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THROMBOSIS AND HEMOSTASIS

High-density lipoprotein modulates thrombosis by preventing von
Willebrand factor self-association and subsequent platelet adhesion
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Thomas R. Martin,* Barbara A. Konkle,'® Ying Zheng,® and José A. Lépez'®
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The ability of von Willebrand factor (VWF) to initiate platelet adhesion depends on the
number of monomers in individual VWF multimers and on the self-association of individual

* High-density lipoprotein and its | VWF multimers into larger structures. VWF self-association is accelerated by shear stress.
major apolipoprotein ApoA-I We observed that VWF self-association occurs during adsorption of VWF onto surfaces,
prevent von Willebrand factor assembly of secreted VWF into hyperadhesive VWF strings on the endothelial surface, and
self-association. incorporation of fluid-phase VWF into VWF fibers. VWF adsorption under static conditions

o Targeting von Willebrand increased with increased VWF purity and was prevented by a component of plasma. We
factor self-association could identified that component as high-density lipoprotein (HDL) and its major apolipoprotein

. ApoA-I. HDL and ApoA-l also prevented VWF on the endothelium from self-associating into

be a neW_ approach to treating longer strands and inhibited the attachment of fluid-phase VWF onto vessel wall strands.
thrombotic disorders. Platelet adhesion to VWF fibers was reduced in proportion to the reduction in self-
associated VWF. In a mouse model of thrombotic microangiopathy, HDL also largely
prevented the thrombocytopenia induced by injection of high doses of human VWF. Finally, a potential role for ApoA-I in
microvascular occlusion associated with thrombotic thrombocytopenic purpura and sepsis was revealed by the inverse
relationship between the concentration of ApoA-I and that of hyperadhesive VWF. These results suggest that interference with

VWEF self-association would be a new approach to treating thrombotic disorders. (Blood. 2016;127(5):637-645)

Introduction

A number of acute systemic diseases, including thrombotic thrombo-
cytopenic purpura (TTP),"? sepsis,® malaria,* and sickle cell disease,’
are characterized by systemic endothelial activation and microvascular
occlusion. In recent studies, von Willebrand factor (VWF) secreted
from the endothelium as a result of systemic endothelial activation
has been shown to contribute to microvascular dysfunction and occlu-
sion. A portion of the newly secreted VWF remains attached to the
endothelial surface, from which it is normally removed through
cleavage by the plasma metalloprotease ADAMTS13.% However,
when ADAMTS13 is inhibited, as during episodes of TTP, or when
VWF removal is delayed, as in conditions of intense inflammation
such as sepsis and malaria,’ the secreted VWF self-associates into
long, thick strands that bind platelets to form occlusive thrombi in the
small blood vessels.®

VWEF synthesis is a complex process. VWF homodimers first
form in the endoplasmic reticulum through disulfide bonds involving
cysteine residues near the VWF carboxyl terminus. In the Golgi
apparatus, these dimers are linked together into chains through
disulfide bonds at the amino termini, producing a ladder of multimeric
molecules, each differing from the next largest by the molecular mass
of a VWF dimer. The largest multimers found in blood can be enor-
mous, reaching a molecular mass of more than 20 million Da. These

gargantuan molecules can form even larger structures by associating
with other VWF multimers. VWEF self-association has been described on
glass or collagen surfaces,® on the endothelial surface to form strands,*’
and on platelet surfaces.'® VWF self-association is promoted by fluid
shear stress.”'! We recently showed, in an in vitro system of en-
dothelialized microvessels, that VWF secreted from the vessel wall
is able to span the lumen of vessels with diameters up to 300 wm at
sites of turns and bifurcations.’ There is evidence that after the VWF
has self-associated, disulfide bonds between adjacent multimers can
stabilize the association.'?

The ability of VWF to self-associate is likely necessary for certain
VWEF functions. For example, self-associated VWF supports platelet
adhesion much better than do individual VWF multimers, evidenced by
the fact that platelets perfused over a single-layer VWF surface roll
without adhering firmly,'* whereas they attach firmly without rolling
to self-associated endothelial VWF strands.® Self-association also
allows VWF to form strands long enough to reach above the en-
dothelial boundary layer under flow to bind platelets, which may
explain the findings of a study showing that platelets bound only a
subset of endothelial VWF strings identified with a VWF antibody.'*

On the basis of our observation that highly purified VWF was lost
from solution by first binding to the wall of the container and then by
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self-associating, we identified high-density lipoprotein (HDL) as the
plasma component that prevents VWF self-association. We provide
evidence that this is a novel and heretofore unknown antithrombotic
property of this cardioprotective lipoprotein.

Methods

Patients and blood donors

Collection of blood samples from healthy donors was approved by the Western
Institutional Review Board. Collection of blood samples from patients with
sepsis and TTP was approved by the Institutional Review Board of the University
of Washington. Twelve patients with sepsis were examined. These patients were
hospitalized in the intensive care unit at Harborview Medical Center and had
either isolated sepsis or sepsis with acute lung injury (supplemental Table 1,
available on the Blood Web site). Sepsis was defined clinically by the presence
of systemic inflammatory response syndrome and suspicion of or evidence of
infection. Blood was also collected from 5 patients presumptively diagnosed
with TTP on the basis of the clinical presentation of thrombocytopenia and
microangiopathic hemolytic anemia (supplemental Table 2). One of these
patients was later confirmed to have lupus-associated thrombotic micro-
angiopathy. The blood was collected before initiation of plasmapheresis.

Mice

All of the procedures that used mice were approved by the Animal Care and Use
Committee of Bloodworks Research Institute. Fourteen-week-old ADAMTS 13-
deficient (Adamts13 ™) mice were used. The mice had been backcrossed for
more than 10 generations onto a C57BL/6 background.

Thrombotic microangiopathy in Adamits13 knockout mice

Experiments were performed as described previously.'” Briefly, we injected
mice through their tail veins with VWF (5 mg/kg), VWF (5 mg/kg) plus HDL
(2 mg), or saline and drew blood into 3.8% citrate from jugular veins before
injection and 3 and 6 hours after injection. Both purified VWF and HDL
(Sigma-Aldrich) were from human plasma. Platelets in whole blood were
labeled with fluorescein isothiocyanate—conjugated rat anti-mouse CD41 in a
Trucount tube (BD Bioscience) and quantified by flow cytometry. VWF in
plasma was quantified by sandwich enzyme-linked immunosorbent assay.

Statistical Methods

Welch’s ¢ test (assuming unequal variances between groups) was used
to compare means of VWF string units on the endothelial surface between
control (no HDL) and each of the conditions of HDL treatment (during
stimulation, during perfusion, or both), with Bonferroni’s correction applied
to P values to maintain an overall false-positive error rate across all 3 tests.
Welch’s ¢ test was also used to compare VWF levels in mouse plasma and
normalized platelet counts (percent of baseline per mouse) in whole blood
between mice injected with VWF and those injected with VWF plus HDL at 3
and 6 hours. Dunnett’s test was used to compare apolipoprotein A-I (ApoA-I),
ADAMTS13 activity, and total active VWF levels in patients with sepsis and
TTP with those in normal controls. Analyses were conducted by using
Microsoft Excel and R software (http://www.R-project.org).

Results

HDL and ApoA-I prevent VWF surface adsorption and
self-association

Adsorptive loss of purified VWF by self-association under static
conditions. We noticed that highly purified VWF, whether the
plasma form (supplemental Figure 1) or recombinant biotin-tagged form
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(Figure 1A, lane 2), rapidly decreased in concentration when placed in
polyethylene tubes, a time-dependent phenomenon that did not occur
with partially purified VWF. We reasoned that the protein was lost by
adsorption to the tube surface, a phenomenon that has been studied
by Magnani et al,'® who proposed that adsorption proceeds in 2
steps, the protein interacting first with the surface and subsequently
with pre-adsorbed protein. The two types of adsorption can be
distinguished by sequential elution with different detergents, as the
authors described. By using a similar strategy, eluting first with
sodium dodecyl sulfate and then with 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate, we found that the majority
(~90%) of VWF was loosely bound, having been eluted with 2%
SDS, and ~10% could be eluted only with 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate containing urea and dithio-
threitol (Figure 1A, lane 2), suggesting that this fraction of VWF was
bound directly to plastic. The results are consistent with initial
adsorption of VWF to plastic followed by self-association.

HDL and ApoA-I prevent VWF self-association. The fact
that only highly purified VWF was lost by adsorption suggested that
other molecules in plasma prevented this phenomenon. We used a
variety of techniques to determine the nature of the VWF stabilizing
factor, including boiling the plasma for 10 minutes, which denatures
and precipitates 98% of plasma proteins. The supernatant of boiled
plasma still protected purified VWF from adsorptive loss (Figure 1A,
lane 3; supplemental Figure 1) and contained only 3 abundant proteins
(supplemental Figure 2): a1 acid glycoprotein (~50 kDa; 0.73 mg/mL
in plasma), ApoA-I (~28 kDa; 1 mg/mL in plasma), and transthyretin
(16 kDa; 0.22 mg/mL in plasma) (supplemental Table 3). Of the
3 proteins, ApoA-I was by far the most effective at preventing VWF
adsorption and self-association (Figure 1A, lane 4 vs lanes 6 and 7).
HDL particles, which contain the majority of the ApoA-I in circu-
lation, also stabilized VWF (Figure 1A, lane 5). Lipid-free ApoA-I
and native HDL particles inhibited VWF self-association to a similar
extent, suggesting that ApoA-I is responsible for the effect. ApoA-I
dose-dependently stabilized VWF and reproduced all of the VWF-
stabilizing properties of boiled plasma (supplemental Figure 3).

Although it was able to prevent VWEF surface adsorption, HDL was
unable to elute surface-bound VWF (supplemental Figure 4). Adsorp-
tion of VWF was lowest when the surface was pre-coated with HDL
and HDL was also present in the fluid phase (supplemental Figure 4).
Thus, HDL prevents the interaction of fluid-phase VWF both directly
with the surface and with surface-bound VWE.

The VWF AlA2A3 fragment binds immobilized VWF. The
A1A2A3 region of VWF is vital to VWF function, containing
platelet and collagen binding sites and the ADAMTS13 cleavage
site. We examined whether this region might be involved in VWF
self-association. A recombinant Bio-A1A2A3 fragment bound surface-
immobilized VWF (supplemental Figure 5), indicating that surface-
immobilized VWF exposes sites that bind this region. Both HDL and
ApoA-I prevented the binding of the fragment to immobilized VWF
(supplemental Figure 5).

Shear stress enhances adsorptive loss of plasma VWF. On
the basis of our previous data showing that shear stress enhances VWF
strand formation on the endothelial surface,9 we evaluated whether
shearing plasma would overcome the protective effect of plasma HDL
on VWF adsorption. For technical reasons, we chose to apply shear
stress to the samples by vortexing them in the presence of EDTA (to
inhibit ADAMTS13). Vortexing had little effect on VWF adsorptive
loss until an rpm threshold between 1800 and 2400 was reached.
Plasma sheared at 2400 rpm for 90 minutes lost approximately 80% of
its VWF to adsorption (supplemental Figure 6A). In contrast, purified
VWF and Bio-VWF in cell culture medium were rapidly and
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Figure 1. HDL/ApoA-l prevents VWF self-association under both static and
shear conditions. (A) Boiled plasma and ApoA-I prevent VWF surface adsorption
and self-association under static conditions. Purified recombinant Bio-VWF (8 wg/mL)
in 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) and 2 mM
CaCl, was incubated with buffer or different proteins at 22°C for 4 hours in 1.5-mL
microfuge tubes. At the end of incubations, unbound proteins remaining in solution
were removed. Proteins adsorbed to the tube surfaces were sequentially eluted first
with buffer containing sodium dodecyl sulfate (SDS) (2% SDS, 2 mM CaCl,, 10 mM
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completely depleted from the fluid phase at the same shear stress
(Figure 1B). Thus, VWF self-association induced by shear stress
can occur in the presence of all plasma proteins, although the
process is delayed compared with purified VWF, suggesting that
plasma contains a limiting amount of VWF stabilizing agent.
Addition of 0.5 mg/mL HDL to plasma (~25% of the normal plasma
HDL concentration) stabilized the entire range of VWF multimers
in solution (Figure 1B). Both HDL and lipid-free ApoA-I dose-
dependently stabilized VWF in plasma under shear (Figure 1C),
accompanied by the formation of a soluble VWF-ApoA-I complex
(Figure 1D). Although HDL was more efficient than ApoA-I in
stabilizing VWF in this setting, the amount of VWF-ApoA-I complex
formed correlated with the extent of VWF stabilization irrespective of
whether HDL or ApoA-I was used (Figure 1D).

To evaluate the association of HDL with VWF, we added Bio-
VWF to normal plasma and vortexed the plasma for 90 minutes at
various speeds. The Bio-VWF remaining in solution was captured on
streptavidin beads, and the associated ApoA-I was quantified by
western blotting. The amount of ApoA-I in complex with Bio-VWF
was significantly higher in the sample that was exposed to high shear
(supplemental Figure 6B). These results show that HDL prevents
VWEF self-association by masking self-association sites exposed by
shear stress.

ApoA-I requires lipid to stabilize VWF under shear

We next studied the influence of lipid or lipoproteins in plasma on
VWF self-association by depleting plasma of these components with
the lipid removal agent LRA, a synthetic crystal of calcium silicate
hydrate. This agent also removed 95% of the VWF and 90% of the
ADAMTSI13 from plasma (data not shown). We added purified
VWE to the delipidated plasma and evaluated VWEF stabilization by
HDL and ApoA-I under shear stress. Under these conditions, HDL,
but not ApoA-I, dose-dependently stabilized VWF, suggesting that
ApoA-I must first associate with lipid to perform this task (Figure 2A).
Curiously, addition of ApoA-I to the delipidated plasma at lower
concentrations appeared to increase VWEF adsorption. Consistent with
the requirement for lipid, ApoA-I in serum-free cell culture medium
was able to stabilize VWF in delipidated plasma (Figure 2B) but not
if the serum-free cell culture medium had been delipidated before
combining with ApoA-I (Figure 2B). Boiled plasma could also
stabilize VWF when added to delipidated plasma (Figure 2C), a
property that was also lost when the boiled plasma was treated with
LRA, which removed ApoA-I (Figure 2C-D).

Figure 1 (continued) HEPES, pH 7.4), and then with 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) elution buffer (4% CHAPS, 8 M
urea, 5 mM dithiothreitol, 40 mM tris(hydroxymethyl)aminomethane [Tris], pH 9.5).
Bio-VWF remaining in the fluid phase and that bound to the surface were both
analyzed by western blot after electrophoresis on reducing polyacrylamide gels. (B)
VWEF self-association is enhanced by shear stress and prevented by HDL. Purified
VWF from cryoprecipitate (7 wg/mL in 10 mM HEPES, 25 mM NaCl, 10 mM EDTA,
pH 7.5), Bio-VWF in serum-free medium desalted into the buffer above at 10 wg/mL,
and 50% citrated plasma in 10 mM EDTA were sheared by vortexing at 2400 rpm in
a rotary mixer for 90 minutes at 37°C. VWF remaining in solution was quantified by
enzyme-linked immunosorbent assay (ELISA) and expressed as a percentage of the
VWEF in parallel samples not exposed to shear stress (n = 3). The VWF multimer
distribution was analyzed by SDS-agarose gel electrophoresis and western blotting
as described in supplemental Data. (C) HDL/ApoA-| dose-dependently inhibits VWF
self-association under shear stress. Samples of 50% citrated plasma in 10 mM
EDTA were sheared as above in increasing concentrations of HDL and ApoA-I or in
single concentrations of alpha-1-acid glycoprotein (AAG) and transthyretin (each at
500 pg/mL). VWF remaining in solution was determined by ELISA. (D) Correlation of
VWF remaining in solution after exposure to shear stress with the amount of VWF—ApoA-|
complex formation measured by sandwich ELISA is described in supplemental Data.
BSA, bovine serum albumin.
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Figure 2. ApoA-l requires lipid to prevent VWF self-association under shear
stress. Purified VWF (7 pg/mL) was added to LRA-treated plasma with 10 mM
EDTA and sheared at 2400 rpm for 90 minutes at 37°C. The VWF remaining in
solution after exposure to shear stress was expressed as a percentage of VWF
solution in parallel samples not exposed to shear. (A) Purified VWF in LRA-treated
plasma was sheared in the presence of increasing concentrations of HDL or ApoA-I.
(B) Purified VWF in LRA-treated plasma was sheared in the presence of buffer
(10 mM HEPES, 25 mM NaCl, 10 mM EDTA, pH 7.5), desalted serum-free medium
(SFM), LRA-treated SFM, purified ApoA-I (500 wg/mL), and combinations of these
reagents. (C) Purified VWF in LRA-treated plasma was sheared in the presence of
boiled plasma proteins (500 wg/mL) before or after treatment with LRA. (D) SDS-
gradient polyacrylamide gel electrophoresis (4% to 15%) and Gelcode blue stain
(Thermo Scientific) of boiled plasma (15 pg protein) and boiled plasma after treat-
ment with LRA (8 pg protein).
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HDL decreases VWF string formation on the endothelial surface

We reasoned that VWF self-association during surface adsorption
is similar to or identical to the self-association that occurs on the
endothelial surface when VWF forms long strands. When we acti-
vated cultured human endothelial cells grown in a flow chamber and
applied fluid shear stress, hyperadhesive VWF strings formed on the
endothelial surface that sometimes exceeded 50 wm in length and
were capable of binding fixed platelets (Figure 3A). If HDL was
present during endothelial stimulation but not during subsequent
perfusion, fewer and shorter platelet-decorated strings formed
(Figure 3B), an effect that might be attributed to the ability of
HDL to activate endothelial nitric oxide synthase and thereby
inhibit Weibel-Palade body secretion.'”"'® This was not the only
effect of HDL, because its presence during platelet perfusion but
not during stimulation also resulted in fewer and shorter platelet-
decorated strings (Figure 3C), indicating that it was interfering
with VWF self-association. The presence of HDL during both stimulation
and platelet perfusion further reduced the number and length of platelet-
decorated strings (Figure 3D). These results, quantified and summa-
rized in Figure 3E, showed that HDL dampened the adhesive impact
of VWF by reducing its secretion and by interfering with its ability to
form hyperadhesive strands.

ApoA-| prevents the association of fluid-phase VWF with
immobilized VWF fibers

We next examined whether ApoA-I could inhibit the incorporation
of fluid-phase VWF multimers into preformed VWF fibers under
flow by using endothelialized in vitro microvessels.'*?®* VWF se-
creted from stimulated microvessels self-associated into enormous
fibers oriented in the direction of flow (Figure 4B). These fibers often
exceeded 600 pwm in length and were capable of spanning the lumen
of vessels less than 300 wm in diameter. When Bio-VWF multimers
were perfused through the microvessels, they attached to the im-
mobilized VWF fibers (Figure 4A-B), another form of VWF self-
association. Perfusion of ApoA-I before introducing the Bio-VWF
prevented this attachment (Figure 4C). Instead, the VWF fibers
became decorated with ApoA-I (Figure 4D-E). Bio-VWF was
unable to displace the bound ApoA-I (Figure 4C,E).

ApoA-I does not compete with platelets for binding to
VWEF fibers

We evaluated whether ApoA-I can interfere with platelet binding to
VWF by perfusing ApoA-I through activated microvessels before
perfusing platelets. The VWF fibers that formed were shorter and
thinner than the fibers formed in the absence of ApoA-I (Figure 5B
vs 5A, upper panels). The extent of platelet accumulation was reduced
to a magnitude similar to that of the reduction in VWEF fibers (Figure 5B
vs 5A, lower panels). The fact that the platelets still bind to ApoA-I-
decorated VWF fibers suggests that diminished platelet accumulation
resulted from reduced VWF fiber assembly, not from blockade of
platelet adhesion sites. Consistent with this, the ratio of VWF strand
fluorescence to platelet fluorescence was identical under the two
conditions (supplemental Figure 7).

HDL dampens VWF-induced thrombocytopenia in mice

To determine whether HDL can modulate VWF function in vivo, we
used a model of mild thrombotic microangiopathy induced by injection
of high concentrations of human VWF into ADAMTS13-deficient
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Figure 3. HDL reduces VWF string assembly on the endothelial surface. Human
umbilical vein endothelial cells (HUVECS) cultured in parallel-plate flow chambers were
stimulated with 50 ng/mL phorbol myristate acetate (PMA) for 20 minutes at 37°C under
static conditions, with or without HDL (2 mg/mL). Two mL of formaldehyde-fixed platelets
(7 x 10* platelets per L) were then perfused over the stimulated cells at a shear stress of
10 to 20 dynes/cm? with or without HDL (200 wg/mL). The cells were then washed and
fixed with paraformaldehyde. The platelet-decorated VWF strings in 10 random, non-
overlapping bright-field images for each condition were counted and measured. HUVECs
were stimulated with PMA and perfused with fixed platelets (A) in the absence of HDL, (B)
in the presence of HDL during stimulation but not perfusion, (C) in the presence of HDL
during perfusion but not during stimulation, and (D) with HDL present during both
stimulation and perfusion. (E) Quantification of VWF string units on the endothelial surface
(n = 3 to 6). P value (<.001) is from Welch’s t test with Bonferroni correction for the
comparison of means for no HDL vs HDL during stimulation and perfusion. Platelet-
decorated VWF strings are indicated by arrows in (A) and (D). Scale bar, 50 um (A-D).

mice.'> We injected 3 groups of ADAMTS13-deficient mice intrave-
nously with purified human VWF (5 mg/kg), VWF (5 mg/kg) plus
HDL (2 mg), or saline, respectively, and monitored their platelet
counts. In mice injected with VWF only, the platelet counts de-
creased by more than 30% and 40% at 3 and 6 hours, respectively,
whereas in the group injected with VWF plus HDL, platelet counts
decreased only slightly (5% and 17%, respectively). The mice
receiving HDL also displayed higher circulating VWF levels than
mice that received only VWF (Figure 6). Schistocytosis was not
significant in VWF-injected mice, and their hematocrits were not
significantly different from those of mice injected with VWF plus
HDL. These results suggest that HDL stabilizes VWF in circulation,
prevents its self-association and binding to the vessel wall, and con-
sequently reduces VWF-induced thrombocytopenia.
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ApoA-I levels in patients with hyperadhesive VWF

The inhibitory effect of HDL or ApoA-I on VWF self-association
suggests that low ApoA-I levels could favor the formation of thicker,
more adhesive VWF fibers, some of which might be detected in
circulation. We therefore examined the relationship between ApoA-I
and hyperadhesive VWF in 2 disorders characterized by systemic
endothelial activation: TTP and sepsis. We measured plasma ApoA-I
concentration, ADAMTS13 activity, and total active VWF (a mea-
sure of both quantity and adhesiveness of VWF)® in 5 patients with
presumptive TTP before they underwent plasmapheresis and in
12 sepsis patients. In both groups, ApoA-I levels were significantly

No ApoA-I With ApoA-I|

A C

Bio-VWF
(red)

Total VWF
(green)

ApoA-I
(white)

Overlay

Figure 4. ApoA-I prevents the binding of fluid-phase Bio-VWF to VWF fibers in
synthetic microvessels. The synthetic microvessels containing HUVECs were
activated with 200 ng/mL of PMA for 40 minutes at 37°C and then washed with
phosphate-buffered saline (PBS) containing 6% BSA for 5 minutes. ApoA-I (500 n.g/mL
in SFM) or SFM was perfused over the activated microvessels for 5 minutes followed
by perfusion of Bio-VWF (10 pg/mL in SFM). At the end of the experiments, the
microvessels were washed with PBS containing 6% BSA for 5 minutes before staining
for VWF and ApoA-l. Vessels perfused with either buffer or ApoA-l were both stained
with antibody to ApoA-I. There was no signal for ApoA-I in the vessels perfused with
buffer (image not shown). Secreted VWF in the microvessels self-associated to form
transluminal fibers. (A) In the absence of ApoA-I, Bio-VWF (red) perfused through the
activated microvessel bound to a transluminal VWF fiber, accumulating on its upstream
side. (B) Colocalization of Bio-VWF (yellow) with the transluminal VWF fiber (green).
(C) Absence of Bio-VWF localization in a microvessel when ApoA-l was perfused
through the vessel before Bio-VWF. (D) VWF fibers (green) secreted by the activated
microvessels. (E) ApoA-l (white) localization in a microvessel after perfusion. (F)
Colocalization of ApoA-I (white) with VWF fibers (green). Nuclei of HUVECs are in blue.
Scale bars, 50 um (A-F). Arrows indicate direction of flow.
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Figure 5. Platelet binding to VWF fibers in synthetic microvessels. HUVECs in
synthetic microvessels were activated with 200 ng/mL PMA for 40 minutes at 37°C
then washed with PBS containing 6% BSA for 5 minutes. Serum-free medium or
ApoA-| (500 wg/mL) in serum-free medium was perfused over the activated micro-
vessels for 5 minutes followed by perfusion of freshly prepared washed platelets (3 x 10°
platelets per pL). (A) Without ApoA-I perfusion, washed platelets (pink) bound to VWF
fibers (green) in microvessels. (B) With ApoA-I perfusion, fewer VWF fibers (green)
accumulated in microvessels and fewer washed platelets (pink) bound the fibers. Scale
bars, 100 pm (A-B).

reduced compared with healthy controls (Figure 7A). As expected,
the ADAMTS13 activity was markedly reduced in the TTP patients
(Figure 7B). The patient with the highest ADAMTS13 activity
(54%) was later determined to have lupus-associated thrombotic
microangiopathy but was nevertheless included in the analysis for
comparison. All sepsis patients had elevated total active VWF
(Figure 7C); a majority (75%) also had very low levels of ApoA-I
(<50%). The ADAMTS13 activity in the sepsis patients was only
moderately diminished (mean, 75%) (Figure 7B), suggesting that the
increased total active VWF resulted from either increased VWF
secretion and/or resistance of the VWF to cleavage by ADAMTS13,
which can occur by oxidation of VWF.?!

Discussion

We report here that VWF self-association is responsible for adsorption
of purified VWF onto surfaces under static conditions, shear-induced
adsorption of plasma VWF onto surfaces, assembly of secreted VWF
molecules into VWF strings on the endothelial surface, and incor-
poration of fluid-phase VWF onto endothelial VWF fibers. Impor-
tantly, we also demonstrate that VWF self-association in each of these
instances is markedly attenuated by HDL or its major apolipoprotein,
ApoA-I. Consistent with these in vitro results, we also show in
Adamts13 knockout mice that HDL can dampen the thrombocytopenia
induced by high concentrations of VWEF.

Although HDL and ApoA-I were capable of blocking VWF self-
association (Figures 3D and 4C), platelet adhesion was reduced only to
the extent that VWF fiber formation was reduced (Figure 5B),
suggesting that the sites involved in self-association or ApoA-I binding
are distinct from the platelet adhesion site. One self-association site
likely resides within the VWF A1A2A3 region, given that a purified
A1A2A3 fragment (Asp1261-Ile1878) bound a surface coated with
VWF multimers (supplemental Figure 5).
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Under static conditions, several forms of ApoA-1, including ApoA-I
from boiled plasma (which is likely lipid poor*?), delipidated ApoA-I,
and HDL particles, were effective in blocking VWF self-association
(Figure 1 and supplemental Figures 1 and 3). The situation was different
for shear-induced self-association; in that case, ApoA-I required lipid to
prevent self-association (Figure 2). Consistent with this requirement,
a lipid-like agent in serum-free medium, which was removed by LRA,
could replace the lipid in plasma in supporting ApoA-I-mediated
inhibition of VWF self-association. Another difference was that
substantially higher concentrations of ApoA-I/HDL were necessary to
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Figure 6. HDL decreases thrombocytopenia induced by high-dose VWF injection
in ADAMTS13-deficient mice. Mice deficient in ADAMTS13 were injected with
saline (n = 3), VWF (n = 4), or VWF plus HDL (n = 3). Blood was drawn from each
mouse before and at 3 and 6 hours after the injection. (A) VWF levels in plasma were
measured by ELISA. P values for the comparisons of means for VWF vs VWF plus
HDL at 3 and 6 hours are <.001 and .05, respectively, from Welch’s t test. (B)
Platelets labeled with antibody to CD41 in a Trucount tube were quantified by flow
cytometry. Platelet counts at 3 and 6 hours were normalized to the counts at baseline
from the same mouse and expressed as percentages of the baseline counts.
P values for the comparisons of means for VWF vs VWF plus HDL at 3 and 6 hours
are both <.05 from Welch’s t test.
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Figure 7. ApoA-l, ADAMTS13 activity, and total active VWF levels in normal,
sepsis, and TTP participants. (A) Boxplot of ApoA-I levels measured by ELISA in
normal (n = 10), sepsis (n = 12), and TTP (n = 5) participants. P values for the
comparisons of means, normal vs sepsis, and normal vs TTP from Dunnett’s test are
both <.001. (B) Boxplot of ADAMTS13 activity levels in normal, sepsis, and pre-
sumptively diagnosed TTP participants. P values for the comparisons of means for
normal vs sepsis and normal vs TTP from Dunnett's test are .005 and <.001,
respectively. (C) Distribution of ApoA-I and total active VWF levels in normal (green),
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block VWF self-association under shear conditions compared with
under static conditions, indicating that the tensile force applied to VWF
by shear stress exposes new self-association sites not exposed in the
absence of force. Based on the HDL concentrations necessary to block
VWEF self-association under shear, we found that administration of
HDL greatly attenuated the thrombocytopenia induced by VWF in-
jection (Figure 7). The attenuation of thrombocytopenia correlated with
elevated plasma VWF concentrations, consistent with reduced VWF
self-association on the vessel wall. Taken together, these results show
that HDL has a potent antithrombotic property related to regulation of
VWEF self-association and unrelated to its role in reverse cholesterol
transport.

How ApoA-Iinteracts with VWF is not known. ApoA-I was able
to bind VWF that was partially unfolded by shear stress and VWF
strands formed as a result of self-assembly. This binding suggests
that HDL/ApoA-I functions as an extracellular protein chaperone
preventing the aggregation of misfolded or unfolded proteins, a
function also suggested by the fact that ApoA-I binds amyloid
deposits of misfolded amyloid A, immunoglobulin \ and k chains,
B,-microglobulin, transthyretin,?® and 3 amyloid.>*

Our data indicate that the ability of VWF to support platelet
adhesion on the intact endothelium and possibly also at sites of
endothelial damage is influenced by a number of processes, some of
them competing: the rate and extent of VWF secretion, the local
shear stress, and the rates of VWF self-association, HDL binding,
and ADAMTS13 cleavage. Self-association is accelerated by high
concentrations of VWF and high shear stress or low levels of HDL
and ADAMTS13 and is most favorable when all 4 conditions coexist.

This newly recognized VWF-specific antithrombotic property of
ApoA-I/HDL has several important implications for thrombotic/
vascular diseases in which VWF has been implicated. These include
atherosclerosis, stroke, microvascular occlusive syndromes, and
venous thrombosis. It is well described that low HDL promotes the
development of atherosclerosis and that endothelial VWF recruits
platelets to atherosclerosis-prone regions of the vasculature in hy-
percholesterolemic animals.>>*® Consistent with the role of VWE
and platelets in atherosclerosis, VWF deficiency®’ and acquired
glycoprotein Iba deficiency?® are protective against atherosclerosis.
Furthermore, ADAMTS13 deficiency accelerates development of
atherosclerosis.>® This evidence suggests that excessive VWF self-
association and subsequent platelet recruitment in the setting of low
HDL contribute to the development of atherosclerosis. VWF has also
been implicated in the pathogenesis of stroke,*” a condition in which
significant reduction in plasma ApoA-I levels has been described.>!

Our data indicate that HDL/ApoA-I should also play important
roles in microvascular occlusive syndromes such as TTP, sepsis,
malaria, sickle cell disease, and possibly hypovolemic shock,* and
clinical data support this possibility. For example, in the 1980s, 3
patients with chronic TTP were described as having very low levels
of a serum prostacyclin-binding activity,*® which was later identified
as ApoA-L1.°* Although treatment of plasmapheresis-resistant
TTP patients with prostacyclin homologs was unsuccessful,*> the
association of low ApoA-I levels with TTP has not been explained;
our results suggest that the reduced ApoA-I levels in patients with
TTP and sepsis may worsen these disorders. Replenishment of HDL
may contribute to the effectiveness of plasmapheresis in the
treatment of TTP in addition to providing ADAMTSI13 and

Figure 7 (continued) sepsis (red), and TTP (black) participants. Total active VWF
was determined by multiplying VWF antigen by VWF activation factor (binding to
nanobody AU/VWFa-11). PNP, pooled normal plasma.
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removing ADAMTS13 autoantibodies. Consistent with this
notion, clinical remission of TTP after plasma exchange has been
observed in the face of persistent ADAMTS13 deficiency and
elevated titers of inhibitory antibodies.*® In addition to high total
active VWF, low HDL and ApoA-Ilevels have also been described
in sepsis,”’ malaria,® and sickle cell disease,>*** suggesting that
higher ApoA-I concentrations may be protective of microvascular
occlusion. Consistent with this suggestion, increased mortality
associated with polymicrobial sepsis was observed in ApoA-I-
deficient mice.*'

The ApoA-I-VWEF interaction may also modulate venous throm-
bosis. VWF has been implicated in the pathogenesis of this disorder
in epidemiologic studies*>** and in animal models.***® ApoA-I protects
mice from venous thrombosis, partly by suppressing endothelial
activation,*’ presumably reducing VWF secretion.'®

In summary, we describe an important anti-adhesive, anti-thrombotic
role for HDL/ApoA-I: the ability to interfere with VWE self-association
and thereby reduce the length and thickness of VWF fibers, de-
creasing platelet adhesion. This finding connects the pathology of the
microvasculature, manifested as microvascular thrombosis, with that
of large vessels, manifested as atherosclerosis and arterial and
venous thrombosis. This knowledge suggests a variety of new ways
to treat these disorders.
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