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Novel monoclonal antibody-based enzyme immunoassay for
determining plasma levels of ADAMTS13 activity

Seiji Kato, Masanori Matsumoto, Tomomi Matsuyama, Ayami Isonishi, Hisahide Hiura, and
Yoshihiro Fujimura

BACKGROUND: ADAMTS13 specifically cleaves
unusually large von Willebrand factor (VWF) multimers,
which induce platelet thrombi formation under high shear
stress, ADAMTS13 activity is deficient in patients with
thrombotic thrombocytopenic purpura (TTP). The
determination of plasma levels of ADAMTS13 activity is
a prerequisite for a differential diagnosis of thrombotic
microangiopathies. Here, a unique and highly sensitive
enzyme immunoassay (EIA) of ADAMTS13 activity is
described.

STUDY DESIGN AND METHODS: ADAMTS13
hydrolyzes the peptide bond between Y1605 and M1606
of VWF. In this assay, a recombinant fusion protein (GST-
VWF73-His) is used as a substrate. A panel of mouse
monoclonal antibodies (MoAbs) that specifically
recognizes Y1605, which is the C-terminal edge residue
of the VWF-A2 domain and is generated by the enzymatic
cleavage, has been produced. These antibodies were
prepared with a synthetic decapeptide, termed N-10
(1596-DREQAPNLVY-1605), as the immunogen. Twenty-
six clones specific to N10 were obtained, and one anti-
N10 MoAb was used in this study.

RESULTS: With horseradish peroxidase—conjugated
anti-N10 MoAb, a standard enzyme assay was
established. This assay was highly sensitive, and the
detection limit was Q.5 percent of the normal. Further, an
inhibitor of ADAMTS13 was measured to a level of 0.1
Bethesda units per mL. ADAMTS13 activity was
measured in 20 patients with Upshaw-Schulman
syndrome, a congenital TTP, and 61 acquired TTP
patients. The activity measured by this assay and by the
classic VWF multimer assay showed high correlation.
CONCLUSION: A convenient and highly sensitive EIA for
ADAMTS13 activity has been established. This assay can
be introduced for routine laboratory work in transfusion
medicine.
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hrombotic thrombocytopenic purpura (TTP) is

a life-threatening disorder characterized by

Moschcowitz’s pentad of thrombocytopenia,

microangiopathic hemolytic anemia, fluctuating
neurologic signs, renal impairment, and fever.! With the
exception of the thrombocytopenia, however, recent stud-
ies have indicated that clinical features of TTP are highly
heterogeneous.?* This observation has become solid after
a discovery of von Willebrand factor (VWF)-cleaving pro-
tease or ADAMTS13 (a disintegrin-like and metallo-
proteinase with thrombospondin type 1 motif 13).Y A
laboratory diagnosis of TTP is now made upon measure-
ment of plasma ADAMTS13 activity,'*!" congenitally
conferred by mutations in the ADAMTSI3 gene in
Upshaw-Schulman syndrome (USS)"? or acquired after
the development of neutralizing and/or nonneutralizing
autoantibodies. :

ADAMTS13 is primarily produced by the stellate cells
of liver (Itoh cells) and then thought to be released into
circulation via the microsinusoidal system.'* Under the
physiologically high shear stresses of this site, ADAMTS13

ABBREVIATIONS: BU(s) = Bethesda unit(s); GST = glutathione
S-transferase; His = histidine; TMA(s) = thrombotic
microangiopathy(-ies); TTP = thrombotic thrombocytopenic
purpura; USS = Upshaw-Schulman syndrome; WB(s) = Western
blot(s).

From the Department of Blood Transfusion Medicine, Nara
Medical University, Nara; and the Research Institute of Japan
Clinical Laboratory, Kyoto, Japan.

Address reprint requests to: Yoshihiro Fujimura, MD,
Department of Blood Transfusion Medicine, Nara Medical
University, 840 Shijo-cho, Kashihara City, Nara, 634-8522, Japan;
e-mail: yfujimur@naramed-u.ac.jp.

This work was supported in part by research grants from the
Japanese Ministry of Education, Culture, and Science (to Y.F and
M.M.) and the Ministry of Health and Welfare of Japan for Blood
Coagulation Abnormalities H17-02 (to Y.F).

Received for publication November 18, 2005; revision
received January 16, 2006, and accepted January 22, 2006.

doi: 10.1111/}.1537-2995.2006.00914.x

TRANSFUSION 2006;46:1444-1452.



specifically cleaves the Y1605-M 1606 bond of the VWF-A2
domain. Deficiency of this enzyme results in the accumu-
lation of unusually large VWF multimers in the circulation
that can lead to platelet (PLT) aggregation.™

During the past decade, assessment of plasma
ADAMTS13 activity was performed by an electrophoretic
technique with purified VWF as a substrate. This method
required a relatively long reaction time in the presence of
protein denaturants, such as 1 to 1.5 mol per L urea or
guanidine-HCL'"™" More recent studies, however, have
used Escherichia coli-expressed recombinant VWF-A2
polypeptides, tagged with glutathione S-transferase
(GST)-histidine (His; GST-VWF73-His) or His-T100 (His-
VWF188-T100), as the substrate for ADAMTS13 cleavage
in the absence of protein denaturants; these changes have
dramatically shortened the reaction time.’*"" In both the
classic and the modern assays, however, the principle for
determination of ADAMTS13 activity is based on the
quantification of residual undigested substrate. A recently
introduced FRETS-VWF73 assay with a fluorogenic sub-
strate,’® unlike other previously reported assays, directly
measures the final product generated by ADAMTS13
cleavage. These assays, however, are not sensitive enough
to measure the low levels (approx. 5%) of plasma
ADAMTS13 activity. Distinction of these levels is critically
important to understand the manifestation of the clinical
signs of TTP. In addition, this FRETS-VWF73 assay requires
a fluorophotometer, which uncommon in routine diag-
nostic laboratories.

We have developed a highly sensitive enzyme-linked
immunosorbent assay (ELISA) measuring ADAMTS13
activity. First, we prepared specific monoclonal antibodies
(MoAbs) directed against the decapeptide of the VWF-A2
domain ending with the C-terminal edge residue Y1605,
which is generated by ADAMTS13 cleavage. These MoAbs
did not react with intact VWE but did react with the syn-
thetic decapaptide as well as the monomeric or dimeric
N-terminal VWF polypeptide (residues 764-1605). Thus,
the peroxidase-labeled MoAb could be used as a detection
antibody with recombinant VWF73 (residues 1596-1668 of
VWF subunit), tagged with both GST and a His tag (GST-
VWF73-His)," as the enzyme substrate in this novel ELISA.
Because this assay would be completed within 3 hours
under the hospital environments, it can be introduced for
routine laboratory work in transfusion medicine.

MATERIALS AND METHODS

Assays of ADAMTS13 activity and its inhibitors by
VWF multimer analysis

We performed a classic VWF multimer assay to screen
plasma samples for ADAMTS13 activity and the presence
of inhibitors.'®!? The detection limit of this method for
ADAMTSI3 activity was 3 percent of the normal levels.
The inhibitor titers are expressed as Bethesda units
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(BUs),' where one inhibitor unit is defined as the amount
necessary to reduce ADAMTS13 activity to 50 percent of
control levels. A titer of greater than 0.5 BUs per mL was
considered to be significant. Before assessing the levels of
ADAMTS13 inhibitor, test plasma samples were heat-
treated at 56°C for 1 hour to kill endogenous ADAMTS13
activity. After centrifugation, the supernatants were exam-
ined by these assays.

Patients and their plasma samples

Patient plasma samples were collected from referring hos-
pitals across Japan, along with the patients’ clinical infor-
mation. Those plasma samples that fulfilled the diagnostic
criteria for thrombotic microangiopathies (TMAs)* were
used in this study. Measurement of plasma ADAMTS13
activities and inhibitor titers by VWF multimer analysis
categorized these patients into three groups: 1) less than
3 percent of ADAMTS13 activity without the presence
of an inhibitor (congenital TTP or USS), 2) less than
3 percent of ADAMTS13 activity with an inhibitor present
(acquired TTP), and 3) moderately decreased (23%) or
subnormal ADAMTS13 activity with or without its inhibi-
tor (TMA). Patients with the clinical manifestations of
constitutive TMA, but with normal ADAMTS13 activity,
which might be caused by abnormalities in Factor H or
CD46, were excluded from this study.

According to these classifications, 81 patients were
examined in this study. Of these, 29 had developed
acquired TTP, 32 exhibited TMA with measurable
ADAMTSI13 activity level, and 20 had USS. ADAMTS13
gene analysis confirmed that all USS patients were either
compound heterozygotes or homozygotes for gene abnor-
malities in this protease. In addition, 33 relatives of these
USS patients were identified as the carriers of ADAMTS13
gene mutations.?'*

Citrated PLT-poor plasma samples prepared from
these subjects were frozen on dry ice, sent to our labora-
tory, and stored at -80°C until use. Normal citrated plasma
samples were obtained from 55 healthy individuals (29
female and 26 male, aged 20-40 years) for use as controls
and frozen in aliquots at —80°C. Pooled normal plasma
samples from these individuals was used as standard
plasma in this study. These studies were conducted with
the approval of the ethics committee of Nara Medical
University.

Preparation and cleavage of GST-VWF73-His

fusion protein

Recombinant GST-VWF73-His fusion protein was
expressed in E. coli inclusion bodies and purified by the
method of Kokame and colleagues.'® Purified GST-VWF73-
His was cleaved with plasma ADAMTS13 by the incuba-
tion of 540 ng of substrate with 1 pL of normal plasma in
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a total volume of 100 uL of reaction buffer (5 mmol/L Tris-
HCI, 10 mmol/L BaCl,, and 1 mmol/L PMSE pH 5.5) at
37°C for 1 hour. Reactions were terminated by the addi-
tion of 1 uL of ethylenediaminetetraacetate (EDTA)-2Na
(500 mmol/L).

Production of anti-N10 and N15 murine MoAbs

Two synthetic peptides were designed for use as im-
munogens in the production of MoAbs, a decapeptide
(1596-DREQAPNLVY-1605, termed N10) derived from
the VWF-A2 domain and a pentadecapeptide (1596-
DREQAPNLVYMVTGN-1610, termed N15). Both peptides
were conjugated to keyhole limpet hemocyanin (Asahi
Techno Glass Corp., Tokyo, Japan). Four 8-week-old
Balb/c mice were immunized subcutaneously with 50 pg
of each peptide emulsified in complete Freund'’s adjuvant
(Wako Pure Chemical Industries, Ltd.,, Osaka, Japan).
Three immunizations were performed at 2-week intervals.
A final booster was given intraperitoneally at a concentra-
tion of 10 ug per 100 pL in saline solution at 2 weeks after
the last immunization. Mice splenocytes were fused with
myeloma cells (P3U1 cell line) according to the method of
Kohler and Milstein.® Screening of positive hybridomas
was performed by ELISA of culture supernatants in poly-
styrene microtiter plates coated with the recombinant
peptides.

Conjugation of horseradish peroxidase to MoAb

Antibodies were purified from culture supernatants of
hybridoma cells with a protein A-Sepharose Fast Flow
column (Amersham Bioscience, Corp., Piscataway, NJ).
Fractions containing immunoglobulinG (IgG) were
pooled and dialyzed against PBS. Purified monoclonal
IgG was digested with pepsin; the resulting F(ab’), frag-
ments were purified by the method of Hamaguchi and
associates® and conjugated to horseradish peroxidase
(HRP).7

Western blot analysis

Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) was performed with either a Tris-glycine
buffer system?® or a Tris-tricine buffer system.? After elec-
trophoresis, separated proteins were electrophoretically
transferred to polyvinylidene fluoride (PVDF) membranes
(Bio-Rad, Hercules, CA). After blocking nonspecific bind-
ing with 3 percent skim milk, PVDF membranes were
incubated with monoclonal IgGs. When indicated, the
monoclonal IgGs were labeled with HRP; for unlabeled
monoclional IgGs, bound antibody was detected with per-
oxidase-labeled anti-mouse 1gG. Proteins were visualized
by chemiluminescence with Western lightning chemilu-
minescence reagent (Perkin-Elmer Life Sciences, Inc.,
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Boston, MA) and imaged by X-ray autoradiography (East-
man Kodak, Rochester, NY).

ELISA for ADAMTS13 activity with anti-N10 MoAb

One-hundred microliters of GST-VWF73-His solution
(250 ng/mL in PBS with 1 percent BSA) was added to each
well of microtiter plates coated with an anti-GST poly-
clonal antibody (Rockland Immunochemicals, Inc., Gil-
bertsville, PA) and incubated at 37°C for 1 hour. After three
washes with PBS-0.05 percent Tween 20 (PBS/T), 100 pL
of each sample, plasma diluted 11-fold in reaction buffer
(5 mmol/L acetate buffer and 5 mmol/L MgCl,, pH5.5)
was incubated in the wells at 37°C for 1hour. After
washing the wells three times with PBS/T, 100 uL of HRP-
conjugated anti-N10 MoAb (No. 146) was added and incu-
bated at 37°C for 1 hour. Wells were then washed three
times with PBS/T. One-hundred microliters of HRP sub-
strate (o-phenylendiamine-H,0,) was added and incu-
bated for 10 minutes. The reaction was terminated with
100 uL of 1 mol per L H,SO,; absorbance was then mea-
sured at 492 nm. To generate a reference curve, pooled
normal plasma serially diluted in heat-immobilized
plasma was assessed. To determine sample activity in
plasma, the optical density of the test sample was inter-
polated against the reference curve. The ADAMTSI3
inhibitor titer was measured by the combination of this
ELISA with a Bethesda method.

Anti-ADAMTS13 murine MoAb

Two anti-ADAMTS13 murine MoAbs, termed A10 and C7,
were produced in our laboratory as previously reported.”
Of these, A10 completely inhibited plasma ADAMTS13
activity at a final concentration of 50 ug IgG per mL by
VWF multimer assay, and the epitope was shown residing
on a disintegrin-like domain of ADAMTS13 molecule.’

RESULTS

Epitope mapping of anti-N15 and N10 MoAbs

By ELISA-based screening assay, we obtained three MoAb
clones specific for peptide N15 and 26 MoAb clones
against peptide N10. The reactivity of these MoAbs was
also tested by Western blotting (WB) with two GST fusions
of VWE GST-VWF73-His (uncleaved) and GST-VWF10
(cleaved by ADAMTS13; Fig. 1). Clones of anti-N15 MoAbs
immunoreacted solely with the intact GST-VWF73-His
(35kDa) and did not react with cleaved GST-VWF10
(30kDa). In contrast, the clones of anti-N10 MoAbs
reacted with the GST-VWF10, but only barely with GST-
VWE73-His. We chose two anti-N15 clones (No. 22 and 73)
and three anti-N10 clones (No. 116, 146, and 229) for fur-
ther characterization.
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within amino acid residues 1596-
DREQAPNLVYM-1606 of the VWF-A2
subunit, which required the presence
of the two adjacent residues (1605-
YM-1606). In contrast, three anti-N10
MoAbs consistently recognized
epitopes on the 1597-REQAPNLVY-1605
peptide. For the anti-N10 MoAbs, the
presence of Y1605 as the C-terminal res-
idue was an absolute requirement; nei-
ther of these MoAbs reacted with the

a0 gl an[ﬁSTkDa N11 or N9 peptides. Deletion of the two

- ~®<  ®%35 Uncleaved N-terminal residues (D1596 and R1597)
-.‘-----.--.‘.----:_'": RN - +30 Ceaved  gom the N10 peptide resulted in an
No. l+16 146 229 2273 almost complete loss of immunoreac-

Fig. 1. Production of anti-N10 and anti-N15 murine MoAbs. The schematic structures
of the GST-VWF73-His (uncleaved) and GST-VWF10 (cleaved by ADAMTS13) fusions are
shown in the top panel. Anti-N10 MoAbs (26 clones), anti-N15 MoAbs (3 clones), and a
polyclonal anti-GST antibody serving as a control were used for WB. The anti-N15
clones immunoreacted with the uncleaved GST-VWF73-His band (35 kDa), but not
with the cleaved GST-VWF10 (30 kDa). In contrast, the anti-N10 MoAbs reacted with

the GST-VWF10, but only minimally with GST-VWF73-His.

tivity with the three anti-N10 MoAb
clones. Thus, the epitopes recognized
by the anti-N10 MoAbs consistently
reside within the 1597-REQAPNLVY-
1605 peptide. Hereafter, two MoAbs,
one anti-N10 (No. 146) and one anti-
N15 (No.22), were used for further
studies.
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Fig. 2. Epitope mapping of anti-N15 (left) and anti-N10 (right) MoAbs by antigen-
immobilized ELISA. For epitope mapping, we tested the immunoreactivities of
anti-N15 and anti-N10 MoAbs against a panel of synthetic peptides by ELISA. The
immunoreactivities of N15 against the C-terminal truncated peptides are shown in the
top panel. The anti-N15 MoAbs reacted with N15 to N11, but lost any interaction upon
deletion of M1606. In contrast, the anti-N10 MoAbs specifically reacted with N10 only.
In the bottom panel, the reactivity of the anti-N15 and anti-N10 MoAbs with N-
terminally deleted N11 and N10 peptides were shown. The anti-N15 MoAbs completely
lost their immunoreactivity with the deletion of the four N-terminal residues (D1596
to Q1599) from the N11 peptide. The anti-N10 MoAbs lost theirimmunoreactivity upon

deletion of the two N-terminal residues (D1596 and R1597).

To determine the precise epitopes recognized by
these MoAbs, we tested the immunoreactivity of anti-N15
and anti-N10 MoAbs for a panel of synthetic peptides by
ELISA (Fig. 2). The two anti-N15 MoAbs shared epitopes

ing conditions. Reducing conditions,

however, displayed two distinct bands
of 140 kDa (a monomer of VWF residues
764-1605) and 176 kDa (a monomer of
VWF residues 1606-2813; Fig.3). We
analyzed these rADAMTS13-cleaved
VWF fragments by WB with the anti-
N10 and N15 MoAbs.

The anti-N10 MoAb reacted exclu-
sively with the 280-kDa fragment and
did not react with the 340-kDa fragment
under nonreducing conditions. Under
reducing conditions, the anti-N10
MoAb reacted with the 140-kDa frag-
ment, but not with the 176-kDa fragment.

In contrast, the anti-N15 MoAb did not react with
VWF either before or after cleavage by rADAMTS13 in
either nonreducing or reducing conditions. These results
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Fig. 3. Inmunoreactivity of anti-N10 and anti-N15 MoAbs against VWF fragments gen-
erated by ADAMTS13 cleavage. Cleavage of purified VWF by recombinant ADAMTS13
generated two major fragments with molecular weights of 340 kDa (C-terminal dimer
of VWF subunit) and 280 kDa (N-terminal dimer of VWF subunit) by a SDS-5 percent
PAGE under nonreducing conditions (left). Under reducing conditions (right), two
bands corresponding to the N-terminal 140-kDa fragment and the C-terminal 176-kDa
fragment could be seen. WB analysis of these VWF fragments before (b) and after (a)
cleavage by recombinant ADAMTS13 was performed with the anti-N10 (No. 146) and
anti-N15 (No. 22) MoAbs. The anti-N10 MoAb reacted exclusively with the 280-kDa
fragment, not the 340-kDa fragment, under nonreducing conditions. Under reducing
conditions, the anti-N10 MoAb reacted with the 140-kDa fragment, but not with the
176-kDa fragment or the uncleaved 250-kDa VWE In contrast, the anti-N15 MoAb did
not react with VWF either before or after cleavage by rADAMTS13, under either non-

aminopeptidases, and acid proteases;
Sigma-Aldrich, Inc., St. Louis, MO).
The optimal conditions for this
ELISA were determined with pooled
normal plasma. We varied the following
conditions in the reaction mixture
(Fig. 4B): 1) incubation time for enzy-
matic cleavage, 2) species of divalent
metal ions present, 3) NaCl concentra-
tion (ionic strength), 4) Mg* concentra-
tion, 5) urea concentration, and 6) pH.
The ELISA was most efficient when
performed for 1 hour in 5 mmol per L
acetate buffer (pH5.5) containing
5 mmol per L MgCl, in the absence of
urea. A detection limit of 0.5 percent
ADAMTS13 activity was estimated by
the intersection point of the curve of
minus 2.6 standard deviations (SDs) for
the standards measured in 10 replica-
tions and the zero standards of plus
2.6 SDs (data not shown). To evaluate the
precision of this assay, we measured the
ADAMTSI13 activities present in three
different plasma samples in eight repli-
cations (within-run assay). The mean +
SD values of three samples were 4.4 +
0.4, 52.0+£2.1, and 103.2+ 7.4 percent
(n=8). The coefficient of variation val-
ues of three samples were 9.7, 3.9, and
7.1 percent (n=8), respectively (data

reducing or reducing conditions.

indicate that the epitope recognized by the anti-N15
MoAb on VWF subunit is cryptic before rADAMTS13-
mediated cleavage, but no longer exists after cleavage of
the 1605-YM-1606 bond. After SDS-1.2 percent agarose
gel electrophoresis of normal plasma, WBs with either the
anti-N10 or the anti-N15 MoAbs could not detect the VWF
multimeric patterns (data not shown).

Establishment of ELISA for ADAMTS13 activity

When ELISA was performed with pooled normal plasma,
as described under Materials and Methods, reactivity
measured at OD492 nm increased proportionally to the
amount of plasma added (Fig. 4A). This additive effect,
however, was not seen when with plasma sample derived
from patients with USS or acquired TTP. The reactivity
of pooled normal plasma was completely blocked by
10 mmol per L EDTA, but was not abolished by the addi-
tion of a protease inhibitor cocktail (effective against
a broad range of serine proteases, cysteine proteases,
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not shown).

Effect of antibodies in the novel ELISA

Under the optimal conditions determined above, we
examined the effect of antibodies against VWF and
ADAMTSI13 in this novel ELISA (Fig. 5A). Pooled undiluted
normal plasma was incubated for 2 hours at 37°C with
varying concentrations of each purified IgG; the residual
activity of ADAMTS13 in each mixture was then deter-
mined. The purified IgG from normal subjects did not
exhibit significant inhibition at any concentration tested,
but samples from patients with acquired TTP showed
a dose-dependent inhibition, completely abrogating
ADAMTS13 activity at a final concentration of 500 ug per
mL. Anti-ADAMTS13 MoAb A10 (20 ug IgG/mL, final)
totally blocked ADAMTS13 activity in this novel ELISA, as
shown in the VWF multimer assay. The anti-N15 MoAb
displayed total inhibition of plasma ADAMTS13 activity at
a concentration of 20 ug per mL. These results indicate
that this novel ELISA can specifically recognize the cleav-
age of the peptide bond between Y1605 and M1606 of the
VWF-A2 domain.
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Fig. 4. Establishment of ELISA for ADAMTS13 activity. (A) In this ELISA, intensity at
0D492 nm increased in proportion to the normal plasma () concentration. This cor-
relation was not observed for plasma samples from patients with USS (@) or acquired
TTP (W) or in the presence of 10 mmol/L EDTA (x). The values for normal plasma
shown are the mean and SD (n =10). (B) Optimal conditions for this ELISA were deter-
mined with pooled normal plasma by varying the following conditions: 1) incubation
time for enzymatic cleavage, 2) the species of divalent metal ions included (5 mmol/L,
final concentration), 3) NaCl concentrations (ionic strength), 4) Mg* concentrations,

5) urea concentrations, and 6) pH.

Measurement of plasma ADAMTS13

inhibitory activity

We also determined plasma ADAMTS13 inhibitory activity
in samples from patients with acquired TTP with this
ELISA. We observed a good correlation between the activ-
ities of anti-ADAMTSI13 inhibitors determined by this
ELISA and those given by the VWF multimer assay
(Fig. 5B). The detection limit of VWF multimer and ELISA
methods were 0.5 and 0.1 BUs per mL, respectively. A sig-
nificant positive correlation with a coefficient of 0.99 was
observed for 38 independent samples.

Levels of plasma ADAMTS13 activity

For 20 patients with USS who consistently exhibited
plasma levels of ADAMTSI13 activity less than 3 percent
of normal levels by a classic VWF multimer assay, the
value determined with this novel ELISA was less than
0.5 percent of normal levels in 16 patients. In the remain-
ing 4 patients, the values ranged from 0.6 to 1.3 percent.
USS carriers (n=33) exhibited activities averaging 34.3 +
12.3 percent (mean + SD; Fig. 6). We have reported a very
rare individual, the father of a patient with USS, who car-
ries two ADAMTS13 gene mutations (R268P/P475S). He

E
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assay. In these groups, the levels of
plasma ADAMTS13 activity measured
by the novel ELISA were 0.7+0.5 and
13.8£10.3 percent, respectively. In
normal individuals, plasma level of
ADAMTS13 activity measured under
these conditions averaged 99.1+21.5
percent (26 male, 97.1+18.1%; 29
ferale, 100.1 + 24.4%; Fig. 6).

The ADAMTS13 activities measured
by either ELISA or the classic VWF
multimer assay were compared for the
three groups of USS patients and carri-
ers, patients with acquired TTP and
normal individuals (Fig. 7). The regres-
sion line for the three groups were
y=0.67x+3.51, y=1.15x+1.40, and
y =0.90x + 10.05, respectively. The correlation coefficients
for the three groups were r=0.82, r=0.79, and r=0.85,
respectively.
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DISCUSSION

We have developed a convenient and highly sensitive
ELISA measuring ADAMTS13 activity. We prepared mouse
MoAbs that recognized the C-terminal edge residue Y1605
of the VWF-A2 domain that is exposed by ADAMTS13
cleavage. Two synthetic peptides, N15 and N10, derived
from the VWF-A2 domain were prepared and used as
immunogens. We have obtained a number of MoAb clones
specific for both peptides and used one MoAb from each
group for further studies. Anti-N15 MoAb reacted with
both the N15 peptide and GST-VWF73-His, but did not
react with N10, GST-VWF10, or the 250-kDa VWF subunit,
indicating that the epitope includes the 1605-YM-1606
bond within the VWF-A2 domain, which is cryptic in the
full-length VWF subunit. In contrast, the anti-N10 MoAb
reacted with the N10 peptide, GST-VWF10, the dimer of
the N-terminal VWF subunit, and the monomer of the
N-terminal 140-kDa band, but did not react with other
synthetic peptides, GST-VWF73-His, or the undigested
250-kDa VWF subunit. Studies with a panel of N10-related
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Fig. 5. Effect of antibodies in this ELISA and levels of plasma anti-ADAMTS13 inhibitor.
Pooled undiluted normal plasma was incubated for 2 hours at 37°C with varying con-
centrations of purified IgGs. The residual activity of ADAMTS13 in this mixture was
then determined. (A) Purified IgG from normal subjects (M) and normal mouse IgG
(®) did not exhibit any significant inhibition at any of the concentrations tested; sam-
ples from patients with acquired TTP (A) demonstrated a dose-dependent inhibition.
Of two anti-ADAMTS13 MoAbs generated in this study, both the A10 antibody (x) and
the anti-N15 MoAb (No. 73; ¢) completely inhibited ADAMTS13 activity at a concen-
tration of 20 ug/mL. (B) The measurements of anti-ADAMTS13 inhibitor concentration
by this ELISA and the VWF multimer assay correlated well. The inhibitor detection
limit for the VWF multimer and ELISA methods were 0.5 and 0.1 BUs per mL, respec-
tively. A significant positive correlation with a coefficient of 0.99 was observed for 38

The first advantage of this assay is
the increased sensitivity. The lower limit
of this assay was determined to be
0.5 percent of the normal control, in
contrast to that of conventional assays
at 3 to 5 percent. The sensitivity of this
assay provided us with new information
about USS and acquired TTP. For exam-
ple, the novel ELISA demonstrated that
16 of 20 USS patients had plasma levels
of ADAMTS13 activity below 0.5 percent
of the normal control. The remaining 4
patients, however, had the values of 0.6
to 1.3 percent. Interestingly, an asymp-
tomatic carrier with R268P/P475S gene
mutations, the father of a USS patient,
showed 4.2 percent of the activity by
this ELISA. This may indicate that the
plasma level of ADAMTSI13 activity
between 1.3 and 4.2 percent is a range
essentially important to regulate the
manifestation of clinical signs of TTP,
unless other precipitating factors are
present. Prophylactic infusions with a
small amount of fresh-frozen plasma
(approx. 5 mL/kg, every 2-3 weeks) to

independent samples.

synthetic peptides indicated that the crucial epitope for
anti-N10 MoAb requires Y1605 to be the C-terminal resi-
due, but also recognizes a conformation created by the
nanopeptide sequence (1597-REQAPNLVY-1605). This
recognition pattern allows the use of this MoAb in our
novel ELISA, as the C-terminal Y1605 residue is exposed
by the cleavage of full-length VWF by ADAMTS13.

When we performed an ELISA with GST-VWF73-His
as a substrate and HRP-labeled anti-N10 MoAb as a sec-
ond antibody, reactivity increased in proportion to the
amount of enzyme added. Next we optimized reaction
conditions of this ELISA, because ADAMTS13 requires the
presence of divalent cations for its activity. In our novel
ELISA, Mg** was most efficient for expressing the pro-
teolytic activity. This result appeared to be slightly differ-
ent from previous studies, because Ba®* was optimal in the
VWF multimer assay with native VWF as substrate,®
whereas Ca* was most efficient in FRETS-VWF73 assay.
This inconsistency is apparently caused by the difference
of substrate species and reaction conditions, including
protein denaturants and pH. Thus, we have included
5 mmol per L MgCl, in the reaction mixture of our assay.
We confirmed the specificity of this novel ELISA by inhi-
bition with EDTA and with a variety of well-characterized
MoAbs. As a result, this novel ELISA is superior to previ-
ously reported assays.
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USS patients, which is effective at pre-

venting the clinical manifestations, may

support our speculation. Further, in
patients with acquired TTP with less than 3 percent of
ADAMTS13 activity by a VWF multimer assay, this ELISA
showed that 23 of 29 had ADAMTSI13 activity below
0.5 percent, and the remaining six patients had the values
of 0.6 to 2.6 percent.

The second advantage of this assay is the sensitivity
of measurement for inhibitors of ADAMTS13. The exist-
ence of inhibitors of ADAMTS13 is the key to diagnosing
acquired TTP. The levels of plasma inhibitors against
ADAMTSI13 are also an indicator of the efficacy of therapy,
typically plasma exchange or corticosteroids, in patients
with acquired TTP. It is difficult, however, to determine
accurately the low titers of plasma inhibitors of
ADAMTS13 with conventional methods. The detection
limit for inhibitors in this novel ELISA was calculated at
0.1 BU per mL. Inhibitor levels under 0.5 BU per mL, the
lower limit of a VWF multimer assay, were detected in five
patients with acquired TTP with this ELISA. Further inves-
tigation will be required to identify the significance of low
titer inhibitors.

The third advantage of this ELISA is convenience of
its performance in hospital environments, because it does
not require any special technique or instrument except for
standard ELISA equipment routinely used in many labo-
ratories. As a consequence, we have established a conve-
nient and highly sensitive MoAb-based ELISA to measure



ADAMTSI13 activity. The values determined by this
method correlated well with those determined by classic
VWF multimer assay. Because this novel assay utilizes
MoAbs, it may be possible to develop a rapid, automated
assay to assess ADAMTSI13 activity based on this
technology.
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Summary. Objective: Platelet integrin a;,,; plays a crucial role
in platelet aggregation, and the affinity of oy,f; for fibrinogen is
dynamically regulated. Employing modified ligand-binding
assays, we analyzed the mechanism by which o33 maintains
its high-affinity state. Methods and results: Washed platelets
adjusted to 50 x 10% uL~' were stimulated with 0.2 U mL™'
thrombin or § pm U46619 under static conditions. After the
completion of ay,ff; activation and granule secretion, different
kinds of antagonists were added to the activated platelets. The
activated a3 was then detected by fluorescein isothiocyanate
(FITC)-labeled PACI. The addition of 1 um AR-C69931MX
(a P2Y,; antagonist) or 1 mm A3PSP (a P2Y, antagonist)
disrupted the sustained oy, 83 activation by ~92% and ~38%,
respectively, without inhibiting CD62P or CD63 expression.
Dilution of the platelet preparation to 500 uL™" also disrupted
the sustained ay,f; activation, and the disruption by such
dilution was abrogated by the addition of exogenous adenosine
S’-diphosphate (ADP) in a dose-dependent fashion. The
amounts of ADP released from activated platelets determined
by high-performance liquid chromatography were compatible
with the amounts of exogenous ADP required for the
restoration. We next examined the effects of antagonists on
protein kinase C (PKC) and RaplB activation induced
by 0.2 UmL™' thrombin. Thrombin induced long-lasting
PKC and RaplB activation. AR-C69931MX markedly
inhibited Rapl!B activation without inhibiting PKC activa-
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tion. Conclusions: Our data indicate that the continuous
interaction between released ADP and P2Y, is critical for the
matintenance of a;,f; activation.

Keywords: a3 activation, adenosine 5'-diphosphate, P2Y ),
protein kinase C, Rap 1B.

Introduction

Platelet oy pfs (GPIIb-Illa), a non-covalently associated
heterodimer, is a prototypic integrin that functions as a
physiologic receptor for fibrinogen and von Willebrand
factor (VWF). oypf3 plays a crucial role in platelet
aggregation, a key event of hemostatic plug formation and
pathologic thrombus formation [1-3]. Inherited abnormalit-
ies in the expression or the function of oy,f; preclude
platelet aggregation, resulting in the bleeding disorder
Glanzmann thrombasthenia (GT) [4,5]. Conversely, clinical
studies have shown the beneficial effects of o),f; antago-
nists in patients undergoing coronary angioplasty or suffer-
ing from unstable angina [6,7]. During thrombogenesis, the
affinity of apfl3 for macromolecular ligands is dynamically
regulated [1-3]. In resting platelets, oy,f; is in a low-affinity
state and does not bind soluble macromolecular ligands.
However, after exposure to the subendothelial matrix,
several mediators such as adenosine 5'-diphosphate (ADP)
and thromboxane A, or shear stress, platelets become
activated and activation signals (inside-out signaling) that
induce a high-affinity state of oypfy for soluble ligands
(oyinf+ activation) are generated. So far, much attention has
been directed to the nature of inside-out signaling, and
major advances have recently been made regarding the
structural basis of oy pf; activation, resulting in the proposal
of ‘switchblade’ and ‘deadbolt’ models [8,9].

Previous studies revealed that the activation of ay,fs is a
reversible process [10,11]. When platelets are stimulated with
weak agonists such as ADP in the absence of fibrinogen,
onpfs gradually loses its binding capacity. In contrast,
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thrombin induces long-lasting ay,f3 activation even in the
absence of fibrinogen. Although it has been suggested that
the maintenance of oy,fs activation is mediated by a
protein kinase C (PKC)-dependent pathway, the mechanism
by which oy pf3; is kept in a high-affinity state still remains
elusive [11].

ADP is actively secreted from platelet dense granules
upon platelet activation and is passively released from
damaged erythrocytes and endothelial cells [12,13]. Platelets
possess at least two major G protein-coupled ADP recep-
tors: P2Y, is a Gg-coupled receptor responsible for medi-
ating platelet shape change and reversible platelet
aggregation through intracellular calcium mobilization [14],
whereas P2Y,» is a Gicoupled receptor responsible for
mediating the inhibition of adenylyl cyclase and sustained
platelet aggregation [15,16]. We previously identified a
patient with P2Y,, deficiency, OSP-1, caused by a point
mutation within the translation initiation codon (ATG to
AGGQG) [17]. Based on our findings in the functional analysis
of OSP-1 platelets, we thought that P2Y,, might play a role
in the maintenance of oy,f; activation.

In this study, employing modified ligand-binding assays we
analyzed the mechanism of sustained ay,f; activation and
demonstrated the critical role of the continuous interaction of
released ADP with P2Y, receptor in the maintenance of ay,f33
activation.

Materials and methods

Reagents

ADP, protease-activated receptor 1-activating peptide (PAR1
TRAP. SFLLRNPNDKYEPF), PAR 4-activating peptide
(PAR4 TRAP, AYPGKF), thrombin, thromboxane A,
analog U46619 (9, 1l-dideoxy-11a, 9x-epoxymethanoprosta-
glandin F»,), apyrase, prostaglandin E, (PGE,), and prosta-
glandin I, (PGIl;) were purchased from Sigma Aldrich
(St Louis, MO, USA). Fluorescein isothiocyanate (FITC)-
labeled PACI, a ligand-mimetic oy, f3-specific monoclonal
antibody (mAb) that binds specifically to activated a3, was
purchased from BD Biosciences (Mountain View, CA, USA)
[18]. PE-labeled anti-CD62P (P-selectin), PE-anti-CD63, and
PE-IgG were purchased from Beckman Coulter (Fullerton,
CA, USA). AR-C6993IMX was a generous gift from
Astra-Zeneca (Loughborough, UK). Adenosine 3"-phosphate
5’-phosphate (A3P5P) and yohimbine were purchased from
Sigma-Aldrich. The specificities and actions of these anta-
gonists have been described [12]. A specific thromboxane A,
receptor antagonist, SQ-29548, and a PKC inhibitor, Ro31-
8220, were purchased from Cayman Chemical (Ann Arbor,
MI, USA) and Merck KGaA (Darmstadt, Germany),
respectively. MCI-9042, an antagonist for the serotonin
(5-HT,) receptor, was a gift from Mitsubishi Pharma
Corporation (Tokyo, Japan) [19]. PT25-2 mAb, which is
specific for and activates ay,fi, was a kind gift from Drs
Makoto Handa and Yasuo lkeda (Keio University, Tokyo,

Japan) [20]. FK633, an opf:-specific antagonist, was kindly
provided from Astellas Pharma Inc. (Osaka, Japan) [21].

Platelet preparation

Washed human platelets were prepared as previously
described [22]. In brief, fresh whole blood anticoagulated
with 0.15 volume of acid—citrate—dextrose solution [National
Institute of Health (NIH) formula A] was obtained from
healthy volunteers who had not taken any medication for at
least 1 week and centrifuged at 250 x g for 10 min to obtain
platelet-ich  plasma (PRP). After incubation with
20 ng mL™! PGE, for 15 min, the PRP was centrifuged at
750 x g for 10 min, washed three times with 0.05 M isotonic
citrate buffer containing 20 ng mL~! PGE,, resuspended in
Walsh buffer (137 mM NaCl, 2.7 mm KCl, 1 mm MgCl,,
3.3 mM NaH,PO,, 3.8 mm HEPES, 0.1% glucose, 0.1%
bovine serum albumin, pH 7.4) without PGE,, and allowed
to rest for 30 min before use.

Flow cytometry

Flow cytometric analysis using monoclonal antibodies (mAbs)
was performed as previous described with some modifications
[21]. Washed platelets adjusted to 50 x 10> pL™' were stimu-
lated with 0.2 U mL™! thrombin or 5 pum U46619 under static
conditions for 15 min. After the stimulation, each of the
antagonists or Walsh buffer (for the control) was added to the
suspensions for an additional 5 min. The platelet suspensions
were then incubated with FITC-PACI and PE-anti-CD62P (or
PE-anti-CD63) for 30 min and analyzed using a flow cytom-
eter (FACScan; Becton Dickinson, Mountain View, CA,
USA).

In another set of experiments, after a 15-min stimulation
with thrombin, stimulated platelets were diluted with buffer
containing 0.2 U mL™" thrombin or 5 ym U46619 for an
additional 5min. The platelet suspensions were then
incubated with FITC-PACI for 30 min.

Measurement of released ADP in platelet suspensions
by high-performance liquid chromatography (HPLC)

Platelet suspensions (200 x 10° platelets pL~") were stimulated
with thrombin or U46619 for 15 min under static conditions
and centrifuged at 1000 x g for 10 min. The supernatant was
collected into ultra-free centrifugal filter units (Millipore,
Bedford, MA, USA) and centrifuged at 10 000 x g for 1 min.
Then samples were analyzed by HPLC. The chromatographic
separation of ADP was performed using the SMART system
(Amersham Pharmacia Biotech, Uppsala, Sweden) using an
ion-exchange column (mono Q 1.6/5) at room temperature.
Aliquots (50 pL) of samples or standard mixtures were
injected into the column, and ADP was separated using a
gradient in which the concentration of elution buffer B
(20 mm Tris-HCI, 1 M NaCl, pH 8.0) was increased from 0%
to 50% over a period of 20 min and detected at 254 nm. The
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flow rate was 0.1 mL min~' and retention time for ADP was
11.8 min.

Rap 1B activation assay

The detection of activated Rap 1B was performed using a pull-
down assay kit according to the manufacturer’s instructions
(EZ-DetectTM Rapl Activation Kit; Pierce, Rockford, IL,
USA). In brnef, platelets that had been prestimulated with
0.2 U mL™' thrombin for 15 min were incubated with 1 yum
AR-C69931MX, 1 mmM A3PSP, 1 um PGI,, or Walsh buffer
for 5 min, and then the platelets were lyzed with 0.5% Triton
X-100 lysis buffer. The guanosine triphosphate (GTP)-form of
Rap 1B was pulled down by incubation with glutathione
S-transferase (GST)-RalGDS-Rap 1-binding domain (RBD)
and glutathione beads for | h at 4 °C. After washing with lysis
buffer, proteins were eluted from the precipitates with sodium
dodecyl sulfate (SDS)-sample buffer with 2-mercaptoethanol at
100 °C for 5 min, and resolved by electrophoresis on a 12%
SDS-polyacrylamide gel electrophoresis. After transfer to
polyvinylidene fluoride membranes, Rap 1B was detected with
rabbit anti-Rap 1B polyclonal antibody. The total Rap 1B in
each lysate was detected in samples assayed in parallel. The
optical density of the bands was measured using NIH IMAGE
software (Bethesda, MD, USA).

PKC activation assay

PKC activation in thrombin-stimulated platelets was detected
by immunoblotting using antiphosphoserine PKC substrate
antibody (Cell Signaling Technology, Inc., MA, USA). Con-
ventional PKC isozymes phosphorylate substrates contain
serine or threonine, with arginine or lysine at the —3,-2 and +2
positions, and hydrophobic amino acids at position +2. This
antibody recognizes conventional PKC substrates only when
phosphorylated at the serine residues.

Results

Agonist-induced wypfi3 activation on P2Y,,-deficient platelets

We previously identified a patient with P2Y ;,-deficiency (OSP-
1) as result of a homozygous mutation within the translation
initiation codon (ATG to AGG) (17]. We stimulated OSP-1
platelets with different kinds of agonists in the presence of
FITC-PACI for 30 min and then analyzed PAC1! binding
using flow cytometry. As shown in Fig. 1, the amount of PACI
binding to OSP-1 platelets stimulated with 100 um PARI-
TRAP, 200 pmv PAR4-TRAP or 5 pum U46619 was only
12.5% + 1.1%, 4.6% =+ 0.1% and 43% =+ 2.3% of the
control value (mean = SD, n = 4), respectively. In contrast,
phorbol 12-myristate 13-acetate (PMA)-induced PAC1 binding
was only slightly impaired (92.9% + 1.9% of control,
mean + SD, n = 4). PARI-TRAP and U46619 are able to
induce transient aggregation of OSP-1 platelets, indicating that
onpfs could be transiently activated with these agonists [17].
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Fig. 1. Agonist-induced a3z activation on platelets from a P2Y ,-defi-
cient patient, OSP-1. Washed platelets obtained from a patient with
P2Y»-deficiency (OSP-1) or control subjects (control) were stimulated
with 20 um adenosine 5'-diphosphate (ADP), 50 or 100 um PAR1-TRAP,
200 pm PAR4-TRAP, 5 um U46619, or 0.2 M phorbol 12-myristate
13-acetate (PMA) in the presence of fluorescein isothiocyanate (FITC)
labeled PACI, and bound PAC! was analyzed using flow cytometry after
30 min of incubation. (upper panel) Representative histograms of PAC]I
binding with 100 ym PARI-TRAP or 5 um U46619 stimulation. PACI
binding to control platelets in the presence of an oy,f; antagonist (FK633)
is shown by a dotted line. (lower panel) Specific PACI binding to OSP-1
(closed columns) or control (open columns) platelets calculated using

the following formula is shown (# = 4): (MFI in the absence of FK633) ~
(MF1 in the presence of FK633).

These findings suggest that the o;),f3 activation may be too
short and unstable to be detected by the PACI-binding assay.
From these findings, we assume that released ADP and P2Y -
mediated signaling may play a critical role in the maintenance
of oy B activation.

Effects of antagonists on the sustained w5 activation
induced by thrombin

First, we examined PAC-1 binding at different time points
between thrombin stimulation and FITC-PAC]1 addition and
confirmed that there was no difference in PACI1 binding
between time 0 min (thrombin and PACI were added at the
same time) and time 15 min (PACI was added 15 min after
thrombin stimulation) (data not shown) [11]. To determine the
role of P2Y,-mediated signals in the maintenance of o,f5
activation, an experimental protocol using platelets preacti-

‘vated with thrombin was then employed (Fig. 2A). After the

completion of «j,f; activation and the induction of a-granules
and lysosome secretion by thrombin, each of antagonists was
added to the activated platelets. Under these conditions, the
stimulated platelets showed long-lasting oS3 activation even
in the absence of ligand binding. However, the addition of
1 UmL™ apyrase, | um AR-C69931MX (a P2Y,, antagon-
ist) or I mm A3PSP (a P2Y, antagonist) disrupted the
sustained oypf; activation by 87.1% + 1.4% (mean + SD,
n=13), 91.7% + 53% (mean £ SD, nrn=6) and
38.2% < 10.5% (mean + SD, n = 4), respectively, without
inhibiting CD62P or CD63 expression (Fig. 2B,C). In
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Fig. 2. Effects of receptor antagonists on the sustained o5 activation induced by thrombin. (A) Scheme of the experimental procedure to analyze the
effects of antagonists on the sustained apfi3 activation. (B) One micromolar AR-C69931MX (AR-C) or | mm A3P5P was added to thrombin 0.2 UmL™Y-
stimulated platelets. Representative results obtained using flow cytometry for PACI binding and CD62P or CD63 expression are shown. (C) Representative
results for specific PAC1 binding in the absence or presence of | U mL™" apyrase, | mm AR-C. | M A3P5SP, 10 um yohimbine, 1 um MC1-9042, or 100 nm
SQ-29548 (mean + SD of triplicates) are shown. Similar results were obtained in at least three independent experiments. (D) Dose-dependent inhibition
of AR-C on the sustained x,pf; activation is shown.

addition, AR-C69931MX dose-dependently inhibited the
sustained oy,f; activation with ICg of approximately
1.6 nm (Fig. 2D). This value is very similar to ICs (3.5 nm)
for the inhibition of ADP-induced o33 activation [23]. We
also examined the effect of 10 um yohimbine (an adrenergic

receptor antagonist), I um MIC-9042 (a 5-HT, receptor
antagonist) or 100 nv SQ-29548 (a thromboxane A, receptor
antagonist) on the maintenance of ay,f8; activation. Each of
these antagonists showed only negligible effects on PAC]I
binding (Fig. 2C).
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These results suggest that released endogenous ADP and
P2Y |, may be required for the maintenance of o3 activation
induced by thrombin.

Effects of reduction of the platelet concentration
on the sustained o3 activation

Next, we examined if reduction of the released ADP concen-
tration might disrupt the sustained ay;,f; activation. As shown
in Fig. 3A, after stimulation with 0.2 U mL™' thrombin for
15 min, platelets (50 x 10° pL™") were then diluted in Walsh
buffer containing 0.2 U mL™' thrombin to produce different
platelet concentrations. The reduction of the platelet concen-
tration after thrombin stimulation attenuated PACI binding to
activated platelets, and PACl binding was only
16.9% + 7.8% of the control value at a concentration of
500 platelets uL™" (83.1% = 7.8% reduction, mean * SD,
7 = 9). On the other hand, the addition of PT25-2 mAb to
thrombin-activated platelets markedly increased PACI binding
even at 500 platelets uL~', indicating that the attenuation of
PAC-1 binding is not because of an artifact of the dilution.

Taken together with the data shown in Fig, 2, these results
suggest that released component(s), probably ADP, from
thrombin-stimulated platelets are critical for the maintenance
of ayf; activation.

Effects of exogenously added ADP on the sustained w3
activation, and measurement of released ADP by HPLC

To further investigate the role of ADP in the maintenance of
aynf3 activation, we examined the effect of exogenously added
ADP on PAC1 binding to platelets at a concentration of 500
platelets uL~'. A series of concentrations of ADP was added to

A Agonist Dilution
‘ 15 min ‘ 5min 30min 1
1
Analyzed by
FITC-PAC1 flow cytometer
B O Thrombin

8 Thrombin + PT25-2

200

Bound FITC-PAC1
{mean fluorescent intensity)

05 2 10 20 50
Platelet count (x10° L)

Fig. 3. Effects of platelet dilution on the sustained a3 activation in-
duced by thrombin. (A) Scheme of the experimental procedure to analyze
the effects of platelet dilution on the sustained /33 activation. (B)
Representative results for specific PACI binding to thrombin

0.2 U mL™"}stimulated (open columns) or [thrombin + PT25-2 mono-
clonal antibody (mAb)]-stimulated platelets (closed columns) at the indi-
cated platelet concentrations (mean + SD of triplicates) are shown.
Similar results were obtained in at least three independent experiments.
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Fig. 4. Effects of exogenously added adenosine 5'-diphosphate (ADP) on
the induction of the sustained 2,83 activation at a platelet concentration
of 500 platelets pL™~". After dilution of thrombin (0.2 U mL™")-stimulated
platelets to 500 platelets pL~', the indicated doses of ADP in the absence
(open columns) or presence of either | pm AR-C69931MX (AR-C, closed
columns) or | mm A3P5P (shaded columns) were added to the platelet
suspension. Representative results for specific PACI binding (mean + SD
of triplicates) are shown. Similar results were obtained in three inde-
pendent experiments.

the dilution buffer containing 0.2 U mL™' thrombin. As shown
in Fig. 4, the amount of PAC! binding to platelets was
positively correlated with the exogenously added ADP con-
centration. Even 0.125 pm ADP significantly increased the
PAC! binding, and only approximately 1 ym ADP was
sufficient to restore PACI binding at 500 platelets pL™' to
the levels obtained at 50 x 10° platelets UL, The restoration
of PACI binding by exogenous ADP was almost completely
blocked by AR-C69931MX and was partially blocked by
A3PSP.

Employing HPLC, we next measured the actual amounts of
ADP released from thrombin-stimulated platelets. As shown in
Fig. 5, the released ADP concentration was approximately

Released ADP concentrations
(uM at 2x 10! platelets L)

- % 3
5‘6'{9 ’?;%

%

Fig. 5. Measurcment of sccreted adenosine 5’-diphosphate (ADP) using
high-performance liquid chromatography (HPLC). Washed platelets
(200 x 10" uL™") were stimulated with either 5 uM U46619 0r 0.2 U mL™!
thrombin. After 15 min, platelets were centrifuged at 1000 x g for 10 min,
and the concentration of ADP in each supernatant was measured using
HPLC as described in Materials and methods (n = [1).
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521 + 2.17 pm (mean £ SD, n = 1) when platelets were
stimulated with 0.2 U mL™" thrombin at 2 x 10'! platelets per
liter (=200 x 10°> uL™"). Extrapolation of the data shown in
Fig. 5 indicates that an ADP concentration at 50 x 10° pL™'
would be approximately 1.30 pum. These values are compatible
with the doses of exogenous ADP that restored the PAC]
binding.

Role of P2Y; in sustained ;B3 activation induced
by U46619

We also examined the effect of the released ADP on the
sustained oy, activation induced by U46619. The expression
levels of CD62P and CD63 as well as the levels of o83
activation on U46619-stimulated platelets were much lower
than those on thrombin-stimulated platelets, and not all the
platelets expressed CD62P or activated o;pf3. The amount of
PACI binding was correlated with the CD62P and CD63
expression levels on U46619-stimulated platelets. Again, AR-
C69931MX and A3P5P disrupted the U46619-induced sus-
tained oppf;  activation by  98.7% * 1.7%  and
48.6% =+ 10.2%, respectively (mean = SD, n = 3) (Fig. 6).
The disruption of PACI binding was also induced by reduction
of the platelet concentration, and supplementation with
approximately 0.25 pv ADP was sufficient to restore PAC1
binding at 500 platelets pL~' to the levels obtained at 50 x 10°

platelets pL™' (Fig. 6). The released ADP concentration

induced by U46619 stimulation was only 1.51 + 0.06 pum at
2x 10" platelets per liter (mean + SD, n = 11, approxi-
mately 0.38 um at 50 x 10° platelets pL™") (Fig. 5). These
values are also comparable to the doses of exogenous ADP that
restored the PACI binding level to that induced by U46619.
Moreover, higher levels of exogenous ADP further increased
the amount of PAC1 binding. These results demonstrate the
critical role of released ADP in the sustained o ,f3; activation
on U46619-stimulated as well as thrombin-stimulated platelets.

Role of P2Y;; in the increase of PKC and Rap1B activities
in thrombin-stimulated platelets

In order to further clanfy the mechanism by which thrombin
induces sustained oy;,f3 activation, we examined the effects of
AR-C69931MX and A3P5P on the PKC activation induced by
thrombin. PKC activation was detected by immunoblot
analysis using the antibody specific for phosphorylated serine
residues in PKC substrates. As in the experiment shown in
Fig. 2A, platelets were stimulated with 0.2 U mL™' thrombin
for 15 min, different kinds of antagonists were added for an
additional 5 min, and then PKC activation was examined. The
phosphorylation of a 47-kDa protein (pleckstrin) was long-
lasting, and the addition of AR-C69931MX or A3P5P did not
inhibit the phosphorylation of pleckstrin. In contrast, Ro31-
8220 markedly inhibited the phosphorylation of pleckstrin
(Fig. 7A).

We next examined the activation of RaplB (GTP-RapiB)
induced by thrombin. Thrombin induced Rap1B activation at

| min after thrombin stimulation, and the activation was long
lasting, even being observed at 30 min (Fig. 7B). In contrast to
the PKC activation, AR-C69931MX as well as PGI, markedly
inhibited the RaplB activation. However, even in the presence
of AR-C69931MX, the addition of epinephrine restored
RaplB activation (Fig. 7C) as well as o;,f; activation (data
not shown).

Discussion

In the present study, we examined the mechanism by which the
high-affinity state of a3 is maintained on platelets stimulated
with thrombin or U46619 even in the absence of ligand
binding. The long-lasting activation of wpf; induced by
thrombin or U46619 was inhibited by 1 pm AR-C69931MX by
92% and 99%, and by 1 mm A3PSP by 38% and 49%,
respectively. Only negligible inhibitory effects were observed
with the tested antagonists for adrenergic receptor, 5-HT
receptor or thromboxane A, receptor. The x,8; activation
was also inhibited by the dilution of the platelet preparation.
The disruption of apuf; activation by the dilution was
abrogated by the addition of small amounts of exogenous
ADP. The concentrations of ADP required for the restoration
of opf5 activation at 500 platelets pnL™' were similar to those
of endogenous ADP released from activated platelets [24).
These findings demonstrate that Gg- and Gi2p3-mediated
signaling pathways are not sufficient for the sustained og,f8;
activation, and the interaction of secreted ADP with its
receptors, especially P2Y ), is necessary for the sustained oy,
activation induced by thrombin or U46619.

van Willigen and Akkerman have suggested that the
sustained ayjpf3 activation is tightly controlled by PKC and a
cyclic AMP-sensitive process [11]. However, AR-C69931MX
disrupted the oyf; activation without inhibiting PKC activa-
tion when it was added 15 min after stimulation. Thus, P2Y,,-
mediated signaling seems to be a downstream event from PKC
activation. PKC activation induces ADP release from dense
granules, and then the released ADP additionally induces
P2Y>-mediated signaling which is essential for the sustained
apfl3 activation. oyfy activation was not disturbed by
inhibiting thrombin by treatment with hirudin, suggesting that
a transient interaction between thrombin and thrombin
receptors (PAR-1 and PAR-4) is sufficient for the sustained
activation. In sharp contrast, the sustained ay,f; activation
could be disrupted by inhibiting P2Y|,-mediated signaling even
in the presence of thrombin. Desensitization of P2Y, has
recently been demonstrated [25]. However, it is likely that the
degree of desensitization is not enough to reduce t1uPa
activation under our experimental conditions, as the amounts
of activated oy;,8; did not alter even after 15 min of thrombin
stimulation. Recently, unique regulation and relocalization of
P2Y,, after activation have been demonstrated. Although a
substantial amount of P2Y,> was rapidly and transiently
internalized, most of the P2Y), receptors remained at the
plasma membrane even after ADP stimulation [26]. Taken
together, these findings indicate that the P2Y,, remains

© 2006 International Society on Thrombosis and Haemostasis
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Fig. 6. Sustained x,,f}; activation on platelets stimulated with U46619. (A) Experiments were performed as in Fig. 2 using 5 um U46619 instead of
thrombin. One micromolar AR-C69931MX (AR-C) or | mm A3IPSP was added to U46619 (5 um)-stimulated platelets. Representative results obtained
using flow cytometry for PACI binding and CD62P or CD63 expression are shown. (B) Effects of platelet dilution on the sustained opP3 activation
induced by U46619. Representative results for specific PACI binding to U46619 (S pum)-stimulated (open columns) or PT25-2-treated platelcts (closed
columns) at the indicated platelet concentrations (mean £ SD of triplicates) are shown. Similar results were obtained in three independent experiments.
(C) Effects of cxogenously added ADP on the induction of the sustained ay,83 activation on U46619-stimulated platelets at a concentration of 500
platelets pL™". The indicated doses of ADP were added to the U46619-stimulated platelet suspension.

functional after thrombin stimulation and continuous interac-
tion between P2Y,, and the released ADP is critical for the
sustained ay,,f33 activation.

To further clarify the mechanism of the sustained of;
activation by thrombin, we examined the activation of small
GTPase Rap 1B during the sustained oy, activation, as Rap
1B has recently been demonstrated to be a regulator of a5,
activation in platelets [27]. In response to calcium and DAG,
CalDAG-GEFI activates Rap 1B by promoting the release of

© 2006 International Society on Thrombosis and Haemostasis

GDP and the loading of GTP. Both Rap 1B-null mice and
CalDAG-GEFI-null mice show impaired a;,8; activation in
response to different kinds of agonists [28,29). Thrombin
induced sustained Rap 1B activation under our experimental
conditions. However, the addition of AR-C69931MX as well
as PGI, after a 15-min stimulation disrupted the sustained Rap
IB activation and oy, activation. Because G,-mediated
signaling induced by epinephrine could activate a3
in P2Y,-deficient mice [30], we examined the effect of
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Fig, 7. Effects of P2Y ; antagonist on protein kinase C (PKC) and Rap1B
activation. {A) (upper pancl) Washed platelets (200 x 10° uL") were sti-
mulated with 0.2 U mL~' thrombin, and 15 min later 5 um Ro31-8220,
1 uM AR-C69931MX (AR-C), or | mm A3P5P was added to the activated
platclets. After 5 min, the platelets were lyzed, and PKC activation was
detected by immunoblotting using antiphosphoserine PKC substrate
antibody. The phosphorylation of a 47-kDa protein (pleckstrin) is shown.
(lower panel) Optical density of the 47-kDa band was measured using N1+
IMAGE software, and relative % compared with PKC activation without
antagonist (maximum activation) is shown (mean + SD, n = 3). (B)
Washed platelets (200 x 10> pL™") were stimulated with 0.2 U mL™
thrombin. and Rap IB activation was detected by the pull-down assay
using GST-RalGDS-RBD followed by incubation with rabbit anti-Rap
1B polyclonal antibody at indicated time points. Total Rap 1B in each
lysate was detected in parallel. (C) (upper panel) Washed platelets

(200 x 10® uL."") were stimulated with 0.2 U mL™' thrombin, and 15 min
later | um PGl,. 1 um AR-C69931MX (AR-C), | ym AR-C + 10 um
epinephrine, or 1 mm A3P5P was added 1o the activated platelets. After
S min. the platelets were lyzed, and then Rap IB activation was examined.
(lower panel) Optical density of activated Rap 1B was measured using Nin
IMAGE soltware, and relative % compared with Rap 1B activation without
antagonist (maximum activation) is shown (mean % SD, n = 3).

epinephrine under our experimental conditions. Interestingly,
the addition of epinephrine induced Rap IB activation even in
the presence of AR-C69931MX. Thus, our data demonstrate
that there is a close relationship between the sustained o5
activation and Rap 1B activation. Our data are consistent with
previous reports that Gi-mediated signaling is necessary for
Rap 1B activation [31,32] and also demonstrate for the first
time that the continuous stimulation of G;-mediated signaling
is needed for the sustained Rap 1B activation. The patient with
P2Y ), deficiency (OSP-1) showed the marked!y impaired PAC-
1 binding in response to different kinds of agonists except for
PMA, which is similar to CalDAG-GEFI-null mice [28]. It is
possible that PMA may induce CalDAG-GEFI (and RaplB)-
independent signaling pathways to induce and sustain o3
activation [28].

Our present findings also indicate important cautions
regarding ay,f; ligand binding assays. Platelet concentrations
and the timing of ligand incubation could influence the ligand-
binding capacity of oy,f33. This is especially true of U46619
stimulation, because the amount of ADP released from
U46619-stimulated platelets was much lower than that released
from thrombin-stimulated platelets. Indeed, the ligand-binding
capacity of U46619-stimulated platelets was dramatically
influenced by the platelet concentration. In addition, the
presence of leukocytes in PRP or whole blood may also modify
the results, as leukocyte ecto-nucleotidase (CD39) influences
the metabolism of released ADP [33]. Thus, several factors
influencing the concentration of released ADP should be taken
into account during «yy,f33 ligand-binding assays.

A number of studies, including ours, have demonstrated the
important role of P2Y;, in thrombus stability [17,30,34].
Moreover, recent in vivo observations demonstrated that
during platelet thrombus formation, circulating platelets were
tethered to the luminal surface of growing thrombi by VWF—
GPIb interaction. However, more than 95% of tethered
platelets were subsequently translocated and/or detached
[35,36]. In this study, we obtained the novel finding that the
onf33 activation could not be sustained at a low concentration
of platelets (500 platelets pL™') without exogenous ADP.
Activated apf3 on the detached platelets should become
inactivated, because the released ADP is immediately diluted
by the blood flow. At the luminal surface, activated osf3 on
the tethered platelets would be maintained only when the
platelets are continuously exposed to ADP released from
adjacent activated platelets. At the inside of growing thrombi, it
appears that platelets are constantly exposed to such high
concentrations of released ADP that «;;,f5 can be maintained
in its high-affinity state in concert with the effects of thrombin
and TXA,. It is possible that ADP concentrations surrounding
platelets may largely influence on determining whether platelets
participate in thrombus formation or not. Thus, P2Y, may
serve as a sensor for thrombogenic status surrounding
individual platelets.

In summary, our data demonstrate that the continuous
interaction between released ADP and P2Y,, is critical for

© 2006 International Society on Thrombosis and Haemostasis



sustained aypf; activation in platelets activated via Gg and G,
13-coupled receptors.
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with that in the age, body mass index-adjusted population-based controls.

Results: We identified one neutral mutation (H381) and three missense mutations
(R385K; n=2, A455V; n =53 heterozygous, n = 14 homozygous, D468Y; n=2) of TMin the
DVT patients. Age-adjusted mean values of sTM were lower in C-allele carriers of
2729A>C than in noncarriers in the Japanese general population (women: 16.7 + 0.3
U/ml vs. 17.9+£0.2 U/ml, p<0.01, men: 19.4+0.3 U/ml vs. 20.4+0.3 U/ml,
p=0.03). Additionally, the CC genotype of this mutation was more common in the
male DVT patients than in the male individuals of the general population (odds
ratio=2.76, 95% confidence interval=1.14—6.67; p=0.02). This mutation was in
linkage disequilibrium (r-square>0.9) with A455V mutation.

Conclusions: TM mutations, especially those with a haplotype consisting of 2729A>C
and A455V missense mutation, affect sTM levels, and may be associated with DVT in

Japanese.

© 2006 Elsevier Ltd. All rights reserved.

Introduction

Family-based studies have established that venous
thromboembolism is, at least in part, an inherited
disease with estimated heritabilities of approxi-
mately 60% [1,2]. The mode of inheritance of
venous thromboembolism is probably complex [2].
Moreover, family-based and twin studies have
established that over 25 plasma hemostasis-relat-
ed analytes (traits) both correlate with thrombosis
and are heritable [3—5]. In Caucasians, the factor
V-Leiden mutation and prothrombin G20210A mu-
tation are widely recognized as genetic risk
factors for deep vein thrombosis (DVT) [6].
However these mutations are not present in the
Japanese [7,8]. Recently, we and others found
that the protein S (PS) K196E mutation, known as
the PS Tokushima mutation, is a genetic risk for
DVT in the Japanese population, indicating large
differences in the genetics of DVT among ethnic-
ities [9,10].

Thrombomodulin (TM) is a transmembrane pro-
tein that is constitutively expressed on the luminal
surface of vascular endothelial cells [11]. The
anticoagulant function of TM is mediated by
interaction with thrombin and protein C (PC).
Endothelial membrane-bound TM forms a high-
affinity complex with thrombin via thrombin exo-
site 1, and inhibits thrombin interaction with
fibrinogen and protease-activated receptor-1. In
contrast, the thrombin—TM complex is a potent
activator of PC, and TM enhances thrombin-depen-
dent PC activation by more than two orders of
magnitude. Due to the abundance of TM in the
microvasculature, the vast majority of thrombin
generated under ambient conditions is sequestered
by TM. Constitutive inhibition of the procoagulant
function of thrombin and tonic formation of
activated PC (APC) comprise an essential anticoag-
ulant mechanism that prevents the amplification of

thrombin generation, via proteolysis of activated
coagulation factors Va and Villa by APC.

TM encoded by an intron-less gene consists of a
large N-terminal extracellular region, a single
transmembrane segment, and a short cytoplasmic
tail [12]. The extracellular region is comprised of
an N-terminal lectin-like domain followed by six
tandem repeats of epidermal growth factor (EGF)-
like domains, and a glycosylated (chondroitin
sulfate) serine/threonine-rich domain. The throm-
bin-binding region has been localized to the fifth
and sixth EGF-like domains, while the fourth EGF-
like domain is required for PC binding to the
thrombin—TM complex. The serine/threonine-rich
spacer region is required for both thrombin binding
and TM cofactor activity for membrane-associated
TM. The chondroitin sulfate domain may stabilize
thrombin binding to TM, possibly by interacting
with the thrombin apolar region [13,14].

Animal model data suggest that TM dysfunction
or deficiency is associated with a prothrombotic
disorder. Knock-in mice with a TM mutant that has a
mutation corresponding to human E387P exhibit a
prothrombotic disorder [15]. This amino acid
change is located between the interdomain loop
of the fourth and fifth EGF-like domains and
abolishes the ability of soluble TM (sTM) to catalyze
in vitro thrombin activation of PC to APC. Mice with
TM deficiency limited to the vascular endothelium
die shortly after birth as a result of a consumptive
coagulopathy that can be prevented by warfarin
anticoagulation [16].

Based on the important antithrombotic role of
TM, we hypothesized that genetic variations within
the TM gene that alter TM expression and/or impair
anticoagulant function could predispose to venous
thromboembolism. To test this hypothesis, we
screened the promoter, exon, and 3 -untranslated
regions (3’ -UTR) of the TM gene in unrelated
patients with idiopathic, objectively confirmed



