Brief Rapid Communication

Coronary Thrombolysis With Recombinant
Staphylokinase in Patients With Evolving
Myocardial Infarction

Désiré Collen, MD, PhD, and Frans Van de Werf, MD

Background. Staphylokinase (STA), a protein with known profibrinolytic properties, is produced by
transduced Staphylococcus aureus strains. In experimental animal models, recombinant staphylokinase
(STAR) is less immunogenic and more active toward platelet-rich arterial blood clots than streptokinase.

Methods and Results. In the present study, 10 mg STAR given intravenously over 30 minutes was found
to induce angiographically documented coronary artery recanalization within 40 minutes in four of five
patients with acute myocardial infarction. Plasma fibrinogen and ay-antiplasmin levels were unaffected,
and allergic reactions were not observed. Postinfusion disappearance of STAR antigen followed a biphasic
mode with a t;, of 6.3:0.6 minutes (mean+SD) and a t,; of 3715 minutes, corresponding to a plasma
clearance of 270+100 mL/min. Neutralizing antibodies against STAR could not be demonstrated at
baseline and up to 6 days after infusion, but STAR neutralizing activity, which did net cross-react with
streptokinase, was consistently demonstrable in plasma at 14-35 days.

Conclusions. STAR can induce clot-selective coronary thrombolysis in patients with evolving myocardial
infarction without concemitant induction of a systemic lytic state. STAR, a small protein that can be easily
produced by recombinant DNA technology, may therefore offer promise for thrombolytic therapy in
patients with thromboembolic disease. (Circulation 1993;87:1850-1853)
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cardial infarction has been shown to recanalize
occluded coronary arteries, preserve left ven-
tricular function, and reduce mortality. At present, cor-
onary thrombolysis is primarily performed with streptoki-
nase or with alteplase, a preparation of recombinant
tissue-type plasminogen activator (rt-PA).! The main
advantages of streptokinase are its low cost and relative
safety, whereas the main shortcomings are its limited
efficacy for coronary recanalization and its immunoge-
nicity, which predisposes to allergic reactions and to
resistance to repeated administration. The main advan-
tages of alteplase are its higher efficacy for coronary
recanalization and its lack of immunogenicity, whereas
its main disadvantage is its high cost. Thus, thrombaolytic
agents with higher thrombolytic potency, reduced side
effects, and/or lower cost would be desirable.
Staphylokinase (STA), a protein of 136 amino acids
that does not contain disulfide bridges, is produced by
transduced Staphylococcus aureus strains and has been
known for more than 40 years to have profibrinolytic
properties. Its mechanism of action, its in vitro fibrino-
lytic properties, and its in vivo thrombolytic properties

Thrombolytic therapy in patients with acute myo-
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in experimental animal models have been evaluated to
some extent.? Like streptokinase, staphylokinase is not
an enzyme, but it forms a 1:1 stoichiometric complex
with plasminogen that then activates other plasminogen
molecules.>* However, whereas the streptokinase-plas-
minogen complex undergoes an intramolecular transi-
tion without peptide bond cleavage, which results in
exposure of a titrable active site in the plasminogen
molecule,® activation of the staphylokinase—plasmino-
gen complex requires its conversion to plasmin.6 Fur-
thermore, the staphylokinase—plasmin complex is very
rapidly inhibited by a,-antiplasmin, whereas the strep-
tokinase—plasmin complex is not.7#

The gene coding for staphylokinase has been cloned
and expressed in Escherichia coli and in Bacilius subtilis,
and the biochemical properties of recombinant staphy-
lokinase (STAR) have been studied recently in some
detail %10 Although the initial in vivo experiments with
staphylokinase in dogs have yielded discouraging re-
sults, 112 we have recently obtained evidence that STAR
is fibrin specific, relatively more potent than streptoki-
nase toward platelet-rich clots, and less immunogen-
ic.!*! Qur studies®%15 suggested that several mecha-
nisms may contribute to the fibrin specificity and the
potency of staphylokinase in a plasma milieu. First, the
plasmin-staphylokinase complex is rapidly neutralized
by a,-antiplasmin (apparent second-order rate constant
2x10¢ M~'-sec™') but this reaction is 130 times slower
when the lysine binding sites of plasmin in the complex
are either removed or saturated by binding to 6-amino-
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hexanoic acid or to fibrin.!® This would result in a
protection of fibrin-bound complex against rapid inhi-
bition and restriction of the plasminogen activation
phenomenon to the clot surface. Second, staphylokinase
dissociates in active form from the plasmin-staphyloki-
nase complex after its inhibition by a,-antiplasmin and
released staphylokinase molecules are recycled to other
plasminogen molecules. ! Third, the plasminogen—staph-
ylokinase complex is inactive and unable to convert to
active plasmin-staphylokinase complex at appreciable
rates in the presence of excess inhibitor.® This observa-
tion may provide some explanation for the remarkable
stability of plasminogen in plasma in the presence of
relatively high concentrations of staphylokinase.'® Fi-
nally, fibrin disturbs this stability of staphylokinase in a
plasma milien, producing fibrin-specific clot lysis both in
in vitro systems as well as in in vivo situations.

In the present pilot study, we have evaluated the
pharmacokinetic, thrombolytic, and immunogenic prop-
erties of STAR in five patients with acute myocardial
infarction.

Methods
Recombinant Staphylokinase

STAR was produced from culture broth of E. coli
cells transformed with recombinant pUCI19 containing
the 2.9 kb insert obtained by HindIII restriction enzyme
digestion of genomic DNA obtained from a selected S.
aureus strain.2 STAR was purified from 10-L batches by
chromatography on SP-Sephadex with pH gradient elu-
tion, SP-Sephadex with NaCl gradient elution, and
Sephacryl S-300 superfine gel filtration. It was obtained
with a recovery of approximately 1.5 mg/L culture broth
and a yield of 35%; it consisted of a single band on
SDS-polyacrylamide gel electrophoresis with M, 18,000,
and it had NH,-terminal sequence Ser-Ser-Ser-Phe-
Asp-.17 After filtration on 0.22-um millipore filters, the
materials were sterile and virus free by routine screen-
ing for human pathogenic viruses; they were obtained at
a concentration of =1 mg/mL, with a specific activity of
185,000 arbitrary units per milligram? and an endotoxin
content of 107 units/mg. Bolus injection at a dose of 3
mg/kg in mice did not produce weight loss or reduced
weight gain within 8 days.!”

Patients

Patients were studied after giving informed consent,
and the protocol was approved by the Human Studies
Committee of the University of Leuven. The following
criteria were applied for inclusion: a history of chest
pain typical of myocardial ischemia persisting for at
least 30 minutes, a >2-mm ST-segment elevation in at
least two frontal planes or two precordial ECG leads;
and feasibility of initiating thrombolytic therapy within
6 hours of the onset of symptoms. Criteria for exclusion
included major illness other than coronary artery dis-
ease, contraindications to thrombolytic agents, and con-
comitant anticoagulation.

After entry into the study in the emergency ward, the
patient was immediately transferred to the cardiac
catheterization laboratory, where selective coronary
arteriography was immediately performed from the
right femoral artery after injection of a bolus of 5,000
units of heparin. When coronary artery occlusion was

documented, an intravenous bolus injection of 1 mg of
STAR was given over 2 minutes followed by an infusion
of the remaining 9 mg over 30 minutes. Arteriography of
the occluded coronary artery was repeated at 10-minute
intervals during the infusion, and the angiographic
evaluation was terminated after the 40-minute angio-
gram. When coronary reperfusion was not obtained
within 40 minutes, the patients were immediately
treated with 100 mg rt-PA (Actilyse, Boehringer In-
gelheim) given over 90 minutes. At 30 minutes, all
patients were also given 320 mg aspirin, and a continu-
ous intravenous infusion of heparin (1,000 units/hr) was
started.

Blood Samples

Blood samples were collected on citrate (final con-
centration, 0.01 M) before and 0, 10, 20, 30, 35, 40, 45,
60, 75, and 90 minutes after the start of the infusion of
STAR. The fibrinogen and a;-antiplasmin were assayed
as described elsewhere.'* Fibrin fragment p-dimer and
STAR-related antigen levels in plasma were assayed
with enzyme-linked immunosorbent assays using two
murine monoclonal antibodies raised with the purified
antigens. Additional blood samples were obtained at 4,
7, and 14-35 days for the determination of STAR-
neutralizing antibodies using the staphylokinase reactiv-
ity assay with 350 uL citrated plasma, as described
elsewhere,?

The pharmacokinetic parameters of the disposition of
STAR from blood were derived from serial measure-
ments of plasma antigen levels after the end of the
infusion. The data describing the postinfusion disap-
pearance of STAR-related antigen from plasma were
plotted on semilogarithmic paper and fitted with a sum
of two exponential terms, C(t)=Re™"'+Se™# by graphi-
cal curve peeling.!s The variables A and B were first
calculated (assuming steady state at the end of the
infusion) using the formulas A=RX, a/k, and B=8X, 8/
k,, where X, is the total administered dose and k,, is the
rate of infusion. Pharmacokinetic parameters were cal-
culated from the coefficients A and B and exponents «
and B using standard formulas derived by Gibaldi and
Perrier.'® These pharmacokinetic parameters included
initial half-life (in minutes): t,,,=In2/e; terminal half-
life (in minutes): t,;;=In2/8; volume of the central
(plasma) compartment (in liters): V.=dose/(A+B);
area under the curve (in micrograms per minute per
milliliter): AUC=A/a+B/g; and plasma clearance (in
milliliters per minute): Cl,=dose/AUC.

Results

Five patients with acute coronary occlusion were
studied between June 25 and September 22, 1992.
Relevant characteristics of the patients are shown in
Table 1. Coronary artery recanalization within 40 min-
utes was achieved in four of five patients. The patient
without recanalization at 40 minutes was immediately
given 100 mg alteplase over 90 minutes without any
clinical evidence of reperfusion during the infusion.
Coronary angiography was repeated at 20-28 hours in
four of the five patients. In one patient with early
recanalization, reocclusion had occurred (clinically at
21 hours, when the activated partial thromboplastin
time [aPTT] was normal notwithstanding continuous
heparin infusion), whereas in the patient with persistent
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TasLe 1. Response to Recombinant Staphylokinase in Five Patients With Acute Myocardial Infarction
Dt Angiographic patency (TIMI grade)

Age Infarct Locus of symptoms* 10 20 30 40 24
Patient Sex (years) diagnosis occlusion {hours) Before Minutes Minutes Minutes Minutes Hours
1 F 54 Inferolateral Proximal RCA 38 0 1 3 3 3 3
2 F 59 Anterolateral First diagonal 3.7 0 0 0 2 3 0t
3 M 71 Inferolateral Proximal RCA 2.5 0 3 3 3 3 3
4 M 71 LBBB, inferior Middle RCA 4.0 0 0 0 0 0 3t
5 M 70 Anterior Proximal LAD 2.5 0 0 0 2 3

TIMI, thrombolysis in myocardial infarction; LBBB, left bundle branch block; RCA, right coronary artery; LAD, left anterior descending

coronary artery.
*Before admission to the emergency unit.

TClinical reinfarction occurred at 21 hours when the activated partial thromboplastin time value was within the normal range.
iClinical recanalization occurred at 12 hours after infusion of thrombolytic agents.

angiographic occlusion after STAR administration,
spontaneous recanalization had occurred (clinically at
approximately 12 hours). All patients survived the epi-
sode of acute infarction without adverse effects or any
apparent complication related to the infusion. The fifth
patient with a major anterior infarction developed car-
diogenic shock in the hours after recanalization of the
infarct-related artery. The patient was not subjected to
the 24-hour repeat angiography, and he died in cardio-
genic shock after 30 hours.

Administration of STAR did not induce an overt
systemic lytic state in any of the patients, as shown by
the unchanged levels of fibrinogen and e,-antiplasmin
(residual levels at 40 minutes, 90-95% of baseline)
(Table 2). The aPTT remained above twice the baseline
value during the 40-minute angiographic observation
period. Fibrin fragment p-dimer increased significantly
and progressively with infusion of STAR, from a median
value of 150 ng/mL before to 1,500 ng/mL at 30 minutes
and 2,200 ng/mL at 60 minutes, suggesting that detect-
able fibrin digestion occurred in vivo.

The concentration of STAR-related antigen in blood
toward the end of the infusion of 10 mg STAR over 30
minutes increased to between 0.9 and 1.7 pug/mL (Table
3). After the end of the infusion, STAR-related antigen
disappeared from plasma in a biphasic mode with an
initial half-life of 6.3+0.6 minutes and a terminal half-
life of 37+15 minutes, corresponding to a plasma clear-
ance of 270+100 mL/min.

STAR-neutralizing activity in plasma was not consis-
tently detectable at baseline and at 4-7 days after the
STAR infusion (Table 2). However, at 14-35 days,
neutralizing titers of 12-42 pg/mL plasma were found.
The STAR-neutralizing activity consisted most likely of
antibodies, because it could be quantitatively removed
by adsorption on protein A-Sepharose. The antibodies
induced after STAR administration did not cross-react
with streptokinase.

Discussion

This study evaluates the feasibility of intravenous
infusion of 10 mg STAR for coronary thrombolysis in
patients with acute myocardial infarction. The adminis-
tration scheme used was based on our previous experi-
ence in baboons, which suggested that STAR had a
similar potency as streptokinase for venous clot lysis but
a higher potency for arterial clot lysis.® Intravenous
infusion of STAR at this dose indeed induced coronary
artery recanalization within 40 minutes in four of five
patients. Recanalization was not associated with sys-
temic fibrinolytic activation and fibrinogen breakdown.

Neutralizing antibodies could not be detected at
baseline and within 1 week after administration of
STAR but were consistently observed after 14-35 days.
These induced antibodies did not, however, cross-react
with streptokinase. Thus, with respect to immunogenic-
ity, our initial observations in humans are not as
encouraging as our experience in baboons, where three

TasLE 2. Hemostasis Variables During and After Recombinant Staphylokinase Infusion

Activated partial Neutralizing activity (gg/mL)
ayAntiplasmin  thromboplastin D-Dimer

Fibrinogen (g/L} (%) time (seconds) (ug/mL) STAR Streptokinase

Base- Base- Base- 45 Base- Base- Day Base- Day
Patient line Residual line Residual line Minutes* line Peak line Day4 Day?7 14-35 line 14-35
1 37 33 67 60 57 100 011 052 032 027 044 42 0.15 0.20
2 2.6 28 110 110 27 79 041 B0 038 D038 029 12 0.21 0.21
3 35 3.7 75 71 31 >180 29 34 11 14 33 41 0.10 0.10
4 29 23 97 81 45 160 0.03 D85 05 0.8 27 0.15 0.15
5 38 3.6 95 96 >180 015 20 03
Mean 33 31 &9 84 40 140 072 295 052 068 12 31 0.15 0.17
SD 0.5 0.6 17 20 14 47 1,23 304 033 062 14 14 0.05 0.05

STAR, recombinant staphylokinase.

*Values > 180 seconds were given a value of 180 seconds for calculation of the mean and SD.
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TasLe 3. Pharmacokinetic Parameters of the Disposition of Recombinant Staphylokinase—Related Antigen From Blood After
Continuous Intravenous Infusion of 10 mg Recombinant Staphylokinase Over 30 Minutes

Co R A S B @ B tioa 1y128 Ve AUC Cl,
Patient (ug/mL) (ug/mL) (ug/mL) (ug/mL) (pg/mL) (min~') (min~') (minutes) (minutes) (L) (pg:min-ml™") (mL/min~')
1 L5 0.70 2.8 0.65 0.43 0.13 0.022 55 32 31 41 240
2 0.90 0.30 32 0.60 0.65 0.12 0.036 6.0 19 2.6 45 220
3 0.86 0.42 L5 0.52 0.20 0.12 0.017 6.0 40 59 24 420
4 1.7 0.75 23 0.97 0.38 0.1 0.013 7.0 55 37 52 190
Mean 1.24 0.54 2.5 0.69 0.42 0.12 0.022 63 37 38 41 270
SD 0.42 0.21 0.7 0.20 0.19 0.01 0.010 0.6 15 1.5 12 100

Cy, plasma concentration at time 0; V., volume of the central compartment; AUC, area under the curve; Cl,, plasma clearance.
The plasma concentration vs. time data were fitted with the equation C(t)=Re~“'+Se ", and pharmacokinetic parameters were derived

as described in “Methods.”

Results of one patient who received alteplase during the observation period relevant for pharmacakinetic analysis were not included in

this study.

of four animals did not even produce neutralizing
antibodies after a five-times repeated administration of
STAR at weekly intervals. However, we have recently
obtained evidence (Declerck et al, unpublished) that
the prevalence of anti-STAR antibodies in the general
population is lower than that of antistreptokinase anti-
bodies. Thus, the initial anticipation that STAR might
produce fewer allergic reactions than streptokinase is
not definitively invalidated by the present demonstra-
tion of its immunogenicity. Although the restriction to
single use as a result of immunogenicity would probably
apply to both streptokinase and STAR, the absence of
cross-reactivity of induced antibodies suggests that the
use of both substances would not be mutually exclusive.
Although the small number of patients studied pre-
cludes valid estimation of the frequency of coronary
recanalization with STAR and of the adequacy of the
dose used, this feasibility study suggests that intrave-
nous infusion of 10 mg STAR may produce fibrin-
specific coronary thrombolysis. Definition of the relative
therapeutic benefit or lack thereof will require more
detailed initial dose-finding studies followed by random-
ized clinical trials against other thrombolytic agents.
The STAR material used in the present study was
obtained by expression of the staphylokinase gene
cloned from the genomic DNA of a transduced . aureus
strain in E. coli using standard recombinant DNA
techniques developed in the 1970s.2 The small size of
the protein and its lack of disulfide bridges make it
ideally suited for large-scale production in E. coli.

Conclusion

The results of the present initial pilot study in humans
confirm those of our previous studies in animals with
venous or coronary artery thrombosis'?!¢ that showed
that STAR is an effective thrombolytic agent and extend
these observations to patients with evolving myocardial
infarction. The present preliminary experience may
provide a basis for the design of future dose-finding
studies and controlled clinical trials with this agent.

Acknowledgments

The authors thank their collaborators (identified in the
reference list) for their contributions to the production of
STAR and its conditioning for use in humans. The authors
also thank the catheterization laboratory personnel for their
expert assistance and are grateful to the patients who volun-

teered to participate in this first human study with an experi-
mental substance.

References

1. Collen D, Lijnen HR: Basic and clinical aspects of fibrinolysis and
thrombolysis. Blood 1991;78:3114-3124

2. Collen D, Silence K, Demarsin E, De Mol M, Lijnen HR: Isolation
and characterization of natural and recombinant staphylokinase.
Fibrinolysis 1992;6:203-213

3. Reddy KNN, Markus G: Mechanism of activation of human plas-
minogen by streptokinase: Presence of active center in streptoki-
nase-plasminogen complex. J Biol Chem 1972;247:1683-1691

4. Kowalska-Loth B, Zakrzewski K: The activation by staphylokinase
of human plasminogen. Acta Biochim Poil 1975;22:327-339

5. McClintock DK, Bell PH: The mechanisms of activation of human
plasminogen by streptokinase. Biochern Biophys Res Commun 1971;
43:694-702

6. Collen D, Schlott B, Engelborghs Y, Van Hoef B, Hartmann M,
Lijnen HR, Behnke D: On the mechanism of the ‘activation of
human plasminogen by recombinant staphylokinase. J Biol Chem
(in press)

7. Sakai M, Watanuki M, Matsuo O: Mechanism of fibrin-specific
fibrinolysis by staphylokinase: Participation of a;-plasmin inhibitor.
Biochem Biophys Res Commun 1989,162:830-835

8. Lijnen HR, Van Hoef B, De Cock F, Okada K, Ueshima S, Matsuo
O, Collen D: On the mechanism of fibrin-specific plasminogen
activation by staphylokinase. J Biol Chem 1991;266:11826-11832

9. Collen D, Zhao ZA, Holvoet P, Marynen P: Primary structure and
gene structure of staphylokinase. Fibrinolysis 1992;6:226-231

10. Lijnen HR, Van Hoef B, Yandenbossche L, Collen D: Biochemical
properties of natural and recombinant staphylokinase. Fibrinolysis
1992:6:214-225

11. Lewis JH, Kerber CW, Wilson JH: Effects of fibrinolytic agents and
heparin on intravascular clot lysis. Am J Physiol 1964;207:
1044-1048

12. Kanai K: Fibrinolysis by staphylokinase in vivo. (abstract 65436)
Biol Abstr 1986;81:748

13. Collen D, De Cock F, Vanlinthout I, Declerck PJ, Lijnen HR,
Stassen JM: Comparative thrombolytic and immunogenic proper-
ties of staphylokinase and streptokinase. Fibrinolysis 1992;6:
232-242

14. Collen D, De Cack F, Stassen JM: Comparative immunogenicity
and thrombolytic properties toward arterial and venous thrombi of
streptokinase and recombinant staphylokinase in baboons. Circu-
{ation (in press)

15. Silence K, Collen D, Lijnen HR: Interaction between staphyloki-
nase, plasmin(ogen) and ag-antiplasmin: Recycling of staphyloki-
nase after neutralization of the plasmin-staphylokinase complex by
ay-antiplasmin. J Biof Chem (in press)

16. Lijnen HR, Van Hoef B, Matsuo O, Collen D: On the molecular
interactions between plasminogen-staphylokinase, a;-antiplasmin
and fibrin. Biochim Biophys Acra 1992;1118:144-148

17. Collen D, De Mol M, Demarsin E, De Cock F, Stassen JM:
Isolation and conditioning of recombinant staphylokinase for use
in man. Fibrinolysis {in press)

18. Gibaldi M, Perrier D: Pharmacokinetics. New York, Marcel Dek-
ker Inc, 1983, pp 45-111



