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Summary

The specific interactions of von Willebrand factor (VWF) with the
vessel wall, platelets or other interfaces strongly depend on (a shear-
induced) VWF activation. Shear flow has been shown to induce a con-
formational transition of VWF, but is modulated by its thermodynamic
state (state-function relationship). The state in turn is determined by
physical (e.g. vessel geometry), physico-chemical (e.g. pH) and molec-
ular-biological (e.g. mutants, binding) factors. Combining established
results with recent insights, we reconstruct VWF biology and its state-
function relationship from endothelial cell release to final degradation
in the human vasculature. After VWF secretion, endothelial-anchored
and shear activated VWF multimers can rapidly interact with sur-
rounding colloids, typically with platelets. Simultaneously, this VWF
activation enables ADAMTS13 to cleave VWF multimers thereby limit-
ing VWF binding capacity. The subsequent cell-surface dissociation
leads to a VWF recoiling to a globular conformation, shielding from
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Introduction

The multimeric glycoprotein von Willebrand factor (VWF) is a
well-known key player of primary haemostasis (1-9). Stored in in-
traendothelial Weibel-Palade bodies (WPB), VWF is co-localised
with the proinflammatory proteins P-selectin, angiopoietin2, eo-
taxin3 and, among others, the cytokine interleukin (IL)-8 (10, 11).
Upon stimulatory conditions, VWF as prerequisite for WPB gen-
esis is released in company switching the endothelial cells (EC)
from an antiinflammatory and anticoagulatory to a proinflamma-
tory and procoagulatory surface (12-15). Thus, its role in inflam-
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further degradation by ADAMTS13. High local concentrations of these
soluble VWF multimers, transported to the downstream vasculature,
are capable for an immediate reactivation and re-polymerisation initi-
ating colloid-binding or VWF-colloid aggregation at the site of in-
flamed endothelium, vessel injuries or pathological high-shear areas.
Focusing on these functional steps in the lifecycle of VWEF, its quali-
tative and quantitative deficiencies in the different VWD types will fa-
cilitate more precise diagnostics and reliable risk stratification for pro-
phylactic therapies. The underlying biophysical principles are of gen-
eral character, which broadens prospective studies on the physiologi-
cal and pathophysiological impact of VWF and VWF-associated dis-
eases and beares hope for a more universal understanding of an en-
tire class of phenomena.
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mation and furthermore its impact on metastatic processes are
matter of recent studies.

Mainly synthesised in ECs (and megacaryocytes for platelet
VWE), VWF monomers underlie a specific post-translationally
maturation process ending up in WPBs as assembled organised
tubules of VWF multimers. Currently the total size of these VWF
multimers remains unclear. However an estimate may be given
based on the size of WPBs (2 pm length and 0.1 pm diameter) (9),
the molecular weight (MW) of VWF (approx. 500 kDa of a dimer)
and a typical protein density of roughly 1.3 g/cm? (16), which leads
to approximately 10,000 to 50,000 dimers within one individual
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Figure 1: Molecular weight distributions of Di Multimers Multimers Self—ass_embly
' imer (plasma) (Weibel Palade Body) of multimers

VWEF. The molecular weight distribution of (plasma)

multimers in plasma reflects the current state of

gel electrophoretical analysis. Molecular weight

distribution of multimers in Weibel-Palade

Bodies is a theoretical estimation based on the e ’

vesicle volume. The molecular weight of self-as-

sembled multimers is impossible to measure ex-

perimentally; however, a size of more than sev- 0.5 MDa 5 - 50 MDa 1000 MDa >> 1000 MDa

eral GDa could be expected. The indicated size ~0.05 - 0.5 um (globular) >> 10 um (globular)

ranges of globular and maximal stretched VWF ~1-10 um (max. streched) >> 200 pm (max. streched)

multimers in plasma could be considered only as

rough estimates.

WPB. This corresponds to a MW of more than 1 GDa, which is
significantly above the size detectable in typical VWEF gel analysis
(17, 18). Although this seems immense, immunofluorescence im-
ages reveal sizes around several 100 um (see »>Figure 5A), consist-
ent with the MW of ~1 GDa (14, 19-21). Based on our earlier work
(22, 23), we propose that this exceptionally large size of VWF con-
stitutes the prerequisite to respond to hydrodynamic forces and
their variations. P>Figure 1 summarises the molecular weight dis-
tributions of VWE.

Upon EC activation for instance by thrombin, histamine, vas-
cular endothelial growth factor, fibrin, tumour necrosis factor
alpha, reperfusion or tumour cells (10, 12, 24-26) VWF is released
both into the subendothelial matrix and the blood flow, respect-
ively (7, 27, 28). Subsequently exposed to the hydrodynamic forces
of blood flow while remaining anchored to the endothelium, this
freshly released ultra-large VWEF (ULVWE) reversibly transforms
from a globular to a stretched conformation and therefore exposes
binding sites as well as its cleavage site in a shear-dependent
manner (22, 23, 29, 30). Each VWF multimer subunit contains
binding sites for platelet glycoprotein (GP) Iba, heparin, collagen,
GPIIb/111a, factor VIII, ADAMTS13 and other ligands. In particu-
lar, over a wide range of shear rates VWF contributes to the fully
reversible arrest even of inactivated platelets (31) and thrombus
formation by interaction of its exposed Al domain with GPIba
with putative selectine-like kinetics. However, in contrast to pla-
telet bonds of other molecules due to the biomechanical properties
of receptor-ligand bindings, the VWF Al domain-GPIba interac-
tion was shown to be the only sufficient source to initiate platelet
adhesion under high shear conditions (32). It should be noted that
there is a discrepancy between this threshold in human and mouse
blood of a factor of approx. 4 (500 to 800 s in human blood versus
2,000 to 5,000 s in mouse blood) (33-35). Considering the com-
plex physiological situation involving not only the isolated shear
dependency of VWF but also the influence of shear flow condi-
tions on platelet shape conformation (36), on VWF-GPIba inter-
actions (37) and on VWEF-surface adsorption (38, 39), we aim to
mainly focus on the conformational activation of VWF and its
physiological relevance.

The metalloproteinase ADAMTS13 was shown to be the spe-
cific plasma protease regulating the length and binding capacity of
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VWE fibres in the human vasculature, constantly cleaving VWF
multimers at the A2 domain cleavage site (40). Causing the ap-
pearance of smaller VWF fragments in normal plasma, the cleav-
age of VWF fibres first leads to a detachment from the endothe-
lium and the further degradation to its loss of shear-dependent
binding function. Hence, degradation of VWF by ADAMTSI3 is
highly enhanced under high shear flow conditions and in the case
of elongated/stretched VWF multimers presumably due to an in-
creased accessibility of the cleavage site within the A2 domain (21,
23).

Focusing on the new insights in VWF’s state-function relation-
ship under various shear regimens, this manuscript gives an up-
date of state-of-the-art and novel in vitro techniques, their appli-
cation in a broadened field of pathophysiological interest and their
clinical implications for VWF associated diseases.

Short overview of VWF associated diseases

The investigation of different subtypes of hereditary mutations of
VWE in von Willebrand disease (VWD), the acquired von Wille-
brand syndrome (AVWS) and cleavage enzyme defects in throm-
botic thrombocytopenic purpura (TTP) on both molecular and
individual patient’s level have a beneficial scientific effect from
bench to bedside and vice versa and therefore help to understand
the underlying mechanistic backgrounds for VWF function.

von Willebrand disease (VWD)

VWD is the most common hereditary bleeding disorder caused by
a deficiency or dysfunction of VWE. Three types of VWD are clas-
sified: VWD type 1 is a quantitative defect characterised by de-
pressed levels of VWF with regular functionality. The second
quantitative variation is the severe bleeding disorder VWD type 3
with an almost complete absence of VWF levels. In contrast, the
classification VWD type 2 subsumes a wide variety of structural
and/or functional defects of VWF due to mutations in distinct do-
mains of the molecule affecting the process of multimerisation, the
release, or the binding capacity to different interaction partners
impairing platelet adhesion or factor VIII binding (41).
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Dependent on the type of mutation, clinical symptoms range
from mild diathesis to rare severe episodes of mucosal bleedings
and intraarticular or intramuscular bleeding. Adequate medical
attendance is necessary for prophylaxis or treatment of bleeding
episodes. The most important therapeutic regimens target to boost
functional active VWF plasma levels to haemostatically active con-
centrations comprising enforced stimulation of WPB exocytosis
using the antidiuretic hormone analogon 1-desamino-8-D-argi-
nine vasopressin (DDAVP) or VWF replacement therapy by infu-
sion of plasma-derived VWF containing concentrates (18, 41).

Acquired von Willebrand syndrome (AVWS)

The bleeding disorder AVWS is an often misdiagnosed syndrome
characterised by non-inherited secondary structural and/or func-
tional defects of VWF due to an increased proteolysis under ex-
ceeding shear flow conditions, an increased antibody-mediated
clearance or an augmented adsorption to malignantly transformed
cell surfaces (42, 43). Regularly, a causative therapy will also cure
the haemorrhagic diathesis. For prophylaxis or acute bleeding epi-
sodes a VWF replacement therapy (comparable to the treatment of
VWD) or intravenous infusion of immunoglobulin G is recom-
mended. For DDAVP treatment, the response rate to achieve a sig-
nificant plasmatic VWF concentration depends on the various
underlying diseases; e.g. it is high beneficial for neoplasm-induced
AVWS but of low potency for antibody-mediated AVWS (44).

Thrombotic thrombocytopenic purpura

The haematological disorder thrombotic thrombocytopenic pur-
pura (TTP) is a secondary VWE-associated disease. There are two
types of this disease, the Moschcowitz syndrome as acquired TTP
with reduced activity of ADAMTS13 due to autoantibodies and
the Upshaw-Schulman syndrome with an inherited deficiency of
ADAMTSI13 (45). Affecting the specific cleavage enzyme of VWE
unusually large VWF multimers with a higher platelet binding ca-
pacity have been systemically detected in the plasma of patients
suffering from TTP (46). Here it may be hypothesised that the
above calculated size of several 100 um of freshly released VWF
may persist without further degradation and is capable to unleash
an unforeseen potency for platelet binding. Therefore, TTP is as-
sociated with life-threatening depositions of platelet-ULVWE
thrombi in the microvasculature leading to platelet consumption
followed by thrombocytopenia and bleeding episodes (45, 47).
Moreover, interfering in the functional homoeostasis of VWF re-
lease and subsequent cleavage, it was shown that IL-6, thrombin
and reactive oxygen species, all elevated under inflammatory con-
ditions, further dampen ADAMTSI13 activity (48-50). The thera-
peutic options in acquired TTP include periodical plasma ex-
change therapy, immunosupressants and plasmapheresis. In the
case of the congenital Upshaw-Schulman syndrome plasma substi-
tution is the therapy of choice. In the near future, a supplemen-
tation with recombinant ADAMTS13 may be available.

For a comprehensive diagnostic characterisation of VWE-re-
lated diseases, patients and clinicians will benefit from the corre-
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lation of genetic tests, enzyme activity assays, VWF multimer
analysis and the performance of new assays on the functional
characteristics of VWE.

Functional states of VWF

Upon stimulated EC release of VWF multimers into the blood
flow, the biopolymer meets at least two relevant changes in its sur-
rounding milieu: a pH shift from an acidic to a physiological pH
(51, 52) and the exposition to shear stress. During the process of
exocytosis the densely packed and helically assembled VWF in the
acidic WPBs underlies a spontaneous shift in pH starting from
side of the fusion pore at the EC membrane (51, 53-55). This leads
to an entanglement-free elongation of the multimer in the direc-
tion to the vessel lumen where it is exposed to the hydrodynamic
force of the flowing blood. Still anchored at the EC surface via in-
tegrin alpha(v)beta (3, 56), P-selectin (57), lipid membranes (58)
or WPBs, VWE becomes “activated” when going through a revers-
ible globule-stretch transition to VWF fibres (23), therefore pre-
sumably providing a sufficient density of binding sites in the en-
rolled A1 domain for platelet adhesion. Simultaneously, the A2 do-
main experiences an increased exposure to interact with the VWE-
cleaving enzyme ADAMTS13 (59). This parallel occurrence of
shear-induced haemostatic activation and subsequent cleavage
provides a self-regulatory mechanism avoiding excessive fibre
formation under physiological conditions (19). These transitions
of isolated VWF disregarding further interaction partners are de-
picted in P> Figure 2, utilising images from computer simulations,
illustrating schemes (P> Figure 2A) and experimental images taken
by atomic force microscopy (P Figure 2B) and immunofluores-
cence microscopy (P Figure 2C), respectively.

VWEF as a polymer under flow

From the biophysical point of view, the seemingly counterintuitive
amplification in polymer adhesiveness by the increase of flow-in-
duced shear stress becomes plausible: Although high shear flow is
naturally accompanied by an increase of lift forces, this effect is
overwhelmed by the subsequent transition of VWF baring numer-
ous formerly shielded tensile binding regimes when changing its
conformation. This fluid dynamics affected process is amplified as
the shear rates increase up to 10,000 s (36). We could previously
show that a critical shear rate of 1,000 to 5,000 s activates VWEF
under unbound (soluble) conditions. It seems likely that critical
shear rates under bound or adsorbed conditions are somewhat
lower (~200 s) (19, 60) and will render VWF in a state of higher
activity. These shear rates may be reduced by physical, physico-
chemical or biological factors, as for instance channel geometry,
pH or mutations. This could explain that even in venules
ADAMTSI3 is crucial for the regulation of platelet adhesion and
aggregation in histamine stimulated vessels (61). Since
ADAMTS]13 only cleaves activated VWE, it is very likely that acti-
vation can also take place in venules, where shear rates fall way
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Figure 2: Shear-induced VWF activation and
degradation from the monomer to the

. . . globular stretched stretched + ADAMTS13
microscopic level. A) lllustrating scheme of a . B .
VWF fibre from globular to stretched transition flow flow flow

under rising shear on the monomer (green circle)
level. Under low-shear conditions, the A domains
A1 (red) and A2 (yellow), are shielded (left).

e R VA Ve AVATAYL AVE VAt s

(VA VE AVavavy. ) \\l

Above a critical shear rate, the VWF fibre revers-
ibly enrols and the A domains become exposed
(middle). In the presence of ADAMTS13, stretched
VWEF is degraded at the A2 domain (right). Scale

- = ——- - —-
flow flow ADAMTS13 flow

bars correspond to 10 nm. B) Height-coded
atomic force microscopic images of VWF transi-
tion. Monomers appear as yellow dots covering
the surface (left). Under shear flow, VWF
monomers / dimers polymerise to a structured
two-dimensional network (middle). In the pres-
ence of ADAMTS13 this network is efficiently de-
graded (right). Scale bars correspond to 100 nm.
C) Immunofluorescence images of VWF stained in
green from the globular (left) to the stretched
state (middle) in the absence or presence (right)
of ADAMTS13. Scale bars correspond to 100 pm.
Experiments based on our earlier work (21).

below 500 s'. Therefore, one can speculate that shear activated
VWE potentially plays a significant role in the initiation of venous
thrombosis as elegantly shown in a mouse model (62). As the local
wall shear rate in the human microvasculature is determined to be
in the order of 100 to 8,000 s (63, 64), the process of VWF unfold-
ing is in fact of relevance also under physiological conditions. At
vessel injuries, vasoconstrictions or stenotic compartments the re-
duction of the vessel lumen can rise the shear rates to excessive
levels above 50,000 s™! (65) or induce elongational flow conditions
(see below). Using smart in vivo as well as in vitro experiments,
Nesbitt et al. could clearly show that shear microgradients, typi-
cally occurring at stenotic vessels control initial and reversible pla-
telet recruitment at high shear zones (36). This interaction was ex-
clusively VWE-GPIba mediated confirming the importance of a
shear activation of VWF (66).

From a pure polymer perspective, a prerequisite for the globule-
stretched transition behaviour is the “correct” size of the repeating
units assembling the multimeric VWF and, presumably to a lesser
extent, the length of the multimer (23). The functional active re-
peating unit consists of two disulfide-linked monomers (= dimer)
with a collective molecular mass of ~500 kDa and a size of ~70 nm
and ~10 nm along the long and the short axis, respectively (67).
Scaling arguments (22), which include hydrodynamic interactions,
reveal a very sensitive size dependence of the critical shear rate
7., for the globule-stretched transition

. 1
Yers ~ 37
i ™

where a should be seen as an effective size of a repeating unit. For
instance, an increase in a by a factor of 10, is therefore expected to
reduce the critical shear by a factor of 1,000. Considering the un-
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usually large repeating units of VWE, it seems that VWF is the re-
sult of a Darwinian optimisation process for a protein that sensi-
tively responds to shear stress in the regime of physiological flow.

Hydrodynamic stress can be applied on a protein in flow by at
least two fundamentally different mechanisms: by shear stress as
described and by elongational stress. Broadly speaking, the first is
the result of a velocity gradient perpendicular to the wall while the
second arises when the flow velocity changes in flow direction. In
the latter, the end of the polymer experiences a different velocity
than the front creating accelerating forces. Similar to the shear
rate, a rate of elongation ¢ can be defined. In P> Figure 3 this is
well approximated by

rz
V.(ri—z—l)

>

D D

where Av, is the change of velocity over the distance D in flow di-
rection (z-direction) and r,; and r, the radii before and after the
constriction. Just like in shear flow, this creates tensile forces along
the polymer. Interestingly, Sing and Alexander-Katz have found
that elongational stresses are much more effective in the sense that
- theoretically — an ¢ of 300 to 600 s leads to polymer stretching
while necessary shear rates ; have to be about one to two orders of
magnitude larger for the same polymer model (68). The authors
argue, that the significant platelet aggregation at stenotic condi-
tions observed by Nesbitt et al. (36) appears to be a result of the
strong elongational forces (69).

Hydrodynamics further tells us, that shear flow can be con-
sidered as a superposition of elongation and rotational flow. The
only relevant contribution for polymers to be stretched is the
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Figure 3: Shear and elongational flow. While the wall shear rate (A) is
simply the rate of change of the velocity component V, away from the wall
(radial direction r), elongational flow (B) is characterised by the increase of

strength of the elongation component. In other words, reducing
the rotational component for the sake of an increase in elon-
gational flow would likely facilitate VWF activation under other-
wise identical conditions. Physiologically this is important for sev-
eral reasons. First, whenever near an interface, the rotation of an
object is reduced. VWF elongation is therefore expected to be fa-

V, along z and predominately the result of geometrical variations of the
vessel. Hence particular important at vasoconstriction or stenotic conditions
(68).

cilitated at the vessel wall or nearby a blood platelet (22). Second,
geometrical parameters, as for instance during stenotic conditions,
may support a more “funnel-like” flow, which would increase the
elongational flow in the centre of the funnel (recall, that in pure
shear flow, the shear stress is exactly zero in the centre) (68).

Local Catalytic

Regime?

Force (~ })
Surface Inactive

Jowibay
onkeied [eqo|o/uonebaibby/buipulg

Extension

Figure 4: Hypothetical state-function relationship of VWF. The force-
extension curve and hence the globule-stretched transition 5 varies with
pH, calcium and other ions, temperature, binding of albumin etc. (red arrow)
resulting in a dynamic state-diagram of VWF. A certain physical state is pro-
posed to be associated with a certain physiological function. At high exten-
sion and force for instance VWF is rendered adhesive, while the opposite
(small extension and force) creates a rather inactive state. The diagram there-
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fore represents the state-function relationship of VWF. Within certain parts of
the diagram (i.e. near transitions), state changes can take place rather
abruptly and appear therefore like a “switch” between two functional re-
gimes. Importantly, although the transition regime is proposed to demon-
strate maximal catalytic activity, the activity is expected to be still signifi-
cantly large in the binding regime and — to a much lesser degree — also pres-
ent in the inactive state.
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The state-function or thermodynamic
perspective

It is important to realise, that VWF is not only but also responding
to mechanical stress. Even though we so far limited our discussion
to only hydrodynamic (mechanical) aspects of VWE, as this is the
best explored control of VWF activation, mechanical aspects are of
course only one important factor. We already mentioned that
VWE is exposed to an increase in pH upon release from the
WPBs. Degree of protonation will inevitably alter surface charge
along the biopolymer and hence cohesive forces. Since the balance
between cohesive and hydrodynamic forces determines the critical
shear rate (22), pH variations will consequently lead to changes in
critical shear, which is experimentally confirmed by the work of
several authors (53, 70) and preliminary data of our group. In this
context it was recently shown that VWEF keeps attached in a globu-
lar conformation on EC surface upon acidic conditions (pH 6.5)
but gets elongated and released upon realkalinisation (51). A hy-
pothetical experiment in which one holds the shear rate fixed and
varies the pH until the transition takes place therefore demon-
strates the misleading character of terms like “mechanical” or “pH-
activated” molecules. Such a terminology refers rather to the ex-
perimental conditions than the physical nature of the transition.
Similar results are expected for calcium and temperature changes.
Indeed, we expect variations in y,, when any physical, chemical
or biological quantity is altered: Changing ion concentrations,
binding of other proteins present in blood (e.g. albumin, factor
VIII), variation in degree of glycosylation, presence of cell surfaces
or last but not least mutations in VWF directly. We recently could
show that N-deglycosylation decreases the critical shear rate to ac-
tivate soluble VWF (71). We conclude, that the proper description
should be adapted from thermodynamics, where the dependence
of transitions (here ; - or force-variable curves (e.g ; - exten-

sion) - on external parameters (e.g. temperature, pH, ion-strength
or protein concentration) are represented by so-called state-dia-
grams. Here, we propose to assign different functions or functional
regimes to distinct states and therefore we suggest for diagrams
like P> Figure 4 the term state-function diagram. For instance, as al-
ready demonstrated, under increased shear rate and hence in-
creased hydrodynamic force, the protein “switches” into its adhes-
ive or binding-active state. The state below the transition may be -
at least presently - called the inactive regime. We currently investi-
gate the role of the transition state itself and propose that it is with-
in this regime, where catalytic activity - granted full accessibility of
the cleavage site - is maximised, but this has yet to be confirmed
experimentally. We believe that this more general, thermodynamic
approach is superior over the more classical mechano-functional
or mechano-enzymatic view and describes the various physical,
chemical and biological aspects that modify protein function more

properly.

Methodological developments for
experimental in vitro characterisation

The methodological in vitro setting to investigate the character-
istics of VWF physiology has certain requirements: a planar
microfluidic channel system providing for the application of a
wide-ranged shear regimen combined with microscopic equip-
ment for live-imaging with high temporal and spatial resolution is
a prerequisite to cope with the free floating or anchorage-point im-
mobilised polymer under dynamic conditions. These require-
ments are excellently met by combining modern microfluidic tools
with label-free reflectance interference contrast microscopy
(RICM) as already published (72-74). Briefly, the interference of
the polarised object beam and the reference beams results in a

Table 1: Comparative summary qf YWF Shear rate ; ~50 ~2,000 ~5,000 Ref.

states. For selected shear rates at distinct VWF [s]

states (see Figure 6), we summarise recent char-

acterisations of shear-dependent VWF-VWF and VWF globular stretched stretched (60)

VWF-platelet interactions. (EC-anchored)

S P = 2005
Veir ~ —5 reflects the critical shear rate
a VWEF globular gobular — stretched  stretched (23)

of the indicated state transition of VWF; (soluble)

Fyrans reflects the necessary force for bond state 7. =2,000s

transition. VWE-colloid interactions  single platelet rolling  platelet decorated rolling aggre-  (72)
Vi = 4,000 5 VWF fibres gates
VWE-GPIba catch bond P catch bond — slip slip bond ® (37,78)
(catch-slip bond) bond®
Firans = 20 pN *
VWEF-GPIba state 1 — short lifetime  state 1 - short lifetime state2-long  (69)
(flex bond) d d lifetime
Firans =~ 10 pN €
2 hased on atomic force microscopy experiments; ® classification based on fluidic experiments using sur-
face immobilised VWF; < based on optical tweezer experiments; ¢ assumed classification by the authors;
¢ classification based on the assumed tensile force acting on a soluble VWF 200-mer.
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Figure 5: VWF-platelet interaction on stimulated ECs under whole
blood flow conditions. A) An intact human EC layer (nuclei are stained in
blue), seeded in a planar microfluidic system, is stimulated and perfused with
whole blood. EC-released and still anchored VWF fibres (green) are stretched
to several hundred micrometers under flow conditions and efficiently bind
platelets (red). B) RICM images of stimulated ECs perfused with whole blood.
Platelet decorated VWF fibres are completely stretched upon a shear rate of
2,000 s and reversibly recoil when stopping the flow (see also Suppl. Movie
1, available online at www.thrombosis-online.com). Scale bars correspond to
50 pm.

height profile image of the observed objects at the footprint of the
microfluidic channel in high resolution. Thereby, RICM facilitates
both the investigation of recombinant wild-type or mutant VWF
and a native functional analysis of blood samples.

For further high-value visualisation techniques with the advan-
tage of nanometer-scaled resolution one has to dispense with live-
imaging in utilising electron microscopy (75) or atomic force
microscopy, the latter with the further potential of force spectro-
scopic measurements (76, 77). But for these microscopic tech-
niques, we agree with Ruggeri’s anniversary issue contribution
from 2007: It has to be taken into consideration that for the necess-
ary fixation of the observed molecules one has to focus on the im-
mobilised fraction of VWF and therefore there is no proof for an
exact assignability of VWF’s functional characteristics (33).

Dynamics of VWF-colloid interactions

Notwithstanding, at the site of inflamed endothelium and the
downstream vasculature there are both EC-anchored VWF

Thrombosis and Haemostasis 111.4/2014

multimers and a plenty of soluble VWF fibre fragments, capable
for re-polymerisation, for direct surface or for colloid interactions
also on an intact endothelial layer (13, 14, 59). As shown in P>Fig-
ure 5A, above the critical shear rate of about 200 s (19, 60) these
EC-anchored fibres recruit platelets under whole blood conditions
resulting in complete platelet decorated strings. This experiment
was performed in an in vitro microfluidic channel system in the
absence of ADAMTSI13. For illustration of the dynamic elon-
gational force of shear flow, images from a life-cell movie (see
Suppl. Movie 1, available online at www.thrombosis-online.com)
are presented in P> Figure 5B upon a shear rate of 2,000 s (com-
plete stretched fibres) and short-termed stopped flow (recoiling
fibres).

Next to the shear-dependent consideration of VWF multimers,
also the particular binding between GPIba and VWF Al domain
has been extensively studied by several groups. To characterise the
acting biophysical mechanisms, catch-slip (37, 78) or flex (79)
bonds have been proposed. What type of bond stabilises and/or
controls VWF interaction with platelets or the vessel wall is there-
fore matter of recent discussion. The authors do not believe that
there is consensus and are not aware of any thorough experimental
studies considering the role of e.g. the membrane state or the hy-
dration layer for bonds association. A comparative summary of re-
cently proposed classifications regarding shear dependencies of
VWE-VWEF and VWEF-platelet interactions is given in P Table 1.
For further specifications we like to refer the reader to the work of
other authors (37, 39, 53, 78, 79).

It was recently shown in vitro that under whole blood condi-
tions only by application of high-shear the soluble fraction of
VWE interacts with platelets (in general: colloids) above a critical
aggregation shear rate of ~4,000 s (see P>Table 1). Polymer-col-
loid composites (rolling aggregates) with a total three-dimensional
circumference of up to 200 pm are generated, rolling on a VWF
biofunctionalised surface. To be clear, rolling aggregates represent
the self-assembly of VWF multimers binding platelets to form
conglomerates of a few hundred micrometers in size. When lower-
ing the shear flow, these composites are reversible, fully dissolving
below the aggregation shear rate (72). Interestingly, the occurrence
and dissolving is initially independent of the presence of
ADAMTS13. However, one has to keep in mind that all theses ex-
periments were done in the presence of an artificial platelet in-
hibition (33, 73, 80). Furthermore, colloid binding to the shear-in-
duced exposed Al domain seems to be one of the key factors for
the process of rolling aggregate formation as GPIba-coated silicate
beads are also capable to induce aggregation (72). These reversible
transitions from globular to stretched to aggregation conforma-
tions including colloid interactions are depicted in »>Figure 6.

Recent insights into the impact of VWF

These rolling aggregates envision a new insight into VWF charac-
teristics at high shear rates. Although the pathophysiological im-
pact is not yet understood, it is clearly shown that polymer-colloid
composites require the presence of free soluble VWE This process
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Figure 6: VWF-colloid interactions from
globular to stretched to aggregation transi-
tion. (Figure based on our earlier work (72), flow
doi:10.1038/ncomms2326, Fig. 1). Schematics of
simulation snapshots (A) and RICM movie shap-
shots (B) of human whole blood supplemented
with soluble VWF on a VWF biofunctionalised sur-
face. At low-flow conditions only single platelets
(colloids, red in A, white dots in B) interact with
the surface (left). Above a criticalg,, shear rate,
VWF (green) recruited from the bulk reversibly
build fibre-like structures and bind colloids
(middle). Under high-shear conditions (with a
Critical,gyreqate Shear rate of ~4,000 s7) reversible
VWF-colloid aggregates appear rolling on the sur-
face, dissolving after reducing the shear rate.
Scale bars correspond to 50 pm. C) The energy
landscape for a single associating pair of one
monomer and one colloid binding site. The energy
to form this bond is given by Eg and the barrier to C
break this bond is given by Ep.

(80sT)
-

globular

stretched aggregation
(2,000 s (6,000
flow flow

Reaction Coordinate

is most likely VWF A1 domain-GPIba dependent, as an inhibition
of GPIba leads to a complete abolishment of both single rolling
platelets on the immobilised VWF surface and aggregation (72).
One can speculate that this process is mainly required in a situ-
ation of extremely high shear rates as present in stenotic vessels.
This VWEF-platelet aggregate formation may therefore be the rea-
son for the complete occlusion of such a vessel, in line with animal
experiments demonstrating that thrombus formation does not
require VWEF; however, the final vessel occlusion in veins (81) and
arteries (82, 83). Further strengthening the fluid dynamic part in
VWE elongation and VWE-interactions with its binding partners,
McKinnon et al. prove a higher affinity of ADAMTS13 to VWF
after specific deglycosylation of VWF N-glycans (84). In concord-
ance, also an enhanced binding of platelets to VWF after complete
N-deglycosylation is stated (71).

Regarding the role of VWF in inflammatory processes recent in
vitro studies suggest a direct binding of leukocytes to VWF via

P-selectin glycoprotein ligand-1 and beta2-integrins thereby
further facilitating leukocyte extravasation (85, 86). In
ADAMTS13 knockout mice ULVWF is mainly involved in leuko-
cyte extravasation and may be involved in enhanced WPB exocy-
tosis in an autocrine manner (61). Furthermore, in a murine per-
itonitis and vasculitis model endothelial-derived VWEF plays a pi-
votal role for leukocyte extravasation (87, 88). Finally, Pappelbaum
et al. demonstrate that Staphylococcus aureus bind to VWF strings
but not to non-elongated VWF multimers under in vitro flow con-
ditions on activated endothelium whereas the VWF-independent
binding to other endothelial exposed molecules remains negligible
(P Figure 7) (60), confirmed in a VWF knockout mouse model.
The presented results may explain the mechanism of S. aureus in-
fection of heart valves in the absence of an injured or damaged
vascular system. Therefore, VWF is also considerable as an inflam-
matory molecule bridging coagulation and inflammation in vari-

>

Figure 7: Staphylococcus aureus binding to

VWE. (Figure of our earlier work (60), 140+
doi:10.1161/CIRCULATIONAHA.113.002008, Fig. 1204
4). A) Under low-shear flow conditions, adhesion 1004 xx

of S. aureus SpA was decreased compared with
S. aureus Cowan I. B) Under high-shear flow
conditions, adhesion of S. aureus SpA was in-
creased (n=5). S. aureus Cowan | adhesion was
normalised to 100%, and adhesion of S. aureus
SpA is represented relative to S. aureus Cowan |

at low shear flow [%

Relative bacterial adherence

80+
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Relative bacterial adherence
N
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adhesion. Data are expressed as mean + SD (* p
< 0.05, ** p < 0.001). C) Representative fluor-
escence image of S. aureus Cowan | (green) and
S. aureus SpA (red) bound to an ultra-large VWF
(ULVWF) fibre (white) under high-shear flow
conditions. Scale bar corresponds to 20 pm.
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Figure 8: Three steps in lifecycle of VWF in
human vasculature. A) Release/Activation:
Upon EC stimulation (orange highlighted ECs),
long VWF multimers (green) are released by
WPBs. Exposed to the blood flow VWF fibres,
still locally anchored at the endothelial surface,
are stretched and interact with surrounding col-

loids (red). Cleaved from the endothelium by
ADAMTS13 (yellow triangles), these multimeric
VWE fibres recoil (blue arrows) and are trans-
ported to the downstream vasculature. B) Bind-
ing/Aggregate Formation: These soluble high
molecular weight VWF multimers, shielded from
further degradation, become immediately reacti-
vated e.g. at the site of inflamed endothelium. In
a short time frame, soluble VWF is recruited
(blue arrows) for intensified colloid binding or
VWEF-colloid aggregation. C) Degradation: VWF
becomes functionally inactivated by further pro-

cesses of degradation. Re-polymerisation of the
small oligomers is still feasible, but now tightly

controlled by physiological VWF-ADAMTS13 in-
teractions.

ous forms and shapes as recently also described by Rauch et al.
(89).

The lifecycle of VWF in human vasculature

Taking together these established results and the presented new in-
sights, we might reconstruct VWF biology and its characteristic
interactions from endothelial release to final functional degrada-
tion in the human vasculature. Next to deposition into the suben-
dothelial matrix and its isolated well-studied role upon vessel in-
jury (3-6, 9, 28, 47), the main focus is put on the intraluminal
VWE and its impact on both haemostatic and inflammatory pro-
cesses. As schematically depicted in P>Figure 8, we suggest three
steps in the lifecycle of VWE all of them mainly influenced by the

Thrombosis and Haemostasis 111.4/2014

predominant local shear flow and the composition of the sur-
rounding microenvironment (e.g. local pH, ion concentrations,
temperature etc.):

The first step (P> Figure 8A, “Release”) is the stimulated release
of long VWF multimers by endothelial WPB still locally anchored
at the EC surface. Exposed to the blood flow, these anchor-point
immobilised polymers become easily stretched and can rapidly in-
teract with surrounding colloids (i.e. blood components as pla-
telets, leukocytes or pathogens/bacteria). The shear-induced acti-
vation of VWF is strongly influenced by the local microenviron-
ment. But concomitantly, the binding affinity to as well as the ac-
tivity of ADAMTS13 is affected and will determine the time frame
of VWF’s action and degradation.

The subsequent dissociation from the endothelium, mainly in-
duced by the first cleavage by ADAMTS13, leads to the second
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step in the life of VWF (P>Figure 8B, “Binding/Aggregate
formation”). The freshly cleaved VWF multimers of still high mo-
lecular weight will recoil due to the shift of the critical transition
shear rate for the now free floating polymer and are, shielded from
further degradation by ADAMTSI3, transported to the down-
stream vasculature. However, their capability for an immediate
reactivation and therefore a re-polymerisation at the site of in-
flamed endothelium (90), vessel injuries or pathological high shear
areas in the downstream is still present. High local concentrations
of this soluble VWF immediately initiate colloid binding
(stretched transition) or VWF-colloid aggregation (aggregation
transition). Subsequent time-dependent degradation by
ADAMTSI13 upon its next activation leads to the third step in the
life of VWE (P> Figure 8C, “Degradation”).

By multiple degradation processes, soluble VWF becomes
functionally inactive and is finally cleared in the liver and spleen
(91). Due to the dynamic equilibrium of physiological VWEF-
ADAMTSI13 interactions, here the ability to form long fibres is
diminished or completely abolished.

Conclusion

Despite recent advancements in the understanding of VWF as a
shear stress sensitive protein, the role of its domains during bind-
ing and degradation, we would like to point out several open areas,
which remain largely unexplored. First, there is a clear discrepancy
between the size of VWF multimers as seen in classical gel electro-
phoresis (indicating a size of up to ~50 MDa) and the size of VWF
fibres observed under high shear flow conditions in vitro, which
are approx. 100 times larger. Importantly, only the latter ones are
consistent with the size of VWF stored in individual WPBs (~1
GDa). Second, collective phenomena can result in even larger as-
semblies either between VWE with itself or between VWF and ad-
ditional blood components (72). So far, the physiological role of
VWE biopolymers in the size range of GDa as well as the even
larger aggregates, although experimentally identified, remains en-
tirely unclear mainly due to methodological limitations. Finally,
we would like to emphasise, that despite the obvious role of VWF’s
size, further factors will regulate its state and hence its activation
and degradation under flow. Such factors may be imagined as pH
(51), degree of oxidation (92), glycosylation (71, 84), binding of
other molecules and mutations. We propose, that only such an
universal approach will probably be able to lead to a deeper under-
standing of VWF related diseases and may explain the various fa-
cets of TTP and VWD-related clinical manifestations.
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