dimerization. We first
conducted experiments in cellular models (Figure 2A) and showed that the inability of the double-
variant to interact with wild-type subunits resulted in a significant improvement of VWF multimer
profiles (Figure 2B) but had almost no effect on antigen levels, possibly due to a limitation of the
cellular model (Figure 2C). Analysis of VWF forms present in the culture medium of cells
expressing VWF-WT & -DEL/C2773 combination showed the selective presence of VWF-WT,
suggesting that VWF-DEL/C2773R monomers are retained intracellularly (not shown).

In vivo, heterozygous mice expressing a combination of VWF-WT & VWF-DEL were compared
with heterozygous mice expressing both VWF-WT & VWF-DEL/C2773R (double-variant) or with
homozygous mice expressing VWF-WT only (Figure 3A). While multimer profiles of mice
expressing the VWF-WT & VWF-DEL combination lacked HMWMs and presented extra-bands
(arrowheads), multimer profiles of mice receiving both VWF-WT & the double-variant VWF-
DEL/C2773R were indistinguishable from that of mice expressing only VWF-WT. This striking
restoration of multimers was accompanied by disappearance of the uneven, abnormal bands
(Figure 3B). Moreover, antigen levels, which were severely reduced in VWF-WT & VWF-DEL
expressing mice, compared to mice expressing only VWF-WT (124.2+122.7% vs 917.7t436.4%,
respectively), were highly increased in heterozygous mice expressing the double-variant,
reaching 70% (683.9+391.6%) of the levels expressed by control VWF-WT mice (Figure 3C).

To test the hemostatic potential of heterozygous mice expressing the double mutant VWF we
performed a tail clip-bleeding assay. VWF:Ag levels > 300% are necessary to achieve hemostatic
efficiency after HGT[18]. In heterozygous mice expressing VWF-WT & VWF-DEL, only a few
approached this threshold and all bled profusely (Figure 3D, red), confirming that the dominant-
negative variant is associated with a severe hemorrhagic phenotype (Figure 3E). In contrast,
bleeding tendency in mice co-expressing both VWF-WT and VWF-DEL/C2773R was similar to
that of control mice, as indicated by the low amount of blood lost by both groups (Figure 3D,
black and blue, respectively). Although introducing additional genetic variants to correct the
detrimental effects of an inherited pathogenic alteration does not seem clinically feasible, these
results indicate that gene-editing approaches inactivating a dominant-negative allele might

represent a valuable option that could be applied to VWD in the future.
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In summary, here we proved that counteracting the dominant-negative effect of heterozygous
gene alterations by applying independent molecular mechanisms has beneficial effects on in vivo
models of VWD. More studies are needed to achieve selective targeting of endogenous VWEF-
expressing cells. Based on our data, we speculate that gene-editing approaches might be more
powerful to correct dominant-negative variants compared to silencing-based approaches, which -
so far- cannot completely suppress production of the mutant subunits, allowing for the DN effect
to be reduced but not completely inhibited. Whether silencing-approaches are more powerful in
vivo on different genetic variants remains to be investigated. However, this proof-of-concept study
demonstrates that innovative, personalized treatment could represent alternative therapeutic
options for VWD.
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Figure Legends

Figure 1. Counteracting the dominant-negative effect of the heterozygous DEL-variant in
vivo: silencing approach.

(A)vwf-deficient mice were subjected to HGT with equal amount (25ug) of two plasmids to co-
express VWF-WT & VWF-DEL mimicking the heterozygous condition. Four days post-HGT (D4)
when protein expression is at maximum level, selected mice received a single intravenous
infusion of siRNAs. Blood was collected 24h before (D3) and 24h after (D5) siRNA-treatment.

(B) Representative multimer profiles of mice before (-) and after (+) siDEL- or siNEG-
administration. Arrowheads indicate heteropolymers composed of wild-type and lighter mutant
subunits. White space between samples indicates different gels. Dotted red lines highlight
HMWNMs visible after siDEL treatment. (C) Representative profile plots for multimers shown in B.
Arrowheads indicate lighter heteropolymers. Dotted red lines highlight HMWMs visible after
siDEL treatment. Multimer profile plots were obtained using the Gel Analyzer tool of ImageJ
(version 2.0.0). (D) Densitometric analysis of multimer profiles. Membranes were imaged with a
G:BOX Chemi XT16 Image Systems and densitometric quantification was performed using Gene
Tools version 4.0.0.0 (Syngene) software. Quantitative densitometric analysis was performed on
samples for which the same amount of VWF, based on VWF:Ag measurement, could be loaded
on the same gel in our standard conditions for multimer analysis. As an estimation of the amount
of the heteropolymers, the ratio between the intensity of the odd-band and the intensity of the
total band (WT- & odd-band intensities) was then calculated for each -MER. Three (siNEG) or
four (siDEL) representative mice with sharp multimeric profiles before and after siRNA
administration have been quantified. (E, upper panel) VWF antigen levels was measured at D3 &
D5 in mice receiving siDEL (n=16, red), siNEG (n=4, gray) and in control untreated mice (n=19,
black). Antigen levels in heterozygous mice at D3 were arbitrary set at 100% (97.35+81.08% of a
reference mouse pooled plasma). (E, bottom panel) Mice were divided between those who raised
(grey) or lowered (white) their antigen levels at D5 compared to D3 post-HGT.

Statistical significance was calculated by applying 2-way ANOVA for repeated matched values
with Sidak’s multiple comparisons test using Prism 7 (Graphpad) software, in D and E. (* P<0.05;

** P<0.01 and ns P>0.05). Error bars in the graphs indicate standard deviation from the mean.

Figure 2. Counteracting the dominant-negative effect of the heterozygous DEL-variant in

vitro: DNA targeting approach.
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(A) COS-1 cells were transiently transfected with the same total amount of one (pSVhVWF/WT)
or two plasmids (pSV-hVWF/WT & pSV-hVWF/DEL or pSV-hVWF/WT & pSV-
hVWF/DEL/C2773R), in presence of Lipofectamine2000 (Life Technologies Corporation,
Carlsbad, USA) essentially as previously described[12]. VWF multimeric composition and antigen
levels were evaluated in cellular media collected 72 hours post-transfection.

(B) Representative multimer profile of hVWF transiently expressed in COS-1 cells in high
resolution 3% agarose gels. White space between two lanes indicates non-consecutive samples
loaded on the same gel. (C) VWF antigen levels in cells expressing hVWF-WT (black, n = 7),
hVWF-WT & -DEL (red, n = 6) and hVWF-WT & -DEL/C2773R (blue, n= 7). Antigen levels for
hVWEF, were calculated using a pooled normal human plasma (Cryocheck, Cryopep, Montpellier,
France) as reference. Levels at D3 have been arbitrary set at 100% for this analysis. Statistical
significance was calculated by applying a one-way ANOVA with Tukey’s multiple comparisons
using Prism 7 (Graphpad) software. (*** P<0.001 and ns P>0.05). Error bars in the graphs

indicate standard deviation from the mean.

Figure 3. Counteracting the dominant-negative effect of the heterozygous DEL-variant in
vivo: DNA targeting approach.

(A) Vwr-deficient mice were subjected to HGT with one (control mice) or two plasmids
(heterozygous VWD models). 4 days after HGT blood was collected and VWF assays performed
on mouse plasma. (B) Representative multimer profile of plasmatic VWF in 2% agarose gels in
mice co-expressing VWF-WT & VWF-DEL, VWF-WT & VWF-DEL/C2773R and a control mouse
expressing VWF-WT only. Arrowheads indicate heteropolymers containing DEL variants. (C)
VWEF antigen levels in mice expressing VWF-WT (n=21, black circles), both VWF-WT & VWF-
DEL (n=52, red circles) and both VWF-WT & VWF-DEL/C2773R (n=9, blue circles). VWF:Ag is
expressed as % of a reference mouse pooled plasma from 10 female and 10 male C57BI/6 mice.
(D) A group of mice was subjected to tail-clip bleeding assay 4 days after HGT. Blood loss in
mice expressing VWF-WT, n=8, black circles; both VWF-WT & VWF-DEL, n=3, red circles; both
VWF-WT & VWF-DEL/C2773R n=4, blue circles is shown. (E) Mice that were able to
spontaneously arrest the bleeding in the tail-clip assay have been referred as non-bleeders
(white) and mice that never arrest the bleeding have been named bleeders (grey). The ratio of
bleeders versus non-bleeders was similar in mice expressing mVWF-WT and mVWF-WT & -
DEL/C2773R as compared with mice expressing mVWF-WT & -DEL.

Statistical significance was calculated by applying a one-way ANOVA with Tukey’s multiple
comparisons using Prism 7 (Graphpad) software, in panels C and D. (** P<0.01; *** P<0.001 and

ns P>0.05). Error bars in the graphs indicate standard deviation from the mean.
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