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Integrin o33 on human endothelial cells binds von Willebrand factor strings
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Acutely secreted von Willebrand factor
(VWF) multimers adhere to endothelial cells,
support platelet adhesion, and may induce
microvascular thrombosis. Imnmunofluores-
cence microscopy of live human umbilical
vein endothelial cells showed that VWF mul-
timers rapidly formed strings several hun-
dred micrometers long on the cell surface
after stimulation with histamine. Unexpect-
edly, only a subset of VWF strings sup-
ported platelet binding, which depended on
platelet glycoprotein Ib. Electron micros-

copy showed that VWF strings often con-
sisted of bundles and networks of VWF
multimers, and each string was tethered to
the cell surface by a limited number of sites.
Several approaches implicated P-selectin
and integrin o33 in anchoring VWF strings.
An RGDS peptide or a function-blocking
antibody to integrin «, B3 reduced the num-
ber of VWF strings formed. In addition, inte-
grin o, decorated the VWF strings by immu-
nofluorescence microscopy. Furthermore,
lentiviral transduction of shRNA against the

ay subunit reduced the expression of cell-
surface integrin o33 and impaired the abil-
ity of endothelial cells to retain VWF strings.
Soluble P-selectin reduced the number of
platelet-decorated VWF strings in the ab-
sence of Ca2* and Mg?* but had no effect in
the presence of these cations. These results
indicate that VWF strings bind specifically
to integrin o, 33 on human endothelial cells.
(Blood. 2009;113:1589-1597)

Introduction

von Willebrand factor (VWF) is a multimeric plasma glycoprotein
that plays an important role in hemostasis and thrombosis, primar-
ily by interacting with platelet adhesion receptors.! VWF is
synthesized by vascular endothelial cells and megakaryocytes, and
so-called ultralarge (UL) VWF multimers are stored in endothelial
Weibel-Palade bodies and platelet a-granules for later secretion.??
After secretion, some ULVWEF remains on the cell surface as very
long strings that become decorated with platelets. Eventually,
ULVWF multimers are converted into smaller, less thrombogenic
fragments by the metalloprotease ADAMTS13, which cleaves the
Tyr1605-Met1606 bond in the central A2 domain of VWE#*?

Unlike VWF in solution, which interacts weakly with platelets,
surface-immobilized VWF strings spontaneously mediate platelet
adhesion under fluid shear stress in vitro or in vivo. For example,
platelets bind to VWF on cultured human umbilical vein endothe-
lial cells (HUVECsS) to form “beads-on-a-string” structures under
laminar flow, and these structures are attached to the cell surface at
relatively few discrete sites and are disrupted by plasma or
recombinant ADAMTS13.57 Studies using intravital microscopy in
mice also found that platelets adhere to VWF strings on the
endothelium of mesenteric venules within seconds after endothelial
stimulation, and ADAMTS13 deficiency prolongs these VWE-
mediated platelet-endothelial cell interactions.®?

The molecules responsible for the attachment of VWF strings to
endothelial cells have not been identified conclusively and may differ
between species. During VWF biosynthesis, the D’D3 region of the
VWF subunit binds to the integral membrane protein P-selectin and
recruits it to Weibel-Palade bodies.!? In addition, soluble P-selectin and
antibodies to P-selectin were reported to block the formation of

platelet-VWPEF strings on cultured HUVECs in a flow chamber, implicat-
ing P-selectin in the attachment of platelet-VWF complexes to the
endothelial surface. RGDS peptide did not impair the formation of
platelet-VWF strings, suggesting that integrin o,3; does not partici-
pate.!! However, intravital microscopy in genetically modified mice
indicated that neither P-selectin nor integrin o, 33 is necessary to form
platelet-VWF strings on mouse venules.'?

To address the nature of VWF-endothelial interactions that are
critical for primary hemostasis in human vasculature, we have
reexamined the role of P-selectin and integrin «,f; in the attach-
ment of VWF strings to cultured HUVECs under flow. By
immunofluorescence and phase-contrast microscopy of both VWF
and platelets on living cells, we found that only a subset of VWF
strings can support platelet binding. In addition, VWF strings bind
to the endothelial surface through discrete adhesion sites, some at
the termini and some at internal locations on the VWF multimers.
In contrast to previous studies, peptide and antibody inhibition
assays, as well as RNA interference (RNAi) knockdown analysis,
indicate that integrin o,3; stabilizes VWF strings. Our findings
delineate a mechanism for specific and dynamic interactions
between acutely secreted VWF and human endothelial cells.

Methods

Cells and reagents

HUVECs were purchased from Lonza Walkersville (Walkersville, MD) or
collected from human umbilical veins'® under a protocol reviewed and
approved by the Washington University Human Research Protection Office.
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HUVECs were cultured in endothelial growth medium-2 media supple-
mented with growth factors (Lonza Walkersville). U937 is a human
lymphoma cell line with monocytic characteristics!* that expresses the
P-selectin ligand PSGL-1. U937 cells were cultured in RPMI 1640 medium
(Sigma-Aldrich, St Louis, MO) supplemented with 10% fetal bovine serum.
Human integrin B3 antibody LM609 (function blocking),"> «, antibody
LM142 (nonfunction blocking),"> and as antibody CBL497 were obtained
from Chemicon International (Temecula, CA). Antibody 6D1 against
platelet Gplba was obtained from Dr Barry Coller (Rockefeller University,
New York, NY).!® Peptides with the sequences RGDS'” and DELPQLVTL-
PHPNLHGPEILDVPST (fibronectin type III connecting segment fragment
1-25; CS-1 peptide),'® and puromycin were obtained from Sigma-Aldrich.
Fibrillar collagen and formalin-fixed platelets were purchased from Helena
Laboratory (Beaumont, TX). Purified recombinant soluble P-selectin was
obtained from R&D Systems (Minneapolis, MN). Anti—P-selectin monoclo-
nal antibody S12'? and P-selectin goat polyclonal antibody?’ were provided
by Dr Rodger P. McEver (University of Oklahoma, Oklahoma City, OK).

Visualization and quantitation of VWF strings in parallel plate
flow chambers

Perfusion assays were carried out in a parallel plate flow chamber
(Glycotech, Gaithersburg, MD), which consists of a flow deck, a rubber
gasket, and a collagen-coated glass coverslip with HUVECs (passage 2-5)
grown to a confluent monolayer. Within a given experiment, the HUVECs
used were from the same stock, plated on the same day, grown to
confluence, and used to collect data within a few hours on a single day.
Polyclonal rabbit antihuman VWF antibody (Dako North America, Carpin-
teria, CA) was conjugated to Alexa Fluor 594 using Zenon Alexa Fluor 594
rabbit IgG labeling kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Perfusion buffer was supplemented with 2%
bovine serum albumin (BSA), 100 wM histamine, fluorescent VWF
antibody, and other components as indicated. Unless otherwise noted,
perfusion buffer is medium 199 that contains CaCl, and MgCl,, and flow
rate was adjusted with a syringe pump (Harvard Apparatus, Holliston, MA).
Time-lapse images were collected 5 minutes after the initiation of laminar
flow, using an Axiovert 200M inverted microscope with a 40X/0.55 NA
objective, standard filter sets, a CCD camera, and Axiovision software (Carl
Zeiss, Thornwood, NY).

To quantitate VWF strings, 10 images of confluent HUVECS correspond-
ing to 10 consecutive optical fields (400 X magnification) were chosen for
each perfusion condition. Fluorescent VWF strings and platelet strings in
each field were counted, excluding strings shorter than 20 wm. Differences
between mean values were assessed for significance using the Student 7 test.

Immunofluorescence microscopy

Confluent HUVECs on glass-bottomed dishes (MatTek, Ashland, MA)
were incubated with endothelial growth medium-2 medium containing
100 wM histamine (Sigma-Aldrich) for 30 minutes at 37°C. Cells were then
washed with Dulbecco phosphate-buffered saline without Ca?>" or Mg>*
(DPBS) and fixed with 2% paraformaldehyde for 10 minutes. Alternatively,
HUVECS on collagen-coated cover glasses were exposed to laminar flow
for 5 minutes in the presence of 100 wM histamine. Cover glasses were
carefully removed from the flow deck and placed in fixation buffer (2%
paraformaldehyde in DPBS). In either case, fixed cells were blocked with
DPBS containing 2% BSA for 30 minutes at room temperature. Cell-
surface VWF was detected by incubation with human VWF polyclonal
antibody (Dako North America) diluted 1:1000, followed by Alexa Fluor
594-labeled goat antirabbit IgG (Invitrogen) diluted 1:200 for 30 minutes.
Integrin o, was detected with mouse monoclonal antibody (LM142;
Chemicon International) diluted 1:200 for 45 minutes, and subsequent
incubation with Alexa Fluor 488-labeled antimouse IgG antibody (Invitro-
gen) diluted 1:200 for 30 minutes. Images were acquired with standard filter
sets using an Axiovert 200M inverted microscope (Carl Zeiss). Antibody
LM142 gave no fluorescence signal for CHO-K1 cells, which do not
express integrin «, (Figure S1, available on the Blood website; see the
Supplemental Materials link at the top of the online article).
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Photoshop CS3 (Adobe Systems, Mountain View, CA) or Canvas X
(ACD Systems, Miami, FL)) was used to automatically adjust the levels of
differential interference contrast images (using the “autolevel” function), to
match the dynamic range of fluorescence images to that of the computer display,
and to merge differential interference contrast with fluorescence data. All images
for a given experiment were processed identically, no signal was excluded by the
setting of thresholds, and gamma settings were not altered.

U937 cell adhesion assay

Cell adhesion to immobilized proteins was conducted as previously
described with certain modifications.?! After 96-well plates (Maxisorp;
Nalge Nunc International, Rochester, NY) were coated with 10 pwg/mL
recombinant P-selectin (or 1% BSA) and blocked with 1% BSA (Calbio-
chem, San Diego, CA) in DPBS, U937 cells suspension in RPMI 1640
medium, with or without the indicated concentrations of anti—P-selectin
antibody, were added to the protein-coated wells and incubated for 1 hour at
37°C. Wells were washed 3 times with DPBS, and remaining cells were
fixed with 2% formaldehyde for 15 minutes and then stained with 0.2%
crystal violet (Sigma-Aldrich) in 2% ethanol for 15 minutes. After 3 washes
with water, adherent cells were solubilized with 1% sodium dodecyl sulfate
for 30 minutes. Optical density of the wells at 562 nm was read with a
microplate reader (Molecular Devices, Sunnyvale, CA). Samples were
analyzed in quadruplicate.

Immunoelectron microscopy

HUVECs were grown on 3 X 3 mm glass coverslips in preparation for
immunolabeling, freeze-drying, and platinum replication. Cultures were
stimulated for various durations (1-10 minutes) with 100 wM histamine in a
mammalian Ringer solution at 37°C with gentle rocking to create a low
level of fluid shear stress, rinsed briefly in mammalian Ringer solution, and
fixed for 30 minutes at room temperature with 2% formaldehyde in fixation
buffer (30 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH
7.4, 100 mM NaCl, and 2 mM CaCl,). Fixed cells were rinsed with fixation
buffer for 15 minutes and then quenched for 30 minutes with fixation buffer
containing 50 mM lysine, 50 mM glycine, and 50 mM NH4CI. Cells were
rinsed again for 10 minutes and blocked for 30 minutes with 1% BSA in
fixation buffer. Coverslips were placed on a wax surface and overlaid for
30 minutes with 25 pL polyclonal rabbit anti-VWF antibody diluted at
1:500. Unattached primary antibody was removed by 3 washes, and
coverslips were overlaid for 30 minutes with antirabbit antibody conjugated
to 12-nm gold diluted at 1:15. Coverslips were washed, refixed with 2%
glutaraldehyde to stabilize the immunolabeling, rinsed multiple times in
distilled water, and quick-frozen by forceful impact against a copper block
cooled to 4°C with liquid helium. Platinum replicas were made and images
were acquired as previously described.??

Flow cytometry

Cells were detached from tissue culture dishes with trypsin/EDTA,
resuspended at 10%mL in DPBS containing 3% fetal bovine serum
(Invitrogen) and 2% BSA (Calbiochem), and incubated for 30 minutes on
ice. Primary antibody (mouse antihuman o3, LM609), diluted to
20 pg/mL in blocking buffer (2% BSA in DPBS), was incubated with cells
for 45 minutes at 4°C. Cells were then washed twice with DPBS and
resuspended in blocking buffer containing 20 pg/mL secondary antibody
conjugated to Alexa Fluor 632 (Invitrogen). After 45 minutes of incubation
on ice, cells were washed twice with DPBS, resuspended in 0.3 mL 2%
paraformaldehyde in DPBS, and analyzed on a FACSCalibur benchtop
analyzer (BD Biosciences, San Jose, CA).

RNA interference

Lentivirus vectors pFLRu-N-Flag and pFLRu-shLuc were provided by Dr
Gregory Longmore (Washington University, St Louis, MO). The latter
construct contains shRNA sequence targeting firefly luciferase. A short
hairpin RNA (shRNA) expression cassette was constructed by polymerase
chain reaction (PCR). We chose 3 targeting sequences for human integrin
a,. They are named after the position of their starting nucleotide in the o
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cDNA sequence (GenBank accession number NM_002210):2% #576, GCAA-
CAGGCAATAGAGATTAT; #1129, GGAAGAACATGTCCTCCTTAT;
#3432 GCTACATCTTGACCCACTAGA. Human U6 promoter (f1) was
amplified from a pBS-hU6-1 template®* using the following PCR primers:
5" primer, AGAGAATTCTAGAACCCCAGTGGAAAGACGCGCAG; 3’
primer, GGTGTTTCGTCCTTTCCACAAG. The shRNA fragment (f2)
was amplified with the following primers: 5" primer, GTGGAAAGGAC-
GAAACACC+a, targeting sequence +TTCAAGAGAATAAG; 3’ primer,
TCCAGCTCGAGAAAAA +a, targeting sequence +TCTCTTGAAATAAT.
Ttalicized nucleotides are hairpin sequences. After gel purification of f1 and 2, a
PCR was performed with hU6 forward primer, shRNA reverse primer, and mixed
template (2 pL purified f1 and f2). The PCR products were purified, digested
with Xbal and Xhol, and subcloned into the pFLRu-N-Flag vector.

Lentivirus generation and transduction

For lentivirus production, a previous protocol® was followed with certain
modifications. Briefly, subconfluent 293T cells were transfected with
packaging plasmids pHR'8.2 deltaR/pCMV-VSV-G at a ratio of 8:1 using
5 g total packaging plasmid DNA (plasmids were provided by Dr Sheila
Stewart, Washington University, St Louis, MO) and 5 pg of pFLRu
plasmid. At 24 hours after transfection, the cell culture medium was
changed, and on the next day medium containing virus was harvested and
passed through a 0.45-pm filter to remove cellular debris. To infect target
cells, virus was mixed with an equal volume of fresh medium and
protamine sulfate (Sigma-Aldrich) at a final concentration of 10 wg/mL.
Cells were washed and incubated with virus mixture overnight. The next
day, cells were fed with fresh, virus-free medium. After another 24 hours,
puromycin was added at 1.5 wg/mL, and infected cells were incubated
under selection for 2 weeks before experiments were performed.

Results

Secreted VWF form extended strings on endothelial surfaces at
venous and arterial values of shear stress

To better understand how acutely secreted VWF multimers interact
with endothelial cells, we observed the dynamics of VWEF secretion
and deployment on HUVECs surface in real time, using fluores-
cence microscopy under both static and flow conditions. In several
comparisons, we found that HUVECs prepared locally from
umbilical cords and early passage HUVECs purchased commer-
cially behaved indistinguishably. On histamine stimulation, conflu-
ent HUVEC monolayers released VWF that remained attached to
cell surface as disorganized globular and linear densities (Figure
1A). When HUVECs were exposed to laminar flow, VWF mol-
ecules formed strings that ran parallel to the direction of flow, and
some of the strings extended as long as several hundred microme-
ters (Figure 1B). VWF strings were also observed when endothelial
cells were stimulated with forskolin, a secretagogue that elevates
cAMP level (data not shown). Strings rarely formed in the absence
of any agonist (0-2 per field), suggesting that agonist-induced
strings are composed of ULVWF molecules originally packaged in
Weibel-Palade bodies. The occasional VWF strings secreted with-
out agonist stimulation probably reflect a low but significant basal
rate of Weibel-Palade body fusion with the plasma membrane.?
Maximum string density was obtained at intermediate shear stress
of between 10 and 20 dyne/cm?, suggesting that these VWF strings
withstand physiologic shear stress but can be dislodged by
pathologically high shear stress (Figure 1C).

VWEF strings laterally associate to form bundles and networks

To test whether VWF strings were composed of one or multiple
VWF multimers, we used quick-freeze, deep-etch electron micros-
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Figure 1. Acutely secreted VWF forms extended strings under fluid shear
stress. (A) Confluent HUVECs were stimulated with 100 wM histamine for
30 minutes, washed with DPBS, and fixed with 2% paraformaldehyde without
permeabilization. Cell-surface VWF was stained with a polyclonal antibody (A082;
Dako North America) and an Alexa Fluor 594—conjugated secondary antibody. Bar
represents 10 um. (B) HUVECSs in a parallel plate flow chamber were perfused with
medium 199 supplemented with 2% BSA, 100 wM histamine, and fluorescent VWF
polyclonal antibody, at a shear stress of 10 dyne/cm?. Images were captured 5 minutes
after the initiation of flow. Bar represents 10 um. (C) Perfusion assays were conducted at
different values of fluid shear stress. The bars indicate the numbers (mean = SEM) of VWF
strings more than 20 pum long formed 5 minutes after the initiation of flow from 10 fields per
experiment. Each experiment was performed at least 3 times.

copy to study VWF morphology under higher resolution. HUVECs
were stimulated, fixed, labeled with a polyclonal antibody against
VWE, and a secondary antibody conjugated with gold particles.
Multiple gold-decorated VWF strands were seen spanning adjacent
cells (Figure 2A) and VWEF strings frequently intertwined with
each other to form bundles (Figure 2B) and networks (Figure 2C).

A subset of VWF strings mediates the binding of platelets

Platelets readily bind to VWF on human endothelial cells and form
“beads-on-a-string” structures under laminar flow that are visible
by phase-contrast microscopy.” However, phase-contrast micros-
copy does not directly detect the VWF but infers the location of
VWEF strings from the linear arrangement of bound platelets. We
therefore compared the distribution of platelets (by phase-contrast)
and VWF (by immunofluorescence) after stimulation of HUVECs
with histamine and continuous perfusion with buffer containing
platelets. Unexpectedly, platelets spontaneously bound to only a
subset of VWF strings (Figure 3A). In representative experiments,
the percentage of VWF strings that bound platelets was 30%, 35%,
and 42% at shear stress of 2.5, 10, and 20 dyne/cm?, respectively
(Figure 3B). Sequential perfusion with platelets followed by
fluorescent anti-VWF antibody showed that the anti-VWF labeled
all platelet-decorated strings and revealed other strings that had not
bound platelets (Figure S2). Therefore, the anti-VWEF antibody
does not induce the observed heterogeneity in platelet binding by
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Figure 2. Immunoelectron microscopy of VWF strings. HUVECs were incubated
with medium containing 100 pM histamine for 10 minutes with gentle rocking,
washed with DPBS, and fixed with 3% paraformaldehyde. Cell-surface VWF
multimers were labeled with 12-nm gold-conjugated antibody and visualized by
quick-freeze deep-etch electron microscopy. Multiple VWF strands (A) form twisted
bundles that sometimes bifurcate (B) and connect with one another to form networks
(C). Arrows indicate branching points. Bars represent 500 nm.

displacing bound platelets or inhibiting platelet binding to VWF
strings. An anti-GPIba antibody (6D1) markedly reduced the
number of platelet-VWEF strings without affecting the total number
of VWF strings (Figure 3C), indicating that, as expected,’ the
binding of platelets to VWF strings depended on platelet GPIba.

VWEF strings are stabilized on endothelial cells by discrete
anchorage sites

VWE-platelet strings attach to the surface of endothelial cells by
relatively few adhesion sites per string.>!! Direct visualization by
immunofluorescence microscopy indicated that, in the absence of
platelets, VWF strings also adhere to endothelial cells through a
small number of sites. For example, when the flow direction was
reversed, strings collapsed or bent around a few fixed anchorage
points. In some cases, new anchorage sites could be recruited as
strings moved laterally across the cell surface, yielding curved or
tangled strings (Figure 4A). Electron microscopy showed specific

BLOOD, 12 FEBRUARY 2009 « VOLUME 113, NUMBER 7

B 14 c 12

12 10

910 o8
[}

i_-, 8 Lg
(%2} 6 (2]

2 2,

2 2

0725 10 _ 20 %"None _ Gplb
dyn/cm? Antibody

Figure 3. A subset of VWF strings binds platelets. Perfusion assays were
performed in the presence of 100 wM histamine, 108/mL fixed platelets, and
fluorescent VWF polyclonal antibody. (A) A representative image of VWF strings and
platelet strings for perfusion assay conducted at 2.5 dyne/cm?. Bar represents 10 wm.
(B) Total fluorescent VWF strings (M) and platelet-decorated VWF strings () formed
under a fluid shear stress of 2.5, 10, and 20 dyne/cm? are shown as the mean plus or
minus SEM from 10 fields per experiment. (C) Perfusion assays were performed at a
shear stress of 2.5 dyne/cm? in the presence or absence of 20 p.g/mL antiplatelet
GPIba antibody 6D1. Total fluorescent VWF strings (M) and platelet-decorated VWF
strings ((J) are shown as mean plus or minus SEM from 10 fields per experiment.
Each experiment was repeated at least twice.

contact points of VWEF strings with the cell membrane, as indicated
by arrows (Figure 4B). Viewing 3-dimensional electron micro-
scopic images indicated that such direct contacts were limited in
number and were quite often found at small membrane extensions
such as microvilli or ruffles.

P-selectin and VWF string formation

A previous study reported that the binding of platelet-decorated
VWE strings to endothelial cells was inhibited by anti—P-selectin
antibodies or by recombinant soluble P-selectin. In addition,

A

Flow direction:

Figure 4. VWF strings attach to HUVECs by discrete adhesion sites.
(A) HUVECSs were stimulated with histamine and exposed to laminar flow at a shear
stress of 2.5 dyne/cm?. After 5 minutes, flow direction was reversed and images were
captured every 30 seconds. indicate the initial flow direction (start) and the reversed
flow direction (0-120 s). indicate anchorage sites for VWF strings. Bars represent
20 pm. (B) Electron micrographs of immunogold-labeled VWF strings. Samples were
prepared as described in “lmmunoelectron microscopy.” Arrows indicate cell extru-
sions in direct contact with VWF strings. Bars represent 500 nm.
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Figure 5. P-selectin and VWF string formation. (A) Wells in an enzyme-linked
immunosorbent assay plate were coated with either 20 wg/mL purified P-selectin
(R&D Systems) or 1% BSA. U937 cells, which express P-selectin ligand PSGL-1,
were resuspended at 10%/mL, preincubated with buffer (Ctrl) or a polyclonal antibody
against P-selectin (Ab) at 5 pg/mL or 10 wg/mL, and adhesion assays were
performed as described in “U937 cell adhesion assay.” Results indicate the mean
plus or minus SD for quadruplicate wells. (B) Perfusion assays were performed at a
shear stress of 2.5 dyne/cm2. Numbers of VWF string formed under control
conditions (Ctrl), with P-selectin antibody (Ab), or with purified P-selectin (P-selectin)
at the indicated concentrations (ng/mL) are shown. (C) Perfusion assays were
conducted in Ca2*- and Mg?*-free DPBS at a shear stress of 2.5 dyne/cm?, and the
numbers of VWF strings (M) and platelet-decorated VWF strings (CJ) are shown as
the mean plus or minus SEM from 10 fields per experiment. Cells were treated with no
agonist, or with 100 pM of histamine in the absence (Ctrl) or presence of
anti—P-selectin antibody (Ab) or soluble P-selectin at the indicated concentrations
(rg/mL). Each experiment was performed 3 times.

immunofluorescence microscopy showed that P-selectin colocal-
ized with cell-associated VWF strings.!! We also observed that
stimulated HUVECs stained with fluorescently labeled anti—P-
selectin antibody exhibit punctate immunofluorescence for P-
selectin that occasionally colocalizes with VWF strings (Figure
S3). These findings suggest that P-selectin anchors VWF on the cell
surface. However, under our conditions, in the absence of platelets,
neither P-selectin nor anti—P-selectin antibody reduced the number
of VWF strings (Figure 5B). Similar results were obtained in the
presence of platelets; neither P-selectin nor anti—P-selectin anti-
body reduced the number of platelet-decorated VWF strings (data
not shown). Control studies confirmed that anti—P-selectin anti-
body prevented the adhesion of U937 monocytic cells to recombi-
nant P-selectin, as expected (Figure 5A), and also inhibited the
binding of cells expressing P-selectin (CHO-P cells) to immobi-
lized VWF (Figure S4). These data suggest that P-selectin may not
anchor VWF strings on endothelial cells. Alternatively, exogenous
inhibitors may not easily disrupt a stable interaction between VWF
and P-selectin, which may form during the packaging of both
molecules into Weibel-Palade bodies.'”
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The differences between our results and those of Padilla et al'!
probably reflect differences in experimental conditions. For ex-
ample, we used a perfusion buffer that contained approximately
2 mM Ca?* and | mM Mg?*, whereas Padilla et al'! used divalent
cation-free Tyrode’s buffer. Because Ca?>* and Mg?* cooperatively
enhance ligand binding to P-selectin,?! variations in these cation
concentrations may alter the sensitivity of VWF strings to disrup-
tion by specific inhibitors. Indeed, when HUVECs were stimulated
with histamine in Ca?* and Mg?*-free Tyrode buffer, the inclusion
of soluble P-selectin decreased the number of adherent platelet-
decorated VWF strings but not the total number of VWF strings
(Figure 5C). In this experiment, anti—P-selectin antibody did not
reduce the either the total number of VWF strings or the number of
platelet-decorated VWEF strings. These results suggest that P-
selectin—dependent platelet binding to VWF strings depends on
divalent cations.

In addition, the total number of strings observed in Ca?>" and
Mg?*-free Tyrode buffer (Figure 5C) was much lower than the
number observed with Ca?* and Mg?* present (Figure 5B). This
result is consistent with the known role of extracellular Ca?* ions in
the exocytosis of Weibel-Palade bodies after stimulation of endothe-
lial cells with histamine and other agonists.?”-28

RGDS peptide and anti-integrin «, 83 antibody inhibit VWF
string formation

Immobilized VWF binds purified integrin o353 and supports
the adhesion of HUVECS through integrin «,; in an RGDS-
dependent manner,3!*2 which suggests that VWF strings could bind
to integrin o35 on the endothelial surface. Indeed, either RGDS
peptide (Figure 6A) or function blocking anti-a,3; antibody
LM609 (Figure 6B) reduced the number of VWF strings in a
dose-dependent manner. In contrast, the CS-1 peptide of fibronec-
tin, which binds to integrin oyf3; and blocks ayf3;-dependent cell
adhesion,* had no effect on VWF string formation (Figure 6A). In
addition, antibody CBL497 against integrin asf3; did not signifi-
cantly alter VWF string formation (Figure 6C), and neither did
antibody LM142 against integrin a,, which does not block cell
adhesion (Figure 6D).

When similar experiments were performed in Ca?>* and Mg?*-
free Tyrode buffer, we found that RGDS was a less potent inhibitor
of VWF string adhesion to HUVECs (Figure 6E), and anti-a, 33
antibody LM609 no longer displaced VWF strings, with or without
bound platelets (Figure 6F). Thus, integrin o, 3;—dependent adhe-
sion of VWF strings to HUVECs depends on the presence of
physiologic divalent cations.

Localization of integrin av on newly secreted VWF strings

The cell-surface localization of VWF and integrin a,(3; was
examined by immunofluorescence microscopy of HUVEC mono-
layer exposed to histamine under laminar flow at a shear stress of
2.5 dyne/cm? for 5 minutes. Integrin «, is localized to intercellular
junctions and also decorates VWF strings (Figure 7; additional
examples in Figure S5). Note that «, signal occurs in a patchy
distribution along the length of VWF strings; o, was not detected at
the origin or the distal end of VWF strings.

Reducing the expression of integrin av on HUVECs impairs
VWEF string formation

To determine whether integrin o35 is necessary to stabilize VWF
strings on the surface of HUVECs, we used RNA interference to
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Figure 6. Integrin «,B; is important for VWF string adhesion. (A) Confluent
HUVECs in a flow chamber were perfused at a shear stress of 2.5 dyne/cm? using
medium 199 supplemented with 100 uM histamine, 2% BSA, and the indicated
concentration of fibronectin CS-1 peptide or RGDS peptide, and the number of VWF
strings formed was quantified by immunofluorescence microscopy. (B) Perfusion
assays were performed similarly with the indicated concentrations of mouse IgG
(mlgG) or anti-integrin o,B3 antibody LM609, which blocks ligand binding.
(C) Perfusion assays were performed similarly without (Ctrl) or with 10 wg/mL
anti-integrin «,B3 antibody LM609 or function blocking anti-integrin o5 antibody
CBL497. (D) Perfusion assays were conducted without (Ctrl) or with 10 pg/mL
anti-integrin B3 antibody LM609 (which blocks ligand binding) or LM142 (which
does not block ligand binding). (E,F) Cells were perfused with Ca2*- and Mg2*-free
DPBS (E) without (No Agonist) or with 100 uM histamine in the absence (Ctrl) or
presence of RGDS peptide (40 pug/mL), or (F) without (Ctrl) or with anti-integrin «,83
antibody LM609 (10 p.g/mL), and total VWF strings (M) and platelet-decorated VWF
strings ([J) were quantitated. Results are shown as the mean plus or minus SEM from
10 fields per experiment. Each experiment was performed 3 times.

knock down the expression of this integrin. We chose a lentivirus-
mediated approach because it can induce sustained gene silencing
in a broad spectrum of cell types, including endothelial cells.?*3+35
Three integrin o, targeting sequences were designed and cloned
into the pFLRu vector, and one of them (sh1129) caused a 70%

A B
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Figure 8. VWF string formation depends on integrin «, expression. HUVECs
were infected with control shRNA lentivirus (shLuc) or integrin «, ShRNA lentivirus
(sh1129) and cultured for 2 weeks under selection with puromycin. (A) Fluorescence-
activated cell sorter analysis was performed with control antibody on cells treated
with shLuc (black trace) or with anti-integrin o, 83 antibody LM609 on cells treated with
shLuc (blue trace) or sh1129 (red trace). The level of integrin a3 was reduced 70%
in sh1129 cells. (B) Lentivirus-infected HUVECs were stimulated with histamine and
exposed to fluid shear stress of 2.5 dyne/cm? (M) or 7.5 dyne/cm? ([CJ). VWF strings
were stained in situ with fluorescent anti-VWF antibody and counted. Values
represent the mean plus or minus SEM from 10 fields per experiment.
(C) Representative images are shown. Flow direction is from bottom left to top right.
Bars represent 20 um.

reduction of o,B; expression on HUVECs after 2 weeks of
selection, as demonstrated by flow cytometry (Figure 8A). HUVECs
infected with lentivirus containing the other 2 «, targeting se-
quences did not survive the selection. Compared with control cells,
which were infected with a lentivirus containing firefly luciferase
targeting sequence (shLuc), HUVECs infected with sh1129 had a
similar number of Weibel-Palade bodies (Figure S6) but signifi-
cantly reduced ability to support VWF string anchorage. The
number of foci that stained intensely for VWF at the plasma
membrane was comparable for shLuc and sh1129 cells, indicating
that sh1129 cells could secrete VWF normally but could not retain
it on the cell surface (Figures 8B,C). In multiple experiments,
shRNA-mediated knockdown of o5 expression reduced VWF
strings an average of 75.3% at 2.5 dyne/cm? and 81.6% at
7.5 dyne/cm?. Shear forces greater than approximately 10 dyne/
cm? caused the detachment of sh1129-infected HUVECS, probably
because the reduced expression of «,3; weakened cell adhesion to
the substratum.

Figure 7. Integrin o, decorates acutely secreted VWF
strings. Confluent HUVECs in a flow chamber were stimu-
lated with 100 M histamine at 2.5 dyne/cm? shear stress
for 5 minutes, fixed, and incubated with anti-VWF and
anti-integrin «,B3 antibodies as described in “Immunofluo-
rescence microscopy.” Panels show immunofluorescence
for VWF (A,D) and integrin o3 (B,E) with corresponding
fluorescent antibodies. Merged images are shown in panels
C and F. Arrows indicate selected examples of the colocal-
ization of VWF and integrin o, 3. Bars represent 10 pm.
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Discussion

By immunofluorescence microscopy of living HUVECs, we found
that VWF strings form and adhere to the cell surface over a broad
range of physiologic fluid shear forces, even in the absence of
platelets (Figure 1). As reported previously for platelet-decorated
VWEF strings,”> VWF strings form readily on activated endothelial
cells at relatively low fluid shear forces (eg, 2.5 dyne/cm?). In
contrast, soluble plasma VWF binds immobilized collagen to form
a filamentous network only at a much higher fluid shear stress of
approximately 20 dyne/cm?.3® This disparity probably reflects
structural differences between ULVWEF stored in Weibel-Palade
bodies and VWF in the circulation. Plasma VWF typically has a
disorganized globular shape in solution with a maximum dimen-
sion of less than 1 wm, and relatively high shear forces are needed
to unfurl this globular VWF conformation into an extended
filament.’” In contrast, ULVWF within Weibel-Palade bodies is
organized into helical tubules that are stabilized at low pH.”-3
Fusion of Weibel-Palade bodies with the plasma membrane ex-
poses their contents to the neutral pH of the blood, which facilitates
the orderly extrusion of very long VWF strings that attach to the
cell surface before they can collapse into a globular conformation
with much lower binding affinity.

Unexpectedly, we found that only a subset of newly secreted
VWEF strings supports stable platelet adhesion (Figure 3), suggest-
ing that some strings may be more hemostatically active than others
or that platelet binding could be cooperative. Furthermore, there is
a slight increase in the ratio of platelet strings to VWF strings
(12%) as the fluid shear stress was increased from 2.5 dyne/cm? to
20 dyne/cm? (Figure 3B), suggesting that potential platelet-binding
sites might be buried inside VWF strands that formed twisted
bundles. These sites may be exposed by changing the way
individual VWF molecules associate with each other, either
through elevated shear stress acting directly on VWF strings or
through stretching of VWF strings by bound platelets. In contrast to
VWEF in solution, which is relatively resistant to ADAMTS13,
VWE strings were cleaved rapidly in situ on the endothelial surface
(Figure S7). The susceptibility of VWF strings to cleavage by
ADAMTS13 may provide a mechanism to quickly reduce the
length of VWF multimers and limit the size of platelet aggregates
on endothelial cells in vivo. Using 2 different concentrations of
recombinant ADAMTS13, we found that platelet-decorated and
platelet-free VWF strings were cleaved to a similar extent after
5 minutes (Figure S7). Therefore, in contrast to plasma VWE?»
platelet binding to extended VWF strings attached to endothelial
cells does not substantially increase the rate of cleavage by
ADAMTS13, at least at 2.5 dyne/cm? fluid shear stress.

VWEF strings secreted by HUVECs often are several hundred
micrometers long (Figure 1) and can be as long as several
millimeters.> A structural model for the intracellular storage of
VWEF suggests that each of the many VWF tubules extending the
entire length of a 5-pm Weibel-Palade body could correspond to a
single 250-pwm VWF multimer.?8 If 250 wm is a rough upper limit
for the length of a VWF multimer, then longer VWF strings on
endothelial cells are probably constructed by staggered self-
association of several VWF multimers.

Evidence for VWF self-association has been described previ-
ously.?*40 For example, reversible homotypic interactions between
soluble and immobilized VWF multimers can mediate platelet
adhesion under fluid shear stress.*? At very high levels of shear
stress, VWF multimers can form a network of multistranded
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bundles on a collagen matrix* or aggregate irreversibly in solu-
tion,*! possibly by forming new intersubunit disulfide bonds.*>*3 At
levels of fluid shear stress too low to induce VWF self-association
on other surfaces’®*? or in solution,**> we have observed that
acutely secreted VWF molecules self-associate in diverse patterns,
forming twisted bundles and networks on endothelial cells (Figure
2). These multistranded structures may enhance the stability of
VWEF molecules on endothelial surfaces and probably account for
the extreme length of some VWEF strings.

VWE strings are anchored and stabilized on endothelial cells by
relatively few high-affinity contacts (Figure 4A) that withstand a
range of physiologic shear forces (Figures 1C,3A). Electron
microscopy shows that VWF strings make direct contact with
membrane protrusions at their termini and along their length
(Figure 4B). By immunofluorescence microscopy, VWF strings
often can be seen emerging from specific foci on the cell surface, to
which they remain attached at full extension (Figure 1B). When
perturbed by changing the direction of flow, VWF strings can make
new discrete, stable contacts as they drift over the cell surface
(Figure 4A). Some contacts coincide with foci that stain intensely
for VWF (Figure 4A), and others colocalize with punctate concen-
trations of integrin a,B33 (Figure 7). Cell-surface binding of VWF
strings is inhibited by RGDS peptide, by anti-integrin o33
antibody LM609 (Figure 6), or by RNA knockdown of integrin o,
(Figure 8). These results indicate that integrin o33 is involved in
the adhesion of VWF strings to human endothelial surfaces.

In contrast to our results, Padilla et al'! found that P-selectin, but
not integrin o33, contributed to the attachment of VWEF-platelet
strings to endothelial cells. However, this apparent discrepancy
appears to be explained by differences in experimental conditions.
Ligand binding to integrin o35 and P-selectin depends on divalent
cations,?** and changing the concentrations of Ca?>* and Mg?*
can selectively alter the dependence of VWF or platelet binding on
these adhesive proteins. Under physiologic conditions, with Ca?*
and Mg2" present, the attachment of VWF strings to HUVECs
involves integrin «,f; (Figure 6A-D), but without divalent cations
the attachment of VWF appears to be independent of integrin o, 33
(Figure 6E.F). Conversely, soluble P-selectin does not affect VWF
strings when Ca?>* and Mg?" are present (Figure 5B) but impairs
platelet binding to VWF strings when these divalent cations are
absent (Figure 5C). Therefore, it is possible that both P-selectin and
integrin o35 contribute to VWF-endothelial interactions.

Our results and those of Padilla et al,!! using cultured human
endothelial cells, differ from those obtained by intravital micros-
copy in mice. After infusing inhibitory anti-ADAMTS13 antibody
to slow the proteolysis of VWF strings, stimulation with histamine
resulted in the formation of long platelet-decorated VWF strings
adhering to mesenteric venules. The length, number, and persis-
tence of these strings were the same in wild-type, 33-deficient, or
P-selectin—deficient mice.'> These results indicate that platelet-
VWEF strings can adhere to endothelial cells at low values of shear
stress typical of venules, independent of 35 integrins or P-selectin.
However, the continued accumulation of platelets on VWF strings
eventually leads to the detachment of these platelet-VWF strings,
even at venular shear stress in mice.!? In contrast, platelet-VWF
strings on HUVECS can resist much higher values of shear stress
(eg, 20 dyne/cm?) that may occur in arterioles (Figure 3A).> The
greater resistance to shear stress for VWF strings on HUVECs
would be consistent with binding to additional adhesive molecules,
such as P-selectin and integrin o,33. In addition, cells expressing
integrin a,B3; can adhere specifically to surfaces coated with
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VWE* and VWF can bind and recruit P-selectin into the mem-
branes of Weibel-Palade bodies.!” These findings indicate that
VWF can interact with integrin o33 or P-selectin on cultured
endothelial cells, although the circumstances may be quite distinct
from those of VWF strings on vascular endothelium in vivo where
VWEF binding to the cell surface might be mediated in part by other,
yet unidentified, adhesive molecules. Further study will be required
to determine the impact of binding to integrin o33, P-selectin, or
other molecules in various pathologic conditions, especially those
in which the activities of adhesion receptors or hydrodynamic flow
patterns are affected.
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