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Epitope mapping of inhibitory antibodies against platelet glycoprotein Ib
reveals interaction between the leucine-rich repeat N-terminal

and C-terminal flanking domains of glycoproteiIb

Nancy Cauwenberghs, Karen Vanhoorelbeke, Stephan Vauterin, Douwe F. Westra, Gabriel Romo, Eric G. Huizinga,
José A. Lopez, Michael C. Berndt, Jolan Harsfalvi, and Hans Deckmyn

The interaction of von Willebrand factor
(VWF) with the platelet receptor glycopro-
tein Ib & (GPlba) is important for platelet
adhesion at high shear stress. Two func-
tionally important antigenic areas within
GPIba were identified through the charac-
terization of 5 new inhibitory anti-GPlb
monoclonal antibodies (mAbs). The bind-
ing sites of 3 of these anti-GPIb mAbs,
which were intercompeting and potently
inhibiting shear stress—induced binding
of VWF, were mapped within the N-termi-
nal amino acid (aa) 1-59 area by the use of
canine-human chimeras. These antibod-
ies, however, had little or no effect (ap-
proximately 40% inhibition) on the bind-
ing of VWF induced by either botrocetin

or ristocetin. On the other hand, the anti-
GPIb mAbs 24G10 and 6B4, which blocked
GPIb-vWF binding under all conditions
examined, bound to 2 different regions of
GPlbe, aa 1-81 and aa 201-268, respec-
tively. The epitope for 6B4 was further
narrowed by phage display revealing 2
sets of peptide sequences aligning within
aa 259-262 and aa 230-242. In the latter
region of GPlb a, the gain-of-function
platelet-type von Willebrand disease (PT-
vWD) mutations have been identified.
Alignment was partially confirmed be-
cause the binding of 6B4 to recombinant
GPIba fragments carrying either one of
the PT-vWD mutations was considerably
impaired but not completely abolished. In

contrast, mAb 24G10 bound more strongly

to mutant PT-vWD GPIb «. However, al-
though 24G10 competed with 6B4 for
binding to platelets, it bound to an epitope
within aa 1-81 of GPIb . In conclusion, 2
functionally important areas within GPlb ~ «
were identified: one localized within the
leucine-rich repeat N-terminal aa 1-59 area
and one composed of residues aa 1-81 in
close contact with aa 201-268. Moreover,
further support is provided for the exis-
tence of an intramolecular interaction be-
tween the N-terminal flanking (aa 1-81)
and C-terminal flanking (aa 201-268)
regions. (Blood. 2001;98:652-660)
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Introduction

Adhesion of platelets to sites of vascular injury is critical fohave been developed that allow the study of flow-mediated platelet
hemostasis and thrombosis and is dependent on the binding of \aathesion and aggregation, such as perfusion sy$tmdsviscom-
Willebrand factor (VWF) to the glycoprotein Ib (GPIb)/IX/V eters? In the absence of shear, the GPlb-vWF interaction can be
complex on the platelet surfaéeThe GPIb-vWF interaction studied in the presence of nonphysiological modulators such as
mediates the initial tethering and subsequent rolling of platelaistocetir? or botrocetin’ The interaction sites on both GRikand
over collagen in the subendothelidnthis interaction is of major vWF thus depend on experimental conditions chosen to induce the
importance for platelet adhesion at high shear stress and leadinteraction.
activation of the integrinoy,Bs, allowing irreversible platelet By using synthetic peptides, the vVWF-binding site was localized
adhesion, spreading, and thrombus propagation. within different areas on the N-terminal domain of G&IWicente
There are approximately 25 000 copies of the GPIb/IX/V compleat aP reported that the peptide S251-Y279 inhibits the GPlb-vWF
on the membrane of resting platelets. GPIb is a heterodimer consisiimigraction induced by both ristocetin and botrocetin, whereas the
of 2 subunits, GPk and GPII. The N-terminal domain of GPéb peptide G271-E285 (single-letter amino acid codes) had little effect
contains the binding sites for both VWF and thrombin and is characten ristocetin but was more effective in blocking botrocetin-induced
ized by a structural motif consisting of 7 leucine-rich repeats (LRRd)inding. Murata et dlfurther confirmed these results by showing
followed by a double disulfide-bonded loop and an anionic sulfatédat mutating the negatively charged amino acid (aa) between
region carboxy terminal to the second IGop. residues 251 and 279 abolished both ristocetin- and botrocetin-
Several studies in the past 10 years have attempted to identifguced binding, whereas mutations within the highly charged
the crucial interaction sites on both GRlIand vVWF. However, this region that follows (E281-D287) only affected botrocetin-
search is complicated by the fact that Giend VWF only interact dependent binding. Katagiri et*8lidentified the sequence D235-
with each other in the presence of shear forces. Several systd@62 as important for ristocetin-dependent binding and the region
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F216-T240 as critical for thrombin binding. However, all thes8iotechnology (Hampshire, United Kingdom), and HIP1 was from Pharm-

synthetic peptides have only a weak inhibitory effect in comparisdigen (Becton Dickinson, Belgium).

to the native receptor. In addition, proteolytic fragments of GPlb

revealed that the anionic sulfated tyrosine-rich sequence (Y27geduction and purification of rGPIb o fragment

E282) also is important for the botrocetin-dependent binding @fHo cells expressing a soluble rGRIfragment (H1-V289) were a

VWF and for the binding of thrombit. generous gift from Dr S. Meyer (Roche, Basel, Switzerl&id)he CHO
Mutations within the LRR, identified by studies of patients wittcells were cultured in a Miniperm culture system, and the rGRigment

Bernard-Soulier syndrome, result in either defective or decreaseass purified from harvested supernatént.

binding of vWF2-14highlighting the role of the LRR (aa 36-200) in

the correct exposure and function of the vVWF binding site. This wa$ear-independent platelet aggregation

further demonstrated by Shen et'alwho used Chinese hamstergiood was drawn from healthy volunteers on 3.8% sodium citrate (9:1

ovary (CHO) cells expressing canine-human chimeras of &Plbyvol/vol), and platelet rich plasma (PRP) was prepared by centrifugation at

The chimeras were constructed at precise boundaries between2g for 10 minutes. Aggregation studies were performed in an Elvi-840

different structural regions of GPdband were used to map thedual-channel aggregometer from Pabish (Brussels, Belgium). Briefly, 200

epitopes of functional blocking anti-GPIb monoclonal antibodiesl PRP (final concentration, & 10° platelets/mL) was preincubated with

(mAbs) and to further identify the binding sites for VWF. Byserial dilutions of various anti—GPIb‘ ‘mAbs ‘for 3 _minutes at room

studying loss-of-function chimeras in which human sequence W?c%nperature (RT), followed by the addition of ristocetin (1.25 mg/mL) or

. . . - ;i . trocetin (0.50.g/mL), and the aggregation response was followed for 5
replaced by canine and regain-of-function chimeras in which trmnutes. Botrocetin was purified from crudgothrops jararacavenom

canine sequence was rehumanized, they identified LRRs 2'4(%ma).27 Platelet aggregations in responseatdhrombin (0.2 nmol/L)
important for ristocetin and shear-dependent binding of VWWF.  \yere performed by Dr M. Jandrot-Perrus (Paris, Frate).

Finally, within the disulfide loop C209-C248 of GRIp 2
gain-of-function platelet-type von Willebrand disease (PT-vWDgffect of mAbs on shear-induced platelet adhesion
mutations (G233V, M239V) have been identified that enhance t?ﬁe inhibitory effect of the anti-GPIb mAbs was studied at a shear rate of
interaction of GPIh with VWF.*® Marchese et & demonstrated y

. 2600 secondd in a parallel-plate flow chamber with a slit height of 0.4
that beads coated with the mutant (G233V) GP15302 fragment mm2° Human collagen type | (Sigma) was dissolved in 50 mM acetic acid

translocate on immobilized vVWF with a lower velocity comparegh mg/mL), dialyzed extensively for 48 hours against phosphate-buffered
with beads coated with the nonmutated form. Therefore, it wasline, and subsequently sprayed onto plastic Thermanox coverslips (Nunc,
hypothesized that these PT-vWD mutations regulate VWF bindingochester, NY). Perfusions were carried out at 37°C with anticoagulated whole
To further investigate the GPlb-vWF interaction, we producedkdood (low-molecular-weight heparin, 25 U/mL; Clexane; Riadoulenc Rorer,

new panel of murine anti-GPIb mAbs that block the binding ofrance) obtained from healthy volunteers. Twelve milliliters whole blood
GPIb to VWF. The inhibitory characteristics of these mAbs wer@as preincubated with various concentrations of the anti-GPIb mAbs for 5
studied under shear conditions and under static conditions using fjgutes at 37°C, after which it was circulated over the collagen-coated

. . . overslips. After 5-minute perfusion, the coverslips were immersed in
modulators ristocetin and botrocetin. Several approaches were a2

. - . me?hanol and stained with May-Giwald-Giemsa. Platelet adhesion was
undertaken to localize the binding site of these mAbs on 6’Plbevaluated with a light microscope connected to an image analyzer and was

First, the mAbs were mapped using the canine-human Chimera%%ressed as percentage surface coverage with platelets. Before and after
GPlhx constructed by Shen et #lSecond, we used phage-displayevery perfusion experiment the platelet count was measured.

peptide libraried® a method that has proven to be rapid and
successful for screening antibodies recognizing both continuolsss-blocking analysis for monoclonal antibody
and as discontinuous epitop€%2 Finally, the contribution of one binding to platelets

particular site to the antlquy blndlng was further confirmed tR binding curve of all mAbs to human platelets was determined by ELISA.
some extent by mutagenesis studies. Two hundred-microliter aliquots of & 108/mL formaldehyde-fixed plate
lets were added to microtiter plates precoated witlw@0nL poly-L-lysine
(100p.L/well; Sigma). The plates were centrifuged at 4°C for 15 minutes at
150g, washed with phosphate-buffered saline, blocked with 3% skimmed

Materials and methods milk (2 hours), and incubated with serial dilutions of biotinylated anti-GPIb
mADbs (bmAbs) for 1 hour at RT. After another washing step, streptavidin—

Production and purification of novel anti-GPlb mAbs horseradish peroxidase (HRP; 1/10 000 dilution; Boehringer, Mannheim,

and source of others Germany) was added, and binding was detected after the addition of

. ortho-phenylenediamine (OPD; Sigma). The reaction was stopped with 4 M
Human platelet glycocalicin, the extracellular fragment of GRlwvas H,SQ, and absorbance was determined at 492 nm.

isolated from othated platelet concentrates (Belg_|an Re_d C_ross, Lel.Nen ’Competitive inhibition assays between the different anti-GPIb mAbs
as describe@ Anti-GPIb mAbs were prepared by immunization of mice

th ified h | lici& Th -GPIb MAb b were performed by preincubating a serial dilution of one unlabeled mAb
with purified human glycocalicirt: These a’,‘“' MADS WEre SUbse (g wL/well) with the platelets for 30 minutes at RT. Then, B0 constant
quently screened for inhibition of ristocetin-induced human platelet aggr:

: s L oncentration of the same or another anti-GPIb bmAb was added to the
gation (see below). Inhibitory antibodies were further analyzed. Trweus for 1 hour at RT. bmAb was detected after incubation with

subtype of the mAbs was c_jetermmed using an enzyme-linked _'mmunosgffeptavidin-HRP as described above and was used at a constant concentra-
bent assay (ELISA) kit (Sigma, St Louis, MO); mAbs were biotinylated;,, oy nerimentally established to saturate 50% of the binding sites.

using NHS LC biotin (sulfosuccinimidyl 6-[biotinamido] hexanoate) from
Pierce (Rockford, IL) according to the manufacturer’s instructions. Tr\%hibition of binding of WWF to arGPIb  « fragment
efficiency of biotinylation was checked by a dot-blot test and was greater
than 95% for all the mAbs used. Anti-GPlb mAbs LJ-Ib1 and LJ-1b10 werghe GPIb-vWF interaction was studied by ELISAThe purified rGPlk

a gift from Dr Z. M. Ruggeri (La Jolla, CA), 6D1 was obtained from Drfragment (H1-V289) (2ug/mL) was captured for 2 hours (RT) onto a
B. S. Coller (State University of New York, Stony Brook), TM60 was frommicrotiter plate, precoated with mAb 2D4 &/mL), and blocked with 3%

Dr N. Yamamoto (Tokyo, Japan), AK2 was purchased from Cymbuskimmed milk. mAbs 2D4 and 26D1 (negative control mAb) were
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nonblocking anti-GPIb mAbs produced in-house. A serial dilution of thglycol/NaCl. DNA was purified by phenol/chloroform extraction and was
inhibitory anti-GPIb mAb was added to the wells, together with purifiedequenced with the Sequenase version 2.0 T7 DNA Polymerase Sequencing
human vWF, at a concentration of Ojg/mL or 0.15 pg/mL, when Kit (Pharmacia) according to the manufacturer’s instructions usisSg
ristocetin (300 pg/mL) or botrocetin (0.25pg/mL) was used as a dATP (Amersham), 5CTCATAGTTAGCGTAACG-3 for the 15-mer
modulator, respectively. Wells were incubated for 2 hours at RT. Boutithrary, and 3-CCCTCATAGTTAGCGTAACG-3 for the 7-mer library.
VWF was detected after 1-hour incubation with HRP-labeled anti-vWF
antibody (DAKO, Glostrup, Denmark) using OPD as described above. Production of wild-type rGPIb  « fragment (H1-R280) and 2

mutants, G233V and M239V

Screening of the antibodies with the canine-human chimeras
of IGPIb Recombinant GPlb fragments used in the characterization of antibody

binding were produced in insect cells. Wild-type and mutant Gplere
Preparation of the expression vectors and expression of the canine-husgpressed with a C-terminal histidine-tag and were purified from the
chimeras in CHQBIX cells has been described in detail by Shen ébéh.  harvested secretion medium by metal-affinity chromatography and anion-
Figure 3A, an overview of the different chimeras is given. Binding of thexchange chromatography (D.F.W. et al, unpublished results, 2001). In
anti-GPIb mAbs to the transfected CHO cells was analyzed using fluores:|SA the wild-type fragment does not bind to plasma vVWF in the absence
cein isothiocyanate-labeled secondary antibody and flow cytofffetry.  of botrocetin and ristocetin, whereas the platelet-type VWD @gtag-

ments bind VWF spontaneously, reflecting the in vivo characteristics of
Screening of antibodies with a phage-display peptide library wild-type and platelet-type VWD Gpib

A linear 15-mer library (L15; L. Jespers, Leuven, Belgium) and a C-C-linked Binding of ant-GPIb mADs to the fragments was determined using

circular 7-mer library (C7; E. Ruoslahti, La Jolla, CA) were used. Selection fgllasmon resonance technology (Biacore, Uppsala, Sweden). A standard

antibody-binding peptides was made using a modified bio-panning techniqﬂ%‘,’v buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.005% surfactant P-20)

with the exception that beads rather than tubes were used for coating’i’nm\bs.was used, and the e)iperiments were pt;:]r_formed atRT. Cgpturing antif Gp:b
the first panning round, & 10'2 phages from each library (L15 and C7) WeremAb 2D4 was coupled to a sensor chip-type CM5 using conventiona

added, and bound phages were eluted with 0.1 M glycine-HCI. For t ine_—coupling chemist}resulting in a signal of- 1500 resonance units.
subsequent panning roundsx110M eluted phages of the previous round wereT € W|Id-typ§ (WT)—GPlb fragment (_Jr_the mutant rGFWofragments, at
concentration of 100 nmol/L, were injected at a flow qil5min for 3

used as input phages, and a competitive elution was performed by addiag 16* R - )
rGPIl fragment for 30 minutes at RT, minutes, followed by injection of the anti-GPlb mAbs (50 nmol/L) with a

flow rate of 20 pL/min. Association and dissociation phases lasted 5
Phage ELISA minutes each.' Data were analyzeq with the Biaevaluation. 3.01 soft-
ware. Langmuir (1:1) binding kinetics were used to determine the ki-
Three types of ELISA were performed to evaluate whether the selectgétic constants.
phage bound specifically to the target mAb. In the first ELISA, each pool of
phage eluted in the different rounds was screened for binding to the mAb
used for selection. In the second ELISA, positive individual colonies me sults
these pools were identified. To this end, a dilution of the eluted phage p Ie u
of the last positive panning round was plated on Luria broth (LB) a9%fentification of inhibitory anti-GPIlb monoclonal antibodies
(+tetracycline [Tc]) plates. Ninety-six single colonies were picked from these
plates and grown overnight in 2 TY medium (+Tc) in a sterile culture Qut of 2 fusions, a panel of 50 anti-GPlb mAbs was obtained, from
microtiter plate. After centrifugation of the plates, the phage containing superjgnich 5 mAbs were identified as inhibitory because they blocked
tant of each individual clone was evaluated in the ELISA. The third type wWasRiacetin-induced human platelet agglutination. To obtain 50%

competition ELISA—both the monoclonal phage and the r&Rtegment . . )
competed with each other for binding to the coated mAb. In thesseaturatlon of binding to washed fixed platelets, 0.1, 0.04, 0.08, 0.1,

competition ELISAs, a serial dilution of the rGRIfragment (H1-V 289) and 0.02pg/mL 27A10 (IgG1), 12G1 (IgGl), 12E4 (Ig.GZb),
was added with a constant concentration of the phages. Phages were usgégtlo (IgGZg), and 6B4 (IgG1), respectively, were required. All
a concentration sufficient to obtain 50% binding to the respective mAbs. MADS recognized the rGRibfragment (H1-V289) by ELISA, but
For all 3 ELISAs, mAbs were coated onto microtiter platep.(8mLin  none recognized GRibfrom platelet lysate or the rGRibfragment
Tris-buffered saline [TBS] overnight at 4°C). Plates were blocked wittH1-V289) after SDS denaturation and Western blot analysis.
TBS + 2% skim milk (2 hours, RT). After washing with TB$ 0.1% Binding of vVWF to the rGPIb fragment in the presence of 300
Tween 20, phage, rGRIK(in TBS + 2% skim milk), or both were added to |, g/mL ristocetin could be blocked dose dependently by mAbs 6B4
the wells. After 1-hour incubation at RT and washing with TB®.1% gnd 24G10 (Figure 1A). On the contrary, mAbs 12G1, 12E4, and
Tween 20, specifically bound phages were detected using HRP-IabeQefiAlo inhibited the interaction only moderately (a maximal

polyclonal anti-M13 antibody (1/5090|n TB$ 2% skim milk; Pharmacia, inhibitory effect of only 30% to 40%), even when using a high

Roosendaal, The Netherlands). Final color development was done usngq,)n .

OPD. and absorbance was measured at 492 nm concentration of the mAbs, whereas the control mAb 26D1 had no
' ' effect. Only mAbs 6B4 and 24G10 inhibited botrocetin-induced

Immunoblot analyses binding; mAbs 12E4, 12G1, and 27A10 did not, equivalent to the

noninhibitory mAb 26D1(Figure 1B). Still, mAb 24G10 was less

. : . §6tent than mAb 6B4, indicating a different mode of action. In
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a nitrocel-, = . . . S - . .
lulose membrane (Schleicher & Schuell, Dassel, Germany), blocked W@ﬁidltlon, we investigated the inhibitory capacities of our antibodies

3% skim milk in TBS, washed with TBS- 0.05% Tween 80, and incubated O1 Pinding of sodium iodide 125-vWF to fixed, intact platelets and
with bmAbs (5pg/mL in TBS + 0.05% Tween 80, 2 hours). After anotherhad results similar to those found by ELISA (data not shown).
washing step, the nitrocellulose membranes were incubated with streptavidin- These ELISA results are in agreement with aggregation studies
HRP and were developed using the enhanced chemiluminescence detedtianhich mAbs 12E4, 12G1, and 27A10 could not block botrocetin
system from Amersham (Buckinghamshire, United Kingdom). (0.5 pg/mL)-induced human platelet aggregation in PRP, in
contrast to mAbs 6B4 and 24G10, which have ag,Malue of 0.8
rg/mL and 2.5.g/mL, respectively. The I6 values for inhibition
Phages selected for sequencing were amplified overnight in+Bc) Of ristocetin-induced (1.2 mg/mL) platelet aggregation are 2.5
medium and were purified twice by precipitation with polyethylengug/mL, 1.25ug/mL, 1.3 wg/mL, 0.3 ng/mL, and 0.8ug/mL for

Purified phage clones were subjected to 10% sodium dodecyl sulfa

Sequencing of phage clones

20z aunr zo uo jsenb Aq Jpd 25900106 18U/9295291/259/€/86/4Pd-8j0lE/POO|/ 18U suoledliqndyse//:dny wouy papeojumoq



BLOOD, 1 AUGUST 2001 - VOLUME 98, NUMBER 3

0.4+
E T .
c
o 0.34
2
o
o lg-_\@7\ o
=2 S T,
g 0.2+ %
b1
1=
o
w
=
= 0.1
P i — 'y
O.U T T T T I T T
0 2 4 -] 8 10 12
pg/mL
0.5+
E 0.4
o
@
-
[m]
o 0.34
o
=
E
& 0.2+
w
=
=
0.1 L
A—A - A A
0.04 r - T - T T T T T
0 5 10 15 20 25
Hg/mL

Figure 1. Inhibitory effects of anti-GPlb mAbs. Effects on ristocetin-induced (0.3
mg/mL) (A) and botrocetin-induced (0.25 pg/mL) (B) VWF binding to a rGPlba
fragment. mAbs 24G10 (@) and 6B4 (A) blocked ristocetin-induced binding dose
dependently, whereas mAbs 27A10 (V), 12G1 ([J), and 12E4 (<) inhibited the
binding only moderately. mAbs 27A10, 12G1, and 12E4 did not block the botrocetin-
induced binding, in contrast to mAbs 6B4 and 24G10. mAb 26D1 (control, ) had no
effect when both modulators were used. Binding of VWF was detected with
HRP-labeled anti-vWF antibody. Data are the mean of 2 experiments.

mAbs 27A10, 12G1, 12E4, 6B4, and 24G10, respectively. Only

mAb 24G10 showed some inhibitory activity versus platelet 80
aggregation induced by low doses of thrombin: g@mL 24G10
inhibited 0.2 nmol/L thrombin-induced aggregation by 62% (data
not shown). Finally, at a concentration of jbg/mL, all the
mAbs—12G1, 12E4, 27A10, 24G10, and 6B4—inhibited the
adhesion of human platelets from whole blood to human collagen 40
type | in a parallel-plate perfusion chamber at a shear rate of 2600

second?, whereas mAb 26D1 did not (Table 1).

Table 1. Effect of monoclonal antibodies on shear-induced platelet adhesion
to human collagen type | studied in a parallel-plate flow chamber

Surface coverage

Anti-GPlb mAb (% of control)
6B4 40=*+12
24G10 64+21
12G1 104 =43
12E4 81+51
27A10 104 = 3.1
26D1 90 =*35

At a concentration of 5 pg/mL, all mAbs inhibited shear-induced adhesion, with
the exception of the control mAb 26D1. Results are expressed as percentage
maximal platelet adhesion (surface coverage) obtained in the absence of mAb
(control 32.5% *+ 5.2%, set as 100% surface coverage). Mean + SE, n = 3.

GPIb indicates glycoprotein Ib; mAb, monoclonal antibody.
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Cross-blocking analysis for mAb binding to platelets

We evaluated whether the 5 anti-GPIb mAbs competed with each
other for binding to human platelets (Figure 2A). Binding of each
biotinylated bmAb could be displaced by its unlabeled counterpart
in a dose-dependent manner. Monoclonal antibodies 12G1, 12E4,
and 27A10 did compete with each other, nor did they compete with
mAbs 6B4 and 24G10, yet mAbs 6B4 and 24G10 cross-blocked
the binding of each other. Based on these competition experiments,
the mAbs can be divided into 2 groups: 12G1, 12E4, and 27A10 in
the first group and 24G10 and 6B4 in the second group. This
grouping correlates with their different inhibitory effects on the
GPIb-vWF binding. The second group of mAbs (24G10, 6B4) were
defined as overall inhibitors, blocking ristocetin-, botrocetin-, and
shear-induced GPIb-vWF interaction. The first group of mAbs
(12G1, 12E4, 27A10) was clearly less inhibitory with respect to
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Figure 2. Competition between several anti-GPIb mAbs for binding to GPIb on
human fixed platelets. Human platelets were incubated with biotinylated mAbs
(bmAb) at a concentration resulting in 50% saturation and with 50.g/mL of unlabeled
antibody. Bound bmAb was detected by using HRP-labeled streptavidin. Data given
are the percentage binding relative to the binding in the absence of mAb. (A) Novel
panel of 5 anti-GPIb mAbs versus each other. Two groups of intercompeting mAbs
27A10, 12G1, 12E4 (group 1) and mAbs 6B4 and 24G10 (group 2) were found. (B)
This panel of mAbs versus other anti-GPIb mAbs characterized elsewhere. mAbs
27A10, 12G1, and 12E4 did not compete with any of other mAbs, but mAbs 6B4 and
24G10 competed with mAbs LJ-Ib1, AK2, HIP1, and TM60. The binding of TM60
could be equally blocked by mAbs LJ-Ib1, AK2, HIP1, and TM60. Detection was
accomplished using HRP-labeled streptavidin. Data given are the percentage binding
(relative to control in the absence of mAb).
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ristocetin-dependent binding of vVWF and could not block botrocetifiable 2. Binding of anti-glycoprotein Ib monoclonal antibodies to the canine-
induced binding but did inhibit the shear-induced binding of vwguman and the rehumanized chimeras

We also performed competition studies between our 5 mAbs Group 1 Group 2
and the mAbs LJ-Ibl, LJ-Ib10, HIP1, 6D1, TM60, and AK2 forCanine-human chimera 27A10 12G1 12E4 6B4 24G10
binding to platelets (Figure 2B). Binding of mAbs of the first grougss 93 2 3 98 2
(12G1, 12E4, 27A10) was not blocked by any of the investigateao 8 4 4 92 4
competing mAbs. However, mAbs 6B4 and 24G10 did compets1 2 2 2 98 2
with mAbs LJ-1b1, AK2, HIP1, and TM60. The binding of TM60 €104 3 3 3 99 3
itself could be equally blocked by LJIb1, AK2, HIP1, and TM60. €152 2 2 2 87 2

€200 2 2 2 97 1
Screening the monoclonal antibodies by using C268 2 2 2 3 3
canine-human chimeras C282 4 4 4 4 4

Rehumanized chimera
Recently, the binding sites for several other inhibitory anti-GPlhsg 84 78 81 8 4
mADbs, characterized by other laboratories, were identified usingt 75 73 76 6 73
the same canine-human chimeric systéim one set of chimeras, H104 98 97 99 6 96
the human part (aa 1-282) was progressively replaced with tHE?8 72 73 74 5 81
canine sequence starting from the N-terminus (Figure 3A). Anoth@t®? z; :i 33 ;‘ zg

set of chimeras was constructed such that the canine sequence tda
1-282) was used as a template and was incrementally replaced withginding was analyzed using fluorescein isothiocyanate—labeled secondary
the human sequence. Shen éP diemonstrated that all chimerasantibody and flow cytometry. Binding is expressed as percentage positive cells.
were functionally expressed because they bound to human vWF in

the presence of botrocetin, a modulator that does not discriminate . . . o
between human and canine GRlb of the human sequence with the canine sequence abolished binding, to

our 5 anti-human GPIb mAbs did not bind to canine plateletg"e last domain where replacement of the canine sequence by the human

indicating that this system can be used for epitope mappingFduence resulted in recovered binding. _
Binding of the mAbs to the canine-human chimeras was checked Binding of mAb 27A10 was lost when the first 59 human aa

by flow cytometry, and the results are summarized in Table 2 alf'® changed into canine and binding was re-acquired when the

Figure 3B. As described by Shen eti@the binding domains for canine sequence was rehumanized to aa 59. Therefore, the epitope
isnlikely to be contained between aa 35 and 59 (first LRR) of

each mAb were assigned from the first domain at which the replacemén -~
GPlhx. Binding of mAbs 12G1 and 12E4 was lost at aa 35 and

re-acquired at aa 59, indicating that the epitope is contained within

A the N-terminal flank of GPIe and the first LRR (1-59). Binding of
N 3550 81 104 128 12 178 200 28 2 mAb 6B4 was lost when aa 201-268 was changed to a canine
; IR : ' sequence, and binding was not yet re-acquired at aa 176; therefore,
Dog Hiitviak _ the epitope was likely to be between aa 201 and 282. Binding of
ok i ] mAb 24G10 was lost at aa 35 and re-acquired at aa 81, which
XA implies that the epitope lies within aa 1-81 (N-terminus until the
gl . ] second LRR).

C 268
C 282

Selection of phage peptides, phage ELISA, sequencing,
and sequence alignment

o Human Dog
R i e T Phages were selected from a linear pentadecamer library (L15) on
e AT T e T N e R T mADbs 6B4, 4G10, 27A10, 12G1, and 12E4 and, in addition, from
i e s — the cyclic heptamer library (C7) on mAb 6B4. After 3 rounds of
panning, a significant enrichment for phages binding to mAbs
B 27A10, 12G1, 12E4, and 6B4 was obtained. No phages could be
s s e selected for binding to mAb 24G10, despite several selection
fark [ flank g protocols with varying elution and washing procedures. We do not
AN | have a clear explanation for this nonselection. It may be that the
. iy 2!55 o epitope of mAb 24G10 is unavailable, though the diversity of the
Dt e M\Q,: ............. library is high. The same phenomenon has been observed by
) (o Sl e i v ot A . otherst920|t might be desirable to screen this particular mAb using
e - »l a panel of peptide phage libraries or using libraries containing
oL Ee. " men larger peptide inserts.
27410 822, LHot0 Individual phage clones from the third selection round (using
e DR the L15 library) on mAbs 27A10, 12G1, 12E4, and 6B4 were

Figure 3. Epitope mapping using canine-human chimeras. (A) Schematic analyzed fO_I’ bmdmg to the respective mAb OI.’I which they where
overview of the different canine-human chimeras used for epitope mapping. (B) selected (Flgure 4) and for cross-reacﬂwty with one of the other
Scheme of the N-terminal region of GPIba and localization of the epitopes of several ~ mAbs. None of the individual phage clones cross-reacted with
e o ot Other mADS except for the phage (phage 1) selected on mAb 12G1
bold). Point mutations resulting in PT-vWD gain-of-function mutations (233, 239) are that also bound to mAp :!-2E4 _(Flgure 4)- Both mAbS _belong to the
also indicated. same group; however, it is unlikely that they are identical because a
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201 (H1-v289) fragment was able to compete with the phages for
7 g-0——g-——10 o binding to the mAbs (Figure 5A-B). The only exception is mAb
IS 1.6—|T‘5fﬂ 12G1, where only one of the different sequences (phage 1)
g {0  _ m—" —n selected, PVLLFCFLAGRCVSYV, was specific (Figure 5A).
g 1210w 2 3 v Sequence analysis of the phage inserts (from the L15 library)
§ revealed that mAbs 27A10 and 12E4 each recognized a single
g 054 sequence and that mAb 12G1 recognized 2 sequences (Table 3).
> Sequence alignment of the different sequences with the &Plb
'§ sequence (aa 1-298) was made with 2 computer programs based on
@ 044 the BLOSUM 62 matrix (BEN best-fit of the GCG package and
/X;’X?"’ —R BioEdit). The alignments always positioned the sequences in the
004K . . . : : areas previously identified using the canine-human chimeras (not
0.0 50x10° 1.0x10" 15x10"° 2.0x10" shown). However, to prove that these alignments indeed might

identify amino acid residues involved in the binding of the mAbs,
Figure 4. Binding of 12E4 phages, 12G1 phages, and 27A10 phages to mAbs fu_rther' panning experlmer_lts under'less stringent conditions and
12E4, 12G1, or 27A10. Phages bound specifically to the mAb on which they were ~ With different phage peptide libraries are needed to deduce a
selected. One of the phages, selected on mAb 12G1 (phage 1 (L), cross-reactedwith  consensus sequence. This strategy was followed for mAb 6B4. As
mAb 12E4. Binding of the phages was detected using HRP-labeled ant-M13  ga|action on this mAb was performed with the L15 and C7 libraries,
antibody, as described in “Materials and methods.” W, 12E4 phage and 12E4 mAb; V¥, . . .
12G1 phage 1 and 12G1 mAb; V, 12E4 phage and 12G1 mAb; A, 27A10 phage and seqqences deDICted in Tables 3 and 4 WEI’E. Obtalr.IEd' Two §ets of
12G1 mAb; 4, 27A10 phage and 27A10 mAb; ¢, 12G1 phage 1 and 27A10 mAb. peptide sequences were found that were aligned in the region of
GPlhy, identified by the use of the canine-human chimeras. One,
- . . mprising the KPGE/D consen n I C7 an L1
phage selected for binding to mAb 12E4 did not bind to mAb 12G3°MPrising the KPG /_ CONSEnsus sequence (all €7 and 6 L15
. sequences), could be aligned within the region 256-273 (Table 4), a
(Figure 4). . . . N
jegion localized within the second part of the double disulfide loop

By means of competition ELISA, we could further show that al f GPlo. Anoth T t of tide 4 f
phages selected from L15 and C7 libraries bound specifically to the - ANOTNET, comprising a Set of peplide = sequences from

. - . . . L15 library, could be aligned within the region 230-242 (Table
- fth A h Plge tibrary, €0 _ 237
antigen-binding site of their respective mAbs because the 1& ), localized within the first part of the double disulfide loop of

GPlhx. The latter part also comprises the PT-vWD mutation at aa
A 233 (G/V) and 239 (M/V). Sequences D12 and D3, however,

Concentration phages (virions/mL)

1009 _m— ¥ . L . . .
_:_ f;‘éﬂﬁ:ggig;’:m aligned weakly within this region. Some of the peptides selected
s0] —A—12G1 phage1-12G1 from the L15 library were shorter than expected, possibly because
—¥— 12G1 phage2-12G1 of incomplete ligation efficiency during the construction procedure
o —W¥— 6B4 phage (L15)-6B4 of the Iibrary?’2
£ | —#—12G1 phage1-12E4 o . .
g ® e In addition, we tested whether the 2 cysteines present in some
= L15 phage peptides form a disulfide bridge: purified phages
S carrying the corresponding peptide sequence were separated on
SDS-PAGE under nonreducing and reducing conditions, followed
204 v by Western blot analysis, during which phages were detected with
e % */BK- the mAb for which they were selected (Figure 6). Although mAbs
0=y T Py S 27A10, 12E4, and 12G1 recognized their respective phages, mAbs
T OerPIb fragme::ngxmL) L 12G1 and 27A10 no longer did so when reducing conditions were
used. For MoAb 12E4, recognition was diminished after reduction,
B and mAb 12E4 could recognize the cross-reacting 12G1 phage 1
i ] under nonreducing, but not under reducing, conditions (not shown).
1007 =i Tiﬁiﬂ?i Results of these Western blot experiments indicate that the
8 —A—G3(L15) cysteines present in the peptides selected on these mAbs ,
| t tin th tid lected th Abs (12G1
Bty 27A10, 12E4) indeed form a disulfide bridge, necessary for
& @il A recognition by their respective mAbs. All the C7 and L15 phages
% g selected on mAb 6B4 could be detected under both nonreducing
= —O—H8(CT)
= 40 4
= —&— A2 (CT)
ES —w—E3(CT)
—+—D3(CT) Table 3. Sequences of the different L15 phage peptides selected on the
s =¥:=nonsansa phags anti—glycoprotein Ib monoclonal antibodies
mAb Selected peptide sequence n
0+
; — — —— - ey ) Group 1 6B4 See Table 4
0.01 0.1 1 10 24G10 /
rGPIb fragment (pg/mL) Group 2 12G1-phage 1 PVLLFCFLAGRCVSV 718
Figure 5. Competition between phages and rGPIb  « fragment for binding to 12G1-phage2 LRCYSHCTFYFASST* 1/8
respective anti-GPIb mAbs. (A) Competition between the rGPlba fragment (serial 12E4 MCPEMSFVAVHSCAR 15/15
dilution) and phages for binding to the respective mAbs. (B) Competition between the 27A10 GFLSSCNFRFCELVR 24/24
different 6B4 binding phages (selected from the C7 and the L15 libraries) and the
rGPlba fragment for binding to mAb 6B4. In all instances, the rGPIba fragment was mAb indicates monoclonal antibody; n, number of clones sequenced that carry

able to compete with the phages for binding to the mAb, with the exception of phage 2 the displayed sequence; /, no phage peptide selected.
selected on mAb 12G1 in panel A and the nonsense phage in panel B. *Nonspecific 12G1 binding phage.
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Table 4. Sequences selected on monoclonal antibody 6B4 using both a L15 ristocetin-induced vVWF binding, but had no effect on botrocetin-
andaC7 () phage peptide library. induced binding. The functional effects of these mAbs support the
684 clones Peptide suggestion that ristocetin-dependent binding of VWF to GPIb is
A2, E4 CNKPGERTC* probably a better reflection of what occurs under shear, in contrast
G12,D7, B4 CDTLKPGEC* to the botrocetin-induced interaction, as previously suggestéd,
All, D10 CADQIRGEC* and recently further disclosed by Dong ef&lMoreover, the mAbs
D3 CYKPGEWAC™ 12G1, 27A10, and 12E4 did not compete with any other inhibitory
HO CRPEVQQC mAD tested in this study, further indicative of their unique character
E3 CKPVENRAC* o . . o
DS, F5, B5 KPEMR and, for anoth_er antigenic gpltope, |m_portant for VWF binding
3 KPGEMRGAA under flow. This demonstration of the importance of the GPIb
E8, A9 kPapPsaLHvwrewic  N-terminal flanking sequences and adjacent first LRR is in
GPIb 251-273 SDKFPVYKP&GCPTLGDEGDT agreement with the findings of Shen etalyho demonstrated that
the GPIlx canine-human chimeras lacking the N-terminal flank
El DGRRDVVVRIAYL and adjacent first LRR supported VWF binding to a much lesser
g;z EGLgSSQ”:SR;;H&GPY extent than the wild-type.
o LPPGHVEPLASARS The 2 ot_her mAb; (6B4, _24(_31.0) not only competed with each ot_her,
GPIb 223.245 NAENVYVKOODWAMSswas Ul also with a series of inhibitory mAbs from other laboratories

(LJ-Ibl, HIP1, AK2, and TM60). The mAbs 6B4 and 24G10 inhibited

Amino acids identical with GPIba residues are italic, peptides of GPIba studiedin - \ANF-GPIb interaction, regardless of whether this was induced by

Vicente et al® are underlined, PT-vWD mutations G233V and M239V are marked by -. : . . . .

GPIb indicates glycoprotein Ib; PT-vWD, platelet-type von Willebrand disease. ristocetin, botrocetln, or shear and whether it V\{aS In contrast tolthe.: mAbS
12G1, 27A10, and 12E4. The mAb 24G10, like TM60, also inhibited
thrombin binding to GPIe. Two disparate binding sites were identified

and reducing conditions, indicating that in this case the disulfidéer this group of mAbs—aa 1-81 (N-terminal flank until the second
linked structure is not necessary for recognition by 6B4. As &RR) formAb 24G10, where LJ-Ib1, AK2, and HIP-1 also bind, and aa
example, the results with the C7-6B4 phage clone D3 are shown2@1-282 (C-terminal flank) for mAb 6B4, where TM60 binds within aa

Figure 6. 201-2681015
o ) To further define the amino acid residues important for binding
Binding of mADs to wild-type and mutated rGPIb o fragments of mAb 6B4, peptides were selected by phage display using a linear

Monoclonal antibodies 24G10, TM60, 6B4, and 27A10 wer&>-mer anc_ir_alcyclic_ 7-_mer peptide library. The_sequences obta_ined
analyzed for binding to wild-type and rGRibfragments (H1- could be divided within 2 groups and were aligned to the region

R280) that contain the PT-WWD mutations (G233V and M239V) bjreviously identified by the chimeras (aa 201-282). One group

Biacore (Figure 7). Monoclonal antibodies 6B4, 24G10, and TM¢gPuld be aligned to position 230-242, where the gain-of-function

associated strongly and dissociated slowly, resulting in low appar&fit€let-type VWD mutations have been identified. Given that we

dissociation constant values. Monoclonal antibodies 27A10 and TM@gMonstrated that 6B4 has a discontinuous epitope, it is not
bound equally well to both mutants, G233V and M239V. In contrasturprising that 2 potential binding sites were found. Our alignment

6B4 had a 5- to 6-fold reduced affinity, whereas 24G10 had a 5-fdigasults were partially confirmed by demonstrating that mAb 6B4
enhanced affinity mainly because of an enhanced on-rate. has a reduced affinity for recombinant GIfsagments carrying
either of the PT-vWD mutations. However, this finding has to be

interpreted with caution, because these mutations are known to
have structural implication®:36 Furthermore, binding of 6B4 to
these recombinant fragments was not completely abolished, indicat-

The platelet GPIb is an important receptor in the process of plateilgg that indeed another binding site is probably involved to some

adhesion under arterial levels of blood flow. The VWF binding sifgxtent. I__%a_sed on the consensus sequence KPGE/D, which was
is located within the N-terminal 300 aa of GRlbwhich contains found within the second group of selected phage sequences, the
their function, interantibody competition, and binding-site map-

the 7-tandem LRR (36-200), the conserved N- (1-35) and C-

(201-268) terminal flanking sequences, and an anionic sulfate®® 1 2

region (269-2823). Several studies using synthetic peptides, proteo) — e

lytic or mutated fragments of GPdh have further defined regions 75 — .

ping. One such area was defined within the N-terminal region ai o o W, ; | B2

1-59, and .a second areg was Cqmposed of res@ues aa 1_81. n %ﬁ% 6. Binding of anti-GPlb mAbs to peptides displayed on phage proteins

contact with the C-terminal region 201-268. Epitope mapping @fter SDS-denaturation and Western blotting.  mAb 27A10 (1, 2), mAb 12G1 (3, 4),

the mAbs was done using the human-canine chimeras ofd@®P|bmAb 12E4 (5, 6), mAb 6B4/clone D3 from the C7 library (7, 8), mAb 6B4/clone E1

and was confirmed. to some extent by screening using phéﬁ? L15 library (9,10). Phages (2 X 10%9) were run on SDS-PAGE (10% gel) either
, , s

Discussion

in the N-terminus potentially involved in binding to vVWF. We here
identified 2 functionally important antigenic areas within G&lb
based on studies with a set of novel anti-GPlb mAbs by analyzings —

50 —

. i . r nonreducing (lanes 1, 3, 5, 7, 9) or reducing (lanes 2, 4, 6, 8, 10) conditions,
peptlde libraries. transferred to nitrocellulose membranes, and next probed with respective bmAbs.

Studies using the canine-human G&lbhimeras mapped the Detection occurred after incubation with streptavidin-HRP using enhanced chemilu-
epitopes of the first group of 3 intercompeting anti-GPIb mAb@inescence. mAbs 27A10, 12E4, and 12G1 recognized their phages under nonreduc-
L . . ing, but not under reducing, conditions except for mAb 12E4. All phages selected on

(1261' 27A10, and 12E4) within the first region aa 1-59 of GRIb mAb 6B4 could be detected both under nonreducing and reducing conditions.

These 3 mAbs preferentially inhibited shear- and, to some extembjecular weight (MwW) marker is indicated.
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Figure 7. Binding of anti-GPIb mAbs to recombinant GPIb « A 6B4 B 24G10
fragments. mAbs 6B4 (A), 24G10 (B), TM60 (C), and 27A10 (D) RU B

were bound to wild-type and mutated (G233V and M239V) 220

rGPIba fragments by Biacore. Wild-type or mutated rGPlba g T g - :Gzasv
(H1-R280) fragments (100 nmol/L) were injected for 180 seconds, g g M23gy
followed by injection of the anti-GPIb mAbs (50 nmol/L) for 180 & § 140 . ' T WT
seconds, and injection of flow buffer thereafter for another 300 [ e
seconds. TM60 and 27A10 bound equally well to both mutants. G233V 100 ¢
mAb 6B4 had markedly reduced affinity, whereas mAb 24G10 o ____- M239V e e S s i s A e
had enhanced affinity. "m0 750 880 450 ss0 60 7s0 85D
Time (s) Time (s)
w © TM60 w D 27A10
| 200
e WT
% // G233V 8 21 -~ o *‘"—"-39233\:
X 420 h: 150 | r/. o WT
= / 100 f.i
" o LN
450 550 650 750 850 450 S50 650 50 850

Time (s}

aligned aa 259-262 might form the second binding site. Indeeghd has a negative influence on the affinity of aa 1-81 for binding to
Vincente et &l demonstrated that a synthetic peptide containing a&VF1637 Relief of this negative regulation by gain-of-function muta-
251-265 of GPIh could block both ristocetin- and botrocetin-tions might also result in a conformational change in aa 1-81, which we
induced GPIb-vWF binding. Peptide 231-245 abolished the ristodeere could directly demonstrate with mAb 24G10 binding to the region
tin-induced binding, but not the botrocetin-induced binding. On them 1-81. Because ristocetin also binds to @Pdbhd may bind to aa
other hand, peptides 221-235 and 241-255 had no blocking effecR&fl-27% it is possible that ristocetin, apart from its effect on VWF, also
all. Both blocking peptides are within the range of our alignmentbglps to relieve the inhibitory action of aa 230-242 on aa 1-81.
indicating that the regions 259-262 and 230-242 of GHHileed On the other hand, it is clear that with the present approaches, we
contain residues critical for binding of vVWF. have not fully identified the epitopes of any of our antibodies. Indeed,
Surprisingly, mAb 24G10, also belonging to the same group as mAscause none of the antibodies recognized SDS-denaturecr@PIb
6B4 but interacting with aa 1-81 of GRIpinstead bound better to the Western blot, the antibodies are likely to have a nonlinear epitope.
rGPIb PT-vWD mutants, reminiscent of the increased affinity for vWIFurthermore, we cannot exclude that loss of binding of the antibodies to
This indicates that mutations at positions 233 and 239 may havetha chimeras and mutants to some extent may be due to conformational
influence on the conformation of the aa 1-81 area of GPIb changes, and alignment of short-peptide sequences has to be looked at
Miller and Lyle*” reported an analogous finding when mapping theith caution. However, because all the data, based on widely different
epitope of the anti-GPlb mAb C34. This particular mAb binds better techniques—such as functional effects, antibody cross-competition,
the PT-vWD mutant G233V than the nonmutated &PBy phage- studies with chimeras, phage display, and mutants—all confirm one
display screening on mAb C34, a mimotope peptide was selected, widrmther, the conglomerate evidence indicates that the sequence regions
sequence dissimilar to that of GRIbA second screening with the identified within GPllx are dominant constituents of the epitope of the
mimotope peptide revealed an antimimotope peptide of which thetibodies.
sequence was identical to aa 230-234 of @GPIthese investigators  In conclusion, characterization of a novel panel of anti-GPIb mAbs
suggested that an intramolecular interaction occurs between the ®a4 provided further insight into the GPIb-vWF interaction. In particu-
epitope and the PT-vWD region. Interestingly, when screening mAdr, this study has made the novel finding that 2 binding sites, N-terminal
C34 with the canine-human chimefags epitope was found within aa aa 1-59 and aa 1-81 in close contact with aa 201-268, may play a role in
1-81 of the N-terminal region of GRib These findings are consistentvWF binding to GPllx under high shear stress. Moreover, we have
with our hypothesis that an association exists between theoGPlprovided additional support for the existence of an intramolecular
N-terminal region aa 1-81 and the C-terminal region (a 201-268§sociation between the leucine-rich repeat N-terminal (aa 1-81) and the
comprising the PT-vWD mutations. C-terminal flanking (aa 201-268) domains of GiIEnowledge of the
Further evidence that the areas aa 201-268 and aa 1-81 tickmensional structure of GRibwill probably be the key to a
topographically associated comes from antibody cross-blockidgfinitive explanation of the mechanisms involved in the regulation of
studies, because mAbs interacting with the first area prevedPlhx receptor activity.
binding of mAbs to the second, and vice versa. The anticipated
horseshoelike structure of the leucine-rich repeats of GRllalso
consistent with the possibility that these 2 regions are proxifnal. Acknowledgments
Other investigators have shown that the region 201-268 of &PIb
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