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Summary

The bleeding disorder von Willebrand disease (VWD) is caused by mu-
tations of von Willebrand factor (VWF), a multimeric glycoprotein es-
sential for platelet-dependent primary haemostasis. VWD type 2A-
associated mutations each disrupt VWF biosynthesis and function at
different stages, depending on the VWF domain altered by the mu-
tation. These effects cause considerable heterogeneity in phenotypes
and symptoms. To characterise the molecular mechanisms underlying
the specific VWF deficiencies in VWD 2A/IIC, IID and IIE, we investi-
gated VWF variants with patient-derived mutations either in the VWF
pro-peptide or in domains D3 or CK. Additionally to static assays and
molecular dynamics (MD) simulations we used microfluidic ap-
proaches to perform a detailed investigation of the shear-dependent
function of VWD 2A mutants. For each group, we found distinct char-
acteristics in their intracellular localisation visualising specific defects
in biosynthesis which are correlated to respective multimer patterns.
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Introduction

von Willebrand factor (VWF) is a large multimeric glycoprotein
that is essential for platelet-dependent primary haemostasis. VWF
biosynthesis is initiated in the cytoplasm by production of the pre-
pro-monomers that are further post-translationally modified
within the endoplasmic reticulum (ER). Here, glycosylation occurs
and dimerisation is facilitated by the formation of carboxy-ter-
minal interchain disulphide bonds. These dimers are released to
the Golgi apparatus where O-linked oligosaccharides are added.
The pH-dependent assembly of mature high-molecular-weight
multimers (HMWM) of VWF occurs in the trans-Golgi where
dimers are multimerised by interchain disulphide bonds between
the amino-terminal D’-D3 domains. After furin-cleavage in the
trans-Golgi network (TGN) the VWE-propeptide remains non-
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Using microfluidic assays we further determined shear flow-depend-
ent characteristics in polymer-platelet-aggregate formation, platelet
binding and string formation for all mutants. The phenotypes observed
under flow conditions were not related to the mutated VWF domain.
By MD simulations we further investigated how VWD 2A/IID mu-
tations might alter the ability of VWF to form carboxy-terminal dimers.
In conclusion, our study offers a comprehensive picture of shear-de-
pendent and shear-independent dysfunction of VWD type 2A mutants.
Furthermore, our microfluidic assay might open new possibilities for
diagnosis of new VWD phenotypes and treatment choice for VWD pa-
tients with shear-dependent VWF dysfunctions that are currently not
detectable by static tests.
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covalently bound to mature VWF (1). VWF-HMWM then be-
come organised in tubules which are subsequently stored in Wei-
bel-Palade bodies (WPB) until stimulated release (1-3). In the cir-
culation VWF reversibly transforms from an inactive globular to
an active stretched conformation bound to the vessel wall and ex-
poses the structural A1 domain for platelet adhesion (4-6). This is
a pivotal step for platelet aggregation and subsequent blood clot
formation at the site of vascular injury (7, 8). Mutations in the
VWE coding gene cause VWD, an inherited bleeding disorder.
Classification into types 1, 2 and 3 of VWD is based on the com-
bined results of multiple static laboratory tests that determine
VWE amount and activity as well as the relative amounts of large
VWF multimers. VWD type 2 is further subclassified into 24, 2B,
2M and 2N with respect to specific functional and structural de-
fects. VWD type 2A can further be grouped according to their pat-
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homechanism that leads to reduced VWF-HMWM. In patients
with VWD type 2A phenotype IID, mutations in the CK domain
of VWF affect C-terminal dimerisation, phenotype IIC describes
VWF mutants that affect multimerisation and the phenotype ITE
exhibits altered secretion (9).

Here, we address the multiple pathophysiologic mechanisms that
are responsible for the heterogeneity of 2A/IIC, IID and IIE pheno-
types. We investigated the mechanism by which mutations in de-
fined VWEF subdomains induce a certain defect in biosynthesis and
function of VWF-HMWM which ultimately manifests in the result-
ing diverse VWD 2A phenotypes. We chose mutations which pre-
viously had been identified in VWD 2A patients and used confocal
immunofluorescence microscopy to investigate their intracellular
localisation by parallel visualisation of cellular sub-compartments.
Furthermore, we ascertained their shear-dependent function by
microfluidic determination of platelet binding characteristics, by a
detailed investigation of their string formation pattern, and by char-
acterisation of the impact of VWF mutations on polymer-platelet-
aggregate formation. Furthermore, we performed molecular dy-
namics (MD) simulations to identify structural changes in the CK
domain induced by VWD 2A/IID-associated mutations.

Methods
Immunofluorescence and confocal microscopy

Immunofluorescence was performed as previously described (10) 48
hours (h) post transfection. Antibodies used were: rabbit anti-VWF
(DAKO, Glostrup, Denmark; 1:1,000), mouse anti-PDI (ER marker,
abcam, Cambridge, UK, 1:100), mouse anti-Rab27a (Weibel-Palade-
body marker, Santa Cruz, Santa Cruz, CA, USA; 1:50), mouse anti-
GOLPH4 (cis-Golgi marker, Santa Cruz, 1:100), mouse anti-
LAMP2 (Santa Cruz, 1:100), sheep anti-TGN46 (AbD Serotec,
Puchheim, Germany; 1:100), goat anti-rabbit AF488 (Invitrogen,
Carlsbad, CA, USA; 1:5,000), goat anti-mouse AF 546 (Invitrogen,
1:5,000), donkey anti-sheep AF 546 (Invitrogen, 1:5,000). For details
on immunofluorescence, cell culture and expression of wild-type
(wt) VWF and VWF mutants in HEK293 cells see Suppl. Methods
(available online at www.thrombosis-online.com). Images were cap-
tured at room temperature (RT) with a confocal microscope (LSM
510; Carl Zeiss, Jena, Germany) using a Plan Apochromat 63x/1.4
oil DIC objective, ZEN 2009 software (Carl Zeiss), and the following
settings: image size of 1776 x 1776 and 8 bit, laser power of the 543
and 488 nm lasers was set to 100% and 24%, respectively. After
image capturing, the original LSM files were converted into TIFF
files with the LSM Image browser software (Carl Zeiss).

Secretion of VWF and VWF:Ag-ELISA

In brief, HEK293 cells transiently expressing wtVWEF or indicated
mutants were treated with 160 nmol/l PMA. After indicated time
points samples of the supernatant were taken, centrifuged (5 min-
utes [min] 13,000 xg, 4°C) and VWF concentration was deter-
mined by VWF:Ag-ELISA. Details are available in Suppl. Methods
(available online at www.thrombosis-online.com).
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Multimer analysis

Multimer analysis was performed as described (11-13). In brief,
VWE multimers of recombinant VWF samples and patients plasma
were separated by SDS-agarose electrophoresis, transferred onto a ni-
trocellulose membrane and detected with anti-human VWF anti-
body-HRP linked (DAKO) and visualised by luminescence.

Structure modelling and molecular dynamics
simulations of the VWF CK domain

The structure of the VWF CK domain (amino acids 2723-2813) was
predicted by homology to the X-ray structure of the transforming
growth factor-beta2 (TGFB2; Protein data bank ID code 2TGI) (14).
These two proteins are cysteine-rich dimer-forming homologues and
their sequences were aligned to match the cysteine residues, as pre-
viously proposed (15, 16). The structural modelling was carried out
using the MOE software (Chemical Computing Group Inc. 2012,
Molecular Operating Environment [MOE]), using the aligned se-
quences. During the modelling, internal-domain disulphide bonds
found chemically (17) between the cysteine pairs Cys2724-Cys2774,
Cys2739-Cys2788, Cys2750-Cys2804 and Cys2754-Cys2806 were
considered as constraints. Remaining cysteines, Cys2771, Cys2773
and Cys2811, were kept unpaired. The resulting structure consisted
of a CK dimer. This structure was fully solvated, energy minimised,
and its side chains equilibrated through 1 ns of molecular dynamics
(MD) simulations. After this procedure, one of the two CK domains
was selected and used as the starting coordinates for further MD
simulations. Equilibrium MD simulations were carried out for a fully
solvated isolated CK domain, either in its wild-type form or by intro-
ducing the single amino acid mutations p.Cys2771Arg,
p-Cys2773Arg or p.Ser2775Cys. MD simulations were carried out
with the GROMACS package (18, 19) (4.5.5 version). Four simu-
lations, each one lasting 140 ns, were carried out for the wild-type CK
domain, as well as for the three considered mutants, yielding 16 inde-
pendent simulations with a concatenated simulated time of 2.24 ps. A
partial least squares functional mode analysis (PLS-FMA) (20) was
carried out to identify mutation-induced structural changes of the
CK domain which were correlated with VWE dimer abolishment de-
termined experimentally. For all the parameters and algorithms em-
ployed in the simulations as well as a detailed explanation of the PLS-
FMA method see the Suppl. Material (available online at www.throm
bosis-online.com).

Microfluidic setup

For defined shear rate application, air-pressure driven microfluidic
channels (BioFlux, San Francisco, CA, USA) with a width of 350
um and a height of 70 um were coated with wtVWF or VWF mu-
tants (50 pg/ml) by application of 15 pl protein diluted in phos-
phate-buffered saline in one well and application of 5,000 s for
4 s. After incubation over night at 37°C in a humidified environ-
ment the microfluidic channel system was mounted onto an in-
verted microscope (Zeiss Axio Observer Z.1, Zeiss AG, Ober-
kochen, Germany) capable of performing fluorescence- and reflec-
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tion interference contrast microscopy (RICM). For the perfusion
media, blood was collected from healthy volunteers using sodium
citrated blood vacuum collection tubes. The study was conducted
in conformity to the Declaration of Helsinki (21) and to The Inter-
national Conference on Harmonisation of Technical Requirements
for Registration of Pharmaceuticals for Human Use (ICH) Guide-
lines, available at http://www.ich.org, accessed in October 2010. It
was approved by the Ethics Committee of the Medical Faculty

Mannheim, Heidelberg University (Mannheim, Germany). Appro-

priate informed consent was obtained from all subjects.

In order to study the parameters platelet binding capability,
string formation and rolling aggregate formation, three sets of ex-
periments were designed and at least three independent experi-
ments were performed.

e Channels coated with either wtVWF or indicated VWF mu-
tants were perfused with washed and stained platelets in a con-
centration of 200,000 per pl as previously published (22)
supplemented with 45% haematocrit at a shear rate of 500 s..

wtVWF/ER
e

p.Cys2771Arg

wtVWF/cis-Golgi cis-Golgi

trans-Golgi

wtVWF/trans-Golgi

wtVWF/WPB’s

D

wtVWF/lysosomes lysosomes

E
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In accordance to the aforementioned protocol, note that any
perfused components are intensively washed to exclude con-
tamination by donor’s VWE After 10 min of perfusion, ad-
hesion to the VWF-coated channel surface was studied by flu-
orescence microscopy and analysed using Image] (23) software
for calculation of the surface coverage relative to wtVWE
coated channels as previously published (24).

To study string formation, channels were biofunctionalised
with wtVWF and perfused with washed and Celltrace calcein-
green (Invitrogen) stained platelets in a concentration of
200,000 per pl supplemented with 45% washed haematocrit at
various shear rates in the range of 1,000 s™! to 10,000 s! for
1 min each. Live cell fluorescence videos were taken with
4 frames/s and analysed as described. A video of wtVWF and
mutant p.Cys2771Arg is available as Suppl. Video 1 (available
online at www.thrombosis-online.com).

To investigate rolling aggregate formation, channels were bio-
functionalised with wtVWF and perfused with native whole

Figure 1: Intracellular localisation of VWD
type 2A/1ID inducing mutants in HEK293
cells. VWD 2A/IID inducing VWF mutant
p.Cys2771Arg was transiently expressed in
HEK293 cells. 48 h after transfection cells were
fixed and p.Cys2771Arg as well as subcellular
compartments were detected by indirect immu-
nofluorescence employing anti-VWF and anti-
bodies against marker proteins. Anti-PDI for the
ER (A), anti-GOLPH4 for cis-Golgi (B), anti-TGN46
for trans-Golgi (C), anti-Rab27a for pseudo-
Weibel-Palade bodies (D) and anti-LAMP2 for
lysosomes (E). To illustrate altered ER and pseu-
do-WPB localisation of the mutants compared to
wtVWEF, the left-hand column shows an overlay of
immunofluorescent detection of wtVWF and the
indicated subcellular compartments. Three inde-
pendent experiments for each mutant and for
each subcellular compartment were performed.
Scale bars represent 10 pm.
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blood supplemented with either wtVWEF or indicated VWF
mutant to a concentration of 50 pg/ml. For determination of
the critical shear rate, the flow was consecutively increased
from 1,000 s to 5,000 s™* for 1 min each and live cell RICM vi-
deos were taken with 2 frames/s. Critical shear rate was defined
as the shear rate at which the first rolling aggregates emerged
that contained at least ~15 platelets. Videos of wtVWF and mu-
tant p.Cys2773Arg are available as Suppl. Videos 2-4 (available
online at www.thrombosis-online.com).

Statistical analysis

Mean data of experiments are given with standard deviation (SD).
Statistical computation was performed with SAS 9.2 (SAS Institute
Inc., Cary, NC, USA).

Results

Severity of the dimerisation defect of VWD type
2A/IID mutants

The biosynthesis of VWE-HMWM is a highly sophisticated pro-
cess. Each step demands a spatial separation to ensure proper pro-
cessing. We visualised each step by indirect immunofluorescence
microscopy of wt and mutant VWE, transiently expressed in
HEK293 cells, and marker proteins for the subcellular compart-
ments that VWF passes during multimer formation.

We first investigated two patient-derived 2A/IID VWF variants
with mutations in the CK domain: p.Cys2771Arg and
p-Ser2775Cys. Compared to wtVWE (P>Figure 1, left-hand col-
umn and Suppl. Figure 1, available online at www.thrombosis-
online.com), the intracellular localisation of mutants
p-Cys2771Arg and p.Ser2775Cys revealed a decrease in ER locali-
sation (P> Figure 1A (p.Cys2771Arg), Suppl. Figure 2, available on-
line at www.thrombosis-online.com (p.Ser2775Cys)) meaning that
less colocalisation with PDI was visible as seen by more green and
less yellow in the overlay (P Figure 1A, right-hand panel) com-
pared to wtVWE Cis-Golgi (P Figure 1B) and the trans-Golgi
network (P Figure 1C) localisation were not significantly altered
compared to wtVWE No normal cigar-shaped regular-sized pseu-
do-WPB’s (wtVWE: p>Figure 1D, left-hand panel and Suppl. Fig-
ure 1B, E, available online at www.thrombosis-online.com) were
formed by p.Cys2771Arg (P Figure 1D). Furthermore, these mu-
tants did not show an increase in lysosome localisation (P> Figure
1E). For a third VWD 2A/IID-associated mutant, p.Cys2773Arg
(25), it has previously been shown that ER localisation, storage in
pseudo-WPBs, and secretion is similar to wtVWF (26).

We next investigated if the extent of ER localisation was mir-
rored in the multimer size of the recombinant mutants homozy-
gously expressed in HEK293 cells (P Figure 2). p.Cys2773Arg
showed residual formation of small multimers with up to five
bands and normal ER localisation, indicating residual formation
of C-terminal dimers. These data are in accordance with previous
observations by Wang et al. (26). Mutant p.Ser2775Cys exhibits

recombinant

Figure 2: Multimer analysis of plasma-de-
rived and recombinant VWF. Multimer analy-
sis of recombinant VWD type 2A/IID (A), IIC (B),
and IIE (C) mutants with indicated point-mu-
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two bands along with reduced ER localisation. The mutant
p.Cys2771Arg only presented one band in multimer analysis
(P Figure 2A), indicating that no C-terminal dimerisation in the
ER occurs, which might lead to the observed reduced ER locali-
sation. Furthermore, heterozygous patients who carry the mu-
tations p.Cys2771Arg, p.Cys2773Arg or p.Ser2775Cys on one al-
lele exhibit odd-numbered bands in multimer analysis (black ar-
rows, P>Figure 2D), presumably by attachment of monomers to
wild-type multimers. Due to environmental circumstances the loss
of VWF-HMWM can vary over time and between patients. Al-
though loss of VWE-HMWM is less pronounced in the patient’s
plasma with mutation p.Ser2775Cys the bleeding symptoms per-
sist indicating that the dimerisation defect is caused by a different
mechanism in this mutant.

To explain the differences in the severity of the observed defects
in multimer formation and trafficking in the IID mutants we per-
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formed molecular dynamics (MD) simulations of wt and mutated
CK domain. It has previously been shown that residues Cys2771,
Cys2773 and Cys2811 are unpaired in monomeric CK subunits
and could therefore be used for intermolecular disulphide bonds
facilitating dimerisation (17). We observed that mutation of
Cys2771 leads to complete absence of multimers and alters ER lo-
calisation whereas mutant p.Cys2773Arg still forms small
multimers and exhibits normal intracellular localisation.

To examine the structural basis for the distinct roles of cysteines
in dimer formation, we created a structural model of the CK do-
main based on its homology with transforming growth factor
(TGF)-p2 (P Figure 3A). In MD simulations of the wild-type CK
domain model, we observed the disulphide-linked parallel seg-
ments of CK to be rigid (small root mean square fluctuation
(RMSEF), »>Figure 3A, blue/turquoise and Suppl. Figure 3, avail-
able online at www.thrombosis-online.com), whereas the loops
and the C-terminus displayed higher flexibility (large RMSE, or-
ange and red). [The recent crystal structure of the CK domain (27)
validates the observed conformational dynamics of the CK do-
main, as discussed in Suppl. Material, available online at www.
thrombosis-online.com]’.

We next analysed whether the single amino acid mutations
p-Cys2771Arg, p.Cys2773Arg and p.Ser2775Cys lead to structural
variations of the CK domain compared to the wild-type, by carry-
ing out additional MD simulations of these mutants. We quanti-
fied the overall size of the CK domain by computing the radius of
gyration r,. All mutants appeared to induce structural deviations

! Note added during proof.

Figure 3: Structure modelling and molecular dynamics (MD) simu-
lations of the VWF CK-domain. A) Cartoon representation of a typical
conformation sampled during the simulations. Loops are labelled as L1, L2
and L3 and the C-terminus with Ct. Cysteine residues, either unpaired or dis-
ulphide bonded, are labelled and depicted in ball-stick representation. The
root mean square fluctuation (RMSF) per amino acid was derived from MD
simulations. The RMSF quantifies the protein flexibility and is presented here
colour-coded on the protein backbone trace according to the scale at the
bottom. B) Histograms of the radius of gyration ry as a measure of the overall
size of the protein, obtained from MD simulations for the indicated forms of
the CK domain (wild-type in black and mutants in colour). C) CK domain
structures for different radii of gyration. Structures are displayed in cartoon
representation: two for the wild-type (black), two for the p.Cys2771Arg mu-
tant (p.Cys2771Arg, orange), two for the p.Cys2773Arg mutant
(p.Cys2773Arg, green), and one for the p.Ser2775Cys mutant (p.Ser2775Cys,
magenta). The most compact conformation (r,=17.5 R) of the wild-type is
superposed to all structures in grey for comparison. D) VWF dimer abolish-
ment induced by mutations. Comparison between predicted dimer abolish-
ment by simulation (white bars) and experimental observations (dotted
bars). For the p.Cys2773Arg mutant, the experimental dimer abolishment
was not available (indicated here as n/a), while in the simulations it pres-
ented a bimodal behaviour fluctuating between two values (indicated by the
two overlapped bars). See Suppl. Material (available online at www.thrombo
sis-online.com) for details of the dimer abolishment estimation from simu-
lations.
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from the wild-type (compare black with colour histograms in
P Figure 3B and black with colour structures in P> Figure 3C). CK
mutants p.Cys2771Arg (orange) and p.Ser2775Cys (magenta)
adopted extended conformations (as it is indicated by larger values
of rp) compared to the wt CK domain. p.Cys2773Arg fluctuated
between extended and compact conformations (green).

We examined if dimer abolishment observed experimentally is
correlated to dynamics underlying these structural differences
among wild-type and mutant CK, by using partial least-squares
functional mode analysis (20) (see details for this technique in
Suppl. Methods and Suppl. Figure 4, available online at www.
thrombosis-online.com). We detected dynamics of CK to be corre-
lated with the ability of dimer formation observed in the experi-
ments (P Figure 3D and Suppl. Figure 4, available online at www.
thrombosis-online.com). We predicted conformational changes in
the loops and the C-terminus to abolish dimer formation in mu-
tant p.Cys2771Arg and mutant p.Ser2775Cys to 97% (10% SD)
and 84% (11% SD), respectively, in good accordance with the ex-
perimental measurements. In addition, the p.Cys2773Arg mutant
presented a bimodal behaviour, with the dimer abolishment alter-
nating between two values, 34% (9% SD) and 83% (9% SD). We
also monitored the separation between sulphur atoms of unpaired
cysteines, Dgg (Suppl. Figure 5, available online at www.thrombo
sis-online.com). The sulphur atom of Cys2775 in the p.Ser2775Cys
mutant was found with a high probability in proximity to the sul-
phur atom of Cys2773 and with moderate probability close to that
of Cys2811. Introducing an additional cysteine in the
p-Ser2775Cys mutant might therefore lead to alternate disulphide
bonding within CK between cysteine residues that are not bridged
by intramolecular disulphide bonds in wtVWE. Our data show
that the extent of residual formation of small multimers and alter-
ation in intracellular localisation is strongly correlated with simu-
lated structural changes induced by the investigated mutations.

ER retention of VWD type 2A/IIC mutants

Phenotype IIC of VWD type 2A is caused by mutations within the
pro-peptide of VWF which lead to reduced VWE-HMWM in the
patient’s plasma, indicating a multimerisation defect (28-30). We
investigated two representative mutations (p.Leu536Pro and
p-Gly550Arg) which we identified in VWD type 2A/IIC patients.
VWF multimer analysis of the patients’ plasma showed a reduc-
tion of HMWM in quantity and size (»Figure 2E). Similar effects
were observed after recombinant expression in HEK293 cells
(> Figure 2B). The reduction of HMWM of these mutants in the
HEK293 cell supernatant was accompanied by an altered intracel-
lular localisation. As shown exemplary for mutant p.Leu536Pro in
P Figure 4A, these mutants exhibit ER localisation only, whereas
reduced colocalisation with trans-Golgi (P Figure 4C) was ob-
served when compared to wtVWEF (P> Figure 4, left-hand column
and Suppl. Figure 1, available online at www.thrombosis-online.
com). Furthermore, no normal elongated pseudo-WPB’s were de-
tectable (P Figure 4D) and no obvious changes in cis-Golgi and
lysosome localisation were observed (P> Figure 4B, E). These data
indicate retention of these mutants within the ER.
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Weibel-Palade body retention of VWD type 2A/IIE
mutants

We further analysed VWF multimer patterns of plasma samples
from heterozygous patients with VWD type 2A/IIE carrying either
D3 domain mutation p.Trpl144Gly (31), p.Tyr1146Cys, or
p-Cys1169Trp (31) on one allele. All three mutants showed a mod-
erate quantitative reduction of HMWM (P> Figure 2F). In HEK293
cell supernatant the loss of HMWM was more severe for
p.Tyr1146Cys and p.Trp1144Gly. Plasma and recombinant mutant
p-Cys1169Trp (P> Figure 2C) exhibited the same extent of HMWM
reduction.

When compared to wtVWE (P> Figure 5, left-hand column),
we found normal localisation within the ER (P Figure 5A), cis-
and trans-Golgi network (P Figure 5B,C) for all three mutants
(> Figure 5 shows representative mutant p.Trp1144Gly). Strik-
ingly, these mutants were highly enriched in pseudo-WPB’s
(> Figure 5D). No increase in lysosome localisation was ob-
served (P Figure 5E).

These data indicated that these mutants are not prone to in-
creased intracellular degradation but show an increase in storage.
To further investigate a potential secretion defect we measured se-
cretion of recombinant wtVWF and mutants p.Trp1144Gly,
p-Tyr1146Cys and p.Cys1169Trp from HEK293 cells with and
without PMA. As shown in Suppl. Figure 6 (available online at
www.thrombosis-online.com), type 2A/IIE mutants exhibited de-
creased secretion compared to wtVWF without PMA treatment.
Addition of PMA was sufficient to slightly increase secretion of
mutants p.Trp1144Gly and p.Tyr1146Cys but to a much lesser ex-
tent than wtVWE Only mutant p.Cys1169Trp could be released to
the same extent as wtVWE Normal secretion was observed for the
p-Cys2771Arg control mutant (Suppl. Figure 6, available online at
www.thrombosis-online.com).

Platelet binding capability of immobilised VWF
mutants

It is well known that endothelial derived VWF is secreted to the
subendothelial matrix as well as to the vascular lumen. To inves-
tigate if type 2A/IIC, IID and IIE mutations also alter VWF func-
tion in a shear flow environment, we mimicked the immobilised
VWE exposed to the blood flow by biofunctionalisation of
microfluidic channels with VWF mutants and characterised
their platelet binding capability under laminar flow conditions.
After 10 min of low-shear perfusion (500 s!) we quantified the
platelet binding capability by the coverage of adhered platelets to
the mutant coated surface normalised to the platelet surface
coverage of 35 + 3% (set to 100%) induced by wtVWF coating
(> Figure 6A). The platelet surface coverage of type 2A/IIC
VWD mutants p.Leu536Pro and p.Gly550Arg was nearly abol-
ished. Mutant p.Cys2773Arg showed a platelet adhesion pattern
comparable to wtVWF (94 + 4% vs 100 £ 4%), whereas
p-Ser2775Cys and p.Cys2771Arg failed to bind platelets under
shear flow conditions. Also biofunctionalisation with the type
2A/IIE mutants p.Trp1144Gly and p.Cys1169Trp did not show
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any platelet surface coverage (< 1% each). Mutant p.Tyr1146Cys
led to an intact but decreased platelet binding with a resulting
relative surface coverage of 39 + 5% (P> Figure 6A).

Functional characterisation of VWF mutant-affected
string formation under flow conditions

Shear-induced unfolding of the biopolymer VWF leads to an in-
teraction of the exposed VWF Al domain with GPIb on the pla-
telets’ surface and to a polymerisation to ultralarge VWF fibres at
the vessel wall in the absence of ADAMTS13. To further function-
ally characterise the VWF mutants we focused on their ability to
form an intact platelet binding string pattern near the vessel wall.
Therefore, we performed microfluidic experiments under substi-
tution of the soluble plasma VWF fraction with physiologic con-
centration of the VWF mutants (10 ug/ml) in a wide ranged high-
shear regime. In the presence of only wtVWF in the supernatant
we observed platelet decorated ultra-large VWF fibres at the

© Schattauer 2014

Figure 4: Intracellular localisation of VWD
type 2A/1IC mutants in HEK293 cells. VWD
2A/lIC-associated VWF mutant p.Leu536Pro was

transiently expressed in HEK293 cells. 48 h after
transfection cells were fixed and p.Leu536Pro as
well as subcellular compartments were detected
by indirect immunofluorescence employing anti-
VWF and antibodies against marker proteins.
Anti-PDI for the ER (A), anti-GOLPH4 for cis-Golgi
(B), anti-TGN46 for trans-Golgi (C), anti-Rab27a
for pseudo-Weibel-Palade bodies (D) and anti-
LAMP2 for lysosomes (E). To illustrate the altered
mutant localisation compared to wtVWF, the left-
hand column shows an overlay of immunofluor-
escent detection of wtVWF and the indicated cel-
lular compartments. Three independent experi-
ments for each mutant and for each subcellular
compartment were performed. Scale bars repre-
sent 10 ym.

wtVWF biofunctionalised channel surface at shear rates > 2,500
s, impressively increasing in size and platelet decoration with
higher shear rates up to a length of several 100 um (» Figure 6B,
wtVWE). As expected, no string-like structures were found in the
absence of soluble VWF (P> Figure 6B, w/o).

Compared to wtVWEF all VWF mutants showed lesser extent of
platelet binding and string formation but with highly distinctive
patterns (P>Figure 6B): The VWD type 2A/IIC mutant
p-Leu536Pro led to erratically distributed clotty fibres at 5,000 s
and 10,000 s, whereas p.Gly550Arg only formed a few single
fibres with low platelet decoration at 10,000 s™.

Also the type 2A/IID mutants showed different characteristics.
At 5,000 s p.Cys2773Arg and p.Ser2775Cys formed short strings
decorated with up to three platelets, at 10,000 s p.Cys2773Arg
built regularly distributed but filigree strings (see Suppl. Video 1,
available online at www.thrombosis-online.com) and
p-Ser2775Cys also showed residual formation of less filigree and
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wtVWF/cis-Golgi

wtVWF/trans-Golgi

Figure 5: Intracellular localisation of VWD
type 2A/lIE mutants in HEK293 cells. VWD
2A/lIE-associated VWF mutant p.Trp1144Gly was

transiently expressed in HEK293 cells. 48 h after
transfection cells were fixed and p.Trp1144Gly as
well as subcellular compartments were detected
by indirect immunofluorescence employing anti-
VWEF and antibodies against marker proteins.
Anti-PDI for the ER (A), anti-GOLPH4 for cis-Golgi
(B), anti-TGN46 for trans-Golgi (C), anti-Rab27a
for Weibel-Palade bodies (D) and anti LAMP2 for
lysosomes (E). To illustrate the enhanced locali-
sation of the mutant in pseudo-WPB's compared
to wtVWE, the left-hand column shows an over-
lay of immunofluorescent detection of wtVWF
and the indicated cellular compartments. Three
independent experiments for each mutant and
for each subcellular compartment were perform-
ed. Scale bars represent 10 pm.

wtVWF/WPB’s

more clotty strings. p.Cys2771Arg completely failed to form pla-
telet binding strings.

The type 2A/IIE mutant p.Trp1144Gly built regular platelet
binding strings at the same shear rates as wtVWF but of lower
quantity and platelet binding capacity. p.Cys1169Trp showed few
filigree strings comparable to p.Cys2773Arg only at a shear rate of
10,000 s, The mutant p.Tyr1146Cys exhibited a divergent pattern
compared to the other type 2A/IIE mutants. In the whole range
from lower to higher shear rates this mutant formed conglomer-
ates of adhered platelets instead of impressive strings.

These data show clear differences in the string formation capa-
bility also within the subgroups of VWD/2A.

Characteristics of VWF mutants in polymer-platelet-
aggregate formation

At high shear rates, VWF (polymer) and platelets form reversible
polymer-colloid aggregates rolling at a VWF biofunctionalised

Thrombosis and Haemostasis 112.1/2014

wtVWF/lysosomes

p.Trp1144Gly

cis-Golgi

trans-Golgi

lysosomes

surface (32). This rolling aggregate formation occurs when the
VWE concentration in whole blood is elevated to pathophysiologi-
cal levels of 50 pg/ml. By supplementing wtVWE or VWF mutants
in whole blood to this concentration, we investigated the func-
tional characteristics of VWF mutants in rolling aggregate
formation. This process was quantified by determination of the
critical shear rate at which first aggregates were observable. P> Fig-
ure 7A demonstrates highlighted sequences of reflection interfer-
ence contrast microscopy (RICM) time-lapse images to illustrate
the process of aggregate formation (see also Suppl. Videos 2 and 3,
available online at www.thrombosis-online.com).

Using supplementary wtVWF first small conglomerates were
detected at a shear rate of 3,000 s. Stable aggregates appeared at
4,000 s, growing in size and incidence with higher shear rates
(P> Figure 7B). Interestingly, none of the investigated mutants be-
haved like wtVWE: The VWD type 2A/IID mutants p.Cys2773Arg
(Suppl. Video 4, available online at www.thrombosis-online.com)
and p.Cys2771Arg led to a reduction of the critical shear rate. Al-
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ready at 1,000 s! first small aggregates were generated with a re-
markable high incidence. But with an increase of shear these ag-
gregates remained small and round-shaped. In contrast,
p-Ser2775Cys failed to induce rolling aggregate formation as well
as the VWD type 2A/IIE mutant p.Tyr1146Cys. The other ITE mu-
tant p.Cys1169Trp formed first small aggregates at a high shear
rate of 5,000 s!. Due to impaired secretion a concentration of 50

pg/ml of mutants p.Leu536Pro, p.Gly550Arg and p.Trp1144Gly
was not available for these experiments.

Taken together, these distinct characteristics in polymer-pla-
telet aggregate formation open the possibility to mechanistically
analyse the VWD subtypes regarding their functional defects
matching with the clinical implications and individual patient’s
symptoms.

A WEVWF

100 %
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p.Trp1144Gly <1 %
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w/o
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Discussion

For VWD type 2A/IIC, IID and IIE mutants, we found a correlation
between the mutated domain, intracellular localisation of the mu-
tant and their respective multimer patterns that is characteristic for
each subtype and further mirrors the severity of the mutation-in-
duced defect in intracellular processing within each phenotype.

Our data of the investigated type 2A/IID mutants confirm that
mutations within the CK domain of VWF lead to C-terminal di-
merisation defects with differences in severity (25, 26, 33) but they
also broaden our understanding of the cysteine residues involved in
dimerisation. In detail, we investigated the cysteine inducing mu-
tation, p.Ser2775Cys and the two previously described cysteine
abolishing mutations p.Cys2771Arg (34) and p.Cys2773Arg (25). It
has been shown that the latter two VWF mutants form N-terminal
dimers to different extent (35), presumably by using unpaired cys-
teine residues in the multimerisation domain for interchain disulp-
hide bonds thereby inhibiting multimerisation. Our multimer
analysis confirmed these data and additionally showed that
p-Ser2775Cys is only able to form dimers plus tetramers. This loss of
C-terminal dimerisation could be the reason for the increase in cy-
tosolic localisation of p.Cys2771Arg and p.Ser2775Cys, probably
due to a decreased processing time in the ER. Normal Golgi locali-
sation supports the hypothesis that these mutants do follow the
regular pathway through the Golgi-apparatus where they become
N-terminally dimerised. Together with our MD simulations, which
were in high accordance with our experimental findings (P Figure
3), our data suggest that dimerisation is favoured in compact con-
formations and blocked in extended conformations. Mutant
p-Ser2775Cys features more extended conformations while
p-Cys2773Arg displayed ambiguous VWF dimer formation, which
could be attributed to the alternating structures of CK observed in
the simulations. Therefore, p.Cys2773Arg has the least effect on di-
merisation which is surprising since it has been suggested that the
CK domains dimerise exclusively through Cys2773, assuming ar-
rangement in the same orientation as the two domains of TGF-B2
(16, 17). Our data indicate that Cys2771 also plays a crucial role in

dimerisation, presumably by linking the two CK domains. The al-
most complete abolishment of dimer formation by p.Ser2775Cys in-
dicates that addition of another unpaired cysteine may increase
formation of alternate intra-domain disulphide bonds (Suppl. Figure
5, available online at www.thrombosis-online.com), which may alter
the composition of inter-domain disulphide bonds compared to
wtVWE. [The recent crystal structure of the CK domain (27) con-
firms our data. It was shown that the CK domains are dimerised by
disulphide bonds between Cys2771-Cys2773, Cys2773-Cys2771°
and Cys2811-Cys2811’ Therefore, single mutation of Cys2771 or
Cys2773 both abolish two crucial disulphide bonds. Mutation of
Cys2771 seems also to abolish the third disulphide bond between
the two Cys2811 residues. One possible explanation might be that
Cys2773 and Cys2811 form an intramolecular disulphide bond
when Cys2771 is absent. Further we can now also hypothesise why
mutation of Cys2773 might allow residual formation of small
multimers: it seems that in some but not all monomers inter-molec-
ular disulphide formation is still possible. But attachment of one
monomer (that might have an intra-molecular bond between
Cys2771 and Cys2811) would stop the multimerisation. This hy-
pothesis is supported by the fact that in the patient additional bands
due to odd-numbered multimers are visible. This could also explain
why this mutant exhibits reduction of HMWM but normal intracel-
lular localisation.]' Mutation p.Ser2775Cys introduces an additional
cysteine residue and therefore leads to a dimerisation defect through
another mechanism. Probably the new Cys2775 leads to unpredict-
able intra-molecular disulphide bonds that sometimes allow a mini-
mal residual dimerisation leading to tetramers in the homozygous
recombinant expression. Heterozygous expression in the patient
leads to bleeding symptoms but normal or even increased VWF:Ag
as well as collagen binding and no loss of HMWM (P> Table 1). This
mutation is a perfect example for the necessity of more extensive
diagnostic tests in some cases. In case of this patient none of the
conventional tests but only multimer analysis and our flow assay un-
masked the structural and functional deficits, respectively.
Mutations in the pro-peptide are known to cause VWD type
2A/TIC with defective multimerisation and intracellular trafficking

Figure 6: Platelet binding capability of soluble VWF mutants and
shear-induced fibre formation of immobilised VWF mutants. A) Micro-
fluidic channels were biofunctionalised with either wtVWF or indicated VWF
mutants and perfused with washed and stained platelets in a concentration
0f 200,000 per pl supplemented with 45% haematocrit at a shear rate of 500
s1. After 10 min of perfusion, adhesion to the VWF (wt or mutant) coated on
the glass footprint of the channel was studied by fluorescence microscopy. In
comparison to wtVWF biofunctionalisation type 2A/IIC VWD mutants
p.Leu536Pro and p.Gly550Arg did not show relevant platelet binding. Mu-
tant p.Cys2773Arg showed a platelet adhesion pattern comparable to
wtVWF whereas the other type 2A/IID VWD mutants, p.Ser2775Cys and
p.Cys2771Arg, failed to bind platelets. Biofunctionalisation with the type
2A/IIE mutants p.Trp1144Gly and p.Cys1169Trp did not show mentionable
platelet adhesion yet p.Tyr1146Cys led to an intact but decreased platelet
binding. Two independent experiments for each mutant were performed. B)
To study string formation, channels were biofunctionalised with wtVWF and
perfused with washed and stained platelets in a concentration of 200,000
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per pl supplemented with 45% haematocrit at various shear rates in the
range of 1,000 s to 10,000 s for 1 min each. Focusing on the ability to form
an intact platelet binding string pattern, we found platelet decorated ultra-
large VWF fibres at the wtVWF biofunctionalised channel surface, impres-
sively increasing in size and platelet decoration with higher shear rates,
whereas no string-like structures were found in the absence of soluble VWF.
The type 2A/IIC VWD mutant p.Leu536Pro led to erratically distributed clotty
fibres and p.Gly550Arg only formed single fibres with low platelet decoration
at high shear rates. The type 2A/IID mutant p.Ser2775Cys formed short
strings, p.Cys2773Arg built regularly distributed but filigree platelet decor-
ated string-like structures and p.Cys2771Arg failed to form platelet binding
strings. The type 2A/IIE mutant p.Trp1144Gly build regular platelet binding
strings but of lower quantity and platelet binding capacity. p.Cys1169Trp
showed filigree strings comparable to p.Cys2773Arg under high-shear condi-
tions and p.Tyr1146Cys formed conglomerates of adhered platelets instead
of impressive strings. At least three independent experiments for each mu-
tant were performed. Scale bars represent 100 pm.
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Figure 7: Formation of polymer-platelet-aggregates and effect of
VWF mutants on formation of rolling aggregates under high shear
conditions. To investigate rolling aggregate formation, channels were bio-
functionalised with wtVWF and perfused with native whole blood supple-
mented with wtVWF or indicated VWF mutant to 50 pg/ml. For determination
of the critical shear rate, the flow was consecutively increased from 1,000 s
to 5,000 s for 1 min each and live cell RICM videos were taken with 2
frames/s. Critical shear rate was defined as the shear rate at which the first
rolling aggregates emerged that contained at least 15 platelets. Under high-
shear conditions in whole blood with added wtVWF, time-lapse images of
polymer-platelet-aggregate formation in the range of a 1-second period are
performed. A) The present position of an aggregate is highlighted with a red
oval and the prospective short-termed stationary position is marked by a red
dashed oval, whereupon a red arrow indicates the locomotion direction. On a
platelet decorated string-like VWF structure (blue dashed line) the aggregate

(36). Our investigation of newly identified mutant p.Leu536Pro
from a compound heterozygous 2A/IIC patient (»Table 1) and
mutant p.Gly550Arg found in a homozygous patient (31) (»Table
1) indicate that these effects might be caused by retention in the
ER that could be due to misfolding.

Our VWD type 2A/IIE mutants exhibited normal ER and Golgi
localisation indicating normal dimerisation as well as multimeri-
sation. The increase in pseudo-WPB size and quantity suggest in-
creased storage and a secretion defect that was further confirmed

© Schattauer 2014

builds a rapid anchor-point (red dot) and deforms the VWF string (red line).
After detachment, the aggregate moves forward out of the field of view. For
a short video presentation of this process see also Suppl. Video 2 (available
online at www.thrombosis-online.com). Time frame is indicated, scale bars
correspond to 20 ym. B) Using supplementary wtVWF under whole blood
conditions, first aggregates emerged at a shear rate of 4,000 s, growing in
size and incidence with higher shear. The mutants p.Cys2773Arg and
p.Cys2771Arg led to a reduction of the critical shear rate indicating a gain-
of-function, but rolling aggregates remained small and round-shaped with
an increase of shear. p.Ser2775Cys as well as p.Tyr1146Cys failed to induce
rolling aggregate formation. p.Cys1169Trp formed first small aggregates at a
high shear rate of 5,000 s'. Blue circles illustrate first conglomerate
formation; red ovals indicate VWF-platelet-aggregates. At least three inde-
pendent experiments for each mutant were performed. Scale bars represent
50 pm.

by reduction of PMA-dependent and -independent secretion.
Only mutant p.Cys1169Trp could be released to the same extent as
wtVWE. These data are in line with the observation that in the
compound heterozygous patient with VWF:Ag of 9% (see »>Table
1), VWE:Ag raised to 26% by DDAVP with subsequent rapid de-
crease in VWEF:Ag within 2 h to 13% (personal communication by
H. Lenk). These data further suggest a significant decrease of the
VWEF mutants half-life.
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In conclusion, we show that for type 2A IIC, IID, and IIE mu-
tations a correlation exists between the domain that carries the
mutation and the defect in biosynthesis. For each mutant the se-
verity of the processing defect correlates with the alteration in the
intracellular localisation and with the reduction of HMWM ob-
served in the particular VWF mutant multimer pattern. Mutations
in the dimerisation domain, that lead to reduction of multimer
size to dimers and tetramers increased cytosolic localisation, indi-
cating faster trespassing through the ER, mutations in the pro-
peptide lead to retention in the ER and mutations in the D3 do-
main cause retention in WPBs.

Interestingly, no correlation exists between the 2A phenotype
and effect on the shear flow-dependent functions of VWEF: Under
shear flow conditions with normal physiological concentration of
the mutants we observed three groups of string formation defects
independent of the VWD subtypes: p.Leu536Pro (subtype 2A/IIC)
and p.Trp1144Gly (2A/IIE) exhibited the mildest phenotype with
slightly reduced string formation with onset at the same shear
rates as wtVWEF (2,500 s™). p.Gly550Arg (2A/IIC), p.Cys2773Arg
(2A/1ID), p.Ser2775Cys (2A/IID) and p.Cys1169Trp (2A/IIE)
started to form tiny strings decorated with three platelets at 5,000
s and filigree, pearls-on-a-string-like decorated fibres at 10,000
st

p.Tyr1146Cys (2A/IIE) completely failed to form strings at any
shear rate. The additional cysteine residue could result in
formation of disulphide bonds which are usually not formed in
wtVWE The alteration of the mutant VWF secondary structure by
these new bonds seems to inhibit normal processing, string
formation and platelet binding.

In the string formation assay mutant p.Cys2771Arg (2A/IID)
was also completely incapable to form strings at physiological con-
centration but additionally exhibited formation of small conglom-
erates with platelets already initiated at a shear rate of 1,000 s}, in-
dicating a gain-of-function through better accessibility of the pla-
telet binding site in p.Cys2771Arg dimers.

While still able to form small strings p.Cys2773Arg also ex-
hibited a gain-of-function at high pathophysiological concen-
tration by binding platelets already at 1,000 s™..

p-Cys1169Trp and p.Tyr1146Cys failed to form platelet con-
glomerates at all shear rates investigated. It further has to be taken
into consideration that some of the aforementioned mutations ex-
hibited a decreased secretion as shown in Suppl. Figure 6 (available
online at www.thrombosis-online.com), presumably resulting in a
reduced VWF concentration in the plasma of affected patients.
However, some of the patients show increase of secretion after
treatment with DDAVP. In such cases the shear-dependent dys-
function of the VWF mutants could still essentially contribute to
the patient’s phenotype. We show here that single missense mu-
tations within VWF create a wide range of both processing and
functional defects which can only comprehensively be described
by an approach that combines static as well as microfluidic assays.
Resulting data significantly increase insight into the different phe-
notypes of VWD 2A patients because they offer the possibility to
explain variations in the patients’ symptoms on a molecular level.
For example, our patient with mutation p.Tyr1146Cys exhibited
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Table 1: Phenotypic parameters for the patients whose multimer
patterns are shown in Figure 2 are given in %. * indicates that the pa-
tient was not heterozygous for the mutation: p.Gly550Arg: homozygous;
p.Leu536Pro: compound heterozygous with p.lle94Asn; p.Cys1169Trp: com-
pound heterozygous with null allele ¢.2435delC.

Mutation Pheno- VWF:Ag CB R:Co FVIII Refe-
type rence
p.Cys2773Arg ~ 2A/D 119 7 64 90 25
p.Ser2775Cys ~ 2A/ID 184 193 novel
p.Cys2771Arg  2AMD 110 32 32
p.Gly550Arg*  2A/NIC 59 <2 29
p.Leu536Pro*  2A/IC 23 2 novel
p.Trp1144Gly ~ 2ANE 27 12 19 27 28
p.Tyr1146Cys  2AME 20 16 7 1 28
p.Cys1169Trp*  2A/IE 9 4 28

more severe bleeding symptoms than most other 2A/IIE patients,
including epistaxis, haematoma, menorrhagia, haematuria, intesti-
nal bleeding, and even joint bleeding requiring prophylaxis (31).
Our findings that mutant p.Tyr1146Cys completely failed to form
VWE strings and platelet conglomerates at all shear rates now ex-
plain these symptoms which cannot be explained by multimer
analysis and other static tests: In contrast to the other investigated
ITE mutants this mutant does not have residual platelet binding ca-
pacity and therefore presumably induces more severe bleeding.
Additionally, our data could open new possibilities for diagnosis
and treatment options for VWD 2A patients. In general 2A pa-
tients are treated with plasma-derived VWF which might not al-
ways be necessary. In case of mutations p.Cys1169Trp we were
able to show that this mutant can still be released by stimulation
and that is does have residual string formation and platelet bind-
ing activity. In case of this patient treatment with DDAVP was suc-

What is known about the topic?

o VWD type 2A phenotypes IIC, IID and IIE are caused by mutations
in the propeptide, the CK-domain and the D3-domain of VWEF, re-
spectively.

e Mutations associated with VWD type 2A phenotypes IIC, IID and
IIE can alter processing, trafficking and secretion of VWE.

What does the paper add?

e The wide range of defects induced by VWD type 2A phenotypes
[IC, IID and IIE VWF mutants is comprehensively described by an
approach that combines intracellular localisation studies,
multimer analyses and microfluidic assays.

e Molecular dynamics simulations add to the understanding of car-
boxy-terminal dimer formation.

e Our new microfluidic screening method provides the possibility to
extend VWD diagnostics to shear flow-dependent VWD subtypes
which are currently not detectable.
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cessfully applied. Therefore, adequate treatment options can accu-
rately be chosen, when secretion and shear-activated properties of
the mutants are determined.

In conclusion, here, we fully describe shear-dependent and -in-
dependent effects of type 2A IIC, IID and IIE mutations which
have severe consequences during the “day in the life” of these mu-
tants; namely beginning with their intracellular synthesis, process-
ing and trafficking to their shear-dependent functions in the circu-
lation. More importantly, we developed a VWD screening method
that could, without any further modifications, be used with patient
blood samples to complete VWD diagnosis covering all shear-
dependent VWF functions which are not covered by current state-
of-the-art static VWD diagnostics. It could also provide the possi-
bility to extend VWD diagnostics to new shear-flow-dependent
VWD subtypes which are currently not detectible by the static assays.
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