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Summary

Background—\Won Willebrand Factor (VWF) is tightly regulated by the metalloproteinase
ADAMTS13, which cleaves VWF to reduce VWF multimer size and binding affinity for collagen
and platelets.

Objective—This study examines two VWF mutations, R1597W (enhanced cleavage), and
Y1605A-M1606A (decreased cleavage) to determine their impact on VWEF in addition to
ADAMTS13-mediated cleavage.

Methods—In vitro mouse ADAMTS13 digestions were performed on recombinant proteins.
VWEF knockout mice received hydrodynamic injections of mouse ViwfcDNA, following which
VWEF antigen, multimer profile, and VWF propeptide levels were determined. A ferric chloride
injury model of thrombosis was also evaluated.

Results—In vitro ADAMTS13 digestion of full-length mouse VWF required >97-fold higher
ADAMTS13 levels for Y1605A/M1606A, and 68% lower ADAMTS13 levels for R1597W
compared to wild type. In vivo, R1597W had reduced VWF:Ag and both mutations exhibited
increased VWF propeptide/VWF:Ag ratios. R1597W multimers show a lower molecular weight
profile compared to wild type and Y1605A/M1606A mice. When co-injected with Adamts13
cDNA, Y1605A/M1606A multimers were larger compared to wild type, and R1597W showed
only a single multimer band and decreased clearance via VWFpp/VWF:Ag ratio. R1597W was
associated with reduced thrombus formation but normal platelet accumulation in a ferric chloride
injury model while Y1605A/M1606A had a loss of occlusive thrombi but increased platelet
accumulation compared to wild type.

Conclusions—This study demonstrates that mutations that alter ADAMTS13 cleavage also can
affect VWEF clearance, VWF antigen level, multimer structure, and thrombotic potential in the
VWEF knockout hydrodynamic injection model.
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Introduction

The large multimeric glycoprotein von Willebrand Factor (VWF) is critical to normal
hemostasis through mediating platelet-subendothelial interactions as well as binding to
platelets to mediate their aggregation at the site of endothelial damage [1]. In addition, it
serves as a molecular chaperone for FVIII [1]. When activated, endothelial cells release
ultra-high molecular weight VWF. This highly adhesive VWF is tightly regulated by the
metalloproteinase, ADAMTS13 (the thirteenth member of A disintegrin-like and
metalloprotease with thrombospondin type 1 motif family), which cleaves the A2 domain of
VWEF at Y1605/M1606, thereby reducing VWF multimer size and binding affinity [2].

In type 2A group Il von Willebrand disease (2A VWD) mutations, the largest VWF
multimers are absent due to an increased susceptibility for cleavage by ADAMTS13 [3]. The
remaining lower molecular weight VWEF has a decreased binding affinity for collagen and
platelets, and results in a bleeding phenotype [4]. In contrast, an uncontrolled increase in
ultra-large VWF multimers results in spontaneous platelet binding and microvascular
thrombotic occlusions in thrombotic thrombocytopenic purpura [5].

The type 2A group 11 VWD mutation R1597W is one of the most commonly reported forms
of this subtype [6]. This mutation is located in the VWF A2 domain, near the ADAMTS13
cleavage site [6,7]. Patients with the R1597W mutation exhibit a loss of high molecular
weight VWF multimers due to increased ADAMTS13-mediated cleavage. This, in turn,
results in an increased bleeding time and lower VWF ristocetin-cofactor values [4]. R1597W
has been previously demonstrated /n vitro to have an enhanced susceptibility to
ADAMTS13-mediated cleavage [3,8,9], but near normal synthesis compared to wild type
recombinant protein [3,10].

The cleavage site knockout Y1605A/M1606A has previously been demonstrated to greatly
decrease the rate of ADAMTS13-mediated cleavage on both full-length multimerized
recombinant VWF, and an A2 domain VWF substrate [8,11]. In vivo, this should increase
multimer size, and increase the thrombogenic potential of VWEF, similar to the situation in
ADAMTS13 deficiency. ADAMTS13 knockout mice possess a prothrombotic phenotype
with increased VWF multimer size, but require another pathological challenge to produce
TTP-like symptoms [12,13].

The VWF knockout mouse can be used to examine different human VWD mutations
through the establishment of mouse VWF expression by hydrodynamic delivery of the
mouse VwrfcDNA. The homogeneous, inbred genotype of the mice, relatively low cost to
introduce new mutations, and the ability to evaluate larger study populations than would be
available for human subjects makes this a valuable and convenient methodology to examine
different VWD mutations. This strategy also enables the evaluation of discrete VWF variants
without the potential confounding influence of additional coding region polymorphisms.
This experimental approach has already recapitulated the human disease phenotypes for
defective binding to collagen and GPlIbllla [14], type 1 VWD [15], and type 2B VWD
[16,17]. Until now, this methodology has not been used to evaluate VWF sequence changes
that are thought to only affect ADAMTS13-mediated cleavage.
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This study examines the role of ADAMTS13-mediated cleavage on VWF clearance rate,
multimer size, and function in the VWF knockout mouse via both recombinant protein
infusions and VWF gene transfer through hydrodynamic tail vein injection.

Materials and Methods

Plasmid construction and mutagenesis

The mouse VwrfcDNA (courtesy of Peter Lenting) was cloned into the pCineo plasmid for
recombinant full-length mouse VWF protein (mVVWF) and into the pSC11 plasmid with the
liver-specific enhanced murine transthyretin (ET) promoter (courtesy of Luigi Naldini) for
hydrodynamic delivery [16]. mVWF115, a GST and histidine tagged 115 amino acid
fragment of the VWF A2 domain, G1554-T1668, was constructed from the pGEX-6P-1
backbone (GE Healthcare Life Sciences, Piscataway, NJ, USA) and mouse ViwfcDNA [18].
Site-directed mutagenesis was performed using the Quikchange XL 11 kit (Stratagene, La
Jolla CA). Both R1597 and Y1605/M1606 are conserved between human and mouse VIWF
sequences. Mouse Adamts13 cDNA (courtesy of Dr. F. Scheiflinger, Baxter, Austria) was
cloned into the pSC11 plasmid with the liver-specific ET promoter for hydrodynamic
delivery.

Recombinant protein production and cell culture

HEK?293T cells were transiently transfected using the calcium phosphate method as
previously described [8]. VWF was secreted into serum-free OptiMEM containing 100 U/ml
penicillin, 100 ug/ml streptomycin, 1x Insulin/Selenium/Transferrin G (Invitrogen,
Carlsbad, CA, USA). Medium was harvested after 72 hours and recombinant VWF was
concentrated using Amicon Ultra-15 or Ultra-70 100K MWCO units (Millipore, Billerica,
MA, USA).

Mouse ADAMTS13 (MADAMTS13) derived from the pcDNA3.1-mADAMTS13
expression vector was produced via stable transfection in HEK293T cells similar to the
recombinant VWF, using G418 selection [8]. ADAMTS13 activity was determined using the
ADAMTS13 Activity ELISA Kit (Japan Clinical Laboratories, Kyoto, Japan) [19].

The mVVWF115 proteins were produced in BL21-Gold £. coli (Stratagene) and purified via
Ni-NTA agarose (QIAGEN, Valencia, CA) [8].

VWEF antigen, propeptide, Western blots and multimer quantitation

Mouse VWEF protein concentration (VWF:Ag) was determined by enzyme-linked
immunosorbent assay (ELISA) using polyclonal VWF antibodies A0082 and P0226
(DAKO, Carpenteria, CA, USA). Mouse VWF propeptide (VWFpp) concentration was
determined using the 349.3 capture antibody, and detected via the horseradish peroxidase-
linked 349.2 antibody, produced by Robert Montgomery and provided by Sandra
Haberichter [14]. Mouse VWF, VWFpp, and ADAMTS13 activity concentrations were
determined using a normal C57BI/6 plasma pool, derived from 25 normal, mixed sex, eight
week old C57BI/6 mice, with the means arbitrarily determined to be 1 U/mL mVWF,
mVWFpp, mMADAMTS13 respectively.
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Western blots were performed in parallel on betamercaptoethanol-reduced day 2 plasma
samples from hydrodynamic-injected mice (1 u/ml, 5 ul each) using NEXT Gel SDS-PAGE
7.5% acrlyamide (Amresco, USA) and transferred to PVVDF membrane (BioRad). Gels were
visualized with either 1:5000 diluted VWF antibody P0226 (DAKO) or 1:5000 diluted
Ab47139 (Abcam) with 1:10,000 diluted P0448 secondary antibody (DAKO).

Mouse VWF multimers were analyzed by electrophoresis using a 1.4% separating sodium
dodecyl sulfate (SDS) agarose gel and visualized using the VWF antibody P0226 (DAKO)
[8]. Each hydrodynamic injection VWF multimer was from plasma from a single mouse
loaded at 1 U/ml VWF. Lanes were analyzed for multimer distance and band number using
AlphaEaseFC version 3.1.2 (Alpha Innotech, San Leandro, CA, USA) [8].

In vitro ADAMTS13 digests

For full length mVVWEF digestion, recombinant mouse ADAMTS13 (MADAMTS13) was
diluted two-fold in 5 mM Tris (tris(hydroxymethyl)aminomethane), pH 8.0 and activated
with 10 mM BacCl, for 5 minutes at 37°C. 25 pL of diluted mMADAMTS13 was added to 25
uL of mMVWEF (1U/mL in 1.5M urea, 5mM Tris) and incubated for 24 hours at 37°C. EDTA
at a final concentration of 50 mM was added to stop the reaction [8,20]. The relative
multimer migration was analyzed as previously described [8,20].

The mVWF115 ADAMTS13 digestion ELISA was modified from the ADAMTS13 Activity
ELISA [19]. Reacti-bind Anti-GST coated plates (Pierce, Rockford, IL, USA) were
incubated with 1.25 mg/ml mVVWF115 in PBS, pH 7.2 for one hour, and washed with PBS/
0.05% Tween-20 (PBS/Tween). 2-fold dilutions of ADAMTS13 were made in 5 mM
acetate, 5mM MgCly, pH 5.5 and added to each well for 4 hours at 37°C, the wells were
washed with PBS/Tween, and 1 pug/ml HISProbe (Pierce) in PBS/Tween was added for 1
hour, and plates were washed. 1x OPD reagent (Sigma-Aldrich) was used for visualization,
the reaction stopped at 10 minutes with 2.5M H,SQy4, and absorbance was read at 492 nm.

von Willebrand Factor Studies in VWF Knockout Mice

C57BI/6 wild type mice or VWF knockout mice [21] on a C57BI/6 background (The
Jackson Laboratory, Bar Harbor, ME, USA) aged eight to ten weeks, were used in all
experiments. All mouse experiments were reviewed and approved by the Queen’s University
Animal Care Committee.

Hydrodynamic injections

Plasmid DNA (100 ug pSC11-ET-mVWF) was diluted in a 10% body weight volume of
lactated Ringer’s solution and injected via tail vein in less than 7 seconds using a 27 gauge
needle and 3 ml syringe. VWF and ADAMTS13 co-injections received 50 ug pSC11-ET-
mVWEF and 20 pg pSC11-ET-mADAMTS13 plasmid. VWF knockout mice were 8-9 weeks
of age at the time of injection.

Blood collection

Blood was collected using a 70 pl untreated glass capillary tube via the retrorbital plexus
under isofluorane/oxygen anesthetic using 10% buffered citrate as anticoagulant. Blood was
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centrifuged at 11,0009 for 5 minutes to generate platelet poor plasma, and samples stored at
-80°C until tested.

Recombinant Protein Infusions

Recombinant mouse VWF was infused into mice at 0.2 U/g weight via tail vein in saline.
Each mouse was sampled once for the experiment, with a minimum of 4 animals per time
point.

Intravital Microscopy for the Ferric Chloride Injury Model of Thrombosis

Intravital microscopy was performed using a trinocular Wild-Leitz ELR-intravital
microscope (Leica Microsystems Canada, Willowdale, ON, Canada), fitted with transmitted
(50W halogen) and fluorescence (50W mercury incidence) light accessories. Images of
thrombosis formation were captured by a Hamamatsu ORCA ER video camera
(Bridgewater, NJ, USA) with fluorescent light. Analysis of the formed thrombi and the
accumulated fluorescence intensity was performed using Image Pro Plus 6.0 (Media
Cybernetics, Bethesda, MD, USA).

Ferric chloride injury was induced as described previously [16] in VWF knockout mice
expressing only ViwfcDNA. At the time of these experiments, the plasma VWF levels were
between 0.5 and 1.7 U/mL, between 14-39 days post-injection. Male mice were
anaesthetized via intraperitoneal injection of ketamine/xylazine/atropine. The jugular vein
was cannulated for injection of rhodamine 6G (40 ng; Sigma-Aldrich, Oakville, ON,
Canada) to fluorescently label platelets /7 vivo and the cremaster was exteriorized.
Throughout the experiment, the cremaster muscle was superfused with 37°C saline.
Avrterioles ranging in size from 7.5 to 18 um were selected, and after rhodamine 6G infusion,
injury was induced through the application of 10% ferric chloride-soaked filter paper (1x1
mm) for 3 minutes. Following injury, the injured area in a single arteriole was observed for
40 minutes. The time to vessel occlusion with thrombus and accumulated fluorescence
intensity from images captured at 5 minute intervals were examined. Occlusion times
exceeding 40 minutes were recorded as 40 minutes.

Data Presentation and Statistical Analysis

All data and statistical analysis was performed using GraphPad Prism 4.03 for Windows,
GraphPad Software, San Diego, CA, USA, www.graphpad.com. Data are presented as mean
values * standard error of the mean. Statistical analyses were performed using the Student’s
unpaired t-test, one-way analysis of variance (ANOVA) or two-way ANOVA.

Results

ADAMTS13 digests of full-length mouse VWF

Full-length mVWEF digests were performed in the presence of 1.5 M urea using a two-fold
dilution series of mouse ADAMTS13 in duplicate (Fig. 1A). Multimers were measured for
relative migration distance compared to undigested mVWF and plotted using a four
parameter curve fit to determine ECsg, the mMADAMTS13 enzyme activity required to result
in a 50% loss of relative multimer migration distance. Wild type mVWF had a mean ECs
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value of 0.341 U/ml mADAMTS13. R1597W had an ECsq of 0.109 U/ml, a significant 68%
decrease in MADAMTS13 requirement, while the ECg of Y1605A/M1606A was greater
than 32 U/ml mADAMTS13, the maximum concentration tested, almost 100-fold that of
wild type VWF.

Mouse ADAMTS13 digestion of mVWF115 substrates

Mouse VWF115 digests were performed under non-denaturing conditions with four
replicates per mVWF115 substrate. Cleavage was determined indirectly by measuring the
loss of the C-terminal histidine tag, since the Viwfmutations examined alter the epitopes at
and around the mMADAMTSL13 cleavage site. Fig. 1B shows the ECgq values, the
concentrations of MADAMTS13 required to cleave the mVWF115 by 50%. Wild type
mVWEF115 required a mean of 0.200 U/ml mADAMTS13. Y1605A/M1606A had a mean
ECgo with a mMADAMTS13 concentration of 23.8 U/ml (P = 0.0013), a factor of 119-fold
higher than wild type, and R1597W had an ECsq of 0.253 U/ml mMADAMTS13 (P = 0.015),
an increase of 26.5% compared to wild type.

Recombinant protein infusions

Mice were infused with recombinant mouse VWF, and a minimum of 4 mice were sampled
per time point (Fig. 2). Data were fit to a one-phase exponential decay with plateau phase,
the model of best fit. The half-life for wild type protein was 35.1 minutes, R1597W was 27.5
minutes (P = 0.025) and Y1605A/M1606A was 18.4 minutes (P < 0.001).

VWEF expression via hydrodynamic transgene delivery

VWEF knockout mice received plasmid DNA containing the liver specific ET promoter and
mouse VwrcDNA. Complete blood counts were performed with the injection of all VwrF
cDNAs examined, and only transient thrombocytopenia was observed on day 2, with full
recovery following all injections by day 5 (data not shown). The thrombocytopenia is
probably a response to the diffuse vascular trauma caused by the injection. No other adverse
events or alterations in complete blood count values were observed (data not shown).

VWEF antigen levels

VWEF knockout mice were sampled post-hydrodynamic injection (N=16/group), and antigen
levels determined by VWF:Ag ELISA. Some samples were excluded due to clotting or
limited sampling due to concern for animal health due to blood sampling volume and
frequency. Each time point has a minimum of 10 animals in each group.

The peak levels of VWF:Ag were observed at day 2 (wild type 25.3U/ml, R1597W 24.4
U/ml, Y1605A/M1606A 33.3 U/ml, p > 0.05 for each), with a rapid decrease between days
5 and 8, and a more slowly decreasing expression phase from days 14 to 42 (Fig. 3A and B).
The R1597W cDNA produced less VWF:Ag compared to wild type (p < 0.01), and two way
ANOVA for all cDNAs was significantly different (p = 0.02) (Fig. 3B and C). R1597W was
statistically significantly lower than wild type at day 21 (0.98 U/ml versus 3.04 U/ml, p <
0.05) and day 28 (0.23 U/ml versus 1.49 U/ml, p < 0.05). Y1605A/M1606A mVVWF levels
dropped below 1 U/ml by day 28 (0.98 U/ml) and wild type mVWF dropped below 1 U/ml
by day 35 (0.79 U/ml).
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VWFpp/VWF:Ag ratio determination

VWEF knockout mice were sampled post-hydrodynamic injection (N = 10/group) and
VWF:Ag and VWFpp levels were determined via ELISA. Values were normalized to a mean
VWFpp/VWEF:Ag ratio so that the overall average ratio for all WT cDNA injected mice from
days 2 to 42 inclusive was equal to 1.0 (Fig. 4A). This value is 6.5 fold lower than that
measured in the plasma of normal C57BI/6 mice (data not shown). The R1597W mutant
showed an overall average ratio of 1.8 greater than wild type (P < 0.001). The VWFpp/
VWEF:Ag ratio for the Y1605A/M1606A mutant was an overall average of 1.6, also higher
than wild type (P < 0.01). Thus, both mutations demonstrate a higher VWFpp/VWF:Ag
ratio, which is a surrogate marker for accelerated VWF clearance from plasma.

Animals receiving co-injections of mMADAMTS13 were also evaluated, to determine if the
elevated ADAMTS13 levels altered protein clearance. Mouse ADAMTS13 activity in these
mice was determined in a static assay using m73 substrate with an antibody that detects
intact A2 domain substrate (data not shown). Following injection of the Adamis13 cDNA,
mouse ADAMTS13 activity levels were increased to an average of 5.2 U/ml on day 2, 4.7
U/ml on day 5, 2.8 U/ml on day 8 and 2.4 U/mL on day 14. There was no significant
difference in VWFpp/VWF:Ag from the wild type animals for either wild type or Y1605A/
M1606A VWEF co-expressing mMADAMTS13 (Fig. 4B). However, mice expressing R1597W-
MADAMTS13 had VWFpp/VWF:Ag ratios that decreased to 10.9% of the ratios
documented in wild type VWF animals (P < 0.0001). These results were consistent for all 5
animals tested at all 4 time points, suggesting that R1597W VWF had an extended
circulating half life in the presence of full length mMADAMTS13.

Multimer Analysis

Multimeric profiles of the hydrodynamically-expressed mVVWF were examined to determine
if the mutations caused altered mVVWF multimer structure. Plasma from individual mice was
loaded on the multimer gels at 1 U/ml VWF:Ag. Samples that had clotted lost most of their
multimer bands, as seen for the wild type sample on day 14. The mouse VWF produced
from the liver post-hydrodynamic injection had an altered multimer appearance compared to
that of normal mouse plasma pool (Fig. 5A). Single multimer bands rather than a normal
triplet structure were observed, with a slightly lower molecular weight for each multimer
band. In addition, the multimer profile was skewed toward lower molecular weight
multimers compared to normal mouse plasma. Multimer band number counts were used to
quantify differences in multimeric structure (Fig. 5D). Wild type cDNA had a peak level of
22.0 bands at day 2 (N = 7), and a low of 8.6 bands at day 28, with an average multimer
band number of 12.5. Y1605A/M1606A had an average of 12.6 bands, an increase of 0.1
bands compared to wild type (P > 0.05, N = 5). In contrast, R1597W had an average of 6.1,
a decrease of 6.5 bands (P < 0.001, N = 5).

To address the partial loss of ADAMTS13 function due to C-terminal retrotransposition
event in C57BI/6 mice, mice received co-injection of Viwrfand full length Adamisi3 cDNAs.
The co-injected mice had significantly altered multimer patterns (Fig. 5B and E). With the
co-injected Adamts13 cDNA, wild type mVWEF had an average band number of 9.8 from
days 2-14, which was significantly different compared to the two mutations. Y1605A/
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M1606A had a higher molecular weight multimer structure with 12.6 bands (P < 0.01). In
marked contrast, after Adamts13 co-injection, R1597W resolved only a single multimer
band for all time points, a decrease of 8.8 bands (P < 0.001), demonstrating that the addition
of full-length, fully active mMADAMTS13 to the VWF knockout mouse exaggerates the
cleavage profile differences for these two mutant mVVWF proteins.

Western Blot Analysis for ADAMTS13 cleavage products

Western blots from plasma samples from individal mice (N=5/condition) at 2 days post-
hydrodynamic injection were evaluated (Fig. 5C). Wild type plasma showed faint presence
of cleavage product in 2 of 5 mice, but all animals had some cleavage product with co-
injection of Adamts13 cDNA. R1597W animals had cleavage product in 3 mice, and all
animals had high amounts of cleavage product with Adamts13cDNA. Y1605A/M1606A
had no observable cleavage product for Viwfalone, but all had some cleavage product with
co-injection of Adamts13 cDNA, which was less than or equivalent to that of the wild type
Vwrwith Adamts13. These results demonstrate that ADAMTS13-mediated cleavage does
occur in the hydrodynamic mouse model.

Evaluation of in vivo thrombogenesis

For the intravital microscopy studies, relevant values are presented in table 1. The only
statistically significant difference was the multimer band number for R1597W compared to
wild type (p < 0.01) and Y1605A/M1606A (p < 0.001).

Performance of the ferric chloride injury model of thrombosis on cremaster arterioles
demonstrated a difference in mean occlusion times between the two mutations studied and
that of wild type mVVWF, despite the fact that all mice were expressing VWF:Ag levels
between 0.5 and 1.7 U/ml mVVWEF at the time of these studies (Fig. 6). Occlusion occurred
significantly later with the two mutants: Wild type animals had a median time of 31 minutes
(N=8). R1597W (n=7) only had one animal occlude at 29.5 minutes and Y1605A/M1606A
(n=8) had occlusion events at 20 and 38 minutes. Survival curve comparisions were
significantly different between these groups and wild type (P = 0.011 for Y1605A/M1606A
and 0.005 for R1597W using the log-rank (Mantel-Cox) test).

Platelet accumulation via fluorescence intensity, measured at 5 minute intervals throughout
the study, demonstrated that Y1605A/M1606A was associated with increased platelet
accumulation compared to wild type and R1597W (Fig. 6 B and C). At 40 minutes, platelet
accumulation for Y1605A/M1606A was significantly higher (P < 0.001 for wild type and
R1597W comparisons). Total relative platelet accumulation, represented as area under the
curve for wild type VWF was 47.11, R1597W 47.4 (P = 0.94) and Y1605A/M1606A was
significantly higher at 61.8 (P = 0.038).

Discussion

We selected two contrasting A2 domain mutations that affect ADAMTS13-mediated
proteolysis for this study to carry out a broad and comprehensive characterization of the
effects that altered ADAMTS13-mediated cleavage has upon VWF protein function and
clearance mechanisms. R1597W, a commonly reported type 2A group 11 VWD mutation, is
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well recognized to result in increased ADAMTS13 proteolysis in both patients and /n vitro
studies, with minimal effects on biosynthesis and release [3,8,10]. Y1605A/M1606A, a
double alanine substitution of the ADAMTS13 cleavage site, has been shown to greatly
decrease ADAMTS13-mediated proteolysis /n vitro[8,11].

Mouse ADAMTS13 has poor activity on the human VWF substrate in both full-length and
A2 domain VWF73 assays [23]. There is 81% sequence identity and 91% homology
between the human and mouse VWF amino acid sequences [24]. This could lead to changes
in function, despite sequence conservation for R1597 and Y1605/M1606 between humans
and mice. Therefore, it was necessary to confirm that our mutations of interest behaved
similarly in an experimental system employing exclusively murine sequences. Full-length
mouse ADAMTS13 digests appeared similar to that of previously reported /in vitro human
ADAMTS13 data [3,8] (Fig. 1). There was a 78% decrease in the mMADAMTS13
concentration required to achieve 50% cleavage in R1597W compared with wild type
mMVWEF in the full-length material. In contrast, Y1606 A/M1606A did not show any cleavage
with the maximum mADAMTS13 concentration tested, 97-fold higher than that used for
wild type mVWF cleavage. The mVWF115 assay also showed a 126-fold higher value in
MADAMTS13 concentration with the Y1605A/M1606A cleavage site knockout. However,
in contrast to the results with the full-length substrate, R1597W showed a 28% increase in
MADAMTS13 concentration compared to the wild type mVVWF115. This inconsistent result
is likely due to the removal of part of the A2 domain in the mVWF115 substrate, which
consists only of G1554-T1668. The crystal structure of the human VWF A2 domain
indicates that R1597 is in a short helix in a flexible extended loop and interacts with L1497,
D1498, S1534, and S1593 (PDB ID 3GXB) [7]. Because three of these four amino acids are
absent in the mVWF115 substrate, this mutation will not be accurately modeled in this
structure. This is an important caveat to keep in mind when evaluating mutations in the A2
domain with the minimal substrates for ADAMTS13.

Since /n vitro mouse full-length VWEF digestion by mouse ADAMTS13 appears similar to
that of the human system, we investigated the multimer structure of the hydrodynamic
injection mice expressing the VWF proteins /in vivo over several weeks (Fig. 5). The
multimer structure in Y1605A/M1606A showed a statistically insignificant population of
higher molecular weight bands than wild type VWF (average increase of 0.11 bands).
R1597W multimer structure was significantly reduced, with a loss of half the multimer
bands.

In the C57BI/6 mouse strain, there is a retrotransposon insertion in the mouse Adamis13
gene that leads to the premature truncation of ADAMTS13, resulting in a protein lacking the
C-terminal 2 Tspl domains and CUB domains [25]. In vitro, there is little change in
cleavage under static conditions, and C57BI/6 mice exhibit normal VWF multimer patterns.
However, the truncated enzyme results in increased thrombotic occlusions under shear stress
conditions, since it is not fully active /n vivo [26]. This could be a factor in the lack of major
differences in the multimer patterns between Y1605A/M1606A and the wild type proteins.
To mitigate any artifacts caused by the partially functional ADAMTS13 in our mice, we
performed co-injections with a full-length, fully functional mouse Adamits13cDNA to
observe any influences on the VWF multimer profile (Fig. 5B and E). Based on previous
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studies with hydrodynamic injection transgene delivery, it is extremely likely that mice
produced both transgenes in the same hepatocytes at the DNA concentrations delivered to
the animals [27].

With the co-injected Adamits13 cDNA, the Y1605A/M1606A multimer profile was
significantly higher than that of wild type VWF (12.6 versus 9.8 bands). In marked contrast,
after co-injection of the Adamts13 cDNA, R1597W resolved only a single multimer band
for all time points, demonstrating that the addition of full-length ADAMTS13 to the VWF
knockout mouse exaggerates the cleavage profile differences for these two mutant VWF
proteins.

Protein clearance studies were performed to determine if these mutations altered the half-life
of the VWF protein. The recombinant proteins were cleared rapidly, with wild type half-life
being 35.1 minutes (Fig. 2). The rapid clearance of all of the recombinant proteins likely
relates to altered glycosylation modifications derived in the HEK293T cells. In addition, in
these studies both ADAMTS13 cleavage mutants had significantly shorter half-lives, with
R1597W showing a 22% decrease and Y1605A/M1606A a 48% decrease. Previous work in
the VWF knockout mouse showed no influence of multimer structure or ADAMTS13
cleavage on protein clearance [28]. This rapid clearance could be due in part to alterations in
the folding of the A2 domain [7]. This in turn could then lead to changes in VWF
interactions with other plasma proteins, or clearance receptors.

Long term VWF expression was achieved using hydrodynamic tail vein injection of the
mouse VwrfcDNA with a strong liver-specific promoter. A strategy utilizing genetic knock-
in technology has not been used here due to the need to evaluate several constructs and the
associated practical (time and budgetary) limitations. Hydrodynamic gene transfer results in
hepatocyte-specific expression of the mouse VWF protein, which presumably has an altered
glycan content compared to normal endothelial and platelet-derived mVVWEF. In addition, the
secretion of VWF from hepatocytes may well not result in transiently tethered protein, and
thus, the early cleavage of nascent VWF by ADAMTS13 may not occur as efficiently.
Nevertheless, our Western blot studies in the hydrodynamic injected mice do show evidence
of cleavage products consistent with ADAMTS13 proteolysis. Furthermore, the sensitivity to
cleavage is consistent with our expectations from the examination of human pathological
states. This transgene delivery method replaces only the plasma component of mVWEF in the
knockout animals. There were significant although minimal differences in the VWF:Ag
plasma levels of the two mutations compared to wild type, although R1597W levels were
slightly lower in the slowly decreasing phase of expression from day 14 onward (Fig. 3).
Based on a comparison to normal C57BI/6 mouse plasma, the VWFpp/VWF:Ag ratio in
hydrodynamic injected mice is 6.5-fold lower, suggesting a longer circulating time for VWF
or shorter time for the VWFpp in these animals. VWFpp/VWF:Ag ratios were mildly
increased for both mutations, suggesting increased clearance of the mutant proteins, and
supporting the results of the recombinant protein infusions (Fig. 4). This is similar to one
report of group 2 type 2A VWD plasmas having an average VWFpp/VWF:Ag ratio of 2.7 in
humans.[29]. However, the addition of the Adamts13 cDNA to that of the R1597W Vwf
cDNA resulted in a highly decreased VWFpp/VWF:Ag ratio (Fig 4B). This could be
explained by the fact that in a monomeric form, VWF does not interact correctly with
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clearance receptors, increasing the circulating time of the aberrant VWF protein. However,
this result could also be an artefact of the experiment, since VWF and ADAMTS13 are not
normally co-expressed in hepatocytes.

We have finally evaluated the pro-coagulant function of the two mutant proteins in an
established in vivo thrombosis model in the hydrodynamic-injection mice (Fig. 6). The
timeframe elements of VWF:Ag levels and multimer composition must be examined and
considered when evaluating thrombosis and hemostasis evaluations in this animal model. In
this study, we focused on the physiologic range of VWF:Ag concentrations, and observed
the multimer structures at the time of the study. Wild type cDNA produced stable occlusive
thrombi, demonstrating that hydrodynamically produced protein functions relatively
normally. R1597W exhibited prolonged times to vessel occlusion when expressed at
physiologic concentrations between 0.5 and 1.7 U/ml at the time of the thrombogenic injury.
Surprisingly, platelet accumulation with R1597W was not reduced, suggesting that multimer
length may not influence initial platelet adhesion but that the presence of normal length
multimers may be more important for stable platelet plug development and eventual
occlusive clot formation. With Y1605A/M1606A, increased platelet accumulation was
observed with a lack of vessel occlusion. This suggests that other factors are influential in
this system, such as thrombospondin 1 [30] and leukocyte proteases [31], or possibly altered
interactions with ADAMTS13, which prevent the development of occlusive thrombi despite
the increase in platelet accumulation. Finally, these studies have been performed in the
context of the injured cremaster arteriolar circulation and caution should be exercised in
extrapolating the findings to other vascular beds.

Interestingly, even very high plasma levels of the Y1605A/M1606A mutant (>30 U/mL)
were not associated with any laboratory evidence for TTP in these mice. There were no
changes in the CBC, including platelet counts, and no fragmented red cells were seen in
blood smears (data not shown). This finding supports previous evidence suggesting that a
combination of pathologic challenges is required in these mice to trigger the TTP phenotype
[12,13].

This study demonstrates that changes in the human VIWF gene that result in alterations in
ADAMTS13-mediated cleavage will also affect the mouse VWF molecule. R1597W was
more easily cleaved by mMADAMTS13 in a full-length digest assay and exhibited a lower
multimeric profile compared to wild type VWEF protein when expressed in the VWF
knockout mouse. In addition, R1597W was less thrombogenic and had a shorter half-life and
a slightly increased VWFpp/VWF:Ag ratio, suggesting that this variant protein is cleared
from plasma more rapidly. This mechanism likely contributes to the lower VWF:Ag levels
observed in days 14-42 post-hydrodynamic injection. Overall, these findings in the mouse
model recapitulate the human type 2A disease phenotype and extend current knowledge of
the effects on VWEF pathobiology of this mutant.

The Y1605A/M1606A mutant demonstrated a marked decrease in MADAMTS13-mediated
cleavage in vitro. In the hydrodynamic injection mice, Y1605A/M1606A shows minor
multimer profile differences compared to wild type VWF. However, when full-length
mMADAMTS13 was co-expressed in the mice, the cleavage site mutant mice showed a
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significant population of higher molecular weight multimers, although ADAMTS13
cleavage product was observed. In addition, an accelerated clearance phenotype is suggested
by the results of the recombinant protein infusion and VWFpp/VWF:Ag ratio studies. This
could be due to a conformation change in the A2 domain due to the loss of stabilizing bonds
with the alanine substitutions, which could promote the A2 domain to unfold more easily.
[7,32] This alteration in A2 domain stability could explain the enhanced platelet
accumulation, but loss of occlusive thrombi in the ferric chloride injury model [33] and
increased protein clearance [29].

This study establishes that VWF mutations alter ADAMTS13-mediated cleavage in the
mouse model. In addition, this leads to significant alterations to the multimer structure of the
VWEF present in animals receiving co-hydrodynamic injection of full-length normal
Adamts13 cDNA. The altered VWEF structure is only problematic under a secondary stress,
such as the ferric-chloride induced injury model used here. This study illustrates the
importance of examining potentially pathogenic sequence changes in a whole animal
system, rather than relying on individual /n vitro methodologies to explain the complete
pathological phenotype.
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B. mVWF115 Digestion
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Figure 1.
MADAMTS13 digestion of full-length mVWF and mVWF115. Recombinant mMADAMTS13

digests were performed as outlined under methods. (A) Varying concentrations of
MADAMTS13 were incubated with 1 U/mL full-length mVWEF for 24 h with 1.5 M Urea.
Multimer graphs for wild-type, R1597W and Y1605A/M1606A mouse VWF were plotted
using a four-parameter curve fit. The concentration of ADAMTS13 required to cause a 50%
loss of multimer height was determined. Symbols are representative of two independent
experiments. (B) Comparison of the mMADAMTS13 concentrations necessary for 50% loss
of intact mMVWF115. Varying mADAMTS13 concentrations were incubated with mVWF115
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for 4 h under non-denaturing conditions. The assay was run four times for each construct.
Bars represent the mean values.
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Figure 2.
Recombinant mouse VWF protein clearance. Recombinant mouse VWF protein (200 U

kg)1) was injected via the tail vein into VWF knockout mice. Mice were sampled once, n f
4 per time-point. Half-life was determined for each recombinant VWF protein using a one-
phase decay model with plateau phase.
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Figure 3.
Mouse VWEF antigen levels after hydrodynamic injection. VWF knockout mice expressing

wild-type, R1597W or Y1605A/M1606A mVWF were sampled after hydrodynamic
injection (n ¥ 10). VWF:Ag levels were determined viaELISA. (A) VWF:Aglevels from day
2 to 14 after hydrodynamic injection. Symbols represent means with SEM error bars. (B)
VWEF:Ag levels from day 14 to 42 after hydrodynamic injection. R1597Wwas statistically
lower from wild type via paired t-test. (C) Data by day for days 14, 21, 28 and 35. Each
circle represents data from a single mouse. No statistical differences were found with the
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exceptions of wild type vs. R1597 Won days 21 and 28, using one-way ANOVA, Tukeys
post test.
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Figure 4.

Days Post Injection

VWFpp/VWEF:Ag ratio determination. VWF:Ag and VWFpp levels were determined via
ELISA. Values are normalized to a mean wild type ratio equal to 1.0, which is 6.5-fold lower
than that in normal C57BL/ 6 mouse plasma. (A) VWF knockout mice expressing wild-type,
R1597W or Y1605A/M1606A cDNA were sampled after hydrodynamic injection (n 1 10).
(B) VWF knockout mice co-expressing mMADAMTS13 and mVWF were examined (n 1 5).

*P <0.05, **P < 0.01, ***P < 0.001 vs. wild type.
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VWEF knockout mice expressing wild-type, R1597W and Y1605A/M1606A mouse VWF
were sampled after hydrodynamic injection and evaluated for multimeric structure. Plasma
was run on a 1.4% agarose gel at a VWF concentration of 1.0 U mL) 1. (A) Exemplar
multimers from individual mice are shown for (i) wild type, (ii) R1597W and (iii) Y1605A/
M1606A. The dotted line represents high-molecular-weight multimers, greater than 10
multimer bands. *A multimer from a clotted sample. (B) Exemplar multimers from
individual VWF knockout mice expressing mVWF and mADAMTS13 after hydrodynamic
injection for for (i) wild type, (ii) R1597W and (iii) Y1605A/M1606A. (C) Western blot
analysis of plasma from mice 2 days after hydrodynamic injection. Plasmas from two mice
for each condition are shown using two different anti-VWF antibodies for detection of the
cleavage product. Hydrodynamic VWF multimer structure. (D) Multimer analysis was
performed on VWF knockout mice expressing mVVWEF after hydrodynamic injection by
counting the total number of resolved multimer bands in each lane. n ¥ 4 mice per condition.
(E) Multimer analysis on VWF knockout mice expressing mVWF and mADAMTS13 after
hydrodynamic injection. n 1 4 mice per condition. Symbols represent means with standard
deviation error bars for D and E. *P < 0.05, **P < 0.01, ***P < 0.001 vs. wild type.
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Thrombogenesis in response to ferric chloride injury. VWF knockout mice expressing only
Vwf cDNA after hydrodynamic injection with VWF:Ag levels between 0.5 and 1.7 U mL) 1
were evaluated using 10% ferric chloride injury to the cremaster. (A) Time to a stable
occlusive thrombus. Each circle represents an individual mouse, bars represent median
occlusion time. The experiment was stopped at 40 min; mice that failed to occlude were
recorded as 40 min. (B) Platelet accumulation via mean accumulated fluorescence. Mean
with SEM was graphed for each mutation. *P < 0.05 vs. wild type and vs. R1597W. (C)
Total platelet accumulation. Area under the curve was determined. Each circle represents a

single mouse, bars indicate mean.
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Table 1

Relevant characteristics of mice on the day of in vivo thrombogenesis.

Days Post-I njection VWEF:Ag (U/ml) Multimer Bands

wild Type 240 +7.8 (14-35,N=8) 1.13+0.34 (0.81-1.72, N=8) 10.8 + 1.9 (8-12, N=4)

Y1605A/M1606A  22.3+8.1 (15-39, N=9) 0.95+0.37 (0.48-1.42, N=9)  11.3+1.5(10-13, N=4)

R1597W 23.046.3 (14-29,N=7)  0.91+036 (054-137,N=7) 0413 (5-8, N=6)"

Values reported are the average + SD (minimum-maximum range, N).

*
: the number of multimer bands for R1597W was significantly different compared to wild type (p < 0.01) and Y1605A/M1606A (p < 0.001).
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