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were negative, too. The platelet-associated 1gG (PA-IgG)
was high (3307 ng/10” cells, NR: 9-25ng/107 cells).
Evans syndrome was initially considered because of the
weakly positive direct Coombs test and high titer of PA-
IgG. Prednisolone was administered (1 mg/kg for 7 day),
but in vain, and fluctuating consciousness disturbance
appeared 2 weeks later. Red cell fragmentation and
proteinuria became evident, and the direct Coombs test
became negative. Now, the characteristic Moschowitz’s
pentad [4] was evident, and the patient was diagnosed as
having TTP.

Assay of the plasma ADAMTSI13 activity was then
performed according to the method of Furlan et al. [1]
with slight modification, as described in a recent
publication [3]. Briefly, the pooled normal human plasma
was serially diluted with 0.05 M Tris-HCL (pH: 7.4), and
10 pl of each dilution were mixed with 1 pl of 100 mM
PMSF. Then 90wl of the purified VWF (20 pug/ml)
dissolved in a urea buffer (1.5M urea, 0.05% NaNs,
10 mM BaCL, and 5 mM Tris—HCL) were added to each
mixture and incubated at 37 °C for 24 h. Subsequently,
10ul of 100mM EDTA were added to quench the
enzyme activity. A portion of each reaction mixture was
separated by SDS-1.2-% agarose gel electrophoresis, and
then Western blotting and luminography visualized the
VWEF multimers. The inhibitory activity against
ADAMTSI13 activity was measured based on the methods
described by Furlan et al. [1] and Tsai and Lian [2].
Briefly, a test sample was first heat-inactivated at 56 °C
for 30 min. The supernatant or Tris-buffered saline (pH:
7.4) (control) was mixed with an equal volume of the
pooled normal plasma, and then further incubated at 37 °C
for 2h. Next, the residual ADAMTSI13 activity was
measured as mentioned above. The inhibitory titer was
also assayed using IgG purified from the patient’s plasma
by a protein A sepharose CL-6B column. One unit of the
inhibitor was defined as the amount that reduces the
ADAMTS13 activity to 50% of the control. The results
demonstrated that the plasma ADAMTSI13 activity was
extremely low (<3% of the normal control) (Fig. 1), and
the inhibitor against ADAMTS13 was positive in both the
patient’s heated plasma (2.0 Bethesda units/ml) and
purified IgG (0.4 Bethesda units/mg IgG), thus confirming
the diagnosis of TTP.

The patient responded well to plasma exchange (PE).
In cases of acquired idiopathic TTP with a severe
deficiency of ADAMTSI13 due to the presence of its
inhibitor, they are high responders to PE [3]. Soon after
three times of PE, his consciousness level became clear,
and his platelet count increased to more than 50 10%/
mm’ (Fig. 1). The serum indirect bilirubin decreased to
2.2 mg/dl, and LDH returned to the normal range after

five times of PE. TTP did not relapse until the patient died
of liver failure on the 296th hospitalization day. In our
patient, it was difficult to make an early diagnosis because
of the weakly positive direct Coombs test in the first
examination, but in the 2nd analysis, it was negative. We
should notice that the diagnosis of TTP might be
hampered by the clinical features accompanying hepatic
failure similar to the pentad of the typical TTP.
Consequently, determination of the ADAMTS13 activity
and its inhibitor in the plasma is unambiguously important
for confirming the diagnosis of TTP. Our experience,
although it is still based on one case, may provide a
strong impact on the diagnosis and treatment of TTP, as
well as its pathogenesis in the patients with advanced liver
cirrhosis. )
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Abstract

We describe a 69-year-old man with refractory relapsing thrombotic thrombocytopenic purpura (TTP) successfully treated
with rituximab. The patient had once been successfully treated with plasmapheresis and vincristine, but he had relapsed after
a short period. Although plasmapheresis, vincristine, and splenectomy could not achieve a consistent elevation of the platelet
count, rituximab administration provided sustained remission for more than 7 months Rituximab should be considered as a

therapeutic alternative for refractory TTP.
Int J Hematol. 2005;81:433-436. doi: 10.1532/1TH97.04187
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Anti-ADAMTS13 autoantibody

1. Introduction

Thrombotic thrombocytopenic purpura (TTP) is an
uncommon disorder characterized by the development of
von Willebrand factor (VWF)-platelet-rich hyaline thrombi
in the arterioles and capillaries [1]. TTP affects various
organs (brain, heart, kidney, and others) and can have neu-
rologic or cardiac complications with a fatal outcome.

Recent studies have shown that very large circulating
multimers of VWF are responsible for TTP in adults [2] and
that it is associated with severe deficiency of VWF-cleaving
protease (or ADAMTS13, a disintegrin-like and metallo-
proteinase with thrombospondin type 1 motifs) [2,3]. In
most of the cases, the deficiency is due to an immunoglobu-
lin G (IgG) autoantibody against ADAMTS13 that inhibits
the activity of the protease [2,4]. The use of therapeutic
plasma exchange (PE) has dramatically decreased the mor-
tality rate of TTP [5]; however, relapse of the disease occurs
in more than one third of the cases that achieve remission
[6,7]. In the patients who develop multiple relapses or
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persistent disease, corticosteroids, vincristine (VCR),
cyclophosphamide, azathioprine, high-dose intravenous
IgG, cyclosporin A, and/or splenectomy have been used in
combination with PE [8-11]. These treatment strategies
have provided some improvement in the outcome. How-
ever, treating patients unresponsive to these therapies is still
difficult.

Rituximab, a chimeric monoclonal antibody against CD20
that depletes B-cells in the circulation and in lymphoid tis-
sues, has shown efficacy in the treatment of CD20-positive
lymphoproliferative disorders [12]. Rituximab has also been
shown to provide successful results in some patients with
immune thrombocytopenic purpura or other antibody-medi-
ated autoimmune diseases [13-15]. Because adult TTP is
mostly derived from an autoimmune etiology, the use of rit-
uximab would be promising. Recently, longstanding remis-
sion after the use of rituximab has been described in a few
preliminary reports [16-21].

We describe a male patient who once had successfully
been treated with VCR but who had relapsed after becom-
ing refractory to the agent after a short period. Although he
did not respond to splenectomy, rituximab administration
provided a disease-free course for more than 7 months. We
also detected an increase in ADAMTS13 activity and the
disappearance of anti-ADAMTS13 autoantibodies after the
use of rituximab. These findings suggest that rituximab could
be a potent therapeutic option for refractory relapsing TTP.
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2. Case Report and Clinical Course

On August 15, 2003, a 69-year-old man was admitted to
our hospital because of easy bruising and consciousness
disturbance. He presented an elevated body temperature
(37.2 C), confusion, and remarkable petechias or hema-
tomas (on the forehead and extremities). The presence of
hemolytic anemia was revealed with the following labora-
tory test results: hemoglobin level, 8.1 g/dL; total bilirubin
level, 3.0 mg/dL, with an indirect bilirubin level of
2.7 mg/dL; and an elevated lactate dehydrogenase (LDH)
level, 577 TU/L. Severe thrombocytopenia (5  10°L) and
an elevated serum creatinine level (1.1 mg/dL) were also
observed. Red blood cell fragmentation was not evident in
the patient’s blood smears. He had no history of diseases or
medications that could cause secondary TTP, and other lab-
oratory tests and radiographic examinations showed no
sign of malignancies or collagen disorders. Therefore, the
patient’s disease was diagnosed as idiopathic TTP. PE in
combination with plasma infusion (PI) and the administra-
tion of prednisolone (1 mg/kg) was started. Treatment with
antiplatelet agents (100 mg aspirin and 300 mg dipyri-
damole) was then added the next day. After these therapies,
the patient’s consciousness improved remarkably, the LDH

levels were elevated. However, a decrease in the frequency
of the PE resulted in a relapse of the thrombocytopenia
(Figure 1). We attempted steroid pulse therapy (methyl-
prednisolone, 500 mg 3 days), but it failed. Because the
patient had become dependent on PE, weekly VCR admin-
istration (1 mg/week) was started on September 22. After
the third administration of the agent, the patient’s platelet
counts reached 180 10°/L, and PE and PI treatments
ceased (Figure 1).

The patient’s remission continued for 4 months, and oral
prednisolone therapy was tapered. However, the thrombo-
cytopenia suddenly relapsed on March 2, 2004. Because PI
with weekly VCR administration could not maintain the
platelet levels, PE was readministered on March 17. After
the fourth PE, a laparoscopic splenectomy was performed
on March 25. However, the elevation of the platelet count
was sustained for only a week, and then PE and PI had to be
continued. This remarkable refractoriness prompted us to
consider rituximab administration. After the patient gave
signed informed consent, he received 4 weekly courses of
375 mg/m? rituximab from April 6. No complication was
experienced during the treatment. After the first adminis-
tration of the agent, additional PE was performed only once,
PI was given only 4 times, and the patient’s platelet counts

and bilirubin levels decreased to normal, and the platelet  never fell below 200  10%/L. He has been disease free with
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Figure 1. Clinical course of the patient. “Plasma” means the amount of fresh frozen plasma used for infusion or exchange Therapeutic plasma
exchange was performed when the amount of plasma was 40 units or greater. ADAMTS13 activity is presented as a percentage of that of normal
human plasma. One Bethesda unit of inhibitor reduces the ADAMTS13 activity of an equal volume of normal plasma by 50%. PSL indicates pred-
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consistent platelet counts for more than 7 months (Fig-
ure 1). There has been no sign suggesting hemolysis after rit-
uximab administration.

ADAMTS13 activities and its inhibitor levels were deter-
mined as previously described [22,23] on 11 occasions, and
the data for 8 occasions are shown in Figure 1. At the onset,
this patient had an extremely high titer of ADAMTS13
inhibitors, and we could not detect ADAMTS13 activities.
PE, PI, and steroid administration achieved no increase in
ADAMTSI13 activity. During these therapies, ADAMTS13
inhibitor levels decreased gradually but remained detectable.
The first course of VCR administration achieved an increase
in ADAMTSI13 activity with the disappearance of the
inhibitors. However, after the relapse occurred, the second
course of VCR with PI and splenectomy in combination with
PE provided no beneficial change in either activity or
inhibitor level. Reelevation of ADAMTS13 activity and the
disappearance of ADAMTS13 inhibitors were observed only
after rituximab administration. As of November 2004, a
decrease in ADAMTS13 activity has not recurred.

3. Discussion

In this report we have described a patient with relapsing
TTP that was refractory to PE, VCR therapy, and splenec-
tomy but that was successfully treated with rituximab. Ritux-
imab has provided the longest disease-free course in the case
thus far.

Recent studies have revealed that most cases of adult
TTP can be considered an autoimmune disorder caused
by IgG autoantibodies against ADAMTS13 [2,4]. These
autoantibodies work as an inhibitor that induces a defi-
ciency of the protease. This autoimmune etiology of adult
TTP suggests that TTP patients may respond to immuno-
suppressive therapies. In fact, immunosuppressive agents
have been administered to PE-refractory or relapsing
patients [8,9]. However, no standard guideline for the use
of such agents has been established because of the rarity
and heterogeneity of the condition. When patients
become resistant to these agents, splenectomy has been

Table 1.

considered the last option [10,11]. We unfortunately lack
an effective strategy for the patients unresponsive even to
splenectomy.

Because of its effectiveness against other autoimmune dis-
orders [12-15], rituximab may be beneficial for treating TTP.
Six reports have described the use of rituximab in refractory
cases [16-21]. Table 1 summarizes these cases, including ours.
Ten patients have been treated, and 9 complete responses
have been achieved. Both a severe deficiency of ADAMTS13
activity and the presence of its inhibitors have been deter-
mined in 7 cases, all of which showed a decrease in inhibitor
levels after rituximab administration. Six of these 7 patients
achieved a complete response with increased activity of
ADAMTS13. Only 1 patient did not achieve an increase in
ADAMTS13 activity, and he needed a less intensive PE [16].
From these results, we hypothesized that rituximab elimi-
nates B-cells responsible for TTP pathogenesis. In previous
cases of other antibody-related disorders successfully treated
with rituximab, rapid improvement with no great changes in
immunoglobulin concentrations was observed. An increase in
platelet counts in idiopathic thrombocytopenic purpura was
achieved in a few weeks, a decrease in the proteinuria in idio-
pathic membranous nephropathy or a strength recovery with
a decline of anti-GM1 ganglioside antibodies was achieved in
a few months, and serum immunoglobulin levels in these
cases did not fall below normal levels [13-15]. These results
also suggest selective inhibition of the autoreactive clones
that produce the pathogenic immunoglobulins. However, one
may argue that the changes induced by rituximab were too
rapid to be attributed only to B-cell depletion. Some other
immune mechanisms coupled with rituximab administration
may be responsible for the rapid and selective clinical effect.

It is tempting to conclude that the use of rituximab may
facilitate remission, reduce the need for PE, and improve the
outcomes of TTP cases. However, the number of reported
cases is small, and the observation period has been relatively
short. Whether rituximab is effective in all adult cases of TTP
and when it should be used remain to be determined. In
addition, the optimal dose of rituximab remains uncertain.
Eight doses were needed in the first case of Gutterman et al

Summary of Previous Thrombotic Thrombocytopenic Purpura Cases Treated with Rituximab*

Case Rituximab  Concurrent Levels after Rituximab Treatment
Report No. Doses, nt Therapies Response Duration, mo ADAMTS13, % Inhibitors, Bethesda U/mL
Gutterman et al [16] 1 8 None CR (36+) ND ND
2 8 None CR (17), relapse Increased (<10 22) Decreased (1.3 0.25)
3 4 None PR Unchanged (<10 <10)  Decreased (0.5 0.2)
Chemnitz et al [17] 1 4 VCR, PSL CR (2+) Increased (<1 100) Decreased (0.8 <0.2)
2 2 VCR, PSL CR (12+) ND ND
Zheng et al [18] 1 6 Cy CR (10+) Increased (<10 17) Decreased (6  <0.2)
Tsai and Shulman [19] 1 8 None CR (10+) Increased (<10 79) Decreased (1.5 <0.2)
Yomtovian et al [20] 1 8 None CR (15+) Increased (<10 22) Decreased (0.56  0.29)
Stein et al [21] 1 4 Cy CR (6+) ND ND
This report 1 4 None CR(7+) Increased (<3 25) Decreased (0.6  <0.5)

*ADAMTS13 indicates a disintegrin-like and metalloproteinase with thrombospondin type 1 motifs; CR, complete response defined as a normal
platelet count, stable hemoglobin level, and no symptoms or signs caused by thrombotic thrombocytopenic purpura; ND, not determined; PR, par-
tial response defined as an increased platelet count with less intensive plasma exchange; VCR, vincristine; PSL, prednisolone; Cy, cyclophosphamide.

tEach rituximab dose was 375 mg/m?.
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and in the case of Yomtovian et al, and these patients needed
PE even after the fourth rituximab administration [16,20].
On the other hand, the patient in the second case of Chem-
nitz et al showed complete remission after 2 doses without
additional rituximab administration [17]. Because remission
was achieved after 4 doses in the case of Tsai and Shulman
[19], after 2 doses in the case of Stein et al [21], and after the
first dose in our case, whether each patient needed the ritux-
imab doses administered thereafter is unknown. For optimal
treatment, rituximab doses might be adjusted according to
the inhibitor levels in each case. A large clinical study is
needed to answer these questions.

In summary, this is an interesting TTP case in which ritux-
imab was the most effective agent during the treatment.
Although only a small number of cases have suggested the
efficacy of rituximab therapy, its use should be considered as
an alternative for highly refractory cases. Establishment of
strategies for the management of refractory TTP is urgent.
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Abstract

Much attention has recently been focused on the interac-
tion between unusually large von Willebrand factor mul-
timers (UL-VWFM) and platelets under high shear stress
in pathological thrombus formation. The antiplatelet
drugs acetylsalicylic acid (aspirin) and a thienopyridine
derivative (ticlopidine) are commonly used to treat cere-
bral ischemia but exert different effects on high-shear-
stress-induced platelet aggregation (H-SIPA) in the plas-
ma. To examine the effects of these drugs in the absence
of plasma factors, we studied H-SIPA using washed
platelets (WPs) and purified UL-VWFM. WPs were pre-
pared from the blood of 9 aspirin-treated and 11 ticlopi-
dine-treated patients with cerebral ischemia, and H-SIPA
in the presence of UL-VWFM was measured using a cone
plate aggregometer. Plasma levels of VWF antigen with
its multimer analysis, ristocetin cofactor and VWF-cleav-
ing protease (ADAMTS13) activity were also measured.
Forty-six healthy volunteers from 2 age groups, 20-40
years (n = 20) and 41-60 years old (n = 26}, were also
tested as controls. H-SIPA was significantly inhibited for

ticlopidine-treated platelets, but it was observed to a
lesser extent for aspirin-treated platelets. For both
groups, no difference in the plasma levels of VWF anti-
gen, ristocetin cofactor and ADAMTS 13 activity was not-
ed. All patients possessed UL-VWFM, and it was detect-
ed in healthy volunteers with increasing frequency with
increasing age. Under plasma-free conditions, platelets
from aspirin-treated patients exhibit marginal but sig-
nificant inhibition of H-SIPA. Furthermore, the presence
of UL-VWFM in the plasma of patients and normal vol-
unteers is directly related to their age rather than being
a consequence of underlying disease.

Copyright © 2005 S. Karger AG, Basel

Introduction

Antiplatelet drugs such as aspirin and thienopyridine
derivatives are commonly used to treat patients with ce-
rebral ischemia to prevent the occlusion of brain arteries.
Aspirin inhibits thromboxane A, synthesis [1], and the
thyenopyridine derivatives ticlopidine and clopidogrel
block the ADP receptor P2Y,, [2-4].

In 1994, Uchiyama et al. [5] reported that high-shear-
stress-induced platelet aggregation (H-SIPA) using plate-
let-rich plasma (PRP) is enhanced in patients with cere-
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Table 1. Patient characteristics

Age Sex Underlying — Complica-
years disease © ‘tion
Ticlopidine
1 67 M TIA DM
2 64 M TIA HT
3 66 F TIA -
4 53 M TIA DM, HT
5 54 M RIND -
6 65 M RIND DM, HL
7 60 M TIA -
8 31 F TIA -
9 56 M TIA HT
10 68 M TIA DM
11 77 M TIA HT
Aspirin
1 65 F TIA HT
2 67 M TIA HT
3 65 M TIA -
4 52 M TIA -
5 63 M TIA DM, HL
6 41 M TIA -
7 52 F TIA HT
8 36 M TIA AP
9 67 M TIA DM

TIA = Transient ischemic attack; RIND = reversible ischemic
neurological deficit; DM = diabetes mellitus; HT = hypertension,
HL = hyperlipidemia; AP = angina pectoris.

bral ischemia due to the increase in large von Willebrand
factor (VWF) multimers and that the enhancement of H-
SIPA can be corrected by taking ticlopidine but not low-
dose aspirin. H-SIPA is mediated by the interaction of
the platelet receptors glycoprotein (GP) Ib and GP IIb/
IIla with VWF, which is a plasma GP exclusively synthe-
sized in vascular endothelial cells and secreted into the
circulation as unusually large VWF multimer (UL-
VWFM). UL-VWFM most actively interacts with plate-
lets and induces the formation of platelet thrombi under
high shear stress conditions [6]. In the normal circulation,
however, UL-VWFM is rapidly cleaved and degraded
into smaller VWFM by the plasma protease VWF-cleav-
ing protease (ADAMTS13), which attacks the Tyr842-
Met843 bond [7].

In this study, we analyzed the effect of two antiplatelet
drugs on H-SIPA using a washed platelet (WP) system
and examined the UL-VWFM of patients with cerebral
ischemia using SDS-0.9% agarose gel electrophoresis.

36 Pathophysiol Haemost Thromb 20035;34:35-40

Materials and Methods

Subjects

Twenty patients with cerebral ischemia who were being treated
with antiplatelet drugs were enrolled in this study as listed intable
1 after informed consent had been obtained. Diagnoses were made
based on neurological examinations, routine laboratory data, brain
computed tomography, brain magnetic resonance imaging and ce-
rebral angiography. None of the patients had findings of major ves-
sel occlusions and neurological symptoms at the time of registra-
tion. They were not given any antiplatelet drugs for 2 weeks and
any anticoagulants or fibrinolytic drugs for 24 h prior to the study.
Then the patients were randomly allocated to receive 200 mg ti-
clopidine (Panaldin®, Daiichi Parmaceutial Corp.) or 81 mg aspi-
rin (Bufferin®, Lion Corp.) by choosing the envelope including a
card with a drug name, ticlopidine or aspirin. There was no statis-
tically significant difference between these two groups concerning
the demographics such as age, gender and clinical symptoms.

For each patient, 18 ml of blood was withdrawn by venipunc-
ture from an antecubical vein using a 21-gauge needle before and
days 7 after oral administration of ticlopidine or aspirin; the patient
was then anticoagulated with a 1/10th volume of 3.8% Najs-citrate.
We chose day 7 after oral administration as the 2nd examination
point because ticlopidine inhibits platelet aggregation after 3-3
days of use [8]. Five milliliters of the citrated blood were subse-
quently centrifuged at 3,000 g for 15 min at 4°C, and the platelet-
poor plasma was separated and stored in aliquots at —80°C until
use. The remaining 15 ml was used to prepare WPs as described
below.

For the control experiments, citrated platelet-poor plasma was
also prepared from two groups of healthy volunteers composed of
13 males and 7 females aged 20-40 years and 25 male and 1 female
volunteers aged 40-61 years.

Preparation of UL-VWFM

Purification of VWF from cryoprecipitate was performed as
described elsewhere [9]. Briefly, cryoprecipitate was prepared from
3 liters of outdated fresh frozen plasma, provided from the Japan
Red Cross Blood Center by freezing at ~80°C and thawing over-
night at 4°C. After centrifugation at 7,500 g for 30 min at 4°C,
the cryoprecipitate was then collected and dissolved in 300 ml
of 25 mmol/l Tris-HCl buffer (pH 7.3) containing 0.5 mmol/l
EDTA 4Na, 150 mmol/l NaCl and | mmol/l phenylmethylsulfonyl
fluoride. Next, it was centrifuged at 7,500 g for 15 min at room
temperature, and the supernatant was applied to a gelatin-sepha-
rose 4B (Amersham Bioscience) column (Vt = 200 ml) at room
temperature to remove fibronectin, after which the fall-through
fractions were pooled. Following precipitation with 40% saturated
(NH4)»80, and centrifugation, the precipitate was separated and
dissolved in 50 ml of 20 mmol/l imidazole-HCI buffer (pH 6.5)
containing 20 mmol/l -aminocapronic acid, 1 mol/l NaCl and
10 mmol/l sodium citrate. It was then centrifuged again at 7,500 g
for 15 min, and the resulting supernatant was applied to a sepharose
4B gel filtration column (5 X 100 cm, Amersham Bioscience). The
eluate was collected in 8-ml volumes in separate tubes and dialyzed
against phosphate-buffered saline (pH 7.3) at 4°C overnight, and
the fractions containing UL-VWFM (fig. | and Results) were pooled
and kept frozen in aliquots at -80°C. This purified material was
used subsequently throughout this study.
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Fig. 1. Preparation of UL-VWFM. a Chromatographic separation
of VWF on a Sepharose 4B column, where the black bar indicates
the fractions which contain UL-VWFM. The right inset shows the
results of the multimeric analysis performed by SDS-1.2% agarose
gel electorophoresis. NP = Normal human plasma. To check the
purity of VWF, the purified UL-VWF fraction was subjected to
SDS-5% polyacrylamide gel electrophoresis under reducing condi-
tions as shown in the left inset. b H-SIPA using normal WPs and
the purified VWF fraction. H-SIPA using a mixture of normal WPs
at a final concentration of 30 x 10%ml and each purified VWF
fraction at a final concentration of 5 g/ml was dependent on its
multimeric size.

Measurement of H-SIPA Using WPs

WPs were prepared under room temperature as follows [10].
First, PRP was produced by centrifugation at 200 g for 10 min us-
ing 15 ml citrated blood from patients as mentioned in the Subjects
section and from a normal volunteer (blood type 0, Rho(D)+), and
then acidified to pH 6.5 with acid citrate dextrose. The resulting
platelets were separated from the PRP by centrifugation at 800 g
for 10 min in the presence of 1 U/ml apyrase (Sigma-Aldrich) and
1 mmol/l prostaglandin E; (PGE; Sigma-Aldrich), and were then
washed twice in platelet-washing buffer (113 mmol/l NaCl,
4.3 mmol/l  K,HPO,, 4.2 mmol/l NayHPO, 24.4 mmol/l
NaH,PO, and 5.5 mmol/1 glucose, pH 6.5) that contained 1 U/ml

The Effects of Ticlopidine and Aspirin on
H-SIPA

apyrase and 1 mmol/l PGE,. The platelet pellets were next resus-
pended in HEPES-Tyrode’s buffer (138 mmol/l NaCl, 2.8 mmol/l
KCl, 2 mmol/l CaCl, and 10 mmol/l HEPES, pH 7.4) at a concen-
tration of 3 x 10%/ml and used within 2.5 h.

H-SIPA was measured using an argon-laser-assisted cone plate-
let aggregometer (Torey Medical Inc., Tokyo, Japan) [11] at room
temperature. Before applying constant high shear stress at 108 dyn/
cm?, the purified UL-VWFM was added to the platelet suspensions
at a final concentration of 5 g/mlin a total volume of 400 1. For
some experiments, H-SIPA was measured in the presence of anti-
VWF monoclonal antibody (NMC-4), for which the epitope resides
on the VWF Al domain and inhibits its binding to platelet GP Ib
[91.

Additional Assays

Assays for VWF antigen [12] and ristocetin cofactor [13] were
performed in addition to SDS-0.9% agarose gel electrophoresis fol-
lowed by Western blotting with luminographic detection of VWFM
{14, 15]. Plasma ADAMTS13 activity was assayed by the modified
method of Furlan et al. [16] based on VWFM analysis [17]. The
activity of pooled normal plasma was defined as 100%.

Statistical Analysis

Paired and unpaired comparisons between the two groups were
performed using the Student’s t test for which p < 0.05 was judged
to indicate statistical significance. All experimental data are pre-
sented as means *+ SD.

Results and Discussion

From SDS-1.2% agarose gel electrophoretic analysis,
the initial half void volume fractions (F71-78) were
found to possess UL-VWFM and also showed a single
250-kD band by SDS-5% polyacrylamide gel electropho-
retic analysis under reducing conditions (fig. 1a). Further-
more, H-SIPA using a mixture of normal WPs and each
purified VWF fraction at 5 g/ml final concentration was
dependent on its multimeric size. Maximum aggregation
was observed when using F74 VWF, and this was com-
pletely blocked by the anti-VWF monoclonal antibody
NMC-4 at a final concentration of 10 g/ml (fig. 1) or with
the anti-GP-Ib monoclonal antibody AP-1 at a final con-
centration of 10 g/ml (not shown). Thus, the pooled frac-
tions (F71-78) were used as the source of UL-VWFM for
subsequent studies of H-SIPA, and the percent light trans-
mittance at 360 s after the generation of high shear stress
at 108 dyn/cm? was recorded as the maximum aggrega-
tion value.

For the patients treated with ticlopidine, H-SIPA was
dramatically but not totally inhibited, and the value was
43.8 & 17.7% before and 21.2 +10.5% after treatment
(0 <0.001) as shown in figure 2. Furthermore, for the pa-
tients treated with aspirin, H-SIPA was also inhibited to
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Fig. 2. Comparison of H-SIPA, platelets and VWF, For the patients treated with ticlopidine, H-SIPA was dra-
matically inhibited after treatment as was the case for patients treated with aspirin, although to a lesser extent.
The plasma VWF antigen, ristocetin cofactor and ADAMTS13 activity in patients from both groups were sig-
nificantly unchanged before and after treatment.

some extent but less than that after ticlopidine treatment,
and the value was 54.5 + 16.0% before and 44.6 +12.5%
after treatment (p = 0.0017), which is in contrast to the
results of Uchiyama et al. [3], who found a remarkable
inhibition of H-SIPA in patients treated with ticlopidine
but no significant inhibition in those treated with aspirin
‘using a PRP system.

Since H-SIPA in the PRP system is influenced by the
nature of the platelets and multiple plasma factors, we
analyzed the plasma VWF of both patient groups. As
shown in figure 2, both groups exhibited a remarkably
increased level of plasma VWF antigen and ristocetin co-

38 Pathophysiol Haemost Thromb 2005;34:35-40

factor compared with young healthy volunteers. The plas-
ma VWF antigen and ristocetin cofactor of patients with
cerebral ischemia were significantly unchanged before
and after treatment, but a remarkable increase in both
was observed in subjects of advanced age. Furthermore,
a significant decrease in plasma ADAMTS13 activity
compared with young healthy volunteers was noted for
both patient groups, which was unchanged before and
after treatment. A remarkable decrease was also observed
for subjects of advanced age. The reason why the activity
of plasma ADAMTS13 decreased in both patients with
cerebral ischemia and advanced-age subjects is consid-
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only seen in 3 out of 20 young healthy volunteers. NP = Normal human plasma.

ered to be decreased production of ADAMTS13 in the
liver or consumption of ADAMTS13 to degrade very high
amounts of VWF antigen. Mannucci et al. [18] specu-
lated that the consumption of ADAMTS13 degraded a
large amount of VWF antigen in order to explain the in-
verse correlation between ADAMTS13 activity and VWF
antigen in healthy and various pathological conditions.
Decreased activity of ADAMTS13 together with a large
amount of VWF antigen may induce the appearance of
UL-VWFM in plasma, which may result in a risk factor
for cerebral ischemia to occur.

Our assay using the patient’s WPs was successful at
determining platelet function because it excluded the ef-
fect of plasma factors. Likewise, Sun et al. [19] have re-

The Effects of Ticlopidine and Aspirin on
H-SIPA

cently reported that something in the plasma was respon-
sible for the phenomenon of shear aggregation ‘aspirin
resistance’.

Next, we examined the UL-VWFM of patients with
cerebral ischemia by SDS-0.9% agarose gel electrophore-
sis as shown in figure 3. All patients with cerebral isch-
emia in both groups had UL-VWFM, and this confirmed
the observed increase in plasma VWF antigen and risto-
cetin cofactor in patients with cerebral ischemia. UL-
VWFEFM was also detected in 20 of 26 subjects of advanced
age, whereas it was only seen in 3 of 20 young healthy
volunteers.

Cerebral ischemia is caused by platelet thrombosis in-
duced by high shear stress. Recent studies revealed that
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VWF and its interaction with the platelet receptors GP

Ib and GP IIb/Illa play a role in platelet thrombosis in-

duced by this type of stress [4]. In this study, we found
that the enhancement of H-SIPA in patients with cerebral
ischemia is corrected for by taking ticlopidine and aspi-
rin, and that ticlopidine has a stronger effect than does

aspirin. These drugs seem to solely affect platelet func-
tion. In addition, subjects of advanced age possessed UL-
VWFM more frequently than did young subjects. These
results indicate that people of advanced age may be more
susceptible to developing cerebral ischemia.
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Negative regulation of platelet function by a secreted cell repulsive protein,

semaphorin 3A

Hirokazu Kashiwagi, Masamichi Shiraga, Hisashi Kato, Tsuyoshi Kamae, Naoko Yamamoto, Seiji Tadokoro, Yoshiyuki Kurata,

Yoshiaki Tomiyama, and Yuzuru Kanakura

Semaphorin 3A (Sema3A) is a secreted
disulfide-bound homodimeric molecule
that induces growth cone collapse and
repulsion of axon growth in the hervous
system. Recently, it has been demon-
sirated that Sema3A is produced by endo-
thelial cells and Inhibits integrin function
in an autocrine fashion. In this study, we
investlgated the effecis of Sema3A on
platelet function by using 2 distinct hu-
man Sema3A chimera proteins. We de-
tected expression of functional Sema3A
receptors In platelets and dose-depen-
dent and saturable binding of Sema3A to

platelets. Sema3A dose-dependently in-
hibited activation of integrin «fibf3 by all
agonists examined including adenosine
diphosphate (ADP), thrombin, convulxin,
phorbol 12-myristate 13-acetate, and
A23187. Sema3A inhibited not only plate-
let aggregation Induced by thrombin or
collagen but also platelet adhesion and
spreading on immobllized fibrinogen.
Moreover, Sema3A impaired allbp3-inde-
pendent spreading on glass coverslips
and aggregation-independent granular
secretion. Sema3A Inhibited agonist-
induced elevation of filamentous action

(F-actin) contents, phosphorylation of co-
fllin, and Racl activation. In contrast,
SemalA did not affect the levels of cyclic
nucleotides or agonist-induced inerease
of intracellular Ca?* concentrations. Thus,
the extensive inhibition of platelet func-
tion by Sema3A appears to be mediated,
at least in part, through impairment of
agonist-induced Rac1-dependent actin re-
arrangement. (Blood. 2005;106:913-921)

© 2005 by The American Society of Hematology

Introduction

Platelets play a crucial role not only in a hemostatic plug formation
but also in a pathologic thrombus formation, particularly within
atherosclerotic arteries subjected to high shear stress.’? As an
initial step in thrombogenesis, platelets adhere to altered vascular
surfaces or exposed subendothelial extracellular matrices, then
become activated and aggregate each other. These processes are
primarily mediated by platelet surface glycoproteins such as
GPIb-IX-V, integrin o281, GPVI, and integrin alIb@3.%+ Espe-
cially, integrin aIIbB3 plays an essential part in aggregate forma-
tion and adhesive spreading of platelets during hemostasis.*?
Pathways that inhibit platelet function are as important as those that
activate them. Endothelial cells produce 2 well-documented
inhibitors of platelet activation and aggregation, prostaglandin
1, (PGI,) and nitric oxide (NO).® PGI, binds to a specific
Gs-coupled receptor, thereby activating adenylate cyclase and
cyclic adenosine monophosphate (cAMP)-dependent protein
kinase or protein kinase A (PKA). NO activates soluble guany-
late cyclase and cyclic guanosine monophosphate (cGMP)-
dependent kinase or PKG. Ecto-adenosine diphosphatase
(ADPase, CD39) located on the luminal surface of endothelial
cells also inhibits platelet aggregation by decreasing the local
concentration of ADP. Thus, endothelial dysfunction or damage
promotes a prothrombotic state and may be involved in the
pathogenesis of cardiovascular disorders, including atheroscle-

rosis, diabetes mellitus, essential hypertension, hypercholester-
olemia, and hyperhomocysteinemia.®

The semaphorin family comprises soluble and membrane-
bound proteins that are defined by the presence of a conserved
500-amino acid semaphorin domain at their amino termini.’ Class
3 semaphorins are secreted disulfide-bound homodimeric mol-
ecules, and Sema3A, a prototypic class 3 semaphorin, causes
growth cone collapse and provides chemorepulsive guidance for
migrating axons. %12 Cell surface receptor for Sema3A consists of a
complex of 2 distinct transmembrane receptors, neuropilin-1 and
plexin A (A1-A3).""'* Neuropilin-1 provides a binding site of
Sema3A, while plexin A transduces the Sema3A signals into the
cells through its cytoplasmic domain.'>'* Although the intracellu-
lar signaling pathways evoked by Sema3A binding are not fully
understood, plexins should interact with signaling molecules to
regulate actin reorganization, since growth cone collapse is accom-
panied by rapid reorganization of the actin filaments normally
present in lamellipodia or filopodia.'"'? In this context, a Rho
family small G-protein, Rac, has been identified as a potential
regulator of semaphorin-dependent actin cytoskeletal dynamics.'!-?

Although Sema3A function on neural development is studied
intensively, its function in other organs is poorly understood.
The fact that semaphorins are expressed in many different
tissues suggests that they also play a role in systems other than
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the nervous system.'? Indeed, in addition to neural abnormali-
ties, mice lacking a functional Sema3A gene have abnormalities
in their heart and visceral tissues, suggesting that Sema3A
signaling might be indispensable for normal development in
several organs.!*'5 Very recently, Serini et al reported that
semaphorins are also involved in angiogenesis.'® They showed
that endothelial cells generate chemorepulsive autocrine signals
of class 3 semaphorins that localize at nascent adhesive sites in
spreading endothelial cells.'® Interestingly, Sema3A inhibits the
integrin-mediated adhesion to extracellular matrix and impedes
their directional motility, which could explain the aberrant
vascularization that is observed in Sema3A-deficient mice.!¢
Others also showed that plexin signaling negatively regulates
integrin-based adhesive complexes, which leads to the inhibi-
tion of cell adhesion, lamellipodia formation, and cell migration."”

Since integrin ofIbB3 is essential for platelet function and
endothelial cells express Sema3A, we sought to investigate the
effects of Sema3A on platelet function. In this study, we demon-
strate that Sema3A binds to platelets and inhibits allb3 activation
extensively. Sema3A also inhibits platelet aggregate formation and
platelet adhesion and spreading on immobilized fibrinogen.
Moreover, Sema3A inhibits alIbf3-independent spreading on
glass coverslips and aggregation-independent granular secre-
tion. Further investigation of signaling pathways demonstrates
that Sema3 A markedly impairs agonist-induced Racl-dependent
actin rearrangement.

Materials and methods

Reagents

Recombinant human Sema3A fused to human Fc fragment (Sema3A/Fc)
was obtained from R&D Systems (Minneapolis, MN). A construct consist-
ing of the human Sema3A cDNA fused to the catalytic domain of human
placental alkaline phosphatase (AP) cDNA was prepared as previously
described using the pAP-tag2 expression vector (GenHunter, Nashville,
TN).!1 The plasmid was transfected to 293T celis by Lipofectamine2000
(Invitrogen, Carlsbad, CA), and recombinant Sema3A/AP was purified
from cultured medium using anti-human AP monoclonal antibody-
conjugated sepharose beads (clone 8B6) and dialyzed against phosphate-
buftered saline (PBS). Human IgG (higG) and human placental AP were
used for controls of Sema3A/Fc and Sema3A/AP, respectively. Purity of
Sema3A/Fc and Sema3A/AP was confinned by 7.5% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) followed by silver
staining (SilverSNAP Stain Kit; Pierce, Rockford, IL). Convulxin was
kindly provided by Dr M. Moroi (Department of Protein Biochemistry,
Institute of Life Science, Kurume University, Fukuoka, Japan). Fibrinogen
was purchased from Calbiochem (San Diego, CA) and was labeled with
fluorescein isothiocyanate (FITC), as previously described.'® Type 1
collagen was obtained from MC Medical (Tokyo, Japan). A hybridoma
producing I'V.3, a mouse monoclonal antibody specific for human Fey-RITA
(CD32), was obtained from American Type Culture Collection (Rockville,
MD) and IV.3 Fab fragments were generated as described previously.!? All
other reagents were purchased from Sigma (St Louis, MO), unless
otherwise indicated.

Platelet preparation

Washed platelets were prepared as described previously.?® In brief, 6 vol
freshly drawn venous blood from healthy volunteers was mixed with 1 vol
acid-citrate-dextrose and centrifuged at 250g for 10 minutes to obtain
platelet-rich plasma (PRP). After a S-minute incubation with I uM
prostaglandin E; (PGE;) and 1 U/mL apyrase. the PRP was centrifuged at
750g for 10 minutes, washed once with citrate buffer containing 1 pM
PGE; and | U/mL apyrase, and resuspended in an appropriate buffer.
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Washed platelets were rested for 30 minutes at 37°C before use in any
experiments. In all experiments using Sema3A/Fc, platelet FcyRITA
receptor was blocked by preincubation with 20 pg/mL IV.3 Fab.

Platelets for RNA extraction were prepared as described previ-
ously.2! In brief, 10 remove the contaminated leukocytes, PRP was
passed through a leukocyte removal filter (Sepacell PL-5A; Asahi
Medical, Tokyo, Japan), which can remove more than 99.9% of
contaminated leukocytes.!

Detection of binding of Sema3A to platelets and Sema3A
receptors in platelets

For detection of binding of Sema3A/Fc to platelets, 5 X 10° washed
platelets in Walsh buffer (137 mM NaCl, 2.7 mM KCl, {.0 mM MgCl, 3.3
mM NaH,PO,, 3.8 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid}, 0.1% glucose, 0.1% bovine serum albumin [BSA}, pH
7.4) were incubated with various concentrations of Sema3A/Fc for 30
minutes at room temperature and washed once with citrate buffer. Then,
platelets were resuspended in PBS with FITC-labeled anti~human Fc for 20
minutes, followed by flow cytometric analysis. For detection of the binding
of Sema3A/AP, 5 X 10¢ platelets were incubated with various concentra-
tions of Sema3A/AP for 30 minutes at room temperature. After washing
with citrate bufter, AP activity was measured using disodium phenylphos-
phate as a substrate (Sanko Jun-yaku, Tokyo, Japan). The number of
Sema3A binding sites was estimated by the maximum AP activity of
Sema3A/AP obtained from standard AP activity. In some experiments,
platelets were first incubated with 125 pg/mL Sema3A/Fc or higG for 10
minutes. After washing, platelets were incubated with 10 pg/mL Sema3A/AP
for another 30 minutes, and AP activity was measured.

Western blotting and flow cytometry of neuropilin-1 were performed
with mouse anti-neuropilin-1 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) as described previously.222* Horseradish peroxidase (HRP)-
conjugated anti-mouse IgG (New England Biolabs, Beverly, MA) and
Alexa488-conjugated anti-mouse IgG (Molecular Probes, Eugene, OR)
were used as secondary antibodies for Western blotting and flow cytometry,
respectively. Reverse transcriptase-polymerase chain reaction (RT-PCR)
for detection of plexin-Al, -A2, and -A3 was performed as described.!® In
brief, RNA was extracted by a Trizol reagent (Invitrogen), and cDNA was
synthesized using Moloney murine leukemia virus (M-MLV) reverse
transcriptase (Invitrogen). RT products were amplified in a PCR reaction
with a Taq polymerase (Takara ExTaq; Takara Bio, Shiga, Japan). Primer
sequences and PCR conditions were described previously.'¢

Aetivatlon of alibB3 by various agonlsts

Activation state of oIIb3 was monitored by binding of a ligand-mimetic
antibody, PAC-1, or soluble fibrinogen under flow cytometric analysis as
described previously.?2%2* In brief, 5 X 10° platelets in Walsh buffer were
preincubated with Sema3A/Fc or Sema3A/AP for 10 minutes, followed by
incubation with agonists and FITC-conjugated PAC-1 (BD Biosciences,
Franklin Lakes, NJ) or FITC-fibrinogen for 20 minutes at room tempera-
ture. Then, platelets were diluted to 500 wL with Walsh buffer and analyzed
immediately on flow cytometry (FACScan; BD Japan, Tokyo, Japan).

Platelet aggregation study

Platelet aggregation was monitored using a platelet aggregometer
(model 313M; MC Medical) at 37°C with a stirring rate at 1000 rpm, as
previously described.?® In brief, Sema3A/AP- or AP-treated platelets
were suspended in modified Tyrode buffer containing 1 mm MgCl; at
the concentration of 2 X 10%/puL. After addition of CaCl, at the final
concentration of 1 mM and incubation for one minute at 37°C,
aggregation was initiated by addition of agonists.

Platelet granular secretion

Granular secretion was monitored by FITC-CD62P (Immunotech, Mar-
seille, France) and phycoerythrin-conjugated CD63 (Immunotech) binding
to platelets under flow cytometry as described previously.2
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Adheslon to immobilized fibrinogen or glass coverslips

Adhesion of platelets to immobilized fibrinogen was assessed as described
previously.?® In brief, a 96-well polystyrene plate (Greiner Japan, Tokyo,
Japan) was coated with fibrinogen at the various concentrations in PBS for
16 hours at 4°C. Platelets (1.25 X 10°®) in Tyrode bufter (137 mM NaCl, 12
mM NaHCO;. 2.6 mM KCI, | mM CaCl;. | mM MgCl;, 5 mM HEPES,
0.1% glucose., 0.1% BSA, pH 7.4) were incubated with 20 pg/mL
Sema3A/Fc or hlgG for 10 minutes at room temperature, and then they
were placed on each well followed by incubation for one hour at room
temperature. After washing 3 times with PBS to remove nonadherent
platelets, adhered platelets were quantified by measuaring endogenous
cellular acid phosphate activity.”” Relative adhesion to the maximum
binding was calculated by dividing the acid phosphatase activity of
adherent platelets by that of nontreated platelets adhered on the 10
wg/mL fibrinogen.

Morphologic study of adhered platelets was performed as described
previously.?® In brief, glass coverslips were coated with 20 pg/mL
fibrinogen for 16 hours at 4°C, and then washed with PBS. After incubation
with Sema3A/Fc or higG, 2 X 10° platelets in Tyrode buffer were incubated
on the fibrinogen-coated coverslips for 45 minutes at 37°C or on the
nontreated coverslips for 10 minutes at room temperature. Nonadherent
platelets were washed away and adherent cells were stained with tetrameth-
ylrhodamine B isothiocyanate—conjugated phalloidin. Platelet spreading
was observed under a florescence microscope (PROVIS AX-80; Olympus.
Tokyo, Japan).

Quantification of F-actin contents

Filamentous actin (F-actin) content was analyzed by flow cytometry with
bodipy-phallacidin as described previousty.?® In brief, after incubation with
20 pg/mL Sema3A/Fc or hlgG, platelets in Walsh buifer were stimulated
with a 30-second incubation with 30 pM protease-activated receptor 1
(PAR 1)-thrombin receptor-activating peptide (TRAP) or 0.5 U/mL throm-
bin at 37°C. Then, platelets were fixed with 4 vol of 2.6% glutaraldehyde in
5.3 mM EDTA (ethylenediaminetetraacetic acid) for 2 hours at 37°C. After
washing twice with PBS, the platelets were resuspended to half their initial
volume and incubated at 37°C either with 3.3 pM bodipy-phailacidin
(Molecular Probes) or bodipy-phallacidin in the presence of a 300-fold
molar excess of unlabeled phallacidin. After 30 minutes, the platelets were
washed twice with PBS and platelet fluorescence was analyzed in the
fluorescence intensity 1 (FLI) channel of the fiow cytometer. Specific
phallacidin binding was obtained by subtraction of mean fluorescence
intensity of FL1 with unlabeled phallacidin from that of FL1 without
unlabeled phallacidin.

Detection of phosphorylation of cofilin and activated Rac1

After incubation with 20 wg/mL Sema3A/Fc or higG for 10 minutes at
room temperature, 1 X 107 platelets in Walsh buffer were incubated with
0.5 U/mL thrombin for the indicated times at 37°C without stirring. Then,
cells were lysed with SDS sample buffer with 5% B-mercaptoethanol
(8-ME). Proteins were resolved on a 15% SDS-PAGE gel and transferred to
a polyvinylidene difluoride (PVDF) membrane (Immobilon-P; Millipore,
Bedford, MA). Phosphorylated cofilin was detected by using anti-phospho-
cofilin antibody (Cell Signaling Technology, Beverly, MA). After stripping
the membrane with a stripping buffer (Restore Western Blot Stripping
Buffer; Pierce), the membrane was rehybridzed with anticofilin antibody
(BD Biosciences). Optical density of the bands was measured by National
Institutes of Health (NTH) Image software (Bethesda, MD). After calibrat-
ing the density of phosphorylated cofilin with that of total cofilin, relative
increase of phosphorylated cofilin against that of IgG-ireated platelets
without agonist stimulation was calculated.

Detection of activated Racl was performed using a kit of pull-down
assay according to the manufacturer’s directions (EZ-Detect Racl Activa-
tion Kit; Pierce). In brief, Sema3A/Fc- or hlgG-treated platelets in Walsh
buffer were incubated with 30 M PAR1-TRAP for the indicated times at
37°C without stirring. Then, cells were lysed with (.5% Triton-X100 lysis
buffer. Guanosine triphosphate (GTP)-form of Racl was pull-downed by
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incubation with glutathione-S—transferase (GST)-p21-activated kinase 1
(PAK1)-p21-binding domain (PBD) and giutathione beads for one hour
at 4°C. After washing with lysis buffer, precipitates were eluted with
SDS sample buffer with B-ME, followed by electrophoresis on a 12%
SDS-PAGE gel. After transfer to a PVDF membrane, Racl was detected
by a mouse anti-Racl-specific antibody. Total Ract was detected by
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Flgure 1. Detection of Sema3A binding to platelets and expression of Sema3A
receptors in platelets. (A) Silver stain of purified Sema3A fusion proteins; 0.25 g of
Sema3A/Fc (~ 125 kDa, lane ¢) and Sema3A/AP (~ 150 kDa, lane d) were loaded on
a 7.5% SDS-PAGE gel under reducing conditions and sliver staining was performed.
Sema3A/Fc and Sema3A/AP samples contain BSA as a carrier protein. In lane ¢, only
BSA was loaded. Molecular weight marker was loaded in lane a. (B) Binding of
Sema3A/Fc or Sema3A/AP fo platelets. Washed platelets (5 x 10°) were incubated
with Sema3A/Fc or higG, followed by incubation with FITC anti-human Fc. Sema3A/Fc
binding was detected by flow cytometry, and mean fiuorescence intensity (MF1) was
plotted in the top panel. Washed platelets (5 X 10°) were incubated with Sema3A/AP
or AP, and after washing, AP activity was measured using disodium phenylphosphate
as a substrate. Changse in optical density (AOD) was piotted on the bottom panel.
Shown are representative resuits of 3 independent experiments. (C) [nhibition of
Sema3A/AP binding by Sema3A/Fc. Washed platelets were first incubated with 125
ng/mb higG or Sema3A/Fc. Then, platelets were incubated with 10 pg/mL Sema3A/
AP, and AP activity was measured. Shown is mean and SE of relative binding to
higG-incubated sample of 3 independent experiments. (D) Expression of plexin-A1,
-A2, or -A3 in platelets was detected by RT-PCR assay {left). Human umbilical vein
endothelial cell (HUVEC) was used as a positive control. Expression of neuropifin-1 in
platelets was detected by Western blotting and flow cytometric analysis (right). In
Westem blotting, neuropilin-1 expression was detected by anti-neuropilin-1 antibody,
followed by incubation with HRP anti-mouse 1gG. MDA-MB231 was used as a
positive control. In flow cytometry, platelets were incubated with mouse monoclonal
anti-neuropitin-1 antibody (filled curve) or control antibody (MOPC21; open curve),
followed by incubation with Alexa488-conjugated anti~-mouse igG. MWM indicates
molecular weight marker.
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electrophoresis of total lysates on an SDS-PAGE gel followed by
detection with the Rac | -specific antibody.

Intraceliular Ca?+ mobilization

Intracellular Ca2* concentrations in fluo-3—loaded platelets were assessed
under flow cytometry as described previously.?” In brief, platelets were
labeled with 5 uM fluo-3-AM (Wako Pure Chemical, Osaka, Japan) at 37°C
for 15 minutes. After incubation with 20 pg/mL Sema3A/Fc or hlgG,
5 % 10° platelets in 200 pL Walsh buffer were subjected to flow cytometry
analysis. After the determination for about 10 seconds of baseline fiuo-3
fluorescence from the platelet population, cell aspiration into the flow
cytometry was briefly paused, and 1:10 volume of 5 U/mL thrombin was
added. The acquisition was then resumed, and changes in log fluorescence
versus time were recorded. For each plot, rectangular analysis regions were
defined over the time axis, and mean florescence intensity was calculated
with CellQuest software (BD Japan).

Quantification of platelet cyclic nucleotide levels

For ¢cAMP guantification, 1.6 X 10 platelets in Walsh buffer were incu-
bated with 20 pg/mL Sema3A/Fc or higG for |0 minutes at room
temperature. lloprost (20 pg/L: Cayman Chemical, Ann Arbor, MI) was
used as an agonist for activation of adenylate cyclase. ADP (5 pM) was
added to the platelet samples and incubated for 2 minutes at room
temperature to study inhibition of adenylate cyclase. After lysing platelets,
¢AMP contents were measured by an enzyme immunoassay kit according
to the manufacturer’s directions (Biotrak cAMP EIA System; Amersham,
Piscataway, NJ). For cGMP quantification, 3.6 X 10° platelets in Walsh
buffer were incubated with 20 pg/mL Sema3A/Fc or hIgG for 10 minutes at
room temperature, and ¢cGMP contents were measured by an EIA kit
(Biotrak cGMP EIA System; Amersham).

Statistical analysis

Experimental differences over the controls were analyzed by the Student ¢
test. Probability values of P less than .05 were considered significant.

Results

Binding of Sema3A to platelets and expression of Sema3A
receptors in platelets

We used 2 distinct Sema3A chimera proteins in this study:
recombinant human Sema3A fused to human Fc fragment
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(Sema3A/Fc) or to the catalytic domain of human placental
alkaline phosphatase (Sema3A/AP) (Figure 1A). We first inves-
tigated the binding of Sema3A to platelets. As shown in Figure
1B (upper), Sema3A/Fc bound to platelets in a dose-dependent
and saturable manner. Sema3A/AP also bound to the platelets in
basically the same manner as Sema3A/Fc, although it needed
about 2-fold concentrations, compared with Sema3A/Fc, to
saturate the binding to platelets (Figure 1B lower). About 90%
of the Sema3A/AP binding was inhibited by preincubation with
excess amounts of Sema3A/Fc, confirming the specificity of
Sema3A binding to platelets (Figure 1C). We estimated the
binding sites of Sema3A were approximately 8000 (7980 = 500,
n = 4) per platelet.

Next, we examined expression of Sema3A receptors in
platelets. Western blotting and flow cytometric analysis revealed
that neuropilin-1 was expressed in platelets (Figure 1C). Plexin
expression was examined by RT-PCR assay, using platelet
samples in which the contaminated leukocytes were removed by
a leukocyte removal filter. As shown in Figure 1C, plexin-Al
and low levels of plexin-A2 and plexin-A3 were expressed in
platelets. These results suggest that platelets express functional
Sema3A receptors.

Effects of Sema3A on alibB3 activation by various agonists
and platelet aggregation

Since Sema3A inhibits integrin function in endothelial cells,'® we
examined the effects of Sema3A on integrin oIIbB3 activation
using a ligand-mimetic antibody, PAC-1. Sema3A/Fc dose-
dependently inhibited PAC-1 binding induced by all agonists
examined, including agonists that act via G-protein—coupled recep-
tors (ie, ADP, thrombin, and U46619) and convulxin, which acts
via G-protein—uncoupled receptor, GPVI (Figure 2A; Table 1).
Sema3A/Fc inhibited A23187- and phorbol 12-myristate 13-
acetate (PMA)-induced PAC-1 binding, suggesting that Sema3A
inhibits olIb83 activation mainly downstream of intracellular
calcium mobilization and protein kinase C activation. Sema3A/AP
also inhibited aIIb@3 activation by thrombin and ADP (Figure 2B),
indicating that the inhibitory effects were caused by the Sema3A
domain, not by the fused Fc or AP domain. Sema3A/Fc inhibited a
physiologic ligand, soluble fibrinogen binding to platelets after
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Figure 2. Inhibition of «Hbf3 activation by Sema3A. (A) Washed platelets preincubated with the indicated concentrations of Sema3A/Fc (€ and bold lines) or higG (& and
thin lines) were activated with ADP (5 pM), PAR1-TRAP (15 uM), U46619 (2 uM), convulxin (5 ng/mL), A23187 (2.5 uM), or PMA (200 nM). Activated allbg3 was detected by
binding of FITC-PAC-1. Shown are representative resuits of 3 to 5 independent experiments. (B) Washed platelets were preincubated with Sema3A/AP (¢ and bold lines) or
AP (& and thin lines) and activated by ADP (5 pM) or thrombin (0.5 U/mL.), and then FITC-PAC-1 binding was detected. Shown are representative results of 3 independent
experiments. (C) PBS-, higG-, or Sema3A/Fc-treated platelets were incubated with or without an alib@3-activating antibody, PT25-2, and PAC1 binding was examined. Shown

are representative resuits of 3 independent experiments.
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Table 1. Inhibition of agonist-induced PAC1 binding by Sema3A
Concentration (% inhibitlon)

Agonist

ADP, 1M
PART-TRAP, pM
Thrombin, UimL.

5(90.4 % 12.4)
15 (115.2 ¢ 10.2)
0.5 (97.4 = 3.3)

U46619, nM 2{1125* 8.3
Convulxin, ng/mtL. 5{94.7 £ 8.0)
A23187, pM 2.5{108 = 55)
PMA, nM

200 (58.1 = 14.3)

Platelets preincubated with 10 pg/mL Sema3A/F¢ were activated with indicated
agonists, and FITC-PAC1 binding was detected as demonstrated in Figure 2. Percent
inhibition of mean fluorescent intensity against higG-treated platelets was calculated.
Data represent mean = SE of at least 3 independent experiments.

ADP and PAR1-TRAP stimulation, as well as PAC-1 binding (data
not shown). PAC-1 binding with PT25-2, an anti-allbB3 antibody
that induces activated conformation of aIIb3 without intracellular
signaling, was unaffected by preincubation with Sema3A (Figure
2C), indicating that Sema3A does not disturb PAC-1 binding
competitively to its receptor. Since activation of allbB3 leads to
ligand binding and platelet aggregate formation, we studied the
effects of Sema3A on platelet aggregation. Sema3A/AP im-
paired aggregate formation in low concentrations of collagen
and thrombin (Figure 3), although it was hard to detect the
inhibitory effects of Sema3A on platelet aggregation in high
concentrations of the agonists.

Effects of Sema3A on granular secretion

We examined effects of Sema3A binding to platelets on granular
secretion after ADP and thrombin stimulation. Surface expression
of CD62P and CD63 was used for monitoring the secretion of alpha
granule and dense or lysosome granule, respectively.*® Sema3A/Fc
dose-dependently inhibited surface expression of both CD62P and
CD63 after ADP and thrombin stimulation without stirring, indicat-
ing that Sema3A inhibits aggregation-independent granule secre-
tion induced by platelet agonists (Figure 4).
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Figure 3. lohibition of platelet aggregation by Sema3A. Washed platelets
preincubated with 20 pg/mL Sema3A/AP or AP were activated with the indicated
concentrations of collagen (left column) or thrombin (right column). Platelet aggrega-
tion was monitored using a platelet aggregometer. Arrow indicates the addition of
agonists, Shown are representative resulls of 3 independent experiments.
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Figure 4. Inhibition of agonist-Induced granular secretlion by Sema3A. Washed
platelets were preincubated with the Indicated concentrations Sema3A/Fg, and then
activated with ADP (5 M) or thrombin (0.5 U/mL). Granular secretion was assessed
by FITC-CD62P and PE-CD63 binding to platelets, and percent binding against
higG-treated platelets was calculated. Shown are mean = SE of percent binding of 3
Independent experiments. *P < .05; **P < .01.

Effects of Sema3A on platelet adhesion and spreading

We next examined the etfects of Sema3A on platelet adhesion to
immobilized fibrinogen or nonspecific glass coverslips under static
conditions. Quantification of adhered platelets by acid phosphatase
method showed that preincubation with 20 pg/mL Sema3A/Fc led
to about 20% reduction in platelet adhesion at every concentration
of fibrinogen examined (Figure SA). Microscopic examination
demonstrated that after 45 minutes of incubation on 20 pg/mL
fibrinogen, more than 80% of platelets showed full spreading
(Figure 5Bi). In sharp contrast, spreading of Sema3A-treated
platelets was markedly impaired (Figure 5Bii). The inhibition of
platelet spreading by Sema3A was not oIlbB3 specific. since
Sema3A also inhibited platelet spreading on noncoated glass
coverslips (Figure 5Biii-iv).

Effects of Sema3A on agonist-induced cytoskeleton
rearrangement of platelets

The remarkable inhibition of platelet spreading by Sema3A
suggests that Sema3A affects cytoskeletal rearrangement of plate-
lets. To address the hypothesis, we quantified F-actin contents in
platelets using bodipy-phallacidin and flow cytometry. Thrombin
and PARI-TRAP induced elevation of F-actin as demonstrated,?
and Sema3A significantly impaired the elevation of agonist-
induced F-actin elevation (Figure 6A). Cofilin is a protein that
promotes severing and depolymerization of F-actin,** and involve-
ment of cofilin in Sema3A signaling has been demonstrated.*
Therefore, we next examined phosphorylation of cofilin after
PARI-TRAP stimulation. Sema3A decreased the level of phosphor-
ylated cofilin in both resting and PAR1-TRAP-stimulated platelets,
suggesting that Sema3A may keep cofilin in the dephosphorylated,
activated state and increase severing of F-actin (Figure 6B). Since
phosphorylation of cofilin is regulated by LIM kinase,'*? an
effecter of Rac-PAK signaling pathway,’® and the involvement of
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A Rac in semaphorin signaling is well demonstrated,'"'? we exam-
100 ined the effects of Sema3A on Racl activation by PARI-TRAP.
80 Consistent with previous reports,*> PARI-TRAP induced rapid
§ 60 activation of Racl in platelets at the maximum in 30 seconds, and
%’ Sema3A almost completely inhibited the Racl activation induced
£ 40 by PARI-TRAP (Figure 6C). These results suggest that Sema3A
20 inhibits agonist-induced actin rearrangement via Racl-dependent
pathway including phosphorylation of cofilin.

Some reports demonstrated that Sema3A affects another cy-
toskeletal component, microtubule rearrangement.’¢-3” However,
we did not observe any apparent effects of Sema3A on tubulin
staining in platelets (data not shown).

Effects of Sema3A on Ca?* and cyclic nucleotide signaling
in platelets

To examine whether Sema3A may affect Ca’* signaling, fluo-3—
loaded platelets were stimulated with thrombin and intracellular
Ca®* concentrations were monitored under flow cytometry. Throm-
bin induced rapid increase in intracellular Ca?* concentrations in
control platelets as described,?® and Sema3A/Fc did not affect the
thrombin-induced increase in intracellular Ca?* concentrations
(Figure 7).

Since the best characterized platelet inhibitory signaling path-

Figure 5. Effects of Sema3A on platelet adhesion and spreading. {(A) Washed
platelets were incubated with 20 pg/ml. Sema3A/Fc (bold line) or higG (thin solid
line), or PBS (dashed line}., and then placed on the various concentrations of
immohilized fibrinogen for one hour. After washing with PBS to remove nonadherent
platelets, adhered platelets were quantified by acid phosphatase method. Mean and
SE of percent adhesion of 3 independent experiments was plotted. *P < .05. (B)
Sema3A-treated platelets (iiiv) or higG-treated platelets (iiif) were placed on
fibrinogen-coated (i-ii) or nontreated (jii-iv) glass coverslips. Adhered platelets were
stained with TRICT (tetramethylrhodamine-5(and 6)-isothiocyanate)-phalioidin. im-
ages were captured with a CCD camera (DP-70; Olympus) mounted on an Olympus
AX-80 fluorescence microscope equipped with a 100 x/1.30 oil immersion objective

ways are cyclic nucleotide pathways,*® we finally examined the
effects of Sema3A on cyclic nucleotides in platelets. Sema3A did
not increase the basal cAMP level in nonstimulated platelets per se
(Table 2). Stable prostacyclin, iloprost, elevates intracellular cAMP,
and addition of ADP impairs the iloprost-induced cAMP elevation
by inhibiting adenylate cyclase.* Again, Sema3A treatment did not
change cAMP contents in iloprost- and ADP-treated platelets
(Table 2). Sema3A also had no effects on basal cGMP contents,
whereas sodium nitroprusside, a stimulator of NO/protein kinase G

lens. Images were acquired with Olympus DP Controller sofiware and processed with
Adobe Photoshop Elements 2.0 (Adobe Systems, San Jose, CA). Original magnifica-
tion x 1000, and bar in panel Bi represents 10 wm.

pathway, induced elevation of cGMP contents (Table 3). Moreover,
a nitric oxide synthase (NOS) inhibitor, L-nitroarginine methyl
ester, or a NO-donor, L-arginine, had no effects on the inhibition of
«IIb@3 activation by Sema3A (data not shown).*® These results
suggest that neither cAMP nor cGMP is involved in inhibition of
platelet function by Sema3A.
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Figure 6. Effects of Sema3A on F-actin contents, cofilin phosphorylation, and Rac1 activation. (A) Sema3A/Fc- (gray bars) or higG-treated (black bars) niatelets were
activated by 30 1M PAR1-TRAP or 0.5 U/mL thrombin at 37°C for 30 secands without stirring. After fixation, F-actin was stained with bodipy-phatiacidin. Specific phallacidin
binding was obtained by subtraction of FL1 fluorescence with a 300-fold more excess of unlabeled phaltacidin from FL1 fluorescence without untabeled phaliacidin, and foid
increase against fluorescence of no agonist sample was calculated. Data represent mean and SE of 3 independent experiments. *P < .05. (B) Sema38A/Fc- or higG-treated
platelets were activated with 30 uM PAR1-TRAP for the indicated time at 37°C without stirring. Then, cells were iysed and SDS-PAGE was performed. Phospho-cofilin was
detected by anti-phospho-cofilin-specitic antibody. After stripping, total cofilin was detected by anticofilin antibody. Optical density of the bands was measured by NiH Image
software, and relative increase against phospho-cofilin In 1gG-treated platelets without thrombin was calculated. Mean and SE of 3 independent experiments was plotted in
bottom panel. *P < .06; **P « .01. (C) Sema3A/Fc- or higG-treated platelets were activated with 30 ;1M PAR1-TRAP for the indicated time at 37°C without stirring. GTP-form of
Rac1 was pracipitated by incubation with GST-PAK1-PBD and glutathione beads. After SDS-PAGE electrophoresis, Rac1 was detected by a Rac1-specific antibody. Total Rac
was detected by electrophoresis of total lysates on an SDS-PAGE gel followed by detection with the same antibody. Optical density of the bands was measured by NIH Image
software, and relative increase against GTP-Rac in IgG-treated platelets without thrombin was calculated. Sema3A/Fc is indicated by B and bold lines; higG, by € and thin
lines. Mean and SE of 3 independent experiments was plotted in lower panel. *P < .05.
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Figure 7. Effects of Sema3A on thrombin-induced increass of intraceliular Ca?+
concenirations. Fluo-3-labsled platelets were incubated with 20 pg/mL Sema3A/Fc
or higG. After the determination for about 10 seconds of bassline fluo-3 fiuorescence
from the platelet population, cell aspiration into the flow cytometry was briefly paused,
and 1:10 volume of 5 U/mL thrombin (Thr) was added. The acquisition was then
resumed, and changes in log fluorescence versus time wers recorded (top panels).
For each plot, rectangular analysis regions were defined over the time axis, and mean
fluorescence intensily was calculated. Mean + SE of 3 independent experiments was
plotted in bottom panel. Bold and thin lines represent Sema3A/Fc and higG,
respactively.

Discussion

In this report, we demonstrated for the first time the binding of
Sema3A on platelets and extensive inhibitory effects of Sema3A on
platelet function. As reported in endothelial cells.'® Sema3A
inhibited integrin-mediated function in platelets (ie, inhibition of
ollbB3 activation and platelet aggregate formation, and adhesion
and spreading on immobilized fibrinogen). However, Sema3A also
inhibited allbB3-independent adhesion and spreading on non-
treated glass coverslips and aggregation-independent granular
secretion. Although the most potent platelet inhibitory pathways
are cyclic nucleotide pathways,> we did not detect any effect on
cAMP and cGMP contents by Sema3A treatment. Thrombin-
induced Ca?* signaling was also unaffected by Sema3A treatment.

Sema3A markedly impaired allbB3-independent as well as
allbB3-dependent platelet spreading. We demonstrated that Sema3A
inhibited the increase of F-actin contents after thrombin or
PARI-TRAP stimulation. Thus, Sema3A inhibited adhesion-
induced and agonist-induced actin rearrangement. Furthermore,
Sema3A inhibited phosphorylation of cofilin and Rac! activation
after PARI-TRAP stimulation. Several reports revealed that Racl
activation is necessary for platelet actin assembly and lamellipodia
formation after agonist stimulation.**%4! Therefore, marked impair-
ment of Racl activation is very likely to account for the Sema3A-

Table 2, Effects of Sema3A on cCAMP

cAMP, pmol/10®

platelets
HgG, 20 ngiml. 1.06£0.19
SemalA/Fe, 20 pg/mL 1.00 * 0.68"
lioprost, 20 pgil. 45,94 +531
Hoprost, 20 ug/l + ADP, 5 pM + higQ. 20 pg/mb 7.34 x D.47F
Hloprost, 20 pgil -+ ADP, 5 uM + SemaBA/Fe, 20 pg/mb 5.86 * 0.90%

Data represent the mean * SE of 3 independent experiments.
‘P=.94.
1P =.24.
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Table 3. Effects of Sema3A oh cGMP

cGMP, pmol/10° platelets

higG; 20 woimL 0.83 = 0.08"
SemadA/Fe, 20 ng/mi 0.86 = 0.04*
Sodium nitroprusside, 1 mM 556 = 0.83

Data represent the mean = SE of 3 independent experiments.
*P=.70.

induced impairment of actin rearrangement and spreading in
platelets. There were 2 major downstream effectors of Racl
identified, PAK and WAVEs ([ Wiskott-Aldrich syndrome protein]
WASP family Verprolin-homologous proteins).** Several PAK
substrates or binding partners have been implicated in the effects of
PAK, including filamin, LIM kinase, myosin, and paxillin.*?
Among them, LIM kinase phosphorylates and inactivates cofilin, a
protein that promotes severing and depolymerization of F-
actin.’!32 Consistent with the inhibition of Rac] activation, Sema3A
inhibited phosphorylation of cofilin in both resting and activated
platelets, suggesting that Sema3A increases severing and depoly-
merization of F-actin by keeping cofilin in the activated state. Racl
inhibition by Sema3A might affect the activation of another major
downstream effector of Racl, WAVEs. WAVEgs, also known as
Scar, belong to the WASP family and activate actin-related protein
2 and 3 (Arp2/3) complex, resulting in nucleating actin polymeriza-
tion.** Others and we have demonstrated that platelets contain
WAVE isoforms and may regulate lamellipodia formation.*#3
Therefore, it is also likely that Sema3 A may inhibit actin rearrange-
ment via inhibition of WAVE-dependent initiation of actin
polymerization.

In contrast to our results, it has been demonstrated that Racl
activation is essential for Sema3A-induced growth cone collapse in
neural cells,*47 and Sema3A-induced phosphorylation of cofilin is
necessary for the process.*® However, in these reports, the authors
analyzed direct signaling induced by the binding of Sema3A. In
this study, we analyzed the effects of Sema3A binding on agonist-
induced signaling in platelets. Interestingly, Aizawa et al also found
that phosphorylated cofilin was subsequently dephosphorylated
within 5 minutes at the neural growth cone and the phosphorylated
level of cofilin decreased to ().16-fold of that of untreated growth
cone,*® which is consistent with our observation that cofilin is
dephosphorylated in Sema3A-treated platelets. Signaling pathways
from semaphorin receptors to Rac have not been fully understood
even in neural cells.!"' Human plexin-B1, a receptor for Sema4D.
and fly plexin B interact with activated Rac directly, and it has been
suggested that these plexins sequester activated Rac and antagonize
its signaling pathway.*-' Very recently Turner et al reported the
association of activated Rac and the cytoplasmic tail of plexin-
A1, although others failed to detect the interaction.’®>? Further
studies are necessary to reveal the mechanism of regulation of Rac
by Sema3A in platelets.

Is the impairment of actin rearrangement via inhibition of Racl
responsible for Sema3A-induced extensive negative regulation of
platelet function other than platelet spreading? To investigate the
role of actin rearrangement on platelet function, effects of cytocha-
lasins or latrunculin A, inhibitors of actin polymerization, have
been studied.’*8 There are some discrepancies in these reports.
mainly because of the differences in experimental conditions; some
reports demonstrated that high concentrations of cytochalasins
inhibited agonist-induced aIIbp3 activation and platelet aggrega-
tion, indicating that de novo actin polymerization affects activation
of adIbp3,%5558 whereas low concentrations of cytochalasin D and
latrunculin A activated «IIb@3.%7 Integrin activating inside-out
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signaling consists of 2 aspects: conformational change that regu-
lates integrin affinity and integrin clustering that regulates its
avidity.>7 al1bB3 clustering may be promoted by actin cytoskeletal
rearrangement, although conformational change seems to be the
dominant way in alIbB3 activation.’ Moreover, recent reports
revealed that talin binding to integrin cytoplasmic tails is essential
for integrin activation.®! Since talin links integrin to actin
filaments in clustering of integrins into adhesion complexes,®%3
defects of actin polymerization may impair broad aspects of
integrin signaling. However, impairment of actin rearrangement
does not appear to be the sole mechanism of Sema3A inhibition of
platelet function, since, in contrast to Sema3A, cytochalasins have
no inhibitory effects on granular secretion.”®® Racl regulates
many cellular activities besides cytoskeletal rearrangement, such as
cell polarity and vesicle trafficking in other cells.*> Moreover,
Sema3A may act via Racl-independent pathways (eg, the collapsin
response mediator protein (CRMP)-mediated pathway).!> These
hypotheses remain to be determined.

It has been well documented that endothelial cells negatively
regulate platelet function by secreted PGI,, NO, and membrane-
bound ecto-ADPase.? Since Sema3A is also produced in endothe-
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lial cells and inhibits platelet function extensively, Sema3A
may contribute to maintain blood flow in normal, injured, or
newly synthesized vessels by keeping platelets in the resting
state. Moreover, since Sema3A appears to inhibit platelet
function via unique Racl-dependent pathway, modulation of
Sema3A-inducing signaling pathway may be a new target of
antiplatelet therapy.

In conclusion, we demonstrated that Sema3A binds to platelets
and inhibits platelet function extensively. The inhibition of platelet
function by Sema3A appeared to be mediated, at least in part,
through impairment of agonist-induced Racl-dependent actin
rearrangement. We believe that these results reveal a new Sema3A
function on thrombosis and hemostasis, and a unique inhibitory
signaling pathway evoked by Sema3A binding 1o platelets.
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