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ARTICLE INFO ABSTRACT

Keywords: Introduction: Von Willebrand factor (VWF) plays a pathophysiological role in hemostatic disorders. Partial in-
Von Willebrand factor hibition of the VWF gene through small interfering RNA (siRNA)-mediated allele-selective silencing could be a
siRNA

promising therapeutic strategy. For von Willebrand disease, allele-selectively inhibiting dominant-negative VWF-
alleles might ameliorate the phenotype. For thrombotic disorders, partial VWF reduction can lower thrombotic
risk, while avoiding bleeding. Previously, we demonstrated the feasibility of Vwf-silencing in homozygous
C57BL/6J (B6) or 129S1/SvIimJ (129S) mice. The present study investigated allele-selective Vwf-silencing in a
complex heterozygous setting of crossed B6 and 129S mice and its subsequent hemostatic impact.

Materials and methods: Heterozygous B6.129S mice were treated with siRNAs targeting Vwf expressed from either
B6- (siVwf.B6) or 129S-alleles (siVwf.129S). Plasma VWF and lung Vwf mRNA were determined. siVwf.B6-treated
B6.129S mice were subjected to ferric chloride-induced mesenteric vessel thrombosis and tail-bleeding.
Resuits: In B6.129S mice, siVwf.B6 reduced Vwf mRNA of the targeted B6-allele by 72% vs. only 12% of the non-
targeted 129S-allele (41% total mRNA reduction), lowering plasma VWF by 46%. Oppositely, siVwf.129S
reduced Vwf mRNA by 45%, now selectively inhibiting the 129S-allele over the B6-allele (58% vs. 9%),
decreasing plasma VWF by 43%. The allele-selective VWF reduction by siVwf.B6 coincided with decreased
thrombus formation in mesenteric arterioles, without prolonging tail-bleeding times.

Conclusions: This study demonstrates the feasibility of allele-selective Vwf-silencing in a heterozygous setting,
achieving a controlled close to 50% reduction of plasma VWF. The observed thromboprotection and absence of
prolonged bleeding times underline the potential of allele-selective Vwf-silencing as a therapeutic strategy in
hemostatic disorders.
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1. Introduction bleeding disorder. In roughly 70 % of the VWD patients, a disease-

causing mutation in the VWF gene can be identified, most of which

The multimeric plasma glycoprotein von Willebrand factor (VWF)
plays a pivotal role in the primary hemostasis [1]. It also functions in the
secondary hemostasis as the carrier protein for coagulation factor VIII
(FVIII) as it forms a noncovalent complex with FVIII [2,3]. Deficient or
low VWEF activity levels in plasma could lead to the bleeding disorder
von Willebrand disease (VWD) [4]. VWD is the most common inherited

have a dominant-negative effect [4,5]. In contrast, elevated plasma VWF
levels are associated with an increased risk of developing arterial and
venous thrombosis [6,7]. Although direct evidence for a causal rela-
tionship of high VWF and thrombosis is lacking, a causal relationship is
indirectly supported by the observation that low VWF is associated with
reduced cardiovascular disease and mortality, and even more so by the
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protective effect of VWD for developing thrombotic events, such as
coronary artery disease and ischemic stroke [8,9]. Additionally, ultra-
large VWF multimers as a result of reduced activity of the VWF
cleaving protease ADAMTS13 (a disintegrin and metalloprotease with
thrombospondin type 1 repeats, member 13), lead to thrombotic
thrombocytopenic purpura [10].

As VWF plays a central pathophysiological role in these different
hemostatic disorders, targeting VWF itself is an interesting therapeutic
approach. For VWD, current treatment strategies focus on increasing
circulating plasma VWF via either infusion of VWF concentrate or
stimulating endogenous release of endothelial VWF [11,12]. However,
neither of these inhibits the formation of mutant VWF, which in itself
could result in negative effects. Treatment strategies addressing the
thrombotic properties of VWF have focused on blocking its hemostatic
function, with the unwanted effect of an increasing risk of bleeding
[13,14]. An alternative strategy to substituting VWF or targeting the
release or function of VWF could be the reduction of VWF production via
inhibition of the translation of VWF mRNA. In the case of VWD, inhi-
bition of production should solely focus on the mutant dominant-
negative VWF-allele, leaving the other normal VWF-allele unimpaired.
This will result in an improvement of the activity and function of the
remaining normal VWF. In the context of thrombotic disorders, the goal
would also be to inhibit the production of one VWF-allele only to
partially lower VWF production while avoiding too low plasma levels
that might coincide with a bleeding risk.

Allele-selective silencing of the VWF gene using small interfering
RNAs (siRNAs) could be suitable for achieving such a partial reduction
in VWF production. This strategy could be applied to only inhibit the
mutated VWF-allele to ameliorate the VWD phenotype. In thrombotic
disorders, allele-selective silencing of VWF would allow for a maximal
reduction of VWF production by 50%, averting an increased bleeding
risk. Therapeutic allele-selective siRNAs have the ability to silence one
allele based on a single nucleotide allelic difference, as has been shown
for other autosomal dominant diseases [15,16]. As VWD can be caused
by hundreds of different mutations in the VWF gene [5], it is not feasible
to develop siRNAs targeting the specific unique mutation. In the case of
elevated levels of VWF associated with thrombosis, there are actually no
mutations present that could be targeted [8,17]. Therefore, a universal
alternative approach could be targeting of common genetic variations
within the VWF gene, such as the well-documented single nucleotide
polymorphisms (SNPs) [18].

Previously, we have demonstrated the feasibility of designing siRNAs
to silence murine Vwf from the commonly used mouse inbred strains,
C57BL/6J (B6) or 129S1/SvIimJ (129S), differing at the target site by a
single nucleotide. These two mouse inbred strains were chosen based on
the presence of differences in the sequence of their Vwf genes and
comparable plasma VWF levels. siRNAs targeted towards Vwf of B6 or
129S mice were tested in vivo and proved to be strain-selective [19].
However, these experiments were only performed in a homozygous
setting, in either the B6 or 129S mouse [19]. In a more complex het-
erozygous setting of crosses of B6 and 1298 that includes the presence of
competing targeted and non-targeted Vwyf-alleles, allele-selective
silencing of Vwf is expected to be more challenging, which may
impact efficacy as well as the selectivity of the siRNAs.

In the present study, we crossed B6 and 129S mice and tested
whether allele-selective silencing is also achievable in these heterozy-
gous mice. After confirming allele-selectivity of the siRNAs on both
mRNA and plasma levels, the hemostatic impact of such allele-selective
silencing was assessed by subjecting mice to thrombotic and bleeding
challenges.

2. Methods
2.1. Animals

C57BL/6J (B6) and 129S1/SvIimJ (129S) mouse strains were chosen
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based on the presence of 11 nucleotides differing between their Vwf
genes and their comparable plasma VWF levels [19]. B6 male and fe-
male mice (mouse strain #000664, The Jackson Laboratory, Bar Harbor,
ME, USA) were obtained from Charles River, France. Female 129S mice
(#002448) were obtained directly from The Jackson Laboratory, Bar
Harbor, ME, USA. At the inhouse animal facilities B6 males and 129S
females were intercrossed to produce hybrid F1 offspring B6.129S. For
assessment of allele-selectivity of the siRNAs and in the tail-bleeding
experiments, 5-8 weeks old B6.129S and B6 male and female mice
were used. Post-weaning, 3-4 weeks old B6.129S and B6 male and fe-
male mice were used for the ferric chloride (FeCl3)-induced thrombosis
model. B6.129S2-Vwf™W&/J mice (Vwf /", backcrossed on a B6
background; #003795, The Jackson Laboratory) were used as a refer-
ence control in the tail-bleeding experiments. Mice were housed in
conventional cages with a 12:12 h light-dark cycle with ad libitum ac-
cess to food and water. Experimental setup was in accordance with the
Institute for Laboratory Animal Research Guide for the Care and Use of
Laboratory Animals and had received approval from the Ethical Review
Boards for Animal Experimentation of the Leiden University Medical
Center, Leiden, The Netherlands and INSERM (APAFIS #38228-
202208021331789 v2), Le Kremlin-Bicéetre, France for the studies per-
formed at their respective institutes. Sample sizes were determined
using non-parametric power calculations with G*Power version 3.1.9.4
[20]. Animals were randomized using RandoMice software [21]. In all
experiments, the primary researcher was blinded to the treatment order
and animal treatment history at sacrifice until data analysis.

2.2. siRNA formulation, delivery and in vivo administration

siRNAs designed to target the Vwf-allele of either the B6 (siVwf.B6)
or 129S (siVwf.129S) mouse strain, a non-selective siVwf and corre-
sponding scrambled controls (siControl, siControl. B6, siControl.129S)
were designed and tested previously on in vitro and in vivo effectivity and
strain-selectivity [19]. siRNA design (Table 1) and manufacturing was
done by Axolabs (Kulmbach, Germany). For endothelial delivery, siR-
NAs were encapsulated in 7C1 lipid nanoparticles as previously
described at the Atlanta facilities [22,23]. siRNA-encapsulated nano-
particles were cool packed and shipped from Atlanta, USA to Leiden, The
Netherlands or Le Kremlin-Bicétre, Paris, France (in case of FeCls-
induced thrombosis studies, see below) and stored at 4°C. The nano-
particles were used within four weeks after formulation to ensure sta-
bility. Mice were given a single intravenous tail vein injection with
siRNA-encapsulated nanoparticles at a previously determined effective
and optimal dose of 1.5 mg siRNA per kg body weight [19]. In addition,
a higher dose of 2.5 mg siRNA per kg body weight was injected to mice
to investigate possible undesired non-selective silencing of the non-

Table 1
Allele-selective and non-selective siRNAs targeting Vwf.

D Target siRNA sequence
siControl - scrambled siVvwf  5'-
dTGAUAUUUCCCUCcAGUAACgsg-3'
siVwf B6/ €.6348-¢.6365 5-
1298 dTAUGUUUUCACCaACGUACgsg-3'
siControl. B6 - scrambled 5'-dTAUAUCCAAUUACFCCUAAcsa-
siVwf.B6 3
siVwf.B6 B6 c1010T>C 5-
dTGUACACAAAAUCUUCUCAcsa-3'
siControl.129S - scrambled 5-dTCGACAUCGAACgCGCACAasa-
siViwf. 1295 3
siVwf.129S 1298 ¢.2739C > T 5-dTAAACAGGGACAcCGCUCCasa-
3

Note: Chemical modifications are indicated as follows: dT = DNA residue; G, C,
A, U = RNA residue; g, ¢, a, u = 2’-0-Methyl modified residue; s = phosphor-
othioate backbone modification; underlined and bold = position of allele-
selective nucleotide specific for B6 strain, not underlined and bold indicates
nucleotide target for 129S strain.
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targeted Vwf-allele.

2.3. Plasma protein and lung mRNA transcript levels

Blood collection and subsequent plasma VWF antigen (VWEF:Ag)
levels and VWF multimeric pattern, RNA isolation and subsequent lung
Vwf mRNA transcript levels were measured as described [19]. Addi-
tional primers were designed to determine B6-Vwf or 129S-Vwf allele-
selective transcript levels (Table 2).

2.4. Ferric chloride-induced vascular injury of the mesenteric vessels

The effect of siRNA-mediated allele-selective silencing of Vwf on
thrombosis was studied using the FeCls-induced vascular injury model
as described [24,25]. Briefly, B6 mice were anesthetized with an intra-
peritoneal (IP) injection with ketamine (100 mg/kg) and xylazine (10
mg/kg), while for B6.129S mice (both males and females) the dose of
ketamine was increased to 150 mg/kg. Following anesthesia, circulating
blood platelets were fluorescently labeled by a retro-orbital injection
with rhodamine 6G dissolved in saline (dose 3.3 mg/kg, Sigma Aldrich).
Next, abdomen was opened, mesenteric vessels were exposed, and a
10% FeClz-immersed (Sigma-Aldrich) filter paper strip was topically
placed on the mesenteric vessels. Thrombus development was moni-
tored with an inverted epifluorescent microscope (x10) (Nikon Eclipse
TE2000-U) using MetaMorph (v7.8) imaging software for up to 45 min
or until occlusion of the vessel. Time to occlusion was the primary
outcome parameter, and non-occlusive thrombus development was
measured every 5 min for a time period of 45 min in total by an auto-
mated quantification pipeline (Supplemental materials) using CellPro-
filer (version 4.2.1) based on the intravascular rhodamine-positive area
[26]. Positive areas smaller than 30 pm in diameter were excluded from
measurement, data was presented as the area under the curve of the sum
of all thrombi measured over time.

2.5. Tail-bleeding assay

For the tail-bleeding assay, B6.129S mice were anesthetized with an
IP injection with ketamine (150 mg/kg), xylazine (10 mg/kg) and
atropine (0.1 mg/kg), while B6 and Vwf '~ mice received the ketamine
at the dose of 100 mg/kg. The tail was immersed in warm saline (37°C)
for 5 min to induce vasodilation and subsequently transected (3 mm)
with immediate immersion into a 50 mL tube pre-filled with warm
(37°C) saline. Time to cessation of bleeding was recorded and bleeding
was considered to have stopped when there was no blood loss visible
anymore. If bleeding continued up to the 600-second time point after
transection, bleeding was stopped by cauterization of the transection
wound and bleeding time was set at 600 s. To determine the volume of
blood loss, the tubes with blood and saline were centrifuged at 1500 xg
for 20 min RT, the red blood cell pellet was lysed with 20 mL deionized
distilled water (ddH20) and light absorbance at wavelength of 416 nm
was measured. To determine the volume of blood loss (pL), a standard
curve was made by pooled whole blood samples of B6 and B6.129S mice.

2.6. Statistical analysis

Graphic illustrations were generated, and statistical analysis was
performed using GraphPad Prism 9.3.1 (GraphPad Software, La Jolla,

Table 2
qPCR primer sequences.

Gene Forward primer Reverse primer

Gapdh ACTCCCACTCTTCCACCTTC CACCACCCTGTTGCTGTAG
Total Vwf GCCTCAAGCAGAGCACAAAC TCCTGCAGGCACAGGTAAAG
B6 Vwf CAGTGAGGAACAGCGGTGTA CCACAAAGGACTCGGGATCC
1295 vwf CAGTGAGGAACAGCAGTGCA CCACAAAGGACTCGGGATCC
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CA, USA). Data is presented as the median with range. Mann-Whitney U
or Kruskal-Wallis test were used to determine statistically significant
differences between two or three experimental groups, respectively. The
Fisher’s exact test was performed to determine statistically significant
differences between the two control groups after occlusive FeCls-
induced thrombosis. P < 0.05 was considered to be statistically
significant.

3. Results
3.1. Allele-selectivity of siRNAs in B6.129S mice

Administration of the non-selective siVwf (at dose 1.5 mg/kg) in the
heterozygous B6.129S mice resulted in a strong significant reduction of
median total lung Vwf mRNA levels of 81% (Fig. 1A). As expected for
this non-selective siVwf, a comparable reducing effect was seen for lung
Vwf transcript originating from both B6 and 129S alleles (67% and 73%,
respectively). In concordance, a strong 87% median reduction of plasma
VWEF levels was observed for this non-selective siVwf. As anticipated, for
the allele-selective siVwf.B6, a limited reduction of 41% of total Vwflung
transcript was observed in the heterozygous B6.129S mice (Fig. 1B). For
this selective siVwf.B6, reduction of the corresponding Vwf transcript
from the B6-allele was much stronger than the reduction of lung Vwf
transcript expressed from the non-corresponding 129S-allele (median
reduction in transcript of 66% B6-allele versus 12% 129S-allele). A
similar but opposite effect was observed in B6.129S mice that were
injected with the allele-selective siVwf.129S. Again, total lung Vwf
mRNA showed limited reduction by 45% but inhibition of Vwf from the
129S-allele was now stronger and >5-fold to that of the non-
corresponding B6-allele (median reduction in transcript of 59% 129S-
allele versus 9% B6-allele) (Fig. 1C). For both the allele-selective
siVwf.B6 and siVwf.129S the approximate halving of total lung Vwf
mRNA coincided with a (corresponding) median reduction of plasma
VWEF of approximately 50% (Fig. 1B and C, right panels). A higher siRNA
dosage of 2.5 mg/kg of siVwf.B6 or siVwf.129S in B6.129S mice essen-
tially produced the same results, indicating that upon a higher dosing of
the siRNAs, allele-selectivity persisted (Supplemental Fig. 1). The VWF
multimeric pattern of 1.5 mg/kg siVwf.B6-treated B6.129S mice was the
same compared to siControl. B6-treated B6.129S mice (Supplemental
Fig. 2), which is to be expected.

siVwf.B6 and siVwf.129S were both clearly allele-selective, yielding
essentially comparable but opposite effects, and in combination with the
previous strong reduction seen by the siVwf.B6 in the corresponding
homozygous B6 mice [19], we chose to only use the siVwf.B6 for ex-
periments focusing on allele-selective inhibition of Vwf on experimental
thrombosis and bleeding.

3.2. Effect of allele-selective silencing of Vwf on thrombus development

The effect of allele-selective silencing of Vwf using siVwf.B6 was
assessed using the FeCls-induced vascular injury model, with moni-
toring of thrombus formation in mesenteric arterioles (Fig. 2, Supple-
mental Fig. 3) and venules (Supplemental Fig. 4). For B6 mice, after
being subjected to FeCls, 7 out of 8 (88%) siControl. B6-treated animals
developed occlusive thrombosis, compared to 4 out of 8 siVwf.B6-
treated mice (Fig. 2A). Remarkably and unexpectedly, when siControl.
B6-treated B6.129S mice were subjected to the model, only 3 out of 10
animals developed occlusive thrombi within the 45-minute time (versus
3 out of 20 siVwf.B6-/siVwf-treated B6.129S mice). This poor response in
occlusive thrombus formation in B6.129S mice treated with siControl. B6
(P = 0.0248, compared to siControl. B6-treated B6 mice with occlusive
thrombi), suggests that these B6.129S mice are less responsive to the
mesenteric FeCl; model, at least as executed under the described con-
ditions. It was noticed that despite their young age (3/4 weeks old), all
B6.129S mice included, in contrast to B6 mice of the same age, featured
considerable presence of adipose tissue surrounding the mesenteric
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Fig. 1. Effect on VWF expression after siRNA treatment in F1 B6.129S mice. Mice were treated with a non-selective or allele-selective siVwf (open symbols) or with a
corresponding scrambled control siRNA (solid symbols) at a dosage of 1.5 mg/kg. A. VWF levels in mice treated with non-selective siVwf or siControl. The left graph
represents Vwf mRNA transcript levels measured in lungs, which were collected 96 h after siRNA injection. Total Vwf mRNA is indicated in purple, Vwf specific for the
Bé6-allele is indicated in blue and Vwf of the 129S-allele in red. Plasma protein levels of the siControl- or siVwf-treated B6.129S mice were measured for total VWF
(right graph). B. VWF levels measured in siVwf.B6- or siControl. B6-treated mice. The left graph represents lung Vwf mRNA after siVwf.B6 treatment with in purple
total Vwf mRNA expression levels and in blue (B6) and red (129S) allele-selective Vwf transcription levels. Here, the targeted allele was the B6 allele. Plasma VWF
levels after siRNA treatment are indicated in the right graph. C. VWF levels measured in siVwf.129S- or siControl. 129S-treated mice. The left graph represents lung
Vwf mRNA after siVwf. 129S treatment with in purple total Vwf mRNA expression levels and in blue (B6) and red (129S) allele-selective Vwf transcription levels. Here,
the targeted allele was the 129S allele. Plasma VWF levels after siRNA treatment are indicated in the right graph. N = 12 animals per treatment group, however,
incidentally a data point was excluded because of unwanted clotting activation during blood collection (as established visually), or in the case of the mRNA, due to
inconsistent Ct values of the triplicates as result of low quality of the RNA sample. Values of the individual animals are presented with indication of the median value
and were compared to the median of the corresponding scrambled control siRNA. Significant differences were determined based on comparisons between groups. P
>0.05=ns,P<0.05="%*P<0.01 =**P<0.001 =*** P <0.0001 = ****, (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 2. Effect of siRNA treatment on FeCls-induced thrombosis in arterioles of B6 and B6.129S mice. A. Time to occlusion of arterioles after FeCls-induced vascular
injury in B6 and B6.129S mice treated with siControl. B6 (purple symbols), siVwf.B6 (blue) or siVwf (red). Closed symbols are representative for individual animals
that reached occlusion within the 45-minute follow-up period (indicated by dotted line), and open symbols represent animals that did not reach occlusion. Sample
sizes per treatment group were as follows: for the B6 mice N = 8 siControl. B6 and siVwf.B6-treated animals; for B6.129S mice N = 8 siVwf-treated animals, N = 10
siControl. B6 and siVwf.B6-treated animals. B. Representative images of CellProfiler output. The upper image is a raw image of an arteriole with thrombus devel-
opment in white. The lower image shows the processed image with, in blue, thrombi that were included in the measurement as they were over 30 pm in diameter. In
red, thrombi that were excluded from measurement (<30 pm diameter) but had high enough intensity to be picked up by the software as a thrombus. Scale bar = 50
pm. C. Thrombus development is indicated as the sum of thrombus surface area measured over a time period of 45 min in siControl B6 (purple symbols), siVwf.B6
(blue) or siVwf (red) treated mice with non-occlusive arterioles. Values of the individual B6.129S mice are shown with indication of the median value and were
compared to the median of siControl. B6-treated B6.129S mice. Significant differences were determined based on comparisons between groups. P > 0.05 = ns, P <

0.05 = *. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

vessels (Supplemental Fig. 5), which may have limited diffusion of FeClg
into the vessel wall and consequently less or slower induction of vascular
injury. Therefore, apart from monitoring occlusive thrombosis, we
performed an analysis, focusing on thrombi detectable in the arterioles
and venules which did not reach occlusion within the 45-minute time
frame (Fig. 2B). In the venules, non-occlusive thrombosis was evident
but this was not significantly different between siControl. B6- and siVwf.
B6-treated B6.129S mice, possibly due to the venules being bigger ves-
sels than the arterioles (Supplemental Fig. 4). In the arterioles, non-
occlusive thrombosis was evidently present in siControl. B6-treated
B6.129S mice and this was significantly reduced in the B6.129S animals
treated with siVwf.B6 as some of these mice did not develop any thrombi
during the 45-minute time period (Fig. 2C). This reduction was com-
parable to that observed in the non-selective siVwf-treated B6.129S
mice. Thus, a thromboprotective effect is observed in B6.129S mice
upon reduction of VWF achieved by both a non-selective and allele-
selective silencing approach.

3.3. Effect of allele-selective silencing of Vwf on tail-bleeding

First, wild-type (WT) B6 and Vwf deficient (Vwf~; B6 background)
mice that did not receive any siRNA treatment were subjected to the tail-
bleeding challenge (Fig. 3A). Where the B6 mice stopped bleeding 66.5
[Range 51-124] seconds after tail-tip transection, all Vwf ™~ mice
continued bleeding up to 600 s of transection and required cauterization
of the wound to stop bleeding, which is in concordance with earlier
studies [24]. Next, siControl. B6-injected B6 mice were challenged and
showed a median bleeding time of 54.5 [40-69] seconds comparable to

O nosiRNA O siControl.B6
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i |
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200 T

B6 mice without siRNA treatment (Fig. 3A, B). B6 mice that received
siVwf.B6 showed a heterogenous response, two mice had similar
bleeding times to the siControl. B6 group, two mice did not stop bleeding
in the 10-minute observation period, and two mice had a prolonged
bleeding time (160 and 186 s) (Fig. 3B). This indicates that the strong
reduction in plasma VWF levels by siVwf.B6 in B6 mice coincides with an
increased bleeding tendency, however this was not as severe as observed
for the Vwf /™ mice. Then, B6.129S mice underwent tail-bleeding. When
treated with the non-selective siVwf, B6.129S mice showed a small but
significant increase in bleeding time in comparison to siControl. B6-
treated B6.129S mice (82.5 [81-125] vs. 57 [42-68] seconds, Fig. 3B).
In contrast, treatment with the allele-selective siVwf.B6 did not lead to a
significant increase in bleeding time (80.5 [59-118] seconds, Fig. 3B). In
addition to bleeding time, the effect on bleeding was also assessed by
determining the volume of blood loss. While blood loss results are less
outspoken these essentially followed the findings for bleeding times
(Supplemental Fig. 6). Thus, allele-selective silencing of Vwf does not
affect bleeding.

4. Discussion

In this study we have demonstrated, in a complex setting with
competing targeted and non-targeted alleles, that allele-selective
silencing of Vwf in heterozygous B6.129S mice inhibits Vwf mRNA of
the targeted allele, allowing for a controlled close to 50% reduction of
total VWF on plasma level. The hemostatic impact following this 50%
reduction of VWF resulted in thromboprotection upon challenging mice
with FeCls-induced vascular injury. Furthermore, this halving of plasma

O siVwf.B6 O sivwf
%k %k
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B6 mice B6.129S mice

Fig. 3. Effect of siRNA treatment on tail-bleeding in B6 and B6.129S mice. A. Bleeding times in seconds in non siRNA-treated (grey symbols) B6 mice (left) and Vwf
deficient mice (Vwf /~; right) that underwent tail-bleeding. Tails of mice that did not stop bleeding were cauterized at 600 s (indicated by dotted line). B. Bleeding
times in B6 (left) mice and B6.129S mice (right) treated with siControl. B6 (purple), siVwf.B6 (blue) or non-selective siVwf (red). N = 6 animals per treatment group;
values of individual animals are presented with indication of the median value and significant differences were determined based on comparisons between groups. P
> 0.05 = ns, P < 0.01 = **, (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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VWEF levels did not lead to prolonged bleeding times.

The mouse strain-selective siRNAs, that we had previously designed
against Vwf of B6 or 129S mice [19], were now confirmed indeed to be
allele-selective in the heterozygous F1 offspring of B6 and 129S crosses.
The successful allele-selective silencing of murine Vwf follows from
targeting just a single nucleotide difference in the Vwf gene of B6 and
129S mice and illustrates the major potential of siRNAs in achieving
such high levels of selectivity in vivo. It should be noted that in the
present study only on-target effects, that is the effect on Vwf itself, has
been assessed. Any possible off-target effects were not investigated in
this proof of concept study. In a situation of future clinical application,
such off-target effects should be evaluated thoroughly starting with in
silico and preclinical studies, now for allele-selective siRNAs developed
specifically for the human VWF gene. Although the allele-selective siR-
NAs described in this paper are specific for murine Vwf sequences and
therefore not applicable to be administered in humans, the method of
targeting a single nucleotide difference can act as a proxy for a future
human SNP-based targeting approach. Similarly to the allele-selective
siRNAs that were used in the current study which were designed
based on a single nucleotide difference between the Vwf genes of two
mouse inbred strains, in a SNP-based targeting approach siRNAs should
be designed to target a heterozygous SNP in the human VWF gene
[27,28]. These heterozygous SNPs preferably have a high minor allele
frequency to target larger subpopulations [29]. Application of such an
allele-selective siRNA-mediated VWF-silencing approach in humans
would aim for therapeutic silencing of the allele carrying a dominant-
negative VWF mutation, present in most type 2 and several type 1
VWD patients [4,5], or just one of the VWF-alleles in the context of
thrombosis. As mentioned, in the bleeding disorder VWD, hundreds of
mutations are known to be linked to the disease [5]. However, designing
a therapeutic siRNA for each mutation is not feasible. The SNP-based
approach would be a suitable fit for VWD, with allele-selective siRNA-
mediated silencing of the mutated VWF-allele allowing for an effective
and safe reduction of only the diseased VWF. In contrast, in the context
of thrombosis, while there are several variants associated with increased
plasma VWF levels [30] and increased thrombosis risk [31], currently
there are no known mutations in the VWF gene to directly cause
thrombosis, so here the SNP-based approach would be a suitable option
and the allele-selective siRNA-mediated VWF-silencing would allow for
a safe and thromboprotective 50% VWF reduction.

The impact of a 50% reduction in plasma VWF levels in normal
healthy mice was anticipated to be in the window where lowering of
VWF coincides with thromboprotection but not bleeding. Studies using
mice with one functional Vwf-allele (Vw, /= mice), showed that these
mice have similar tail-bleeding-induced bleeding times as compared to
mice with 100% VWF functionality [24]. This confirms that a 50%
reduction of VWF can be considered safe from a bleeding point of view.
In addition, the Vwf™ ™~ mice also benefited from the lower VWF levels
when it comes to thrombosis as tested in a FeCls-induced thrombosis
model in the carotid arteries [32]. In Vwf" /~ mice, both endothelial and
platelet VWF are affected whereas in the siRNA-mediated approach we
describe here the platelet VWF remains unaffected [19]. Similar to the
earlier studies with Vwf"/~ mice, an siRNA-mediated reduction of
approximately 50% of plasma VWF in the present study does not lead to
prolonged bleeding times and thromboprotection could be achieved
even without lowering of platelet VWF. In the context of future thera-
peutic applications for VWD, this would mean that inhibition of the
mutated VWF-allele is anticipated to result in a 50 % level of normal
plasma VWF activity which will ameliorate the bleeding tendency in
VWD patients. In the context of high VWF levels and thromboprotection,
a 50% reduction of plasma VWF levels will be a safe approach as it will
not lead to an increased bleeding risk.

In the present study, we unexpectedly observed that FeCls-induced
vascular injury led to minimal occlusive thrombus development in
normal mice with a B6.129S background (Fig. 3). These findings were
less pronounced compared to studies using this well-established model
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for (arterial) thrombosis, which are predominantly performed on post-
weaning 4-/5-week-old mice with a B6 background [24,33-36]. Here,
we used 3-/4-week-old B6 and B6.129S mice. One striking difference
between these mouse strains, that became evident upon execution of the
experiments, was the presence of unexpected excess of adipose tissue
surrounding the blood vessels of the B6.129S mice, not the B6 mice. The
use of 3-week-old mice in this model was to circumvent presence of
adipose tissue as it may have a negative impact on the diffusion of FeClg
into the mesenteric vessel walls, and subsequent induction of occlusive
thrombosis. Although even at the young age of 3 weeks old there was
excess adipose tissue, using B6.129S mice younger than 3 weeks to avoid
presence of adipose tissue is not possible or desirable from a practical
(intravenous siRNA injections, surgery) and ethical point-of-view. While
the adipose tissue may have reduced the extent of FeCls-induced
occlusive thrombosis in B6.129S mice, thrombosis formation was still
evident, albeit milder and not occlusive. This non-occlusive thrombosis
appeared well-measurable and using automated analysis of the non-
occlusive thrombus formation over time, allowed detection of throm-
boprotection upon siVwf or siVwf.B6 treatment. This extension of
thrombosis analysis within the FeClz-model can be a valuable addition
to the model, and the pipeline for automated analysis developed as part
of the present study is freely available (Supplemental materials).

In summary, we have shown allele-selective inhibition of VWF pro-
duction in heterozygous B6.129S mice with siRNAs designed to specif-
ically target one nucleotide difference between the B6 and the 129S
allele. Lowering of VWF led to less thrombosis development, even at a
maximum of 50% VWF reduction due to the allele-selective silencing of
the Vwf gene. Bleeding times were unaffected upon allele-selective siVwf
treatment, indicating that 50% less VWF production does not increase
the bleeding risk. These results further underline the potential of allele-
selective VWF-silencing as a customized treatment strategy for hemo-
static disorders such as VWD and (arterial) thrombosis.
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