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Abstract

We developed a monoclonal antibody, 1C1E7, against vWf that
increases ristocetin-induced platelet aggregation in a dose-de-
pendent manner and lowers the threshold concentration of ris-
tocetin needed to obtain a full aggregatory response. The plate-
let aggregatory effect of asialo vWf (ASvWf) also is enhanced
by 1C1E7, in the presence or absence of glycoprotein (GP)
IIb/IIIa receptor antagonism. In the presence of ristocetin,
both intact 1C1E7 and its Fab fragments enhance specific bind-
ing of '25I-vWf to platelets. With 1C1E7, the intermediate and
higher molecular weight multimers of vWf are preferentially
bound to both GP Ib and GP IIb /111a. Thrombin-induced '*I-
vWf binding to GP IIb/I1la also is increased by 1C1E7. Maxi-
mal binding of 1C1E7 to vWf corresponds to 0.97 mol/mol
vW{ monomer with a K, of 4.7 X 10 ' M. 1C1E7 reacts with a
34 /36-kD tryptic fragment (I1I-T4) and a 34-kD plasmic frag-
ment (P34), which localizes the epitope between amino acid
residues 1 and 272; this was confirmed by NH,-terminal amino
acid sequencing. Finally, platelet aggregation by ASvWf was
associated with a sharp rise in intracellular Ca?* only in the
presence of 1C1E7. An antibody-mediated conformational
change of vWf may result in an improved presentation of the
GP Ib- and GP IIb/I11a-binding domains of mainly the larger
multimers; the increased density of vWf on the platelet surface
leads to platelet activation. The antibody may thus recognize a
domain of relevance for vWf physiology. (J. Clin. Invest. 1993.
91:273-282.) Key words: von Willebrand factor « platelets
ristocetin « monoclonal antibody

Introduction

Adhesion of blood platelets to an injured vessel wall is the first
and crucial step of primary hemostasis. vWf has a central role
in platelet adhesion and additionally is a carrier protein for
coagulation factor VIII (1). It is a large multimeric protein
built from identical subunits (2). The assembly of subunits
gives rise to a series of multimers with molecular masses vary-
ing between 500 and 20,000 kD. The largest multimers are
generally considered to be the hemostatically most active (3);
however, all the essential information needed for the function
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of vWf resides in the basal subunit (4). During the past decade,
several functional domains have been identified on the subunit
using proteolytic enzymes (5), mAbs (6), and/or overlapping
synthetic peptides (7). vWf mediates platelet adhesion through
binding to an as yet unidentified component of the subendothe-
lium and to different types of collagen (8, 9). This interaction
probably causes a conformational change in the structure of
vWTf (10), upon which vWf can bind to the platelet glycopro-
tein (GP)' Ib receptor; this is followed by platelet activation
and exposure of the GP IIb/Illa receptor by so far ill-defined
mechanisms. After the exposure of GP IIb/Illa, this receptor
becomes available for vWf as well as for other adhesive pro-
teins. However, in in vitro conditions, the vWf-GP Ib interac-
tion requires ristocetin or botrocetin (11); vWf binds exclu-
sively to GP IlIb/Illa after platelet activation by thrombin or
ADP (12).

Several mAbs, raised against vWT, block specific functions
by binding to a certain region of the molecule (13, 14). In this
study we report on a mAb that instead stimulates the function
of vWf, by increasing its interaction with both platelet GP Ib
and IIb/Illa, although the antibody binds to a region that is
located at a distance from both binding domains.

Methods

Preparation of blood samples

Blood was collected on trisodium citrate, pH 7.5 (0.11 M, 0.1 vol) and
immediately centrifuged at 180 g for 10 min to obtain platelet-rich
plasma (PRP).

Gel-filtered platelets were prepared using a modification of the tech-
nique described by Tangen and Berman (15). Blood was taken on 1/6
vol of acid citrate dextrose anticoagulant and PRP was passed through
a Sepharose 2B column (Pharmacia LKB Biotechnology Inc., Uppsala,
Sweden ) equilibrated with Hepes buffer (16), pH 7.35, with the follow-
ing composition (mM): 3.5 Hepes, 137 NaCl, 2.7 KCl, 1.0 MgCl,, 3.0
NaH,PO,, 5.5 glucose, 0.1% BSA (Organon Teknika, Bextel, The
Netherlands). One additional washing step was used to further reduce
the amount of contaminating plasma vWf; so that no agglutination of
washed platelets occurred in response to the addition of 1.5 mg/ml
ristocetin ( Lundbeck, Copenhagen, Denmark ), unless vWf was added
to the suspension.

Purification of vWf

vWTf was purified to homogeneity from lyophilized cryoprecipitate us-
ing a gel filtration method, as previously described (17). These prepara-
tions were used for binding experiments and preparation of asialo vWf
(ASvWI).
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1. Abbreviations used in this paper: ASvWT, asialo vWf;, DFP, diisopro-
pyl fluorophosphate; GP, glycoprotein; RiCoF, ristocetin cofactor;
RIPA, ristocetin-induced platelet aggregation; TBS, Tris-buffered sa-
line.
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vWTf was also isolated by immunoaffinity purification (18). Cryo-
precipitate was dissolved in 0.02 M imidazole, 0.1 M L-lysine, 0.15 M
NaCl, 0.02% Na azide, pH 6.8, and was applied to a CNBr-activated
Sepharose 4B (Pharmacia LKB Biotechnology Inc.) column to which
an anti-vWf mAb, 82D6A3 (see below), was coupled. The vWf bound
to the antibody was eluted with 3 M NaSCN dissolved in the same
buffer. The eluted vWTf was dialyzed extensively against Tris-buffered
saline (TBS) with the following composition (mM): 20 Tris, 150 NaCl,
pH 7.4. These preparations were only used for proteolytic digestions.

The purity of these preparations was checked in SDS-PAGE (19)
followed by Coomassie blue staining or Western blotting (20). Protein
concentrations of the preparations were determined by the method of
Bradford (21), using BSA as a standard. The specific activity of the
preparations varied between 80 and 130 U/mg of vWf. One unit of
vWTfis defined as the amount of activity or antigen level found in 1 ml
of pooled normal plasma.

Preparation of ASYWf

Purified vWf was incubated with proteinase-free neuraminidase from
Vibrio cholerae (Calbiochem Corp., La Jolla, CA) at a concentration of
0.15 to 0.20 U/mg vWf in the presence of 8 mM CaCl,, pH 6.8, at
37°Cfor 3 h, as described (22). Then it was passed through a Sepharose
CL-4B column to remove the enzyme. ASvWf was analyzed for sialic
acid content, ristocetin cofactor (RiCoF) activity, and electrophoretic
mobility, unreduced in SDS-agarose gel electrophoresis and reduced in
SDS-PAGE. Sialic acid content was measured according to Warren
(23) and >90% of that of the native vWf was removed. The
multimeric structure and RiCoF activity were identical to those of na-
tive vWI.

Preparation of mAbs

mAbs against vVW{ were produced by conventional hybridoma technol-
ogy as previously described (17). The IgG fractions were purified from
ascites by affinity chromatography on protein A-Sepharose (Pharma-
cia LKB Biotechnology Inc.) (24). Finally, we obtained six mAbs
(1CIE7, 2BID6, 4H1D7, 82DIE1, 82D6A3, and 76E7H7) that
reacted specifically with purified vWf, using electroimmunoblotting
after SDS-PAGE under reducing and nonreducing conditions; no
cross-reactivity with fibrinogen or fibronectin could be observed.

A mADb against platelet GP IIb/IIIa, 16N7C2, also has been devel-
oped and was found to fully inhibit all fibrinogen-dependent platelet
aggregations and binding of '*’I-vWf to washed thrombin-activated
platelets at a concentration of 20 ug/ml (25).

Preparation of the Fab fragment of mAb 1CIE7

Fab fragments were prepared, using papain (Sigma Chemical Co., St.
Louis, MO) in the presence of 0.01 M cysteine as described (26). The
F, fragment was removed by chromatography on protein A-Sepharose.
Fab preparations of 1C1E7 were virtually free of intact IgG and F(ab’),
fragments as was shown on SDS-PAGE.

Platelet aggregation assays

The aggregating response of platelets in PRP or after gel filtration was
evaluated with a turbidimetric aggregometer (Elvi, Milan, Italy). The
agonists and final concentrations used were ristocetin, 0.5-1.2 mg/ml;
ADP, 1.0-2.0 uM (Sigma Chemical Co.); collagen, 0.5-2.0 ug/ml
(Hormon-Chemie, Munich, Germany); arachidonic acid, 0.5-1.0
mM (Sigma Chemical Co.); and epinephrine, 30-40 uM (Sigma Chem-
ical Co.). When the effect of anti-vWf mAbs on platelet aggregation
was evaluated, the mAb was preincubated with PRP for 30 min at
room temperature before the addition of the inducer. The vWf RiCoF
activity was measured according to MacFarlane et al. (27) using fresh
washed platelets.

Binding experiments

In all binding experiments, which were performed according to Rug-
geri et al. (28), platelets were at a final concentration of 10%/ml in
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Hepes buffer. vWf or ASvWf were labeled with Na %I (Amersham
International, Amersham, UK) to a specific activity of 0.7-3.0 mCi/
mg as previously described (29). Incubation with varying concentra-
tions of 'I-vWf and the appropriate stimulus was performed at room
temperature under nonstirring conditions for 30 min. At the end of the
incubation period, 100 ul of the platelet suspension was layered onto
300 ul of 20% sucrose in the Hepes buffer, using Eppendorf tubes. The
samples were centrifuged for 5 min at 13,000 g in a microcentrifuge
(Sigma Chemical GmbH, Munich, Germany). The supernatants were
carefully removed and the tips of the tubes, containing the platelet
pellet, were amputated and the platelet-associated radioactivity was
measured in a gamma counter (Packard Instrument Co., Inc., Can-
berra Industries, Meriden, CT). When the effect of IC1E7 on '®I-vWf
binding to platelets was evaluated, mAb was preincubated with '*I-
vWT for 30 min at room temperature before addition to the platelet
suspension. In the control experiments, either buffer or a comparable
amount of an irrelevant mouse mAb was used in the preincubation
step. This control mAb, 7C7, raised against urokinase, had no influ-
ence on either vWTf or platelet function. When the effect of mAbs in-
hibiting platelet GP Ib (AP 1, [30] a generous gift of T. J. Kunicki, The
Blood Center of SE Wisconsin, Milwaukee) or GP IIb/IIla (16N7C2)
was investigated, the monoclonal IgG was added to the platelet suspen-
sion at the indicated final concentration, which gave > 90% saturation
of that particular GP, 10 min before addition of radioligand and stimu-
lus. Nonspecific binding was determined either in the presence of a
50-fold excess of unlabeled vWf or in the absence of the stimulus. Both
have been reported to result in identical values (28, 31), a finding that
we also could confirm. Scatchard and Hill plots were used to analyze
the binding curves. Because of the large molecular mass range of vWf,
maximal binding was expressed as ug/10® platelets. Binding of '*I-
ASvWf was performed in PRP in a similar manner (32).

Multimeric analysis of ' I-vWf bound to platelets

Multimeric analysis of the '*I-vWf bound to either ristocetin- or
thrombin-stimulated platelets (as above) was performed by lysing the
platelet pellet with 50 ul of a 10 mM Tris buffer, pH 8.0, containing 1
mM EDTA, 8 M urea, and 5% SDS (28). The samples were incubated
at 60°C for 30 min. More than 70% of the platelet-associated radioactiv-
ity could be recovered in the supernatant of the platelet lysates. The
extracted 'I-vWf was analyzed by SDS-agarose electrophoresis (33)
followed by autoradiography. For further quantitation of the multi-
meric distribution of '2’I-vWf;, the SDS-agarose gels were subjected to a
direct radioactivity scanning (Phosphor Imager; Molecular Dynamics,
Sunnyvale, CA).

Binding of vWf to purified GP Ib

GP Ib-IX complex was purified from a solubilized platelet suspension.
Briefly, a platelet concentrate at 20 X 10° platelets/ul was frozen and
thawed three times and subsequently centrifuged at 17,000 g for 1 h at
4°C. The pellet was resuspended in 10 mM Tris buffer, pH 7.4, con-
taining 1| mM EDTA and 10 mM 3-[(3-cholamidopropy!)dimethy-
lammonio]-1-propanesulfonate (CHAPS) (Sigma Chemical Co.) and
kept at 4°C for 1 h. After another similar centrifugation step, the super-
natant was applied onto a CNBr-activated column to which AP 1 had
been coupled. The column was thoroughly washed with 10 mM Hepes
buffer, pH 7.4, containing 1 mM EDTA and 2 mM CHAPS and then
proteins were eluted using 2 M KSCN in the same buffer. After exten-
sive dialysis against Hepes buffer, GP Ib was coated to microtiter plates
at a final concentration of 2 ug/ml overnight at 4°C. Plates were
blocked with 1% BSA. Purified vWf at a final concentration of 20
ug/ml, preincubated with either 50 ug/ml 1C1E7 or 7C7 (irrelevant
mAb), was applied to the wells in the presence of different concentra-
tions of ristocetin and incubated at room temperature for 2 h. After the
appropriate washing steps, horseradish peroxidase (HRP)-conjugated,
polyclonal anti-vWf antibody (Dako, Copenhagen, Denmark) was ap-
plied for 1 h. Color was developed according to the standard ELISA
technology.



Binding of '’ I-vWf to heparin

Binding of '*°I-vWfto heparin-Sepharose (Pharmacia LK B Biotechnol-
ogy Inc.) was performed essentially as described by Fujimura et al.
(34). Heparin-Sepharose beads at a final concentration of 1.25% in
0.02 M Tris buffer, pH 6.0, were incubated with 2.5 ug/ml '*I-vWf for
30 min at room temperature. '>I-vWf was preincubated with increas-
ing concentrations of 1C1E7. Bound ligand was separated on a 20%
sucrose cushion as mentioned above and the tube tips were amputated
and radioactivity was measured. Nonspecific binding was determined
in the presence of 10 mg/ml heparin sodium salt (Kabivitrum, Stock-
holm, Sweden).

Binding of vWf to collagen

The assay was performed essentially as previously described by Lawrie
et al. (35). Briefly, calf skin collagen type I (Sigma Chemical Co.) was
dissolved in 0.1 M acetic acid and dialyzed overnight at 4°C against 67
mM phosphate buffer, pH 7.2. Microtiter plates were coated for 18 h at
37°C with 100 gl of collagen at a final concentration of 50 ug/ml; and
then the plates were blocked with 1% BSA for 1 h. 100 ul of a 1:50
dilution of normal plasma was preincubated with 100 ul 1C1E7 at a
final concentration of 50 ug/ml for 30 min at 37°C and 180 ul of this
incubation mixture was applied to the wells for 2 h at 37°C. The bound
vWf was measured by an ELISA using horseradish peroxidase-conju-
gated polyclonal rabbit anti-vWf antibody (Dako).

Quantitation of binding of 1CIE7 to vWf

mAb 1C1E7 was labeled with Na 2 as above. A constant amount of
vWf (60 ug) was incubated at room temperature for 30 min with in-
creasing amounts of '°I-1C1E7, ranging between a 0.625 and 18 molar
ratio to vVWf monomer (270 kD). vWfand the associated radioactivity
was separated from free '2’I-1C1E7 on a Sepharose CL 4B column. The
eluted fractions were measured for radioactivity in a gamma counter
and protein concentrations were determined by the Bradford method.
The actual amount of '**I-1C1E7 associated with vWTf could therefore
be calculated and a binding curve and Scatchard plot could be con-
structed.

Digestion of vWf with proteolytic enzymes

Digestion with Staphylococcus aureus V8 protease (Sigma Chemical
Co.) was carried out essentially as described (5). Purified vWfin TBS,
pH 7.4, at 1.0 to 1.5 mg/ml was incubated at 37°C with V8 protease at
a final concentration of 36 U/ml for the indicated period of time. The
digestion was terminated by adding diisopropyl fluorophosphate
(DFP) in TBS at a final concentration of 24 mM.

Trypsin. Tryptic digestion of vWf was performed according to the
method of Fujimura et al. (14). Purified vWf in 0.1 M NH,HCO,
buffer, pH 7.9, at 1.0 mg/ml was incubated at 37°C with L-1-tosyla-
mide-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin
(Sigma Chemical Co.) at an enzyme/substrate ratio of 1:50 (wt/wt)
for 2 h. The digestion was stopped by adding DFP at a final concentra-
tion of 10 mM. The fragment of vWf reacting with 1C1E7 was isolated
by an immunoaffinity gel filtration using CNBr-activated Sepharose to
which mAb 1CI1E7 was coupled. After passing the digestion mixture
through the column, it was extensively washed with TBS, pH 7.4, and
the weakly bound proteins were eluted using 0.5 M LiCl in TBS. The
specifically bound fragment was eluted using 3.0 M NaSCN in TBS.

Plasmin. Plasmin digestion of vWf was performed according to
Hamilton et al. (36). Briefly, 1 mg/ml vWf in TBS, pH 7.4, was di-
gested with plasmin (1.6% of vWf by weight) at 37°C for 4 h. The
reaction was stopped by the addition of 100 U aprotinin/ml. The plas-
mic or tryptic fragments of vWf with which 1C1E7 reacted were de-
tected in SDS-PAGE followed by Western blotting.

Purification and characterization of the 34-kD plasmic
peptide of vVWf

This was performed essentially as described (36). 5.5 mg purified vVWf
in TBS, pH 7.4, was digested with plasmin (see above) for 4 h. After

stopping the reaction, the final incubation mixture was lyophilized and
dissolved in 2 ml of 4 M guanidine-HCI. This protein solution was gel
filtered on a Sepharose CL 4B column in 0.05 M Tris buffer, containing
4 M guanidine-HCl and 0.15 M NaCl, pH 7.4. Further chromatogra-
phy of the appropriate protein peak was performed on Sephacryl S-200
(Pharmacia LKB Biotechnologies Inc.) in the same buffer. The final
pool was dialyzed against TBS and further purified on an immunoaffin-
ity 1C1E7-CNBr-Sepharose column as described above. The eluted
protein was concentrated using microconcentrators (Centricon-10;
Amicon Corp. Scientific Sys. Div., Danvers, MA ) and extensively dia-
lyzed against 0.1 M acetic acid.

Amino-terminal sequence analysis was done on a protein/peptide
sequencer (model 477A; Applied Biosystems, Inc., Foster City, CA).

Investigation of a possible conformational change of vWf

caused by 1CIE7

100 ug purified vWf was preincubated with 140 ug 1C1E7 or the same
amount of an irrelevant mAb (7C7) for 30 min at room temperature.
Then TPCK-treated trypsin was added at an enzyme /substrate ratio of
1:100 for 15 min. The reaction was stopped by adding DFP to a final
concentration of 10 mM. SDS-PAGE (4-16% gradient) and Western
blot were performed. The nitrocellulose membranes were developed
using a panel of our own anti-vWf mAbs (82D6A3, 2B1D6, 76E7TH7,
4H1D7) or a rabbit polyclonal antibody (Dako).

Measurement of intracellular Ca?* in platelets

Intracellular Ca?* measurements were performed essentially according
to Rink and Sage (37). Briefly, blood was taken on 1/6 vol of acid
citrate dextrose anticoagulant, PRP was prepared, and 100 uM aspirin
was added. Platelets in PRP were then loaded with 2 uM Fura-2/AM
(Calbiochem Corp.) for 45 min at room temperature. Platelets were
separated by gel filtration on a Sepharose 2B column, equilibrated with
Hepes-buffered saline with the following composition (mM): 145
NaCl, 5 KCl, 1 MgCl,, 0.5 Na,HPO,, 10 Hepes, 5 glucose, pH 7.55.
Platelet count was adjusted to 5-7 X 107/ml. Extracellular calcium
concentration was adjusted by addition of CaCl, as required. Ca** mea-
surements were carried out under continuous stirring at 37°C ina LS
50 spectrophotometer (model LS 50; The Perkin-Elmer Corp., Nor-
walk, CT). Fura-2 fluorescence was measured with excitation at dual
wavelength (340 and 380 nm) and emission at 510 nm.

Results

Platelet aggregation studies. Two mAbs, 1C1E7 and 2B1D6
(both being IgG2a), increased ristocetin-induced platelet ag-
gregation (RIPA) in plasma. 1C1E7 was more potent than
2B1D6 and was therefore selected for further investigation.
Other mAbs directed against either vWTf or other proteins had
no such effect. 1IC1E7 had no influence on platelet aggregations
when other inducers such as collagen, ADP, arachidonic acid,
or epinephrine were used (data not shown). Furthermore,
when 1C1E7 was incubated with PRP obtained from a patient
with severe type III von Willebrand’s disease, we could not
observe aggregation upon addition of ristocetin. IC1E7 did not
induce platelet aggregation when ristocetin was not added.

By increasing the antibody concentration, a dose-depen-
dent increase of the initial slope of the aggregation/agglutina-
tion curves induced by ristocetin was found, plateauing above
an antibody concentration of 25 ug/ml. The enhancing effect
was most pronounced at lower concentrations of ristocetin and
0.7 mg/ml already was sufficient to induce full platelet aggre-
gation, whereas in normal PRP = 1.0-1.2 mg/ml ristocetin is
required. Fig. 1 summarizes the effect of ristocetin and 1C1E7
on platelet aggregation, showing the dose response to increas-
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Figure 1. Dose-dependent stimulating effect of 1C1E7 or 1C1E7 Fab
on platelet aggregation in PRP at different ristocetin concentrations.
Filled symbols represent aggregations (mean+SEM; n = 4) in the
presence of IC1E7 at 1.0 mg/ml (circles), 0.9 mg/ml (squares), and
0.8 mg/ml (triangles) ristocetin. Open symbols represent aggrega-
tions (mean of two) in the presence of 1C1E7 Fab at 0.8 mg/ml ris-
tocetin. The maximal velocity of the aggregation is expressed as per-
centage of the one, obtained at 1.0 mg/ml ristocetin and 12.5 ug/ml
1C1E7. The enhancing effect of 1C1E7 was already statistically sig-
nificant at 1.5 ug/ml for every ristocetin concentration used.
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ing antibody concentrations as well as the markedly enhanced
response to low ristocetin concentrations.

Since platelet aggregation in PRP is rather complex, we
repeated these experiments using washed platelets. Here we
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measured as RiCoF, when either diluted plasma or purified
vWf was preincubated with 1C1E7 (data not shown).

ASvWI does not require ristocetin to induce platelet aggre-
gation in PRP (38). The effect of 1C1E7 on ASvWf-induced
platelet aggregation was also investigated. A fixed concentra-
tion of ASvWT, preincubated with increasing concentrations of
1C1E7, induced a dose-dependent increase of platelet aggrega-
tion in PRP similar to that observed with RIPA (data not
shown).

The influence of an inhibitory antiplatelet GP IIb/Illa
mADb (16N7C2) on the RIPA and ASvWf-induced platelet ag-
gregation was also evaluated. As shown in Fig. 2, despite com-
plete inhibition of GP IIb/IIla receptors, we could still induce
an increased aggregation when 1C1E7 was added, using either
a low concentration of ristocetin or ASvWf. This suggests a
heightened interaction between vWf and GP Ib. Indeed, using
AP 1, an inhibitory anti-GP Ib mAb, we could completely in-
hibit both the RIPA or ASvWf-induced platelet aggregations,
whether 1C1E7 or no 1C1E7 was present (data not shown).

Binding of ' IvWf and ' I-ASvWf to platelets. The affin-
ity of radiolabeled and unlabeled vWf for platelets was found to
be similar (data not shown ). Time course experiments showed
that, after addition of ristocetin, binding of '>’I-vWfto platelets
reached a plateau between 20 and 30 min and remained at the
same level for 60 min (data not shown).

Binding experiments were performed using increasing con-
centrations of '2’I-vWf (Fig. 3). Binding of '?’I-vWf to ristoce-
tin-stimulated platelets was saturable. In the presence of
ICI1E7, binding of '*’I-vWf was significantly increased. The
anti-GP IIb/Illa antibody had no influence on the binding of
normal vWTf to platelets, but it could partially inhibit the in-
creased binding of vWfinduced by 1C1E7, a phenomenon that
was already statistically significant at 1 ug/ml vWf added, at
which stage only a limited number of GP Ib receptors were
occupied. These findings therefore show that 1CI1E7 induces
an increased binding to GP Ib accompanied by an additional
binding to GP IIb/Illa, an observation that has never been
reported previously with ristocetin alone. However, using the
mAb-inhibiting vWf binding to GP Ib (AP 1), we could com-
pletely inhibit the binding of vWf to platelets, whether 1C1E7
or no 1C1E7 was present, suggesting that binding of vWfto GP
Ib obligatorily precedes the binding to GP IIb/IIla.

Figure 2. (A) Effect of an anti-GP IIb/Illa
mADb (16N7C2) on ristocetin and (B)
asialo vWf induced aggregation in the pres-
ence or absence of 1C1E7. The final con-
centration of ristocetin was 0.7 mg/ml
whereas that of the asialo vWf was 26 ug/
ml. 1C1E7 was preincubated with PRP or
ASvWT for 30 min at room temperature,
and 16N7C2 was added to the PRP 10 min
before the addition of the inducer. Tracing

1 2 3 a4 5 6
TIME (min)
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1, control; tracing 2, 20 ug/ml 1C1E7;
tracing 3, 20 ug/ml 1C1E7 and 20 pg/ml
16N7C2; tracing 4, 20 ug/ml 16N7C2.



Figure 3. (A) Dose-dependent
specific binding of '*I-vWf to
washed platelets after addition of
1.0 mg/ml ristocetin and (B)
Scatchard plot analysis of the
binding curves. '*I-vWf was
preincubated with 25 ug/ml
1C1E7 or with a comparable
amount of buffer for 30 min at
room temperature. 16N7C2
(anti-GP IIb/1Ila mAb) or AP 1
(anti-GP Ib mAb) at a final con-
centration of 20 ug/ml was in-
cubated with the platelet suspen-
sion for 10 min at room temper-
ature before the addition of
125.yWf and ristocetin. Control
(filled triangles); control

+ 16N7C2 (filled squares); con-
trol + AP 1 (filled circles);
1CI1E7 (open triangles); 1C1E7
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Scatchard plot analysis of these data showed that in control
conditions there is indeed only one class of binding sites, i.e.,
GP Ib (Fig. 3 B). When binding of vW{-1C1E7 complex to GP
IIb/1Ila was inhibited by 16N7C2, the Scatchard graph also
was linear and parallel to the control curve, showing that more
vWT could bind to GP Ib but the affinity of vWf towards the
receptor remained the same. On the contrary, the Scatchard
graph obtained with vWf modified by 1C1E7 was an upward
convex ellipse, which is in agreement with the findings that in
this situation there are two different binding sites for vWf,
namely GP Ib and GP IIb/Illa. The shape of the curve suggests
a positive cooperativity between the two binding sites, a hy-
pothesis confirmed using Hill plot analysis. Indeed, significant
differences (P < 0.01) were found between the slopes of the
Hill plot curves, indicating that, when vWf is modified by
1C1E7, binding to GP Ib facilitates vWf binding to its second
receptor, GP IIb/IIla. Because of the heterogeneity in the mo-
lecular weight of the vWf multimers, neither an accurate K,
expressed in molarity nor the precise number of binding sites
can be calculated. Therefore the amount of vWf bound was
expressed in micrograms/ 102 platelets.

Binding of '2I-vWf to platelets in control conditions essen-
tially increased in a linear relation with the ristocetin concen-
tration up to 1.5 mg/ml; this was not influenced by 20 ug/ml
16N7C2. In contrast, when vWf was preincubated with IC1E7,
the binding was significantly increased and already plateaued
at 0.6 mg/ml ristocetin. However, in the absence of ristocetin,
1C1E7 did not induce binding of '*5I-vWf to platelets.

Binding of '*’I-vWf to thrombin-stimulated washed plate-
lets was also investigated. These data, together with the Scat-
chard analysis, are shown in Fig. 4. Binding of '*’I-vWf was
saturable and maximal binding was reached at 1.50+0.28 ug/
108 platelets (n = 3) in control conditions. The maximal bind-
ing of '*I-vWTf after incubation with 1C1E7 was increased to
2.53+0.36 ug/ 108 platelets (n = 3, P < 0.05). Scatchard analy-
sis showed that the curves were parallel. mAb against GP Ib
(AP 1) did not influence the binding of vWTf to thrombin-sti-
mulated platelets, whether 1C1E7 or no 1C1E7 was present.
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+ 16N7C2 (open squares);
ICIE7 + AP 1 (open circles).
Mean+SEM is shown (n = 6).

However, the anti-GP IIb/Illa mAb completely inhibited the
binding of normal or 1C1E7-modified vWf.

The effect of our stimulating antibody on the binding of
1251_ASvWT also was studied. Binding of a fixed dose of ASvWf
was increased in a dose-dependent manner by 1C1E7 (data not
shown).

Binding of vWf to purified GP Ib. mAb 1C1E7 induced a
1.82+0.18-fold increase of binding of vWTf to purified platelet
GP Ib in the presence of 0.2 mg/ml ristocetin (7 = 3), using an
ELISA-type assay (see Methods).

Platelet aggregations and binding assays in the presence of
the Fab fragment of IC1E7. As shown in Fig. 1, in the presence
of Fab fragments, RIPA could be increased in a dose-depen-
dent manner, as with intact IgG. However, higher concentra-
tions were needed to achieve the same enhancing effect. A sig-
nificantly increased binding of '*’I-vWf to platelets in plasma
could be observed in the function of the concentration of Fab
fragment (Fig. 5 4). The Fab preparations used in these experi-
ments were essentially free of intact IgG and F(ab'), fragments
as shown in the inset. Comparing the slope of the aggregations
and the amount of bound vWf to platelets, both obtained at
increasing concentrations of 1C1E7 Fab, a significant correla-
tion (r = 0.97) could be demonstrated (Fig. 5 B).

Multimeric analysis of bound ' IvWf to platelets. Fig. 6
shows the distribution of the different molecular weight mul-
timers of either '*’I-vWf specifically bound to the platelet sur-
face or that of the '*I-ligand used in the assays. A slight in-
crease in the binding of the higher multimers to the platelet
surface could already be observed in the presence of ristocetin
alone, which is in line with previous observations(39). Further-
more, as already suggested by the results of the binding assays
in the presence of 1C1E7, the binding of the intermediate and
high molecular weight multimers was even more increased us-
ing either ristocetin or thrombin as inducer.

Effect of IC1E7 on other vWf functions than the GP Ib- or
GP IIb/I1a-binding domains. The mAb 1C1E7 had no influ-
ence on the binding of vWf to either heparin or collagen (data
not shown).
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Figure 4. (A) Dose-dependent
specific binding of '*I-vWf to
thrombin-stimulated washed
platelets and (B) Scatchard plot
analysis of the binding curves.
1251.vWf was preincubated with
25 ug/ml 1C1E7 or with a com-
parable amount of buffer for 30
min at room temperature.
16N7C2 (anti-GP IIb/IIla mAb)
or AP 1 (anti-GP Ib mAb) ata
final concentration of 20 ug/ml
was preincubated with the plate-
let suspension for 10 min at
room temperature before the ad-
dition of '»*I-vWfand 0.5 U/ml
thrombin. Control (filled trian-
gles); control + 16N7C2 (filled
circles); control + AP 1 (filled
squares); 1C1E7 (open trian-
gles); 1C1E7 + 16N7C2 (open

(1] S 10 15 20 25 30 35 0 .S 1
VWF ADDED ( mg/m1)

Quantitation of binding of ICIE7 to vWf. As shown in Fig.
7 A, binding of 1C1E7 to vWf is saturable. Above a 5:1 molar
ratio of 1C1E7/vWf monomer, the binding curve reaches a
plateau. Scatchard analysis (Fig. 7 B) showed one class of bind-
ing sites with a K; of 4.3 X 107! M. At saturation, nearly 1 mol
1C1E7 bound per mol vWf monomer. A 5:1 molar ratio of
1C1E7/vWf monomer corresponds to ~ 25 ug IC1E7/ml of
plasma, the concentration used in most experiments described
above.

Epitope mapping of vWf using proteolytic enzymes. Diges-
tion of vWf with Staphylococcus V8 protease resulted in two
major fragments of 170 and 110 kD under reducing condi-
tions, as reported previously (5). As shown in Fig. 8, the
NH,-terminal 170-kD band was recognized by ICI1E7 in a
Western blot.

After plasmin digestion of vWf and analysis under either
nonreducing or reducing conditions, the smallest fragment rec-
ognized by 1C1E7 had a molecular mass of 34 kD. However,
the reduction of the supposed intrachain disulphide bridges
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— circles); 1IC1E7 + AP 1 (open
1.5 2 25 3 squares). Mean+SD is shown (n
= 3).

obviously reduced the affinity of the antibody for this frag-
ment. Moreover, a 170-kD band was detected by 1C1E7 under
reducing conditions. Plasmin is known to cleave vWf at a posi-
tion close to the one split by the V8 protease. This 170-kD
fragment therefore is most probably nearly identical to the one
obtained after V8 protease digestion.

As shown in Fig. 9, the smallest tryptic fragment recognized
by 1C1E7 was a doublet of 34-36 kD under nonreducing con-
ditions. After reduction several smaller bands, which were no
longer recognized by 1C1E7, appeared in the SDS-PAGE.

Amino-terminal sequencing. This was performed on the
isolated 34-kD plasmic fragment, which revealed two se-
quences of 15 amino acids each. The major sequence (2/3)
was found to be identical to the amino terminus of the mature
vWf subunit and the other (1/3) started at residue 264, imply-
ing only a partial digestion of the Lys 263-Val 264 bond.

A possible conformational change caused by 1CIE7. Sev-
eral differences could be identified between the tryptic frag-
ments of vWf that had been preincubated with either IC1E7 or

Figure 5. (A) Dose-dependent specific
binding of '**I-vWf to platelets
(mean+SD; n = 4) after addition of
0.8 mg/ml ristocetin in the presence
of the Fab fragment of 1C1E7 and (B)
the correlation between the increasing
amount of platelet-associated vWf and
the maximal velocity of the aggrega-
tion shown in Fig. 1. (Inset) The pu-
rity of the Fab fragment is demon-

40 60 80 100 12( S 6 4 8 9

1CIE7 Fab (wug/m1l)
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strated on SDS-PAGE (10-15% gra-
dient gel, nonreducing conditions).
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Figure 6. Multimeric analysis of ligand (A;) or bound '*’I-vWf to
platelets in the presence (A,B,) or absence (A,B,) of mAb 1CI1E7,
after addition of (4) 1.0 mg/ml ristocetin or (B) 0.5 U/ml thrombin.
The direct radioactivity scans of the SDS-agarose gels are shown.
Arrows on the left indicate the application site of the samples.

an irrelevant murine mAb. The most prominent difference was
detected by both a polyclonal antibody and a mAb, 82D6A3.
In control conditions a tryptic fragment with a molecular mass
of 137 kD could be observed, whereas trypsin digestion re-
sulted in a fragment of 115 kD when vWf had been preincu-
bated with 1C1E7. This would suggest a different cleavage site
than in the control. Minor differences were also detected using
the other mAbs.

Changes in platelet intracellular Ca®* levels induced by the
complex of asialo vWfand 1CIE7. A significant and rapid rise
of intracellular Ca?* was detected in platelets stimulated with

A

BOUND 1C1E7 (mol/ mol vWF monomer)
)
BOUND/ FREE

0

30 ug/ml ASvWTf that had been preincubated with 50 ug/ml
1C1E7 (Fig. 10). These results were obtained in the presence of
1 mM extracellular Ca2* concentration, whereas without addi-
tion of extracellular Ca?* the intraplatelet Ca2* increase was
less pronounced (data not shown). When the same amount of
ASvWT was added alone to the platelet suspension, we could
not observe any increase in the intracellular Ca?* level.

Discussion

A number of mAbs have been described that react with differ-
ent domains of vWTf and inhibit the function of that particular
region (13, 14, 40, 41). As far as we know, however, there is
only one report on two mouse mAbs that stimulate vWf func-
tion, i.e., they increase the rate of vWf-dependent platelet agglu-
tination in the presence of ristocetin. However, increased bind-
ing of vWf'to platelets due to these mAbs was not demonstrated
in that study (42).

We have developed two mAbs that significantly increased
the RIPA, RiCoF activity, and ASvWf-induced platelet aggre-
gation. 1CIE7 was selected for extensive investigation. We
found an increased responsiveness of platelets to ristocetin in
the presence of the antibody. The enhancing effect of 1IC1E7 on
platelet aggregation was dose dependent. From platelet aggre-
gation experiments, where GP IIb/IIla receptors were inhib-
ited by 16N7C2, we already could conclude that 1C1E7 in-
duces an increased vWf-GP Ib interaction, which could be
completely inhibited by an anti-GP Ib mAb.

Ristocetin-induced binding of radiolabeled vWf to platelets
confirmed the findings of the aggregation studies. Unlike a pre-
vious report (42), we could demonstrate an increased binding
of vWTf to platelets with our antibody upon either ristocetin or
thrombin stimulation.

Analysis of the vWf binding to ristocetin-stimulated plate-
lets revealed that in control conditions vWf bound to only one
receptor, i.e., GP Ib, which is in agreement with previous re-
ports (28, 43). However, when vWf was incubated with
1C1E7, it was modified in such a way that its binding to GP Ib
was increased; this was followed by an additional binding of

B

Figure 7. (A) Dose-dependent
binding of '*’I-1C1E7 to purified
vWf and (B) Scatchard plot

0 2 4 6 8 10 12 14 16 18. 2 0 .2
1C1E7 ADDED ( molar excess to vWF monomer)

BOUND 1C1E7 (mol/mol vWF monomer)

.4 .6 .8 ! analysis of the binding curve. For

details see Methods.
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-2 3 455 Figure 8. Immunoreactivity of
1C1E7 with vWf fragments
' generated by digestion with
... E Staphylococcu.? aureus V8 pro-
200 B s cume w=l<—170 tease or plasmin. Fragments

116 4§ = were separated by SDS-PAGE
(4-16% gradient slab gel),
which was followed by Western
blotting. Each lane represents
the whole digestion mixture.
Lane I, undigested vWf (re-
duced); lane 2, V8 protease
digestion after 1 min (reduced); lane 3, V8 protease digestion after
12 min (reduced); lane 4, plasmin digestion after 4 h (nonreduced);
lane 5, plasmin digestion after 4 h (reduced). The molecular mass
(kD) of the vWf fragments is indicated on the right and that of the
standards on the left.
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vWTf to GP IIb/IIla. This phenomenon has never been pub-
lished for ristocetin-induced binding of normal vWf but is
known for ASVvWf (32, 44) and vWTf purified from patients
with von Willebrand’s disease type IIB (45).

In the presence of 1C1E7 and the absence of the anti-GP
IIb/1I1a mAb, Scatchard analysis indicated the existence of two
binding sites with positive cooperativity (46); binding of the
ligand to the first receptor, GP Ib, facilitates the binding to the
second, GP IIb/Illa; indeed, by blocking GP IIb/IIla, the Scat-
chard curve became linear again. The Scatchard analysis sug-
gests that more protein bound to the platelets with the same
affinity, which would then refer to binding of an identical num-
ber of molecules but of higher average molecular weight, as
could be demonstrated. The preferential binding of higher mo-
lecular weight vWTf could facilitate cross-linking of several GP
Ib molecules, which would then result in platelet activation.

Binding of vWTf to thrombin-stimulated platelets, in this
case solely to GP IIb/IIla (12, 28 ), was similarly increased, and
Scatchard analysis again showed parallel curves, confirming
that 1C1E7 does not influence the affinity of vWTf for platelets
but induces more binding on a weight basis.

We could observe a similar enhancing effect of 1C1E7 on
the functions of ASvWf in platelet aggregations as well as in
binding experiments, which suggests that the mechanism of
action of 1CIE7 is independent of the sialic acid content
of vWI.

The Fab fragment of 1C1E7 was able to induce a similar
modification in vWT functions as the intact IgG, which would
rule out the possibility that the formation of extra large mul-
timers by antibody-induced cross-linking would be the main
mechanism of this stimulatory effect. We have three other lines

Figure 9. SDS-PAGE (10-15%
gradient slab gel) and Western
blotting analysis of a 1C1E7
affinity—purified tryptic frag-
ment of vWT. (see Methods).
Coomassie blue staining (lanes
2 and 3) and Western blot us-
ing 1C1E7 (lanes 4 and 5)
under reducing (lanes 2 and 4)
and nonreducing (lanes 3 and 5) conditions. Molecular mass stan-
dards are run in lane 1 (94, 67, 43, 30, 20, and 14 kD). The molecular
mass of the tryptic fragment is shown on the right.
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Figure 10. Changes in intracellular Ca?* levels after stimulation of
Fura-2-loaded washed platelets with ASvWf or ASYWf-1C1E7 com-
plex. ASvWf was preincubated with 50 ug/ml of 1C1E7 or with buffer
(control) for 30 min at room temperature. | mM extracellular Ca%*
was added as indicated. ASvWf was added to a final concentration of
30 ug/ml. One representative experiment out of four is shown.

of evidence to confirm this statement. First, at saturation con-

~ ditions, a nearly 1:1 molar ratio between 1C1E7 and vWf

monomer could be achieved. Second, in the presence of 1C1E7
and ristocetin, vWf at concentrations far below those saturat-
ing of the GP Ib receptors could already induce platelet activa-
tion and exposure of the GP IIb/IIla receptors. This would
imply that mainly qualitative changes in vWf have been in-
duced by the antibody. Third, if the antibody only acted via
cross-linking of the multimers, we would not be able to demon-
strate an increased binding of the higher multimers to the plate-
let surface, since the denaturing effect of SDS would break
down antibody cross-linked multimers.

The tryptic or plasmic fragments recognized by 1CIE7
were similar to the ones previously described as I1I-T4 (46) or
P34 (5, 36). These fragments extend from residue 1 to 272
(I1I-T4)/298 (P34). The amino-terminal sequencing proved
that indeed our tryptic or plasmic fragments are identical to the
ones mentioned above. The secondary cleavage site found for
plasmin is located between Lys 263 and Val 264 and the puta-
tive small peptide fragment 264-298 is connected to the major
fragment via a disulphide bridge between Cys residues 126-268
(47). The amino-terminal region of the vWTf subunit is very
rich in cysteine residues (48), all of which are involved in intra-
chain disulphide bridges (47), and the presence of one or more
such disulphide bridge(s) seems to be needed for the integrity
of the epitope. .

1C1E7 therefore interacts with a segment of vWf on which
the FVIII-binding site and one of the heparin-binding domains
have already been localized (49) and yet it influences the func-



tion of the GP Ib- and GP IIb/IIla-binding domains. The GP
Ib-binding domain was identified on a 52/48-kD tryptic frag-
ment beginning with amino acid residue 449 (18) and the GP
IIb/Illa-binding domain was found close to the carboxy ter-
minus of the subunit (48). The 52/48-kD tryptic fragment
binds to platelets without ristocetin ( 18 ), whereas the mamma-
lian-expressed fragment showed an increased binding only in
the presence of ristocetin (50). These findings could suggest
that other portions of the molecule have a modulating effect on
the binding of whole vWf to GP Ib. A recent abstract also
suggests the existence of a modulatory domain on the native
vWIf(51). In the light of these and our findings, we can hypoth-
esize that 1C1E7 binds to an epitope that plays a modulatory
role in vWTf function. Indeed, our preliminary data suggest a
possible conformational change in vWTf after incubation with
1C1E7. Binding of the antibody to vWf caused an alteration of
the proteolytic digestion pattern. This could be caused on the
one hand by steric hindrance of the access to a cleavage site or
on the other hand by exposure of a new cleavage site due to a
conformational change. In the first case, a larger fragment
could be expected; in the latter case, a smaller peptide could
result. That was observed.

Very little is known about the signal transduction after vWf
binding to platelets. Recent data showed that vWf together
with ristocetin can cause phospholipase C-dependent break-
down of phosphatidyl inositol bisphosphate, phosphorylation
of a 47-kD protein, and an increase in cytosolic Ca?* level
(52), which could be inhibited by an anti-GP Ib but not by an
anti-GP IIb/1Ila antibody. We did not observe an increase of
intracellular Ca?* using ASvWf. However, when ASvWf was
preincubated with 1C1E7, a rapid significant rise of intracellu-
lar Ca?* was found. This can be the consequence of purely
quantitative changes, i.e., binding of more or larger vWf to
platelet GP Ib. The exact nature of these events remains to be
established.

Binding of vWTf to the subendothelium would be followed
by a conformational change ( 1, 10) resulting in direct binding
of the larger multimers to platelet GP Ib and, after platelet
activation, to GP IIb/Illa. The similarity to the modifications
induced in vWfby 1C1E7 may suggest that this antibody recog-
nizes a domain of relevance for vWf physiology.

In conclusion, we report here on a murine mAb against
vWf with a unique functional activity. The antibody is directed
against an epitope localized on the amino-terminal portion of
vWI between residues 1 and 272. The antibody increases the
binding of vWfto GP IIb/IIla of thrombin-stimulated platelets
and independently from this phenomenon it also induces an
increased binding to GP Ib of ristocetin-stimulated platelets,
followed by an additional binding to GP IIb/IIla. The epitope
with which this antibody reacts probably has a general modula-
tory effect on vWf function, by improving the presentation of
mainly the larger molecular weight multimers.
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