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Abstract

 

The murine/human chimeric monoclonal antibody frag-

ment (c7E3 Fab) blocks GPIIb/IIIa and 

 

a

 

v

 

b

 

3

 

 receptors, in-

hibits platelet aggregation, and decreases the frequency of is-

chemic events after coronary artery angioplasty in patients

at high risk of suffering such events. Although inhibition of

platelet aggregation is likely to be the major mechanism of

c7E3 Fab’s effects, since activated platelets facilitate throm-

bin generation, it is possible that c7E3 Fab also decreases

thrombin generation. To test this hypothesis, the effects of

c7E3 Fab and other antiplatelet agents were tested in a

thrombin generation assay triggered by tissue factor. c7E3

Fab produced dose-dependent inhibition of thrombin gener-

ation, reaching a plateau of 45–50% inhibition at concentra-

tions 

 

$ 

 

15 

 

m

 

g/ml. It also inhibited thrombin–antithrombin

 

complex formation, prothrombin fragment F

 

1

 

1

 

2

 

 generation,

platelet-derived growth factor and platelet factor 4 release,

incorporation of thrombin into clots, and microparticle for-

mation. Antibody 6D1, which blocks platelet GPIb binding

of von Willebrand factor, had no effect on thrombin genera-

tion, whereas antibody 10E5, which blocks GPIIb/IIIa but

 

not 

 

a

 

v

 

b

 

3

 

 receptors decreased thrombin generation by 

 

z

 

 25%.

Combining antibody LM609, which blocks 

 

a

 

v

 

b

 

3

 

 receptors,

with 10E5 increased the inhibition of thrombin generation

to 

 

z

 

 32–41%. The platelets from three patients with Glanz-

mann thrombasthenia, who lacked GPIIb/IIIa receptors but

had normal or increased 

 

a

 

v

 

b

 

3

 

 receptors, supported 

 

z

 

 21%

less thrombin generation than normal platelets. We con-

clude that thrombin generation initiated by tissue factor in

the presence of platelets is significantly inhibited by c7E3

Fab, most likely in part through both GPIIb/IIIa and 

 

a

 

v

 

b

 

3

 

blockade, and that this effect may contribute to its anti-

thrombotic properties. (

 

J. Clin. Invest.

 

 1996.

 

 

 

98:863–874.)
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Introduction

 

Both platelets and coagulation proteins contribute to throm-
botic cardiovascular disease via a complex set of interactions,
and both antiplatelet agents and anticoagulants are effective
against thrombosis. Antiplatelet agents are thought to work
primarily by decreasing platelet aggregation, whereas antico-
agulants are thought to work primarily by decreasing thrombin
formation or inhibiting thrombin after it is formed. However,
since activated platelets can facilitate thrombin generation by
providing a catalytic surface on which coagulation reactions
occur (1) and by releasing an activated form of Factor V (2), it
is possible that antiplatelet agents may also function as antico-
agulants in vivo. Both quantitative and qualitative mechanisms
may contribute to an anticoagulant effect of potent antiplatelet
agents: (

 

a

 

) a decrease in platelet aggregation and platelet
thrombus formation may result in a local decrease in both the
mass of platelet membranes on which thrombin can be gener-
ated and the number of platelets available to release activated
Factor V (quantitative effects), and (

 

b

 

) inhibition of the plate-
let “activation” process may prevent platelet membranes from
developing an enhanced catalytic efficiency and may inhibit re-
lease and surface expression of activated Factor V (qualitative
effects) (1, 2).

The murine/human chimeric 7E3 monoclonal antibody frag-
ment (c7E3 Fab)

 

1

 

 blocks platelet GPIIb/IIIa and 

 

a

 

v

 

b

 

3

 

 vit-
ronectin receptors, producing inhibition of platelet aggrega-
tion and platelet thrombus formation (3). Data from the recent
Phase III EPIC study indicate that c7E3 Fab decreases the fre-
quency of ischemic events after coronary artery angioplasty or
atherectomy in patients at high risk of suffering such events
(4). Although the antiplatelet effect of c7E3 Fab in preventing
direct mechanical obstruction of the blood vessel by inhibiting
platelet aggregation is likely to be the major mechanism for its
beneficial effect, it is possible that the potent inhibition of
platelet thrombus formation by c7E3 Fab may result in de-
creased thrombin formation, which in turn could further de-
crease platelet activation and platelet thrombus formation.
Thus, despite being an antiplatelet agent, c7E3 Fab may func-
tion as an anticoagulant. Moreover, since thrombin may cause
smooth muscle cell migration and intimal hyperplasia (5), pro-
cesses that may contribute to restenosis, it is possible that de-
creased thrombin generation by c7E3 Fab may play a role in
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1. 

 

Abbreviations used in this paper: 

 

c7E3 Fab, Fab fragment of mouse
human chimeric monoclonal antibody 7E3; DB-cAMP, dibutyryl cy-
clic AMP; F

 

1

 

1

 

2

 

, prothrombin fragment 1 

 

1

 

 2; FSC, forward angle light
scatter; iso-T6, (iso-S)FLLRN-NH

 

2

 

; MTX, isobutyl-methyl-xanthine;
NHS-LC-Biotin, sulfosuccinimidyl 6-(biotinamido) hexanoate; PF4,
platelet factor 4; PPP, platelet-poor plasma; PRP, platelet-rich plasma;
SSC, side angle light scatter; TAT, thrombin-antithrombin III.
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the modest reduction in clinical restenosis observed after 6 mo
in c7E3 Fab–treated patients (6).

In vivo studies are required to assess the total impact of
c7E3 Fab treatment on thrombin generation after vascular in-
jury. In vitro studies, however, can analyze the effect of c7E3
Fab on the phenomena related to platelet activation that result
in enhanced thrombin generation. In the present study, we an-
alyzed the effect of c7E3 Fab and other antiplatelet agents on
platelet-dependent, tissue factor–induced thrombin produc-
tion using modifications of a well characterized thrombin gen-
eration assay (7–10).

 

Methods

 

Chemicals.

 

BSA, purified human thrombin, hirudin, 

 

N

 

6,O

 

2

 

-dibutyryl-
adenosine 3

 

9

 

:5

 

9

 

-cyclic monophosphoric acid (dibutyryl cyclic AMP,
DB-cAMP), 3-isobutyl-methyl-xanthine (MTX), prostaglandin I

 

2

 

(prostacyclin), Triton X-100, paraformaldehyde, and DMSO were ob-
tained from Sigma Chemical Co. (St. Louis, MO). ADP and arachi-
donic acid were from Chrono-Log Corp. (Havertown, PA). 

 

H

 

-

 

D

 

-Phe-
Pip-Arg-pNA (S-2238) and human plasmin were from Chromogenix
(Mölndal, Sweden). Aspirin was obtained from Mallinckrodt Inc.
(Paris, KY). Ionophore A23187, aprotinin, and human fibrinogen
were from Calbiochem Corp. (La Jolla, CA). 

 

N

 

-2 hydroxyethylpiper-
azine-

 

N

 

9

 

-2-ethanesulphonic acid (Hepes) was from Eastman Kodak
Co. (Rochester, NY). Iodogen, papain, and sulfosuccinimidyl 6-(bi-
otinamido) hexanoate (NHS-LC-Biotin) were from Pierce Chemical
Co. (Rockford, IL). Reptilase was from Stago (Asnières, France). Other
chemicals were from Sigma Chemical Co. or Fisher Scientific Co.
(Pittsburgh, PA). Calpeptin was from Alexis (Läufelfingen, Switzerland).

 

Antibodies.

 

Purified murine monoclonal antibodies 10E5 [anti–
GPIIb/IIIa (

 

a

 

IIb

 

b

 

3

 

; CD 41/CD61)] (11), 7E3 [(anti–GPIIb/IIIa 

 

1a

 

v

 

b

 

3

 

;
CD 41/CD61 

 

1

 

 CD51/CD61)] (12), 6D1 (anti–GPIb

 

a

 

; CD 42b) (13),
6F1 [anti–GPIa/IIa (

 

a

 

2

 

b

 

1

 

; CD 49b)] (14), and 7H2 [anti–GPIIIa (

 

b

 

3

 

;
CD 61)], which partially inhibits fibrinogen binding to platelets and
platelet aggregation (15), have been previously described. 7H2 Fab,
which has little effect on fibrinogen binding or platelet aggregation,
was obtained by enzymatic digestion with immobilized papain as pre-
viously described (15). c7E3 Fab (anti–GPIIb/IIIa 

 

1a

 

v

 

b

 

3

 

) (16), the
drug used in the EPIC trial (4, 6), was obtained from Centocor (Mal-
vern, PA). Antibody LM609 (anti–

 

a

 

v

 

b

 

3

 

, which inhibits 

 

a

 

v

 

b

 

3

 

 function;
CD51/CD62), and antibody LM142 (anti-

 

a

 

v

 

, which does not inhibit

 

a

 

v

 

b

 

3

 

 function; CD51) (17) were generously provided by Dr. David
Cheresh (The Scripps Research Institute, La Jolla, CA). Antibodies
10E5 and LM609 were converted into Fab fragments by digestion
with ficin according to the manufacturer’s directions (Pierce Chemical
Co.). Antibody AP3 (anti–GPIIIa; CD 61) (18) was generously pro-
vided by Dr. Peter Newman (Blood Center of Southeastern Wiscon-
sin, Milwaukee, WI). Antibodies were diluted from stock solutions in
0.15 M NaCl, 0.01M Tris/HCl, 0.05% sodium azide, pH 7.4, or 0.15 M
NaCl, 0.01 M sodium phosphate, 0.05% azide, pH 7.4, with 0.15 M
NaCl, 0.01 M Tris/HCl, 0.05% sodium azide, pH 7.4, for use in the as-
says. In preliminary experiments we determined that azide did not af-
fect the assay results at the concentrations used in the studies.

Biotinylation of antibodies was performed using NHS-LC-Biotin
as previously described by Gretch et al. (19).

 

Defibrinated and native plasma.

 

200 ml of blood from each of 15
normal voluntary donors (blood group AB) was anticoagulated with
0.013 M sodium citrate. Platelet-poor plasma (PPP) was made by a
double centrifugation (2,000 

 

g

 

 for 10 min at 22

 

8

 

C, and then 5,000 

 

g

 

 for
10 min at 4

 

8

 

C). The plasmas were pooled, frozen in dry ice/ethanol
and stored at 

 

2

 

20

 

8

 

C. A single batch of plasma was used for all PPP
studies. PPP was defibrinated immediately before use by adding 1/50th
vol reptilase, letting the clot form at 37

 

8

 

C for 5 min, keeping the clot-
ted plasma at 0

 

8

 

C for 10 min, and then removing the clot by centrifu-
gation. No clottable fibrinogen was found after this treatment.

 

Platelet-rich plasma (PRP) for thrombin generation assays.

 

Blood
from normal donors was anticoagulated with citrate as above and
centrifuged for 10 min at 250 

 

g

 

 at 22

 

8

 

C. The platelet count was ad-
justed to 300,000 per 

 

m

 

l with PPP prepared from the PRP.

 

Gel-filtered platelets.

 

Blood from normal donors was anticoagu-
lated with acid-citrate dextrose formula A (ACD-A) (8.5:1.5, vol/
vol). PRP was obtained by centrifugation (3 min at 800 

 

g

 

 at 22

 

8

 

C), re-
moved, and, after adding 1/10 vol of additional ACD-A, centrifuged
for 10 min at 2,100 

 

g

 

 at 22

 

8

 

C. The platelet pellet was reconstituted
with 1 ml of TSBG [0.05 M Tris/HCl, 0.15 M NaCl, 0.5% BSA (wt/
vol), 5 mM glucose, pH 7.4]. Platelets were then gel filtered through
Sepharose 2B (Pharmacia Fine Chemicals, Uppsala, Sweden) equili-
brated with TSBG, using the same buffer to elute the platelets.

Through the courtesy of Dr. Harvey Weiss (St. Lukes-Roosevelt
Hospital, New York), platelets from three patients with Glanzmann
thrombasthenia, who lack functional GPIIb/IIIa receptors as judged
by an absence of ADP-induced platelet aggregation, were also gel fil-
tered and studied. All three patients had markedly reduced binding
(

 

#

 

 25% of normal) of one or more monoclonal antibodies to GPIIb/IIIa
(10E5, 7E3, 7H2) and normal or increased platelet 

 

a

 

v

 

b

 

3

 

 receptor ex-
pression as judged by the binding of radiolabeled antibodies LM609
and/or LM142; the latter studies were performed as previously de-
scribed (20). One of the patients was studied on two different occasions.

 

Peptides.

 

The thrombin receptor–activating peptide, racemic
(iso-S)FLLRN-NH

 

2

 

 (iso-T6), was synthesized as previously described
(21). RGDF, which inhibits both GPIIb/IIIa and 

 

a

 

v

 

b

 

3

 

, was synthe-
sized as previously described (22).

 

Determination of thrombin generation supported by gel-filtered

platelets.

 

Thrombin generation was measured by an adaptation of
our previously described techniques (7–10). In 12 

 

3

 

 75-mm polypro-
pylene tubes (Becton Dickinson, Inc., Rutherford, NJ), 240 

 

m

 

l of defi-
brinated plasma was mixed with 50 

 

m

 

l of gel-filtered platelets and 10

 

m

 

l of buffer (0.01 M Tris/HCl, 0.15 M NaCl, 0.05% azide, pH 7.4). In
some experiments the buffer contained monoclonal antibodies, aspi-
rin, peptides, DB-cAMP, MTX, or prostacyclin. Antibodies were
added at 5 to 20 

 

m

 

g/ml final concentrations and incubated for 20 min
at 37

 

8

 

C. Thrombin generation was initiated by adding 60 

 

m

 

l of recom-
binant tissue factor (Innovin; Baxter Healthcare Corp., Deerfield, IL)
diluted 1:1,500 in CaCl

 

2

 

 (16.7 mM). The final concentration of tissue
factor chosen was 1⁄10th that required to clot PPP in 70 s (10). In some
experiments, the volumes of all reagents were increased, but the pro-
portions remained the same. Thrombin generation was assayed at
37

 

8

 

C by measuring thrombin amidolytic activity in samples obtained
every 30 s for 15 min. Samples (10 

 

m

 

l) were removed from the incuba-
tion mixtures and added to a prewarmed (37

 

8

 

C) mixture of buffer
[465 

 

m

 

l; 0.1 M NaCl, 0.05 M Tris/HCl, 0.05% BSA (wt/vol), 20 mM
EDTA, pH 7.9] and chromogenic thrombin substrate S-2238 (25 

 

m

 

l; 4
mM). After 3.25 min at 37

 

8

 

C, the reaction was stopped by adding 300

 

m

 

l of 1 M citric acid, and the OD

 

405

 

 was determined (Ultrospec III;
Pharmacia LKB Biotechnology Inc., Piscataway, NJ). The assay was
calibrated by testing known amounts of purified human thrombin in
each assay.

Thrombin generation was calculated from the free thrombin ami-
dolytic activities by a computer program that takes into account the
effects of thrombin’s neutralization by antithrombin III and other
serpins, as well as the reaction between thrombin and 

 

a

 

2

 

-macroglobu-
lin, which results in a complex that retains some chromogenic activity
(8, 9, 23). Thrombin generation was expressed as the thrombin poten-
tial; that is, the total area under the curve of thrombin concentration
vs time. The peak level of thrombin generation was also determined.
Results are expressed as absolute values or as a percentage of a con-
trol sample that was assayed in parallel. We determined the intraas-
say coefficient of variation of thrombin potential for the modified as-
say used in the current study by performing 12 replicates and found it
to be 2.9%. Platelets gel filtered 3 h before use in the assay gave re-
sults very similar to platelets used within 30 min of gel filtration
(1.5

 

6

 

2.4% decrease; 

 

n

 

 

 

5

 

 5), and so platelets were used within 3 h of
gel filtration in all experiments.
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Assay of GPIIb/IIIa blockade by c7E3 Fab.

 

Iodination of c7E3
Fab with 

 

125

 

I was performed with Iodogen as previously described
(20). To assay for GPIIb/IIIa receptor blockade by c7E3 Fab, 200 

 

m

 

l
of defibrinated plasma plus gel-filtered platelets, with or without the
addition of c7E3 Fab (5 to 50 

 

m

 

g/ml for 20 min at 37

 

8

 

C), was incu-
bated with 

 

125

 

I-labeled c7E3 Fab (20 

 

m

 

g/ml) for 10 min at 22

 

8

 

C. Plate-
let-bound 

 

125

 

I-c7E3 Fab was separated from free 

 

125

 

I-c7E3 Fab by
centrifugation (5 min at 12,000 

 

g

 

 at 22

 

8

 

C) through 30% sucrose in a
microtube. The platelet bound 

 

125

 

I-c7E3 Fab and supernatant 

 

125

 

I-
c7E3 Fab were determined separately after cutting off the tip of the
tube containing the platelet pellet, and used to calculate the number
of molecules bound per platelet (24).

 

Thrombin–antithrombin III (TAT) complexes and prothrombin

fragment 112 (F112). TAT complexes and F112 were determined by
ELISA using commercially available kits (Enzygnost; Behring, Mar-
burg, Germany). Samples (200 ml) were obtained from thrombin gen-
eration assays and thrombin generation was stopped by adding 40 ml
of EDTA–hirudin buffer (0.15 M NaCl, 0.05 Tris/HCl, pH 7.4) con-
taining 120 mM EDTA and 60 U/ml hirudin. Samples were immedi-
ately centrifuged (10 min at 2,100 g at 228C) and the resultant super-
natant fraction rapidly frozen and stored at 2208C.

Platelet aggregation and platelet counts. Platelet aggregation stud-
ies were carried out in an aggregometer (Chromo-Log Corp.) at 378C
with stirring. Citrated PRP or gel-filtered platelets suspended in 138
mM NaCl, 2.7 mM KCl, 0.4 mM NaH2PO4, 12 mM NaHCO3, 2 mM
MgCl2, 10 mM Hepes, 5.5 mM glucose, 0.2% BSA (wt/vol), plus 0.3 g/l
of human fibrinogen, pH 7.4, were introduced into the aggregometer
cuvette at final platelet counts of 300,000–350,000 platelets per micro-
liter. ADP (10 mM), arachidonic acid (1 mM), and the thrombin re-
ceptor–activating peptide iso-T6 (5 mM) were used as agonists.

To assess the production of platelet aggregates with volumes
greater than 43 fl during the thrombin generation assay, platelet
counts were performed at indicated times by removing 5-ml samples
from the incubation mixture, diluting them with 20 ml of diluent (Iso-
ton; Coulter Immunology, Hialeah, FL) and analyzing them in a resis-
tive particle counter (Counter Coulter Z1; Coulter Immunology) us-
ing lower and upper thresholds of 4 and 43 fl.

Determination of PDGF. PDGF was measured by radioimmu-
noassay using 125I-PDGF as a standard (Amersham Corp., Arlington
Heights, IL). Samples (200 ml) were obtained from the thrombin gen-
eration assay and mixed with EDTA–hirudin buffer as for the TAT
assay. Two PDGF positive controls were prepared by adding 60 ml of
buffer containing 60 mM iso-T6 or 6% Triton X-100 (vol/vol) instead
of tissue factor to the thrombin generation assay and incubating for
15 min at 378C.

Determination of platelet factor 4 (PF4). PF4 was quantified by
ELISA. Samples were obtained and thrombin generation was stopped
as indicated above for the TAT and PDGF assays. Samples were cen-
trifuged twice (15 min at 2,100 g at 228C and 5 min at 12,000 g at 228C)
before freezing.

Microparticle determination by flow cytometry. Samples (50 ml)
were obtained from the thrombin generation assay, mixed with 10 ml
of EDTA–hirudin buffer, and fixed by adding 1/6th vol 6% paraform-
aldehyde (wt/vol) at 48C. Microparticle formation was also investi-
gated in gel-filtered platelets suspended in 137 mM NaCl, 2.7 mM
KCl, 16 mM NaHCO3, 5 mM MgCl2, 35 mM Hepes, 5.5 mM glucose,
0.2% BSA (wt/vol), 2.5 mM CaCl2, pH 7.4, and activated with 0.25 U/
ml of thrombin or 5 mM ionophore A23187 for 15 min at 378C. The
gel-filtered platelets were then fixed as above. In some experiments,
platelets were preincubated (20 min at 378C) with 20 mg/ml of the
c7E3 Fab or 10E5 antibodies.

Platelet microparticles were identified on the basis of their reac-
tivity with antibody 6D1 (anti–GPIba) and their characteristic light-
scattering properties. Fixed platelets (5 ml) were incubated with bi-
otin-labeled 6D1 (20 mg/ml) for 30 min at 228C, and then 10 ml of
FITC streptavidin (Becton Dickinson, Inc.) was added and incubated
for 30 min at 228C. Samples were then diluted in PBS (0.01 M sodium
phosphate, 0.15 mM NaCl, pH 7.4). To assess the absolute number of

microparticles present in a sample, 5 ml of a suspension containing
1.35 3 105 fluorescent beads of 6.6 mm diameter (Becton Dickinson,
Inc.) were added to each diluted sample immediately before flow cy-
tometric analysis to serve as an internal standard. The concentration
of beads was determined by microscopy using a hemacytometer
(American Optical Scientific Instruments, Buffalo, NY).

Samples were analyzed in a flow cytometer (EPICS Profile;
Coulter Immunology) using software supplied by the manufacturer
(EPICS Profile Software, version 2.4). The instrument was equipped
with a 100 mW argon laser operated at 15 mW power at a wavelength
of 488 nm. The flow cytometer was calibrated daily using fluorescent
beads (Coulter Immunology). Platelets and microparticles were iden-
tified as particles giving a positive fluorescent signal at 530 nm with
antibody 6D1. Subsequent analysis was limited to particles that were
positive for 6D1 fluorescence. Quadrant analysis in dot-plot histo-
grams was performed by plotting forward angle light scatter (FSC) as
a function of side angle light scatter (SSC) at logarithmic settings to
separate the added 6.6-mm beads (upper FSC, upper SSC), from the
microparticles (lower FSC, lower SSC), and platelets, including small
aggregates (upper FSC, lower SSC). The location of the platelets was
confirmed using PRP in the absence of antibody labeling. The FSC
threshold for distinguishing microparticles from platelets was set at z 0.8
mm diameter as calculated using calibrated beads (Becton Dickinson,
Inc.). A minimum of 10,000 fluorescent particles were analyzed in
each sample.

The absolute number of microparticles in a sample was calculated
by the equation: (number of beads added to sample/number of beads
actually counted) 3 number of microparticles actually counted. The
percentage of microparticles was calculated using the formula: 100 3
microparticles actually counted/ (microparticles1platelets actually
counted).

Thrombin bound to clots. Clots were prepared at 378C by adding
60 ml of tissue factor diluted in CaCl2 to 240 ml of citrated PPP, 50 ml
of either buffer or gel-filtered platelets (final concentration 300 3

109/liter), and 10 ml of buffer (0.01 M Tris/HCl, 0.15 M NaCl, pH 7.4)
with or without antibodies. Clots were allowed to form for 30 min,
and then were gently squeezed against the test tube wall. Clots were
then washed overnight with 10 changes of PBS with 0.05% sodium
azide (wt/vol). Clots (estimated vol of 10 ml) were then placed in 90
ml of human plasmin (1 casein U/ml) in the same buffer and dissolved
for 16 h at 378C. Aprotinin (50 KIU) was then added and 10-ml sam-
ples were removed and assayed for amidolytic activity as above, but
with a 30-min incubation time. Since the effects of plasmin and apro-
tinin on thrombin amidolytic activity were found to be only modest
(14.562.5% decrease, n 5 8), they were not considered in the analysis.

Determination of thrombin generation in platelet-rich plasma.

PRP (240 ml) was incubated with 60 ml of either buffer [0.1 M NaCl,
0.05 M Tris/HCl, 0.05% BSA (wt/vol), pH 7.35] alone or buffer con-
taining the monoclonal antibody to be tested, for 10 min at 378C with
gentle stirring. Thrombin generation was initiated by adding either 60
ml of recombinant tissue factor diluted 1:4,000 in 0.1 M CaCl2 or 60 ml
of 0.1 M CaCl2 alone. Samples were removed and assayed for throm-
bin activity as described for the gel-filtered platelet assay, except that
sampling and stopping was done with pushbutton-equipped pipettes
that automatically recorded the incubation time (z 2 min). When the
clot formed, it was wound on a plastic spatula and removed.

Statistical analysis. Results are expressed as the mean6SD. Stu-
dent’s t test was used for independent or paired data, and ANOVA was
used for statistical comparisons. P , 0.05 was considered significant.

Results

Gel-filtered platelets

Effect of platelet count and ionophore A23187 activation on throm-

bin generation. Thrombin potential was profoundly depen-
dent upon the number of platelets present in the incubation
mixture (Fig. 1). Increasing the number of platelets resulted in
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increased thrombin potential (r 5 0.90, P , 0.002), with near
maximal thrombin generation at a platelet count of 300,000
per ml. Thus, this concentration was used in the subsequent
studies unless otherwise indicated.

When gel-filtered platelets were treated with ionophore
A23187 (5 mM) for 15 min at 378C to produce microparticles
before beginning the assay, the thrombin potential was in-
creased by 2064% and the peak thrombin concentration was
1863% greater (n 5 4; P , 0.05 for both parameters) (Fig. 2).

Effect of monoclonal antibodies 6D1, 6F1, 7E3, and c7E3

Fab. The effects of monoclonal antibodies directed against
platelet membrane glycoproteins on thrombin generation are

Figure 1. Effect of platelet count on thrombin generation in the re-
constituted system. As described in Methods, defibrinated plasma 
and gel-filtered platelets were mixed together and then tissue factor 
was added at T 5 0. Samples were removed at 30-s intervals and 
tested for thrombin amidolytic activity. The thrombin generated at 
each time point was then calculated and plotted. There was minimal 
thrombin generation in the absence of platelets, and thrombin gener-
ation plateaued at 300,000–500,000 platelets/ml. Results are from one 
of three to six experiments conducted at the different platelet counts.

Figure 2. Effect of ionophore A23187 stimulation, alone and in com-
bination with c7E3 Fab, on thrombin generation in the reconstituted 
system. Thrombin generation was measured as indicated in Methods 
using: (a) gel-filtered platelets (300,000 per ml), (b) gel-filtered plate-
lets stimulated with 5 mM ionophore A23187 for 15 min at 378C 
(A23187), or (c) gel-filtered platelets stimulated with A23187 fol-
lowed by incubation with 20 mg/ml c7E3 Fab for 20 min at 378C 
(A23187 1 c7E3 Fab). Ionophore pretreatment resulted in a shorten-
ing of the lag time, an increase in peak thrombin concentration, and 
an increase in the thrombin potential (area under the curve). Addi-
tion of c7E3 Fab to platelets with ionophore did not significantly de-
crease thrombin generation. Results are from one of three similar ex-
periments.

Figure 3. Effect of monoclonal antibodies 6D1, 10E5, and 7E3 on 
thrombin generation. Thrombin generation was measured as de-
scribed in Methods with a final platelet count of 300,000 per ml. Sam-
ples were either untreated (Control) or preincubated with mono-
clonal antibodies 6D1 (anti–GPIba), 10E5 (anti–GPIIb/IIIa), or 7E3 
(anti–GPIIb/IIIa 1 avb3) at 20 mg/ml. Antibody 6D1 had minimal ef-
fect on thrombin potential, 10E5 reduced thrombin potential by 
z 23%, and 7E3 decreased thrombin potential by z 47%. Results are 
of one representative experiment from 10 to 18 separate experiments 
employing the different antibodies.

Table I. Effect of Antibodies, Heparin, and the Peptide RGDF 
on Thrombin Generation Supported by Gel-filtered Platelets

Antibody or peptide n Thrombin potential Peak thrombin concentration

% inhibition* % inhibition*

6D1 (20 mg/ml) 11 366‡ 364

6F1 (20 mg/ml) 4 369 767

10E5 (20 mg/ml) 18 2365§ 2767§

7E3 (20 mg/ml) 10 4769§i 4766§i

c7E3 Fab (5 mg/ml) 15 1867p 2567§

c7E3 Fab (10 mg/ml) 16 3869§i 43612§i

c7E3 Fab (15 mg/ml) 15 4765§i 5167§i

c7E3 Fab (20 mg/ml) 31 4765§i 5067§i

c7E3 Fab (50 mg/ml) 3 4665**‡‡ 50615**‡‡

RGDF (50 mM) 4 2465** 3266**

RGDF (100 mM) 4 4469** 5166**

RGDF (500 mM) 4 4469** 5265**

7H2 (20 mg/ml) 5 22617** 30613**

7H2 Fab (20 mg/ml) 5 9614 15614

AP3 (20 mg/ml) 4 2465** 3164**

*Compared to control of gel-filtered platelets; ‡mean6SD; **P , 0.05;
pP , 0.01; §P , 0.001 compared with control; ‡‡P , 0.05; iP , 0.001

compared with 20 mg/ml 10E5.
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shown in Tables I and II, with selected effects depicted in Fig.
3. Antibodies 6D1 (anti–GPIbb) and 6F1 (anti–GPIa/IIa) had
virtually no effect on thrombin generation compared to con-
trol (Table I). Antibody 10E5 (anti–GP IIb/IIIa), as well as its
Fab fragment, in contrast, inhibited both thrombin potential
and peak thrombin concentration by z 25% (Tables I and II).

Murine monoclonal 7E3 (20 mg/ml), which is directed against
another epitope on the GPIIb/IIIa receptor and cross-reacts
with the avb3 receptor, was significantly more potent than
10E5 in inhibiting thrombin potential (47%, P , 0.001 com-
pared to inhibition by 10E5) and peak thrombin generation
(P , 0.001). The chimeric Fab fragment of antibody 7E3, c7E3
Fab, produced dose-dependent inhibition of thrombin genera-
tion between 5 and 20 mg/ml, with no additional inhibition pro-
duced by 50 mg/ml. The results with c7E3 Fab were nearly
identical to those produced by intact murine 7E3. In contrast
to the differences between c7E3 Fab and 10E5 in the thrombin
generation assay, both antibodies produced complete inhibi-
tion of platelet aggregation induced by ADP or isoT6 in PRP
(data not shown).

In other experiments, inhibition of thrombin generation by
c7E3 Fab was correlated with GPIIb/IIIa receptor blockade by
c7E3 Fab (Fig. 4). Inhibition of thrombin generation appeared
to follow a threshold pattern, with z 60% GPIIb/IIIa receptor
blockade correlating with just z 15% inhibition of thrombin
potential. At higher doses of c7E3 Fab, there was a nearly lin-
ear relationship between inhibition of thrombin potential and
GPIIb/IIIa receptor blockade, plateauing at z 50% inhibition
of thrombin potential with z 90% GPIIb/IIIa receptor block-
ade. The correlation between thrombin potential and platelet

Table II. Effects of Combinations of Anti–GPIIb/IIIa and 
Anti–aVb3 Antibodies on Thrombin Generation Supported by 
Gel-filtered Platelets during the Thrombin Generation Assay

Antibody n Thrombin potential Peak thrombin concentration

% inhibition* % inhibition*

A‡

LM609 (20 mg/ml) 7 5±5§ 12±6

10E5 (20 mg/ml) 7 23±4 26±8

10E5 1 LM609 7 32±5i 38±10i

LM142 (20 mg/ml) 7 1±4 1±3

10E5 (20 mg/ml) 7 22±4 27±10

10E5 1 LM142 7 23±4 28±11

LM609 (20 mg/ml) 3 6±2 9±2

c7E3 Fab (20 mg/ml) 3 48±2 46±3

c7E3 Fab 1 LM609 3 48±0 40±2

LM142 (20 mg/ml) 3 21±5 22±1

c7E3 Fab (20 mg/ml) 3 48±2 46±3

c7E3 Fab 1 LM142 3 47±1 41±3

B

LM609 (20 mg/ml) 4 6±5 10±5

LM 609 Fab (20 mg/ml) 4 5±4 11±5

10E5 (20 mg/ml) 4 27±7 28±10

10E5 Fab (20 mg/ml) 4 23±6 24±19

10E5 1 LM609 4 38±9i 41±11i

10E5 Fab 1 LM609 Fab 4 41±10p 43±7p

* Compared to control of gel-filtered platelets; ‡experiments in groups

A and B were conducted with different antibody preparations and were

separated in time by more than 1 yr; §mean±SD; iP , 0.01 compared

with 10E5 alone; and pP , 0.01 compared with 10E5 Fab alone.

Figure 4. Correlation 
between inhibition of 
thrombin potential by 
c7E3 Fab and GPIIb/
IIIa receptor blockade. 
Gel-filtered platelets 
(300,000 per ml) were 
incubated with increas-
ing concentrations of 
c7E3 Fab for 20 min at 
378C and then tested in 

both the thrombin generation assay and in the GPIIb/IIIa receptor 
blockade assay. At z 60% GPIIb/IIIa receptor blockade, there was 
z 15% inhibition of thrombin potential. At higher levels of c7E3 Fab, 
there was nearly a linear relationship between inhibition of thrombin 
potential and GPIIb/IIIa receptor blockade, reaching a plateau of 
z 50% inhibition at z 90% receptor blockade. Results are from five 
similar experiments.

Table III. Effect of Monoclonal Antibodies on Platelet Counts 
during the Thrombin Generation Assay

Time Control c7E3 Fab 10E5

min 3 1023 per ml

(n 5 13)

20 mg/ml 3 1023/ml

(n 5 12)

20 mg/ml 3 1023/ml

(n 5 4)

0 281±5* 283±14 261±12

3 188±20 256±12‡ 250±4§

5 174±23 247±11‡ 235±5§

10 110±20 243±12‡ 209±3§

15 78±19 239±13‡ 197±7§

Thrombin

potential

inhibition (%) 48±4‡ 22±4§

*Mean±SD; ‡P , 0.001 and §P , 0.01 compared with control. Samples

were obtained at the indiciated times during the thrombin generation

assay, diluted, and analyzed in a resistive particle counter. The instru-

ment was set so that only single platelets or small platelet aggregates (# 43

fl) were counted.

Table IV. Thrombin Generation Using Platelets from Patients 
with Glanzmann Thrombasthenia

Thrombin potential Peak thrombin concentration

% inhibition* % inhibition*

Patient 1 26 36

20 17

Patient 2 17 15

Patient 3 21 23

*Compared to a normal platelet control assayed at the same time.
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count depicted in Fig. 1 permitted the conversion of the inhibi-
tion of thrombin potential by a given concentration of c7E3
Fab into an equivalent platelet count. When expressed in this
manner, the highest dose of c7E3 Fab had the same effect as
reducing the platelet count from 300,000 per ml to z 80,000 per
ml, a reduction of z 73%.

To assess the mechanism by which c7E3 Fab inhibits
thrombin generation, we performed single-platelet counts
from samples obtained throughout the assay to monitor plate-

let aggregation. The results showed a steady decrease in single
platelets or platelet aggregates , 43 fl vol over time in the con-
trol experiments, but significantly less decrease over time in
samples treated with c7E3 Fab (Table III). Monoclonal anti-
body 10E5 (20 mg/ml) was less effective than c7E3 Fab in pre-
venting the decrease in counts.

Studies with platelets from patients with Glanzmann throm-

basthenia. To confirm a role for GPIIb/IIIa in supporting
thrombin generation in this system, we also studied platelets
from three unrelated patients with Glanzmann thrombasthe-
nia. Compared to the results with control platelets, the onset of
thrombin generation was delayed, thrombin potential was de-
creased between 17% and 26%, and peak thrombin generation
was reduced by 15–36% (Table IV). The decrease in thrombin
potential with platelets from patients with Glanzmann throm-
basthenia (mean 21%) was very similar to that of normal
platelets treated with antibody 10E5 (2365%), but both were
less than that observed with c7E3 Fab treatment of normal
platelets (4765%).

Effect of monoclonal antibodies LM609 and LM142, alone

or in combination with 10E5 or c7E3 Fab. The greater ability
of 7E3 (than 10E5) to inhibit thrombin generation in this sys-
tem, and the similarity in results between 10E5-treated plate-
lets and the platelets from the patients with Glanzmann throm-
basthenia, suggested that the binding of 7E3 not only blocks
GPIIb/IIIa, but also interferes with the development of plate-
let coagulant activity by another mechanism. Potentially, this
may be related to 7E3’s crossreactivity with the avb3 vitronec-
tin receptor since 10E5 does not bind to avb3 and the Glanz-
mann patients we tested had normal or increased levels of
platelet avb3. To assess this possibility, we tested the effect of
the two anti–avb3 antibodies, LM609 (which inhibits ligand
binding to avb3) and LM142 (which does not inhibit ligand
binding), as well as the effect of these antibodies in combina-
tion with 10E5 and c7E3 Fab (Table II). Antibody LM609 (20
mg/ml), as well as its Fab fragment, alone produced slight but
significant inhibition of both the thrombin potential and the
peak thrombin concentration (P , 0.001 for both for 14 exper-

Table V. Effect of Aspirin, Dibutyryl cyclic AMP, 2-Isobutyl-
methyl-xanthine, and Prostacyclin on Thrombin Generation

n Thrombin potential Thrombin Peak

% inhibition % inhibition

ASA

In vitro* (100 mM) 4 9±4 12±3

In vitro (2 mM) 5 13±5‡ 14±5

In vivo* (325 mg) 3 12±3‡ 17±6‡

DB-cAMP (1 mM) 3 11±2 12±3

DB-cAMP (10 mM) 3 21±3‡ 22±3‡

DB-cAMP (20 mM) 3 32±6‡ 32±8‡

MTX (0.1 mM) 3 10±3 10±5‡

MTX (0.5 mM) 3 21±1‡ 18±3‡

MTX (1 mM) 3 25±3‡ 26±4‡

Prostacyclin (0.01 mM) 3 12±0‡ 14±3‡

Prostacyclin (0.1 mM) 3 34±4‡ 35±2‡

Mean±SD. ASA, aspirin. *In vitro, aspirin added to gel-filtered plate-

lets before assay; in vivo, blood was obtained from a normal volunteer

before and 2 h after taking 325 mg of aspirin by mouth; and ‡P , 0.05

compared with control.

Table VI. Effect of c7E3 Fab on Thrombin–Antithrombin III Complex Formation, Prothrombin Fragment112 Production, and 
Release of Platelet-derived Growth Factor and Platelet Factor 4 during the Thrombin Generation Assay

Control c7E3 Fab

0 Time 10 min 0 Time 10 min

20 mg/ml

Thrombin–antithrombin III

complexes (ng/ml) (n 5 6) 3±1* 44,500±8,200 3±0 21,800±1,800‡

Prothrombin fragment1 1 2

(nmol/liter) (n 5 6) 1±0 1,290±160 1±0 1,030±80§

Platelet-derived growth factori

(fmol/ml) (n 5 6) 50±2 1,180±70 40±2 980±90§

Platelet Factor 4 (ng/ml) (n 5 5) 4±0 3,370±70 4±0 2,740±120‡

*Mean±SD, ‡5P , 0.001 compared with control; §5P , 0.01 compared with control; and iTriton X-100 (1%) lysis and iso-T6 stimulation (10 mM) re-

leased 1,510±250 and 1,330±130 fmol/ml platelet-derived growth factor respectively. Thrombin generation was inhibited by c7E3 Fab by 47±4‡, 47±4‡,

40±4‡, and 48±3%‡ in the experiments with thrombin–antithrombin III complexes, prothrombin fragment112 production, platelet derived growth fac-

tor release, and platelet Factor 4 release, respectively.
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iments using intact LM609). In contrast, LM142 (20 mg/ml)
had no observable effect on these parameters. The combina-
tion of intact 10E5 (20 mg/ml) and intact LM609 (20 mg/ml)
produced significantly more inhibition than 10E5 alone (32
and 38% decrease in thrombin generation in experimental
groups A and B, respectively) (Table II), as did the combina-
tion of 10E5 Fab and LM609 Fab (41%). The combination of
10E5 and LM142, however, did not produce more inhibition
than 10E5 alone. Neither LM609 nor LM142 increased the in-
hibition of thrombin potential produced by c7E3 Fab alone.

Effect of RGDF peptide and antibodies against GPIIIa.

The peptide RGDF, which reacts with both GPIIb/IIIa and the
avb3 vitronectin receptor, inhibited thrombin generation in a
dose-response manner (Table I). The maximal effect, which
was achieved at z 100 mM was similar to that achieved with
c7E3 Fab. The antibodies 7H2 and AP3 (both anti–GPIIIa) in-
hibited thrombin generation in a manner similar to that pro-
duced by 10E5, but less than that caused by c7E3 Fab (P ,
0.05 compared to control for both antibodies, Table I). In con-
trast, 7H2 Fab did not show a significant effect on thrombin
generation (Table I).

Effect of other antiplatelet agents. Incubation of gel-filtered
platelets with aspirin (20 min at 378C) at 100 mM or 2 mM pro-
duced a modest decrease in thrombin potential and peak
thrombin level (Table V). Similar inhibition was observed
when a normal volunteer ingested 325 mg of aspirin and the
results of a sample obtained 2 h later were compared with
those from a sample obtained before aspirin ingestion. This
dose of aspirin completely inhibited arachidonic acid–induced
platelet aggregation at the 2-h time point.

Incubating gel-filtered platelets at 378C for 20 min with
agents able to increase intraplatelet cyclic AMP, including
DB-cAMP, 3-MTX, and prostacyclin produced significant in-
hibition of thrombin generation, but high doses were needed
(Table V), and none of these agents produced as much inhibi-
tion as antibodies 7E3 and c7E3 Fab.

TAT and F112. TAT and F112 values increased markedly
during the thrombin generation assay (Table VI). Preincuba-
tion of platelets with 20 mg/ml c7E3 Fab significantly inhibited
the production of TAT during the first 10 min, with more than
50% inhibition at the 10-min point. At 15 min, the TAT value
in the c7E3 Fab–treated sample was still less than the control,
but the difference was not significant (data not shown). Prein-

cubation of platelets with c7E3 Fab significantly reduced F112

formation throughout the assay, with reductions of 10–21%.
Effect of c7E3 Fab on platelet granule release. The release

of the a-granule proteins PDGF and PF4 during the thrombin
generation assay was also significantly inhibited by c7E3 Fab
(Table VI).

Microparticles induced by exogenous thrombin. The basal
level of microparticles in the gel-filtered platelets, measured
either as a percentage of platelets 1 microparticles or as an ab-
solute number, was 461% and 962 3 109 per liter, respec-
tively (n 5 6). Activation of gel-filtered platelets with 0.25 U/
ml thrombin (n 5 6) caused an increase in microparticles
(2064% and 43610 3 109 per liter, P , 0.001 for both). Prein-
cubation of platelets with 20 mg/ml c7E3 Fab inhibited micro-
particle formation nearly completely (4.060.9% and 9.065.2 3
109 per liter). Preincubation of gel-filtered platelets with 20 mg/
ml 10E5, however, only partially reduced microparticle forma-
tion (1065% and 33615 3 109 per liter). Thus, c7E3 Fab re-
duced microparticle formation induced by a known amount of
thrombin to a greater extent than did 10E5.

Table VII. Effects of c7E3 Fab and 10E5 on Platelet Microparticle Formation during the Thrombin Generation Assay

Time

Control c7E3 Fab (20 mg/ml) 10E5 (20 mg/ml) 10E51LM609 (20 mg/ml)

n 5 8 n 5 7 n 5 3 n 5 3

min %* 3 1029/liter‡ % 3 1029 per liter % 3 1029 per liter % 3 1029 per liter

0 3±1§ 8±3 3±1 9±3 4±1 11±2 4±1 12±1

5 16±2 44±5 3±1i 6±3i 9±1p** 27±4p** 9±1p** 25±6p**

10 19±1 46±9 4±1i 6±3i 11±1p** 26±2p** 11±1p** 28±5p**

15 23±1 46±7 4±1i 6±3i 10±1p** 30±3p** 10±1p** 30±3p**

Thrombin potential

inhibition (%) 47±3i 22±2p** 30±2p**‡‡

*Expressed as: (100) (number of microparticles)/(number of platelets 1 microparticles); ‡expressed as absolute number of microparticles per liter;
§mean±SD; iP , 0.001 and pP , 0.01 compared with control; **P , 0.01 compared with c7E3 Fab; and ‡‡P , 0.01 compared with 10E5.

Table VIII. Effect of Calpeptin (138 mM), c7E3 Fab, and Both 
on Platelet Microparticle Formation and Thrombin Potential 
during the Thrombin Generation Test

Time

Microparticle formation

Control Calpeptin C7E3 Fab Calpeptin 1 c7E3 Fab

min n 5 4 n 5 4 n 5 4 n 5 4

0 4±1* 3±1 4±2 3±1

15 21±2 8±3‡ 4±2§ 4±1§

0 9±3i 9±4 8±3 9±3

15 47±8 17±6‡ 10±3§ 8±4§

Thrombin

potential

inhibition (%) 29±10‡ 43±7p 46±8p

*Microparticles reported as percent; ‡P , 0.05, §P , 0.01, and pP ,

0.001 compared with control, and imicroparticles reported as absolute

number 3 1029 per liter.
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Microparticles induced during the thrombin generation as-

say. In the control samples, microparticles increased z 6- to
8-fold during the assay as judged by both methods of analysis
(Table VII). The addition of c7E3 Fab inhibited microparticle
formation nearly completely (95 and 100%, respectively; P ,
0.001 for both), but the addition of 10E5 decreased microparti-
cle formation by only z 35 to 50% (Table VII). Combining
LM609 with 10E5 produced greater inhibition of thrombin po-
tential, but did not significantly affect microparticle formation.

Effect of calpain inhibition. Since the enzyme calpain has
been implicated in microparticle formation (25), we tested the
effect of the cell-permeable calpain inhibitor calpeptin (26) on
both microparticle formation and thrombin generation (Table
VIII). At 138 mM, a dose previously demonstrated to nearly
abolish calpain activity in platelets (26), calpeptin significantly
inhibited both microparticle formation and thrombin genera-
tion, but not as much as c7E3 Fab. Combining calpeptin with
c7E3 Fab did not significantly increase the inhibition of throm-
bin generation.

Effect of c7E3 Fab on thrombin generation of ionophore

A23187–treated platelets. In contrast with the results of un-
treated platelets in the reconstituted system, when the gel-fil-
tered platelets were pretreated with ionophore A23187, c7E3
Fab did not significantly decrease thrombin generation (throm-
bin potential inhibition 362% and thrombin peak concentra-
tion inhibition 362%; n 5 3; NS) (Fig. 3). These data suggest
that c7E3 Fab cannot inhibit thrombin generation after plate-
lets are activated and microparticles are formed.

Thrombin bound to clots. Clots formed for 30 min from
native platelet-free plasma in the absence of gel-filtered plate-
lets bound 210630 fmol of thrombin (n 5 12). Assuming com-
plete conversion of fibrinogen to fibrin, the clots contained
2.42 nmol of fibrin monomer, yielding a thrombin-to-fibrin
molar ratio of 0.09. Adding gel-filtered platelets to the plate-
let-free plasma significantly increased the amount of clot-
bound thrombin (530650 fmol, thrombin-to-fibrin molar ratio
0.22, n 5 12, P , 0.001). Incubating the platelets with c7E3
Fab (20 mg/ml) before clotting was initiated decreased clot-
bound thrombin by 43% (300650 fmol, thrombin-to-fibrin
molar ratio 0.12, n 5 12, P , 0.001 compared to untreated gel-
filtered platelets).

Platelet-rich plasma

To insure that the observed effects of antibody 7E3 on the re-
constituted gel-filtered platelet-defibrinated plasma system
were not unique to the reagents used in that system, experi-
ments were also conducted using PRP. The overall pattern of
thrombin generation in PRP was similar to that of the reconsti-
tuted system (Fig. 5), but the lag time, defined as the time until
10 nM thrombin was generated, was longer, averaging 387658 s
(mean6SD; n 5 23). The shorter lag time in the reconstituted
system may reflect slight activation of platelets during gel fil-
tration. As in the reconstituted system, antibody 6D1 (20 mg/
ml) had little or no effect on thrombin potential or the peak
thrombin concentration, reducing them by only 262% and
261%, respectively (n 5 4; NS). As in the reconstituted sys-
tem, murine 7E3 decreased thrombin generation. When com-
pared to control samples containing 20 mg/ml 6D1, murine 7E3
at 20 mg/ml inhibited thrombin potential by 43622% and peak
thrombin generation by 40610% (n 5 10; P , 0.01 for each).
The lag times were also significantly prolonged (622699 s; n 5
10). The somewhat greater variability in inhibition produced

by 7E3 in the PRP system was thought to possibly reflect inter-
individual variations in donor plasma; the plasma variations in
the reconstituted system were eliminated by using a single
batch of pooled plasma.

Discussion

Platelets can facilitate fibrin formation initiated either by the
extrinsic or intrinsic systems, and platelets activated with
thrombin or other agonists are better able to facilitate fibrin
formation than unactivated platelets (reviewed in reference 1).
Based on analysis of individual reactions in the coagulation
“cascade,” platelets have been estimated to accelerate throm-
bin generation by 5–6 orders of magnitude (reviewed in refer-
ence 1). There is considerable controversy, however, as to the
mechanism(s) responsible for this platelet effect. Proposed
mechanisms include: (a) Surface exposure of phosphati-
dylserine and possibly other anionic phospholipids that are or-
dinarily concentrated in the inner leaflet of the membrane bi-
layer (27–29); (b) surface expression of specific receptors for
Factors Va and VIIIa (30, 31); (c) microparticle formation,
with the concentration of anionic phospholipid receptors for
Factors Va or VIIIa, or both, on the surface of the microparti-
cles (32–35), although this mechanism has been questioned
(36); (d) release of an activated form of Factor V from platelet
a-granules (2, 37–39); (e) facilitation of Factor VIII activation
by thrombin and/or factor Xa (40–42); (f) facilitation of con-
tact activation (Factors XII and XI) (1); and (g) platelet Factor
XI–like activity (1).

Most investigators have suggested that platelets play a
dominant role in thrombin generation because: (a) fibrin depo-
sition at sites of vascular injury occurs after platelet adhesion
and aggregation (reviewed in reference 43); (b) fibrin forms in
close proximity to the deposited platelets (44); and (c) severe
thrombocytopenia and an inherited disorder affecting the abil-
ity of platelets to support thrombin generation result in pro-

Figure 5. Effects of monoclonal antibodies 6D1 and 7E3 on thrombin 
generation in the PRP system. Thrombin generation was measured as 
indicated in Methods using PRP, with or without monoclonal anti-
bodies 6D1 and 7E3 (20 mg/ml). As in the reconstituted system, 6D1 
had nearly no effect on thrombin generation, whereas 7E3 decreased 
thrombin potential by z 44%, decreased peak thrombin concentra-
tion by z 64% and markedly prolonged the lag time. Results are 
from 1 of 10 similar experiments.
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found decreases in fibrin deposition in experimental models
(35, 44). Endothelial cells (45) and monocytes (46), however,
as well as altered or abnormal erythrocytes (47), can substitute
at least in part for platelets in in vitro assays of thrombin gen-
eration. Moreover, exposure of tissue factor on the membrane
of a cell may provide an adequate surface for the generation of
at least small amounts of thrombin (7, 43). Thus, the relative
contributions of each of these elements to in vivo thrombin
generation remains uncertain. The weight of evidence, how-
ever, appears to support a model in which small amounts of
thrombin are generated by a mechanism(s) that does not re-
quire platelets, but the explosive generation of thrombin that
soon follows does rely on platelets (7, 43).

If platelets do make a major contribution to thrombin gen-
eration in vivo, one would predict that antiplatelet agents
could decrease thrombin generation. This may occur through
decreased platelet deposition and/or decreased platelet activa-
tion as described above. Moreover, since fibrin can bind throm-
bin and, in the arterial circulation, fibrin deposition probably
initially forms on the platelet framework, decreased platelet
deposition may result in decreased fibrin formation, providing
a smaller fibrin clot to bind thrombin. Clot-bound thrombin,
which is resistant to inactivation by antithrombin III (48), has
been implicated in producing: (a) resistance to thrombolysis
via activation of Factor XIII, leading to fibrin crosslinking and
crosslinking of a2-antiplasmin to fibrin (49); (b) prolonged throm-
bogenicity of blood vessels (50); and (c) thrombin-induced
smooth muscle cell migration and intimal hyperplasia (5), pro-
cesses that may contribute to “restenosis” (51). Thus, anti-
platelet agents may, in fact, act as anticoagulants, reducing
thrombin generation and clot-bound thrombin. Moreover, this
anticoagulant effect may contribute to their antithrombotic
and possible antirestenosis effects.

Only limited data are available on the effect of antiplatelet
agents on thrombin generation. Kyrle et al. (52), Hampton et
al. (53), and Szczeklik et al. (54) have reported modest de-
creases in markers of thrombin generation in plasma and
wound fluid from patients ingesting various doses of aspirin.
Basic-Micic et al. (55) developed an in vitro assay of platelet
aggregation and clot formation using PRP anticoagulated with
low concentrations of a low molecular weight heparin. Aspirin
treatment prolonged the times to aggregation and clot forma-
tion. The PRP from a patient with Glanzmann thrombasthe-
nia, whose platelets lacked GPIIb/IIIa, had very long aggrega-
tion and clotting times, supporting a contributory role for the
GPIIb/IIIa receptor. Moorehead et al. (56) demonstrated that
prostacyclin and the stable prostacyclin derivative carbacyclin
prolong the celite-initiated activated clotting time of heparin-
ized whole blood.

We previously demonstrated that aspirin ingestion had a
modest inhibitory effect on tissue factor–induced thrombin
generation in nonanticoagulated whole blood (10). Both the
lag time and peak thrombin generation were affected (lag
time, 335611 s before and 372613 s after, P , 0.005; thrombin
peak, 16368 nM before and 14766 nM after, P , 0.05). The
inhibitory effect of aspirin was comparable to adding 0.03 U/
ml of heparin to the mixture. No effect of aspirin ingestion was
observed, however, using citrated blood or PRP. In the same
system, the stable synthetic prostacyclin derivative ilomedine
caused both a delay and reduction in tissue factor–induced
thrombin generation when added to either unanticoagulated
blood or citrated PRP.

Limited data are available on the effect of aspirin on in
vivo thrombin generation in active vascular disease and vascu-
lar injury. Yasu et al. (57) studied patients with unstable an-
gina and found that patients treated with aspirin had a de-
crease in TAT complexes during the first 24 h, whereas
patients treated with placebo did not. In a brief report of pa-
tients undergoing percutaneous coronary artery balloon angio-
plasty, Andreotti et al. (58) found lower prothrombin F112 lev-
els post-percutaneous coronary artery balloon angioplasty in
patients receiving high dose aspirin compared to patients re-
ceiving low dose aspirin.

Agents that block the platelet GPIIb/IIIa receptor, which
include monoclonal antibodies and both peptides and peptido-
mimetics based on the arginine–glycine–aspartic acid (RGD)
sequence are more potent inhibitors of platelet aggregation
and arterial thrombosis than aspirin (59, 60). Indirect support
for the hypothesis that GPIIb/IIIa receptor antagonists can re-
sult in a decrease in thrombin formation comes from the stud-
ies by Cadroy et al. (61), who showed that at arterial shear
rates, blockade of GPIIb/IIIa receptors with murine mono-
clonal antibody LJ-CP8 nearly abolished 125I-fibrinogen incor-
poration into thrombi formed on collagen-coated tubing in-
serted in arteriovenous shunts in baboons. Support for an
anticoagulant effect of c7E3 Fab comes from analysis of the ac-
tivated clotting times in the EPIC study. Moliterno et al. re-
ported that despite receiving similar doses of heparin, patients
treated with c7E3 Fab had longer activated clotting times than
patients not treated with c7E3 Fab (62).

Studies of the platelets of patients with Glanzmann throm-
basthenia have yielded conflicting data with regard to the abil-
ity of the platelets to support thrombin generation. Thus, early
studies on the coagulation accelerating activity (“Platelet Fac-
tor 3”) of platelets from Glanzmann thrombasthenia patients
gave variable results, with one group obtaining normal values
(63), but most obtaining abnormal results (64–67), suggesting
that under certain conditions, platelet activation depends on
GPIIb/IIIa function, whereas under other conditions, platelet
activation is independent of GPIIb/IIIa function. Weiss and
Lages found that thrombasthenic platelets supported early
thrombin formation after vascular injury as well as normal
platelets, but there was a suggestion that late thrombin genera-
tion may have been reduced (43). In flow chamber studies,
however, thrombasthenic platelets supported fibrin deposition
as well or better than normal platelets (44).

The results of our studies support the premise that potent
antiplatelet agents may function in vivo as anticoagulants by
decreasing thrombin generation at sites of vascular injury.
Thus, we were able to show nearly a 50% decrease in thrombin
potential with murine 7E3 in both a gel-filtered platelet system
and a PRP system when coagulation was initiated with tissue
factor, the most likely trigger for thrombin generation in vivo
in both physiologic and pathologic states. c7E3 Fab gave re-
sults very similar to those of murine 7E3, excluding a signifi-
cant role for the Fc region of the molecule. Treatment of plate-
lets with c7E3 Fab also decreased platelet aggregate formation,
TAT complex formation, F112 formation, PDGF and PF4 re-
lease, platelet microparticle formation, and clot-bound throm-
bin. Other antiplatelet agents were also capable of decreasing
thrombin generation, but they were not as potent as c7E3 Fab.
Of note, both murine c7E3 and c7E3 Fab were more potent in
inhibiting thrombin generation than antibody 10E5, even
though all three antibody preparations block fibrinogen bind-
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ing to platelets and platelet aggregation to the same extent.
Despite the similarities between 7E3 and 10E5, these antibod-
ies have been shown to differ in their ability to inhibit clot re-
traction (68, 69), as well as their ability to inhibit platelet inter-
action with immobilized RGD peptides (23). Moreover, 7E3
has been shown to inhibit avb3 vitronectin receptor function,
whereas 10E5 does not (20). The reduction in thrombin gener-
ation observed with the platelets from all three patients with
Glanzmann thrombasthenia tested supports a role for GPIIb/
IIIa in thrombin generation. Since the reduction in thrombin
generation observed with thrombasthenic platelets was similar
to that observed with normal platelets treated with antibody
10E5, and since we directly determined that the platelets from
all three patients have normal to increased numbers of avb3 re-
ceptors, we considered the possibility that at least part of the
difference in behavior between 7E3 and 10E5 may be due to
their differences in inhibiting avb3.

To test this hypothesis, we analyzed the effect of combining
7E3 or 10E5 with LM609 (anti–avb3), which inhibits avb3 func-
tion, and LM142 (anti–av), which does not inhibit avb3 func-
tion. There was slight, but consistent inhibition of thrombin
generation by antibody LM609 alone, but none by LM142
alone. LM609 enhanced the inhibition caused by 10E5 but not
the inhibition caused by c7E3 Fab. These data suggest that 7E3
inhibits thrombin generation partly by GPIIb/IIIa inhibition,
and partly by avb3 inhibition. We cannot exclude the possibil-
ity that other mechanisms are also involved because the com-
bined inhibitory effect of 10E5 and LM609 did not quite equal
that produced by 7E3 alone. The RGDF peptide, which inhib-
its both GPIIb/IIIa receptors and avb3 vitronectin receptors,
gave results similar to those produced by c7E3 Fab.

Although controversy persists, there is considerable evi-
dence linking microparticle formation with the enhanced gen-
eration of thrombin produced by platelets (33–36). It has been
proposed that microparticles are particularly rich in anionic
phospholipids and receptors for Factors Va, VIII(a), and IXa
(70). In addition, the patient with a defect in platelet coagulant
activity appears to have a decrease in microparticle formation
as her primary abnormality (35). Apparently conflicting results
of the importance of GPIIb/IIIa in platelet microparticle for-
mation have been reported. Gemmell et al. (71) found that in-
tact GPIIb/IIIa is required for platelet microparticle formation
induced by thrombin, that the platelets of a patient with Glanz-
mann thrombasthenia had markedly reduced microparticle
formation in response to thrombin, and that murine mono-
clonal antibodies 7E3 and A2A9 (anti–GPIIb/IIIa) inhibit mi-
croparticle formation when platelets are stimulated with
thrombin. In sharp contrast, Nomura et al. (72) reported that
the platelets of a patient with Glanzmann thrombasthenia pro-
duced normal numbers of microparticles in response to throm-
bin, ionophore A23187, and ADP. Moreover, the microparti-
cles supported prothrombin activation normally. There were
significant technical differences between the studies of Gem-
mel et al. and Nomura et al. with regard to the buffers and
platelet preparation procedures, and these may have affected
the results. Neither study reported the presence or absence of
avb3 on the patient’s platelets, and so variations in surface ex-
pression of this receptor may also have contributed to the ob-
served differences. The results of the present study are consis-
tent with those of Gemmel et al. (71) in that c7E3 Fab
inhibited microparticle formation. Our data also support a cor-
relation between microparticle formation and thrombin gener-

ation since c7E3 Fab inhibited both. Similarly, the calpain in-
hibitor calpeptin inhibited both microparticle formation and
thrombin potential. Moreover, c7E3 Fab did not inhibit
thrombin generation when platelets were pretreated with ion-
ophore A23187, an observation consistent with the hypothesis
that c7E3 Fab acts proximal to microparticle formation. Addi-
tional studies will be required, however, to assess whether the
inhibition of microparticle formation by c7E3 Fab is the cause
of the decrease in thrombin generation and to define the
mechanisms involved.

In conclusion, in addition to its inhibitory effects on plate-
let aggregation via blockade of GPIIb/IIIa receptors, c7E3 Fab
may also inhibit thrombin generation by decreasing the num-
ber of platelets in thrombi and by interfering with the platelet-
activation events involved in facilitating thrombin generation.
The inhibition of thrombin generation by c7E3 Fab may con-
tribute to both its immediate antithrombotic effect and per-
haps to its possible effects on long-term vascular restenosis.

Acknowledgments

We thank Suzanne Rivera and Melanie Alvarez for outstanding sec-
retarial assistance.

This work was supported by National Heart, Lung, and Blood In-
stitute grants 19278 and 54469 (B.S. Coller), grant FIS 94/5402 from
the Spanish Government and Hospital Clinic Barcelona (J.C. Re-
verter), and by Program Grant 900-526-192 From the Dutch Organi-
sation for Scientific Research (NWO) (S. Béguin, R. Kumar, and
H.C. Hemker).

References

1. Walsh, P.N., and A.H. Schmaier. 1994. Platelet-coagulant protein inter-
actions. In Hemostasis and Thrombosis: Basic Principles and Clinical Practice,
3rd ed. R.W. Colman, J. Hirsh, V.J. Marder, and E.W. Salzman, editors. J.B.
Lippincott Co., Philadelphia. 629–651.

2. Wyshock, E.G., G.J. Stewart, and R.W. Colman. 1994. Thrombin-stimu-
lated human platelets express molecular forms of a-granule factor V (FV),
which differ from FVa. Thromb. Haemostasis. 72:947–956.

3. Coller, B.S., K. Anderson, and H.F. Weisman. 1995. New antiplatelet
agents: platelet GPIIb/IIIa antagonists. Thromb. Haemostasis. 74:302–308.

4. EPIC investigators. 1994. Use of a monoclonal antibody directed against
the platelet glycoprotein IIb/IIIa receptor in high-risk coronary angioplasty. N.

Engl. J. Med. 330: 956–961.
5. Schwartz, S.M. 1993. Serum-derived growth factor is thrombin? J. Clin.

Invest. 91:94–98.
6. Topol, E.J., R.M. Califf, H.F. Weisman, S.G. Ellis, J.E. Tcheng, S. Wor-

ley, R. Ivanhoe, B.S. George, D. Fintel, M. Weston, et al. 1994. Randomised
trial of coronary intervention with antibody against platelet IIb/IIIa integrin for
reduction of clinical restenosis: results at six months. Lancet (N. Am. Ed.). 343:
881–886.

7. Béguin, S., T. Lindhout, and H.C. Hemker. 1989. The effect of trace
amounts of tissue factor on thrombin generation in platelet rich plasma, its inhi-
bition by heparin. Thromb. Haemostasis. 61:25–29.

8. Béguin, S., H. Kessels, F. Dol, and H.C. Hemker. 1992. The consumption
of antithrombin III during coagulation, its consequences for the calculation of
the prothrombinase activity and the standardization of heparin activity.
Thromb. Haemostasis. 68:136–142.

9. Hemker, H.C., S. Wielders, H. Kessels, and S. Béguin. 1993. Continuous
registration of thrombin generation in plasma, its use for the determination of
the thrombin potential. Thromb. Haemostasis. 70:617–624.

10. Kessels, H., S. Béguin, H. Andree, and H.C. Hemker. 1994. Measure-
ment of thrombin generation in whole blood. The effect of heparin and aspirin.
Thromb. Haemostasis. 72:78–83.

11. Coller, B.S., E.I. Peerschke, L.E. Scudder, and C.A. Sullivan. 1983. A
murine monoclonal antibody that completely blocks the binding of fibrinogen
to platelets produces a thrombasthenic-like state in normal platelets and binds
to glycoproteins IIb and/or IIIa. J. Clin. Invest. 72:325–338.

12. Coller, B.S. 1985. A new murine monoclonal antibody reports an activa-
tion-dependent change in the conformation and/or microenvironment of the
platelet glycoprotein IIb/IIIa complex. J. Clin. Invest. 76:101–108.

13. Coller, B.S., E.I. Peerschke, L.E. Scudder, and C.A. Sullivan. 1983.



c7E3 Fab Inhibition of Thrombin Generation 873

Studies with a murine monoclonal antibody that abolishes ristocetin-induced
binding of von Willebrand factor to platelets: additional evidence in support of
GPIb as a platelet receptor for von Willebrand factor. Blood. 61:99–110.

14. Coller, B.S., J.H. Beer, L.E. Scudder, and M.H. Steinberg. 1989. Col-
lagen-platelet interactions: evidence for a direct interaction of collagen with
platelet GPIa/IIa and an indirect interaction with platelet GPIIb/IIIa mediated
by adhesive proteins. Blood. 74:182–192.

15. Kutok, J.L., and B.S. Coller. Partial inhibition of platelet aggregation
and fibrinogen binding by a murine monoclonal antibody to GPIIIa: require-
ment for antibody bivalency. Thromb. Haemostasis. 72:964–972.

16. Kohmura, C., H.K. Gold, T. Yasuda, R. Holk, M.A. Nedelman, J.L.
Guerrero, H.L. Weisman, and D. Collen. 1993. A chimeric murine/human anti-
body Fab fragment directed against the platelet GPIIb/IIIa receptor enhances
and sustains arterial thrombolysis with recombinant tissue-type plasminogen
activator in baboons. Arterioscler. Thromb. 13:1837–1842.

17. Cheresh, D.A., and R.C. Spiro. 1987. Biosynthetic and functional prop-
erties of an Arg-Gly-Asp-directed receptor involved in human melanoma cell
attachment to vitronectin, fibrinogen, and von Willebrand factor. J. Biol. Chem.

262:17703–17711.
18. Newman, P.G., R.W. Allen, R.A. Kahn, and T.J. Kunicki. 1985. Quanti-

tation of membrane glycoprotein IIIa on intact human platelets using the mono-
clonal antibody, AP-3. Blood. 65:227–232.

19. Gretch, D.R., M. Suter, and M.F. Stinski. 1987. The use of biotinylated
antibodies and steptavidin affinity chromatography to isolate herpes virus hy-
drophobic proteins or glycoproteins. Anal. Biochem. 163:270–277.

20. Coller, B.S., D.A. Cheresh, E. Asch, and U. Seligsohn. 1991. Platelet
vitronectin receptor expression differentiates Iraqi-Jewish from Arab patients
with Glanzmann thrombasthenia in Israel. Blood. 77:75–83.

21. Coller, B.S., K.T. Springer, L.E. Scudder, J.L. Kutok, M. Ceruso, and
G.D. Prestwich 1993. Substituting isoserine for serine in the thrombin receptor
activation peptide SFLLRN confers resistance to aminopeptidase M-induced
cleavage inactivation. J. Biol. Chem. 268:20741–20743.

22. Beer, J.H., K.T. Springer, and B.S. Coller. 1992. Immobilized Arg-Gly-
Asp (RGD) peptides of varying lengths as structural probes of the platelet gly-
coprotein IIb/IIIa receptor. Blood. 79:117–128.

23. Hemker, H.C., G.M. Willems, and S.A. Béguin. 1986. Computer as-
sisted method to obtain the prothrombin activation velocity in whole plasma in-
dependent of thrombin decay processes. Thromb. Haemostasis. 56:9–17.

24. Coller, B.S., and L.E. Scudder. 1985. Inhibition of dog platelet function
by in vivo infusion of F(ab9)2 fragments of a monoclonal antibody to the plate-
let glycoprotein IIb/IIIa receptor. Blood. 66:1456–1459.

25. Fox, J.E.B., C.D. Austin, C.C. Reynolds, and P.K. Steffen. 1991. Evi-
dence that agonist-induced activation of calpain causes the shedding of proco-
agulant-containing microvesicles from the membrane of aggregating platelets.
J. Biol. Chem. 266:13289–13295.

26. Tsujinaka T., J. Kajiwara, J. Kambayashi, M. Sakon, N. Higuchi, T.
Tanaka, and T. Mori. 1988. Synthesis of a new cell penetrating calpain inhibitor
(calpeptin). Biochem. Biophys. Res. Commun. 153:1201–1208.

27. Bevers, E.M., P. Comfurius, J.L.M.L. Van Rijn, C. Hemker, and R.F.A.
Zwaal. 1982. Generation of prothrombin-converting activity and the exposure
of phosphatidylserine at the outer surface of platelets. Eur. J. Biochem. 122:
429–436.

28. Thiagarajan, P., and J.F. Tait. 1990. Binding of annexin V/placental anti-
coagulant protein I to platelets. J. Biol. Chem. 265:17420–17423.

29. Bevers, E.M., P. Comfurius, and R.F.A. Zwaal. 1993. Mechanisms in-
volved in platelet procoagulant response. In Mechanisms of Platelet Activation
and Control. K.S. Authi, et al., editors. Plenum Publishing Corp., New York.
195–207.

30. Majerus, P.W., and J.P. Miletich. 1978. Relationship between platelets
and coagulation factors in hemostasis. Annu. Rev. Med. 29:41–49.

31. Nesheim, M.E., E. Furmaniak-Kazmierczak, C. Henin, and G. Cot.
1993. On the existence of platelet receptors for factor V(a) and factor VIII(a).
Thromb. Haemostasis. 70:80–86.

32. Sandberg, H., L.-O. Andersson, and S. Hoglund. 1982. Isolation and
characterization of lipid-protein particles containing platelet factor 3 released
from human platelets. Biochem. J. 203:303–311.

33. Sims, P.J., E.M. Faioni, T. Wiedmer, and S.J. Shattil. 1988. Complement
proteins C5b-9 cause release of membrane vesicles from the platelet surface
that are enriched in the membrane receptor for coagulation factor Va and ex-
press prothrombinase activity. J. Biol. Chem. 263:18205–18212.

34. Sims, P.J., T. Wiedmer, C.T. Esmon, H.J. Weiss, and S.J. Shattil. 1989.
Assembly of the platelet prothrombinase complex is linked to vesiculation on
the platelet plasma membrane. Studies in Scott syndrome: an isolated defect in
platelet procoagulant activity. J. Biol. Chem. 264:17049–17057.

35. Weiss, H.J. 1994. Scott syndrome—a disorder of platelet coagulant ac-
tivity. Semin. Hematol. 31:312–319.

36. Swords, N.A., P.B. Tracy, and K.G. Mann. 1993. Intact platelet mem-
branes, not platelet-released microparticles support the procoagulant activity of
adherent platelets. Arterioscler. Thromb. 13:1613–1622.

37. Østerud, B., S.I. Rapaport, and K.K. Lavine. 1977. Factor V activity of
platelets: evidence for an activated factor V molecule and for a platelet activa-
tor. Blood. 49:819–834.

38. Baruch, D., H.C. Hemker, and T. Lindhoat. 1986. Kinetics of thrombin-
induced release and activation of platelet factor V. Eur. J. Biochem. 154:213–
218.

39. Tracy, P.B., M.E. Nesheim, and K.G. Mann. 1983. Proteolytic alter-
ations of factor Va bound to platelets. J. Biol. Chem. 258:662–669.

40. Hultin, M.B. 1985. The modulation of thrombin activation of factor VIII
by calcium ions, phospholipids and platelets. Blood. 66:53–58.

41. Neuenschwander, P., and J. Jesty. 1988. A comparison of phospholipid
and platelets in the activation of human factor VIII by thrombin and factor Xa,
and in the activation factor X. Blood. 72:1761–1770.

42. Rawala-Sheikh, R., S.S. Ahmad, B. Ashby, and P.N. Walsh. 1990. Kinet-
ics of coagulation factor X activation by platelet-bound factor IXa. Biochemis-

try. 29:2606–2611.
43. Weiss, H.J., and B. Lages. 1993. Studies of thromboxane B2, platelet fac-

tor 4, and fibrinopeptide A in bleeding-time blood of patients deficient in von
Willebrand factor, platelet glycoproteins Ib and IIb-IIIa, and storage granules.
Blood. 82:481–490.

44. Weiss, H.J., V.T. Turitto, and H.R. Baumgartner. 1986. Role of shear
rate and platelets in promoting fibrin formation on rabbit subendothelium.
Studies utilizing patients with quantitative and qualitative platelet defects. J.

Clin. Invest. 78:1072–1082.
45. Jaffe, E.A. 1994. Biochemistry, immunology, and cell biology of endo-

thelium. In Hemostasis and Thrombosis: Basic Principles and Clinical Practice,
3rd edition. R.W. Colman, J. Hirsch, V.J. Marder, and E.W. Salzman, editors
J.B. Lippincott Co., Philadelphia. 718–744.

46. Rickles, F.R., and R.L. Edwards. 1994. Leukocytes and tumor cells in
thrombosis. In Hemostasis and Thrombosis: Basic Principles and Clinical Prac-
tice, 3rd edition. R.W. Colman, J. Hirsch, V.J. Marder, and E.W. Salzman, edi-
tors. J.B. Lippincott Co., Philadelphia. 1164–1179.

47. Bevers, E.M., P. Comfurius, and R.F. Zwaal. 1991. Platelet procoagu-
lant activity: physiological significance and mechanisms of exposure. Blood

Rev. 5:146–154.
48. Weitz, J.I., M. Hudoba, D. Massel, J. Maraganore, and J. Hirsch. 1990.

Clot- bound thrombin is protected from inhibition by heparin-antithrombin III
but is susceptible to inactivation by antithrombin III-independent inhibitors. J.

Clin. Invest. 86:385–391.
49. Reed, G.L., G.R. Matsueda, and E. Haber. 1992. Platelet factor XIII in-

creases the fibrinolytic resistance of platelet-rich clots by accelerating the
crosslinking of alpha 2-antiplasmin to fibrin. Thromb. Haemostasis. 68:315–320.

50. Zoldhelyi, P., V. Fuster, and J.H. Chesebro. 1992. Antithrombins as
conjunctive therapy in arterial thrombolysis. Coron. Artery. Dis. 3:1003–1009.

51. Anderson, H.V. 1993. Restenosis after coronary angioplasty. Disease A
Month. 39:613–670.

52. Kyrle, P.A., J. Westwick, M.F. Scully, V.V. Kakkar, and G.P. Lewis.
1987. Investigation of the interaction of blood platelets with the coagulation
system at the site of plug formation in vivo in man—effect of low-dose aspirin.
Thromb. Haemostasis. 57:62–66.

53. Hampton, K.K., C. Cerletti, L.A. Loizou, F. Bucchi, M.B. Donati, J.A.
Davies, G. de Gaetano, and C.R.M. Prentice. 1990. Coagulation, fibrinolytic
and platelet function in patients on long-term therapy with aspirin 300 mg or
1,200 mg daily compared with placebo. Thromb. Haemostasis. 64:17–20.

54. Szczeklik, A., M. Krzanowski, P. Gora, and J. Radwan. 1992. Antiplate-
let drugs and generation of thrombin in clotting blood. Blood. 80:2006–2011.

55. Basic-Micic, M., C. Roman, U. Herpel, E. Kling, B. Scholz, and H.K.
Breddin. 1992. Platelet-induced thrombin generation time: a new sensitive glo-
bal assay for platelet function and coagulation. Haemostasis. 22:309–321.

56. Moorehead, M.T., J.C. Westengard, and B.S. Bull. 1984. Platelet in-
volvement in the activated coagulation time of heparinized blood. Anesth. An-

alg. 63:394–398.
57. Yasu, T., S. Oshima, M. Imanishi, H. Nonogi, K. Haze, M. Juramochi, T.

Omae, Y. Hayashi, and S. Yamamoto. 1993. Effects of aspirin DL-lysine on
thrombin generation in unstable angina pectoris. Am. J. Cardiol. 71:1164–1168.

58. Andreotti, F., G.J. Davies, S.P. Ujang, and P. Sritara. 1993. High-dose
aspirin, thrombin, and coronary angioplasty. Lancet (N. Am. Ed.) 341:1161.

59. Coller, B.S. 1992. Inhibitors of the platelet glycoprotein IIb/IIIa recep-
tor as a conjunctive therapy for coronary artery disease. Coron. Artery. Dis. 3:
1016–1029.

60. Cook, N.S., G. Kottirsch, and H.-G. Zerwes. 1994. Platelet glycoprotein
IIb/IIIa antagonists. Drugs Future. 19:135-159.

61. Cadroy, Y., S.R. Hanson, B.K. Andrew, U.M. Marzec, B.L. Evatt, T.J.
Kunicki, R.R. Montgomery, and L.A. Harker. 1994. Relative antithrombotic ef-
fects of monoclonal antibodies targeting different platelet glycoprotein-adhe-
sive molecule interactions in nonhuman primates. Blood. 83:3218–3224.

62. Moliterno, DJ, R.M. Califf, F.V. Aguirre, K. Anderson, K.N. Sigmon,
H.F. Weisman, and E.J. Topol. 1995. Effect of platelet glycoprotein IIb/IIIa in-
tegrin blockade on activated clotting time during percutaneous transluminal
coronary angioplasty or directional atherectomy (the EPIC trial). Evaluation of
c7E3 Fab in the prevention of ischemic complications trial. Am. J. Cardiol. 75:
559–562.

63. Bevers, E.M., P. Comfurius, and H.K. Nieuwenhuis. 1986. Platelet pro-
thrombin converting activity in hereditary disorders of platelet function. Br. J.

Haematol. 63:335–346.



874 J.C. Reverter, S. Béguin, H. Kessels, R. Kumar, H.C. Hemker, and B.S. Coller

64. Hardisty, R.M., K.M. Dormandy, and R.A. Hutton. 1964. Thrombasthe-
nia: studies on three cases. Br. J. Haematol. 10:371–387.

65. Caen, J.P., P.A. Castaldi, and J.C. Leclerc. 1966. Congenital bleeding
disorders with long bleeding time and normal platelet count. I. Glanzmann’s
thrombasthenia. Am. J. Med. 41:4–26.

66. Zucker, M.B., J.H. Pert, and M.W. Hilgartner. 1966. Platelet function in
a patient with thrombasthenia. Blood. 28:524–534.

67. Weiss, H.J., and S. Kochwa. 1968. Studies of platelet function and pro-
teins in 3 patients with Glanzmann thrombasthenia. J. Lab. Clin. Med. 7:153–
165.

68. Cohen, I., D.L. Burk, and J.G. White. 1989. The effect of peptides and
monoclonal antibodies that bind to platelet glycoprotein IIb-IIIa complex on
the development of clot tension. Blood. 73:1880–1887.

69. Carr, M.E., Jr., S.L. Carr, R.R. Hantgan, and J. Braaten. 1995. Glyco-
protein IIb/IIIa blockade inhibits platelet-mediated force development and re-
duces elastic modulus. Thromb Haemostasis. 73:499–505.

70. Hoffman, M., D.M. Monroe, and H.R. Roberts. 1993. Coagulation fac-
tor IXa binding to activated platelets and platelet-derived microparticles: a flow
cytometry study. Thromb. Haemostasis. 68:74–78.

71. Gemmell, C.H., M.V. Sefton, and E.L. Yeo. 1993. Platelet derived mi-
croparticle formation involves glycoprotein IIb/IIIa. Inhibition by RGDS and
Glanzmann’s thrombasthenia defect. J. Biol. Chem. 268:14586–14589.

72. Nomura, S., Y. Komiyama, T. Murakami, A. Funatsu, T. Kokawa, T.
Sugo, M. Matsuda, and K. Yasunaga. 1993. Flow cytometric analysis of surface
membrane proteins on activated platelets and platelet-derived microparticles
from healthy and thrombasthenic individuals. Intl. J. Hematol. 58:203–212.


