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Streptokinase-induced platelet activation involves antistreptokinase antibodies

'.) Check for updates

and cleavage of protease-activated receptor-1

James P. McRedmond, Patrick Harriott, Brian Walker, and Desmond J. Fitzgerald

Streptokinase activates platelets, limiting
its effectiveness as a thrombolytic agent.
The role of antistreptokinase antibodies
and proteases in streptokinase-induced
platelet activation was investigated. Strep-
tokinase induced localization of human
IgG to the platelet surface, platelet aggre-
gation, and thromboxane A , production.
These effects were inhibited by a mono-
clonal antibody to the platelet Fc recep-
tor, IV.3. The platelet response to strepto-
kinase was also blocked by an antibody
directed against the cleavage site of the
platelet thrombin receptor, protease-
activated receptor-1 (PAR-1), but not by

hirudin or an active site thrombin inhibi-
tor, Ro46-6240. In plasma depleted of
plasminogen, exogenous wild-type plas-
minogen, but not an inactive mutant
protein, S 741A plasminogen, supported
platelet aggregation, suggesting that the
protease cleaving PAR-1 was streptoki-
nase-plasminogen. Streptokinase-plas-
minogen cleaved a synthetic peptide
corresponding to PAR-1, resulting in
generation of PAR-1 tethered ligand se-
quence and selectively reduced binding
of a cleavage-sensitive PAR-1 antibody in
intact cells. A combination of streptoki-
nase, plasminogen, and antistreptoki-

nase antibodies activated human erythro-
leukemic cells and was inhibited by
pretreatment with 1V.3 or pretreating the
cells with the PAR-1 agonist SFLLRN,
suggesting Fc receptor and PAR-1 interac-
tions are necessary for cell activation in
this system also. Streptokinase-induced
platelet activation is dependent on both
antistreptokinase-Fc receptor interac-
tions and cleavage of PAR-1. (Blood.
2000;95:1301-1308)
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Introduction

Streptokinase (Sk) is a bacterial protein that is used as a thrombtatelet activation in an Fc receptor-dependent mafngiterna-
lytic agent in the treatment of myocardial infarctibh.t is a tively, proteolytic agents can initiate cellular signaling and activa-
plasminogen activator that has no intrinsic protease activitijon by cleaving protease-activated receptors (PARs). The original
Rather, in blood it forms an equimolar complex with the zymogeprotease receptor, designated PAR-1, was cloned from a megakaryo-
plasminogen, which is an active protease. The active complex iswic cell line and is present on platelétdt belongs to the family
plasminogen activator, converting further plasminogen to the cell surface receptors with 7 transmembrane domains and
fibrinolytic enzyme, plasmia. coupled to G-proteins. PAR-1 has an extended extracellular amino
Due to its bacterial origin, Sk is antigenic. Low levels ofterminus, which includes a site recognized and cleaved by throm-
antibodies directed against Sk are detectable in the gendral. This cleavage generates a new amino-terminal sequence on the
population, presumably due to previous streptococcal infectionseceptor, which acts as a tethered ligand and activates the recep-
Following administration of Sk, the level of antibodies to Sk rise®r.1® Peptides as short as 5 amino acids in length corresponding to
dramatically in most patients, peaking at about 2 weeks and mine tethered ligand sequence (starting SFLLRN.) activate intact
remain elevated for up to 4 yed¥$.Anti-Sk antibodies are PAR-1 at micromolar concentrations. Other proteases, such as
presumed to cause allergic reactions during Sk treatment and nigypsiné cathepsin G and granzyme A activate PAR-1 also,
neutralize the activity of Sk, necessitating the administration ofabeit at higher concentrations than thrombin.
high standard dose of Sk to ensure effective thrombolysis in most Several other PARs have been cloA&él PAR-2 is cleaved by
patients’ Antibodies to Sk are also capable of activating platéfets low concentrations of trypsin, but not by thrombin. Its physiologic
and this may explain how thrombolytic therapy with Sk results imle is unknown. PAR-3 is activated by thrombin, but appears to be
marked platelet activation in vivo, as measured by the productiomore important in mouse than human plateféRecently a fourth
of the platelet-derived eicosanoid thromboxane (TX%)'AThis receptor, PAR-4, has been cloned from md&tsand huma#t
platelet activation is functionally important because it delayissues, and mediates thrombin-induced platelet activation in both
arterial reperfusion and contributes to early reoccluston. species. It has a lower affinity for thrombin than PAR-1 or PAR-3,
Platelets are activated through a low-affinity receptor for IgG orequires higher concentrations of soluble peptide ligand to induce
the platelet surface (RdRIl, CD 32) by immobilized immunoglobu- platelet activatio??® and has been postulated to act as a “standby”
lin,22 aggregates of Ig& or cross-linking of the Fc receptét. protease receptéf. Moreover, in man the platelet effects of
High concentrations (5000 U/mL) of Sk and anti-Sk IgG caustarombin appear to be mediated predominately by PAR-1; only at
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high concentrations and when PAR-1 activation has been inhibitEdw cytometry

Is platelet actlyatlon by thrombin dependention PAR-4. Platelet-rich plasma was first treated with the platelet glycoprotein llb/llla
Recent evidence has shown that plasmin can cleave PAR-Ipatagonist integrelin to prevent aggregation and Sk and ADP added at fully
the site resulting in receptor activation. However, cleavage at othgfivating concentrations. PRP was then fixed in an equal volume of 0.4%
sites in the receptor’s extracellular N-terminal domain predomiermaldehyde, washed twice in PBS, and incubated at 4°C for 30 minutes
nate, resulting in desensitization of the receptor to subsequaith the fluorescein isothiocyanate (FITC)-conjugated secondary antibody
challenge with thrombid%25 We have previously shown that (antihuman 1gG, Becton Dickinson, San Jose, CA). Platelets were then
Sk-induced platelet activation was mediated by a protéfasewaShEd twice and resuspended in formaldehyde for analysis (FACScan flow

although others found immunologic mechanisms predommatgytometer' Becton Dickinson).
This study examines the mechanism of Sk-induced platelet ac“‘é.?'nthesis and cleavage of PAR1 peptides
tion, particularly, the interaction between PAR-1 cleavage an
anti-Sk antibodies in inducing this response. Thrombin receptor peptides LDPRSFLLRNPNDKYEPF (TR18), LDPR
(TR4), and SFLLRNPNDKYEPF (TR14) were synthesized on an Applied
Biosystems automated peptide synthesiser (model 432A, Norwalk, CT),
. using a standard solid phase Fmadd-[@-fluorenyl] methoxycarbonyl)
Materials and methods procedure. All peptides were purified after synthesis using reverse-phase
high-performance liquid chromatography (HPLC) and confirmed using
electrospray mass spectrometry. The peptide LDPRSFLLRNPNDKYEPF
Sepharose 4B, Sk, adenosine diphosphate (ADP), hirudin, thrombin, hung@fresponds to the site on PAR-1 recognized and cleaved by thréfbin.
p|asmin0gen, p|asmin andz_antip|asmin were purchased from S|gmaTh|S was incubated at 0.5 mM in PBS with thrombin (10 nM) ora complex
(Poole, UK). Monoclonal antibody V.3 was purchased from Medarex Informed by incubating 1.0 uM Sk with 0.5 pM plasminogen at room
(Annandale, NJ). Monoclonal antibodies SPAN 12 and WEDE 15 wef@mperature for 30 minutes. Incubations with Sk-plasmin(ogen) were
purchased from Immunotech (Marseille, France). Monoclonal antibodigrformed in the presence and absenceagfantiplasmin (2.0 UM).
2/389 was a kind gift from the late Dr Stuart Stone, Department dynalysis of the resultant cleavage products was performed by HPLC on a
Biochemistry, Cambridge University. C18 column (Supelco, Poole, UK). Peptides were detected at 215 nm with a
SPD-6A UV detector and a C-R3A integrator (Shimadazu, Kyoto, Japan),
using a mobile phase of 25% acetonitrile, 75% 5 mM phosphate buffer, pH
Platelet preparation 7.4, and compared to standard peptides corresponding to cleavage of the
Bgrent peptide at the expected site (TR4 and TR14).

Materials

Blood was drawn from human volunteers, free from aspirin and other dru
likely to affect platelet function for 10 days. Blood was drawn into 100/%:alcium fluorimetry
final volume of 3.8% sodium citrate. Platelet-rich plasma (PRP) was
prepared by centrifugation of whole blood at §5€r 10 minutes. Human erythroleukemic (HEL) cells were incubated for 30 minutes at 37°C
Aggregation was assayed by light transmission in a final volume of 500 mtith 4 pM FURA-2-AM (Calbiochem-Novabiochem, Nottingham, UK),
(PAP-4 aggregometer, Biodata, Horsham, PA). Inhibitory monoclonakfore being washed twice in Hank’s balanced salt solution containing 1.25
antibodies were preincubated in PRP for 2 minutes before addition mM Ca"* and finally resuspended in the same buffer. Intracellular*Ca
agonists. Aliquots of PRP were frozen in liquid nitrogen for subsequenhanges were detected using an LS-50 fluorimeter (Perkin Elmer, Norwalk,
assay of TXA formation by enzyme-linked immunoassay for the stabl€T). Cells were stirred at 37°C in a 500-uL quartz cuvette. FURA-2
metabolite, TXB (Assay Designs, Ann Arbor, MI). For some experimentsfluorescence was measured following excitation at wavelengths 340 and
PRP was depleted of plasminogen by passing it over a column of lysid80 nm, with emission at 510 nm.

immobilized on Sepharose 4B. To this was added 50 pL of 8 uM native

plasminogen, plasminogen inactivated by mutation of its active sltéS Fluorescent microscopy

plasminogen), or buffer in a final volume of 500 L. The HEL cells were pelleted and resuspended in plasma from an individual

who exhibited platelet aggregation in the presence of Sk. Cells were treated
Antibody purification with no agonist or Sk (1600 U/mL) for 10 minutes in the presence of 0.01%
sodium azide to prevent receptor internalization. Treated cells were pelleted
Anti-Sk antibodies were purified from plasma as follows. Plasma from ghd resuspended in Tris-buffered saline (TBS), adhered by centrifugation
normal donor was incubated overnight it g Protein A-Sepharose 4B at onto poly+-lysine-coated slides and fixed in methanol for 7 minutes. Cells
4°C. Sepharose beads were washed in phosphate-bufferred saline (P@&)e blocked with 2% normal goat IgG in TBS for 30 minutes, incubated
bound antibody was eluted with glycine HCI (0.1 M, pH 3) and neutralizegith monoclonal antibodies SPAN 12 or WEDE 15 (directed against the
with Tris HCI buffer (1 M, pH 8). In some cases this IgG was concentratesleavage site and hirudin-like site of PAR-1, respectively) at 10 pug/mL in
to 0.1 of the original volume for use in platelet aggregation, by centrifuga-8s for 45 minutes and stained with goat antimouse IgG conjugated to an
tion through a porous membrane with a molecular weight cut-off of 30 kdlexa™ 488 fluorescent group (Molecular Probes, Eugene, OR) at 4 pg/mL
(Centricon-30 concentrator, Amicon Inc., Beverly, MA). PRP was treatefdr 10 minutes. Cells were visualized using a LSM 510 microscope (Carl
with ADP and Sk in the presence of buffer alone or IgG purified fronZeiss Ltd, Herts, UK) using an argon laser.
different donors. To specifically purify anti-Sk antibodies, Sk was immobi-
lized on activated CH Sepharose 4B (Pharmacia Biotech AB, Uppsala,
Sweden), according to the manufacturer’s instructions. 1gG obtained frqr@esults
plasma as above was incubated overnight with Sk-Sepharose at 4°C and
specific anti-Sk antibody eluted and concentrated as described abgvgitelet aggregation and TXA , production
Serum from patients recently treated with Sk for myocardial infarction .
contains high levels of anti-Sk. In some experiments such serum wheWw qoncentrat'ons of ADI_D (0.5-2.0 uM) cause a small and
depleted of Sk-binding antibodies by overnight incubation with Skimmobl€versible platelet aggregation. In the presence of Sk added to
lized on Sepharose, followed by centrifugation and removal of thHeéntreated PRP, this is converted to an irreversible platelet aggrega-
supernatant. As a control, aliquots of serum were incubated with bovitien (Figure 1A). The effect can be demonstrated in PRP from some
serum albumin (BSA) immobilized on Sepharose. individuals at an Sk concentration of 300 to 500 U/mL, in the range
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whole plasma IgG purified from a responsive donor conferred Sk
sensitivity on the PRP, whereas 1gG from a nonresponsive donor
did not (Figure 1C), indicating that antibodies purified in this way
do not of themselves activate platelets.
807 ADP4+Sk: Platelet-rich plasma incubated with an FITC-conjugated mono-
clonal antibody directed against human immunoglobulin was
Donor 3+donor 1’s IgG analyzed using flow cytometry. In the presence of both ADP and
Sk, there was a marked increase in human IgG associated with the
platelet surface (Figure 3). Stimulation of cells by ADP or Sk alone
did not enhance human IgG binding. Localization of human IgG to
Donor 3+donor 2’s IgG the surface was prevented by pretreatment with the Fc receptor-
blocking antibody V.3, showing that binding of the antibody to the
. L ) platelet was specific and not due to secretion of IgG by the platelet
Figure 1. The role of antibodies in platelet aggregation to Sk. (A) Sk (500 U/mL) - . . .
combined with a subthreshold concentration of ADP (2 uM) results in irreversible ~ OF tO nonspecific adsorption of plasma antibody (see Figure 3). No
platelet aggregation. This is inhibited by 5 ug/mL of the Fc receptor-blocking antibody  iNncrease in antibody binding was seen in platelets treated with the
IV.3. (B) Inindividuals who fail to aggregate to low concentrations of Sk and ADP, the  pPAR-1 agonist SFLLRN (data not ShOWh), indicating that the

addition of 50 pL purified anti-Sk antibodies results in an aggregation response. This . . .
is also sensitive to inhibition by I1V.3. (C) Whole-plasma IgG from a responsive donor platelet-assouated IgG was not due SOIer to platelet activation.

(donor 1) but not from a nonresponsive donor (donor 2) can confer sensitivity to Sk on
PRP from a third donor. These results are representative of tracings from at least 5 (A
and B) or 2 (C) individuals.

Donor 1
40

% light transmission ()

1 min

Role of PAR-1

Sk-induced platelet aggregation was prevented by pretreating the
of concentrations achieved in vivo following a standard dose Bfatelets with antibody 2/389 raised against a peptide containing
Sk27 Sk-induced platelet aggregation was accompanied by ithe cleava_ge site _of I_DAR-l (Flgure 4A). The antibody binds to the
creased TXA production, measured as its hydrolysis produdfthered ligand-binding domain of PAR-1 and prevents PAR-1
TXB,, from 3.1%+ 0.8 ng/mL in stirred platelets (no agonist) to
78+ 22.4 ng/mL in platelets treated with Sk and ADP. Neither
ADP nor Sk alone, at the concentrations used, results in significar
generation of TXB (Figure 2).

Wi E
Involvement of the platelet Fc receptor iiiiﬂhfﬁi}ww M
The monoclonal antibody V.3 blocks the binding of IgG antibodiesﬁ f\ C \\ W D w‘\w
to the Fc receptor found on platelets. Pretreatment of PRP with IV.:§ | B ‘ii i - —
abolished Sk-induced platelet aggregation (see Figure 1A) anug‘ / ﬂ"ﬁ W T /7—7*“;«'»7«:;44 e
TXB, production (see Figure 2), but had no effect on aggregation t(g A Y WUt L L
ADP alone. This implicates endogenous antibodies in the plasma i“ ¥7“Z:7"‘“7‘*71~/~7;L7
Sk-induced platelet activation. In individuals who did not exhibit e e A
platelet aggregation in response to low concentrations of Sk Fluorescent intensity (arbitrary units)

aggregatlon to Sk was seen on addition of 50 p‘L of pUI’Ierd antl_gl@ure 3. Platelet-associated human 1gG during Sk-induced platelet aggrega-

antibodies (Figure 1B). Moreover, a small volume of serum from@n. Following agonist treatment, platelets were incubated with an FITC-labeled
patient who previously received Sk and had a high level of anti-Sktbody against human IgG and platelet-associated fluorescence measured using

antibodies. resulted in Sk-induced aggregation (I’]Ot ShOWﬂ). Thélgg cytometry. (A) Platelets stirred in the absence of agonist. (B) Subthreshold
' . . concentration of ADP. (C) 500 U/mL Sk alone. (D) ADP in the presence of 500 U/mL
responses were blocked by pretreatment with the antlbOdy V.3 (Sb%.e(E) Treated with the Fc receptor-blocking antibody 1V.3 prior to the addition of Sk

Figure 1B). Incubation of PRP from a nonresponsive donor witnd ADP.
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Figure 4. The role of thrombin, PAR-1, and plasminogen in Sk-induced platelet
aggregation. Aggregations to ADP and Sk (A) or 0.35 U/mL thrombin (B) were
performed without inhibitors or in the presence of the PAR-1-blocking antibody 2/389
(4 pg/mL), hirudin (1 U/mL), or the thrombin active site inhibitor Ro46-6240 (Ro-46)
(0.04 pg/mL). (C) Aggregation to ADP and Sk was performed in PRP depleted of
plasminogen by passage over a lysine-Sepharose column, to which had been added
buffer alone, wild-type plasminogen, or the inactive mutant S74A plasminogen. Each
tracing is representative of 2 to 3 experiments.
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bound on the platelet surface, or newly generated by the prothrom-
binase complex, may not be inhibited by hirudin, due to inaccessi-
bility of the anion-binding site. The low molecular weight thrombin
inhibitor, Ro46-6240, is a potent, specific inhibitor of thrombin that
binds to the active site of the enzyme and not to the anion-binding
site?8 R046-6240, at a concentration that inhibited platelet aggrega-
tion to thrombin, but not to other platelet agonists, had no effect on
Sk-induced platelet aggregation (see Figure 4A and B). These
findings suggest that Sk-induced platelet aggregation is due to the
action of a protease distinct from thrombin acting on PAR-1.

Role of plasminogen

In PRP depleted of plasminogen by passage over a lysine-
Sepharose column, Sk at 500 U/mL was unable to induce platelet
aggregation. Platelet aggregation was restored by the addition of
0.8 uM native plasminogen. However, when plasminogen rendered
inactive by mutation at its active site ™®A) was used at 0.8 uM,

no aggregation to Sk was seen (Figure 4C). Sk-induced platelet
activation, therefore, requires proteolytically active plasminogen.

PAR-1 cleavage by Sk-plasminogen

Incubation of a peptide corresponding to the thrombin recognition
and cleavage sites of PAR-1 (LDPRSFLLRNPNDKYEPF) with
thrombin, resulted in cleavage at the expected site and production
of the 2 predicted fragments, LDPR and SFLLRNPNDKYEPF
(Figure 5A-C). The peptide was also cleaved following incubation
with plasmin (not shown) and Sk-plasminogen complex (Figure
5D). Pretreatment withx,-antiplasmin, which inhibits free plas-
min, but not plasmin(ogen) complexed with Bkdid not prevent
Sk-plasminogen cleaving TR18 (Figure 5E).

Epitope-specific cleavage of PAR-1 on intact cells

The monoclonal antibody SPAN 12 was raised against an epitope
spanning the site on PAR-1 cleaved by thrombin and recognizes the
intact receptor only® WEDE 15 binds to the hirudin-like site of
PAR-1 (removed by plasmin) and recognizes intact and thrombin-
cleaved receptor®.HEL cells incubated with SPAN 12 or WEDE

15 show strong staining at the cell surface (Figure 6A and B). Cells

cleavage by thrombin (Dr S. Stone, personal communication, Juhgated with Sk in the presence of plasminogen and anti-Sk
1995). This antibody also prevented platelet aggregation inducautibodies showed a substantial reduction in SPAN 12 staining
by nanomolar concentrations of thrombin (Figure 4B). Althougtvithout significant loss of staining of WEDE 15 (Figure 6C and D).
thrombin-induced platelet aggregation could be prevented Because plasmin cleaves PAR-1 not just at the authentic thrombin
pretreatment with the specific thrombin inhibitor hirudin, plateletleavage site but also at sites that would delete both the SPAN and
aggregation to Sk was unaffected (see Figure 4A and B). ThromMWEDE epitope$? these data demonstrate that Sk-plasmin(ogen)

A B C

D E

LDPRSFLLRNPNDKYEPF ‘ SFLLRNPNDKYEPF LDPRSFLLRNPNDKYEPF LDPRSFLLRNPNDKYEPF | LDPRSFLLRNPNDKYEPF

+Thrombin

+Sk-plasminogen | +Sk-plasminogen
+0L,-antiplasmin

I |

5 [0 15 20 25 5 10 15 20 25 5 10 15 20 % 10 15

minutes
Figure 5. Cleavage of PAR-1 peptide sequences.  (A) The peptide LDPRSFLLRNPNDKYEPF (TR18), corresponding to the uncleaved receptor, elutes as a single peak at 18
minutes. (B) The peptide SFLLRNPNDKYEPF (TR14), corresponding to the receptor following cleavage at the site resulting in receptor activation, elutes as a single peak at 5

minutes. (C) TR18 following 15 minutes incubation with 10 nM thrombin. (D) TR18 following 4 hours incubation with 0.5 pM Sk-plasminogen. (E) TR18 following 4 hours
incubation with 0.5 uM Sk-plasminogen and 2 pM a,-antiplasmin. Significant peptide cleavage occurs even in the presence of ap-antiplasmin.
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A: Ctl, SPAN B: Ctl, WEDE

C: Sk, SPAN

Figure 6. Fluorescent microscopy of PAR-1 on HEL cells. Cells were stained with
the cleavage-sensitive PAR-1 antibody SPAN 12 (A and C) or the cleavage-
insensitive PAR-1 antibody WEDE 15 (B and D) and treated with no agonist (A and B)
or Sk (C and D) in plasma from an individual whose platelets aggregated to Sk.

cleaves PAR-1 primarily at the site that results in receptor
activation.

Intracellular calcium responses
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The HEL cells mimic platelets in that they express the Fc receptor C

and PAR-1 (J.P.M. and D.J.F., unpublished observations). HEL
cells showed a marked increase in intracellular Cia response to
sequential addition of ADP, 1 uM plasminogen, 800 U/mL Sk, and
anti-Sk antibodies purified from plasma (Figure 7A). Although
some rise in C&" is elicited in the presence of Sk and plasmino-
gen, this is accelerated by the addition of anti-Sk. As with the
platelet activation, this response is substantially blocked by pretreat-
ment with 1V.3, implicating antibody-Fc receptor interactions in
mediating this effect (Figure 7B). No response was seen to anti-Sk
and Sk in the absence of plasminogen (data not shown). Moreover,
desensitization of PAR-1 by prior treatment with the agonist
SFLLRN substantially reduced the Caresponse to plasminogen,
Sk, and anti-Sk (Figure 7C). Thus, activation of both PAR-1 and the
Fc receptor is necessary for Sk-induced cell activation.

To confirm the specificity of the antibody required to support
Sk-dependent cell activation, we used serum from a patient treated
with Sk for acute myocardial infarction 1 month before as a source
of antibody. Plasminogen and Sk evoked a calcium response in
HEL cells only after addition of 10 pyL serum (Figure 8A). An
equivalent volume of serum incubated overnight with Sk-coated
Sepharose particles to remove Sk-binding antibodies failed to
provoke a calcium response (Figure 8B). In contrast, serum
incubated with BSA immobilized on Sepharose supported a
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calcium response (Figure 8C). Figure 7. Activation of HEL cells by ADP, plasminogen, Sk, and anti-Sk
antibodies. Cells were loaded with FURA-2-AM, and Ca**-mobilizing responses

measured. Arrows indicate the addition of agonists. (A) Cells were treated with ADP

. . (100 pM), plasminogen (2 pM), Sk (800 U/mL), and anti-Sk antibodies (30 pL). (B)
D|SCUSS|0n Cells were treated in the presence of 5 pg/mL of the Fc receptor-blocking antibody
IV.3. (C) Pretreatment with 12 pM of the PAR-1 agonist SFLLRN, rendering the cells

Streptokinase is widely used in the treatment of coronary thromb@vesponsive to further activation of PAR-1 or to the combination of ADP, plasmino-

sis. Despite lacking protease activity, Sk complexes with plasming Sk- and ant-Sk antibodies.
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Figure 8. Activation of HEL cells by plasminogen, Sk, and serum from a
Sk-treated patient. Cells were loaded with FURA-2-AM, and Ca**-mobilizing
responses measured. Arrows indicate the addition of agonists. (A) Cells were treated
with plasminogen (1 pM), Sk (800 U/mL), and serum (10 pL). (B) The serum used was
incubated overnight with Sk coupled to Sepharose beads to deplete Sk-binding
antibodies. (C) The serum used was incubated overnight with BSA coupled to
Sepharose beads as a control.
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experimental studies have shown evidence of platelet activation
and thrombosis in patients treated with Sk, and this appears to be
more marked than that seen with the nonantigenic tissue-type
plasminogen activatdf:3334The increased platelet activity appears
to be functionally important because aspirin greatly enhances the
benefit seen with Sk in humahd.he mechanism for the increased
platelet activity is not understood. Although thrombin has been
implicated based on measurements of fibrinopeptitfeaAd other
biochemical measuremeriseither heparit’-28nor specific throm-

bin inhibitors® influence the response to Sk.

We and others have shown that Sk can induce platelet aggrega-
tion and that this was dependent on the presence of antfid§dy.
These findings were confirmed in the present study in that Sk at a
concentration that is achieved in vivo induced full irreversible
aggregation of platelets primed with ADP. This was accompanied
by a marked increase in TXAformation, as also seen in vivo.
Platelet aggregation was abolished by a monoclonal antibody
against the platelet Fc receptor. Activation of this receptor alone by
cross-linking with immune complexes can cause platelet activation
and aggregatiot?1* However, Sk-induced platelet aggregation
was also abolished by a monoclonal antibody directed against
PAR-1. This antibody prevents cleavage of PAR-1 and thrombin-
induced platelet aggregation. Cleavage of the receptor was not due
to formation of thrombin because neither hirudin nor Ro46-6240, 2
highly specific thrombin inhibitors, had any effect.

These studies suggest that a protease other than thrombin is
responsible for Sk-mediated platelet aggregation. Aggregation
depended on the presence of proteolytically active plasminogen,
implicating Sk-plasmin(ogen) as the protease responsible for
PAR-1 cleavage. Indeed, a PAR-1 peptide was cleaved by Sk-
plasminogen at the activating site, although only slowly in solution.
This cleavage was not blocked by antiplasmin, suggesting that it
was largely as a consequence of the complex rather than free
plasmin. Plasmin has been reported to cleave PAR-1 at the
thrombin cleavage site and at other sites that delete the tethered
ligand domain, preventing receptor activatidi®> However, we
showed in HEL cells that Sk-plasmin is more selective. Thus, the
binding of SPAN 12, an antibody to the thrombin cleavage site, was
selectively reduced by Sk-plasmin, whereas an antibody to the
hirudin-like binding domain (lying in the region putatively cleaved
by plasmin) was not. Although PAR-4 expression is detectable by
reverse transcriptase-polymerase chain reaction in plafedets is
a potential target for Sk-plasminogen, Sk-induced platelet activa-
tion was prevented by an antibody specific to PAR-1, so PAR-4 is
unlikely to be involved. A role for PAR-1 was also seen in HEL
cells activated by a combination of Sk, plasminogen, and anti-Sk
antibody. These cells contain PAR-1, PAR-4 (J.P.M. and D.J.F.,
unpublished observations), and the Fc receptor. Pretreating the
cells with the PAR-1 agonist SFLLRN to desensitize the receptor
reduced the intracellular Ca response to Sk.

Thus, 2 distinct signals are required for Sk-mediated platelet
activation, the first mediated by the Fc receptor and the second by
cleavage of PAR-1. Consistent with a role for Ig-Fc interactions,
Sk-induced but not SFLLRN-induced platelet activation targeted
IgG to the platelet surface. Moreover, the'Caresponse in HEL

gen and generates the plasminogen activator, Sk-plasmin complexls induced by Sk and plasminogen was accelerated by the
Sk induces reperfusion in the majority of patients presenting withaaldition of anti-Sk antibody and blocked by IV.3. A recent report

coronary thrombosis but patency is often del@yeaid is compli-

described antibody-mediated platelet activation in heparin-induced

cated by reocclusion in 15% to 30% of cag&Several clinical and thrombocytopenia (HIT) as dependent on ADP release from the
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platelet? In contrast, the Sk-induced platelet activation describeattivation or helps localize the Sk-plasmin complex to the cell
in this report requiresexogenousADP and PAR-1 activation membrane where it cleaves PAR-1. This activation of PAR-1 is not
suggesting that signaling through the Fc receptor is not as strongsasceptible to inhibition by heparin or direct thrombin inhibitors
that seen in HIT. A previous study has shown also that ahd may explain the limited activity of such treatments during

Sk-plasmin complex devoid of protease activity induced platelgrombolytic therapy of myocardial infarction.
aggregatiorf. However, aggregation was induced only in the

presence of high concentrations of Sk antibodies and is perhaps
similar to what occurs in HIT. In our experiments, Sk-induced
platelet activation was always dependent on PAR-1. One possible

model is that the Sk antibody localizes the complex to the celcknowledgments

surface allowing a more rapid cleavage of PAR-1. Consistent ) ) ) . .
with this hypothesis, the Sk-plasmin complex is unable iintegrelin was a gift of Dr David Philips, COR Therapeutics (San

activate a thrombin-sensitive PAR-1 receptor expressed in COENCISCO, CA). Recombinant plasminogei's was a gift of Dr
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The increased surface expression ofRtl and PAR-1 in partially 9land). Monoclonal antibody 2/389, directed against the PAR-1
activated platele®84! may explain why ADP sensitizes cleavage site was a gift of Dr Stuart Stone (deceased), University of

platelets to Sk. Cambridge. The thrombin inhibitor Ro46-624M-[N4-[(s)-1-
In summary, activation of platelets by Sk requires both activamidino-3-piperidinyl]-methylj-2(2-naphthalenesulfonyl}-aspa-
tion of the Fc receptor and cleavage of PAR-1. It is possible thetginyl]-N-cyclopropylglycine) was a gift of Dr Sebastian Roux,

interaction with the Fc receptor provides signals essential for thioffman-La Roche (Basel, Switzerland).
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