Thrombosis, the blockage of blood vessels with clots, can lead to acute myocardial infarction and ischemic stroke,
both leading causes of death. Other than surgical interventions to remove or by pass the blockage, or the
generation of collateral vessels to provide a new blood supply, the only treatment available is the administration of
thrombolytic agents to dissolve the blood clot. In this review, Désiré Collen considers the properties and
characteristics of staphylokinase that make it the thrombolytic agent of choice.

Staphylokinase: a potent, uniquely fibrin-selective
thrombolytic agent

Acute myocardial infarction and is-
chemic stroke are the two main causes of
death and disabillty in our Western soci-
eties, Thrombolytic therapy ol these diseases is based on the
premise that their proximal cause is thrombosis, triggered by
rupture of an atheromatous plaque in the wall of critically situ-
ated blood vessels. Occlusive thrombosis results in loss of bload
tlow to vital organs producing local oxygen deprivation, cell
neécrosis and loss of organ function. The hypolhesis underlying
thrombolytic therapy of thromiboembolic disease is that early
and sustained recanalization prevents cell death, reduces in-
farct size, preserves organ function, and reduces early and late
mortality. Thrombolysis consists of the pharmacological disso-
lution of the blood clot, by intravenous intusion of plasmino-
gen activators that activate
the fibrinolytic system (Fig. 1).
The fibrinolytic system in-
cludes a  proenzyme, plas-
minagen, which is converted
by plasminogen activators to
the active enzyme plasmin,
which in turn digests tibrin to
soluble degradation products.

Inhibitien ot the fibri-
nolytic system takes place at
the level of the plasminogen
(mainly by plas-
minogen activater inhibitor-1)

activators

and of plasmin imainly by ;-
antiplasmin)'.
agents

hrombolytic
that are either ap-
proved or under clinical in-

. ) i X . Fig. 1
vestigation in patients with

acute myocardial infarction
include streptokinase, recombinant tissue-type plasminogen
actlvator (rt-I’A or alteplase), rt-’A derivatives such as reteplase
and INK-rtl’A, anisoylated plasminogen-streptokinase activa-
tor complex (APSAC or anistreplase), two-chain urokinase-type
plasminogen activator (tcu-PA or urokinase}), recombinant sin-
gle-chain u-PA (scu-PA, pro-u-PA or prourokinase), and recoms-
binant staphylokinase and derivatives, Recently, rt-I'A was also
approved for treatment of ischemic stroke. The hencticial ef-
tects of thrombolytic therapy in acute myocardial infarction
have been well established in controlled clinical trials (Table 1)
and it has become routine treatment”. Although it is given to
more than 500,000 patients per vear worldwide, while at least
three times that number could benefit from this treatment.
Although all thrombolytic agents acl by converting plas-
minogen to plasmin, which dissolves the fibrin of blood clots,
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Coronary artery showing atherosclerotic plagues and a thrombus.

they are not all equal. Indeed, physio-
logical fibrinolysis is regulated by spe-
¢ific molecular interactions between its
main components tissue-type plasminogen activator (1-PA),
plasminogen and fibrin by which plasminogen is preferen-
tially activated at the fibrin surface, where generated plasmin
is protected from rapid inhibition by e.-antiplasmin and thus
may efficiently degrade the clot' (Fig. 2). Thus fibrin-sclective
agents (rt-’A and derivatives, staphylokinase and derivatives
and to a lesser extent scu-PA) that digest the clot in the ab-
sence of systemic plasminogen activation are distinguished
from non fibrin-selective agents (streptokinase, tcu-’"A and
APSAC), which activate systemic and fibrin-bound plasmino-
gen indiscriminately. Non fibrin-selective agents are less effi-
cient for ¢lot dissolution and
cause a systemic gencration
of plasmin, depletion of «.-
antiplasmin and degradation
of coagulation factors, (this
however protects against re-
occlusion of the
lated artery)’. In contrast to
non
fibrin-sclective

intarct-re-

fibrin-selective agents,
agents  ore-
quire conjunctive use ol he-
parin  anticoagulation, as
established in several mecha-
nistic studies in experimental
animals and patients’ and
confirmed by meta-analysis
of mortality in over 100,000
patients’,

Two megatrials, in groups
of over 10,000 patients with
acute myocardial infarction each, initially compared the effects
of streptokinase and rt-P’A (in the absence of intravenous he-
parin) on mortality and found no difference. However, the
Global Utilisation of Streptokinase and rt-PA tor Occluded
coronary arterics (GUSTO) trial conclusively demonstrated that
fibrin-selective ri-PA combined with intravenous heparin is su-
perior lo non librin-selective streptokinase for early mortality
reduction (7.3% with streptokinase versus 6.3% with rt-PA,
p=0.001)". A recent meta-analysis of all megatrials concluded
ditterently’, but made the tundamental mistake of pooling the
rt-PPA and the rt-PA plus streptokinase groups of GUSTO, which
however constitute fibrin-selective and non fibrin-selective
thrombaolytic strategies with different mortality reductions,
Post-hoc analysis of GUSTO results indicated that the differ-
ence in mortality persisted after once year) and that patients
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who were at higher risk derived a greater absolute benetit from
treatment with rt-PA and intravenous heparin than with strep-
tokinase’. Thus, as discussed in more detail elsewhere’, fibrin-
selectivity isa desirable property of thrombolytic agents,

Thrombolytic agents can also be distinguished on the basis
of their origin, in autologous substances derived from the
human body (rt-PA and derivatives, u-PA and derivatives) or
heterologous substances of prokarvotic origin (streptokinase,
anistreplase, staphvlokinase). Although the former are non-
immunogenic and can thus be used repeatedly, the latter in-
duce neutralizing antibody formation and are restricted to
single use.

Box

In a buffer milieu (Fig. @), the activation is primed by traces (as little as 3
ppm may initiate the process) of plasmin (Pli) which reacts with Sak and
processes it to Sak’ by hydrolysis of the Lys10-Lys11 peptide bond®, form-
ing an equimolar Pli.Sak’ complex® Sak has a much lower affinity for na-
tive Plg than for Pli (binding constant of less than 8 UM as compared to 50
nM) or for Pig bound to partially degraded fibrin®. Thus, in solution, Sak
primarily reacts with Pli to generate Pli.Sak’, which converts Pig to Pli,
whereas on the fibrin surface, Sak reacts with fibrin bound Pli to generate
Pli.Sak’, which converts fibrin bound Plg.Sak to Pli.Sak” and fibrin-bound
Plg to Pli. Whether Pli processes free Sak or Sak complexed with Plg or Plj,
or whether Pli.Sak processes free or complexed Sak is preseritly unknown.
The Pli.Sak’ complex converts Plg to Pli and Plg.Sak or Plg.Sak’ to Pli.Sak’.
Activation of Plg by the preformed Pli.Sak’ complex obeys Michaelis-
Menten kinetics with K, = 6.7 uM and k, = 1.8 s ' *. Sak does not bind to
fibrin, and fibrin does not markedly stimulate the initial rate of Plg activa-
tion by Sak®. Finally, all Plg is converted to Pli and all Sak to Sak’.

In a plasma milieu in the absence of fibrin (Fig. b), a;-antiplasmin (AP)
eliminates free plasmin and thereby prevents processing of Sak to Sak’,
generation of Pli.Sak” and conversion of Plg to Pli. Any generated Pli.Sak
or Pli.Sak’ complex is neutralized by o -antiplasmin, producing inactive
plasmin-u,-antiplasmin (Pli-AP) complex, and dissociation of functionally
active Sak or Sak’“.

In-a plasma milieu in the presence of fibrin (Fig. <), traces of Pli (gener-
ated by physiological plasminogen activation ?) bound to fibrin (Pli;) via
its lysine binding site, are protected against rapid inhibition by ;-
antiplasmin (AP). Sak, which binds with greater affinity to fibrin-bound
Pli; and Plg; than to circulating Plg,, is locally processed and generates
Plis.Sak’ complex, which converts fibrin-bound Plg; to Pli; and Plg;.Sak to
Pli,.Sak'. Pli,.Sak’ released from the degraded fibrin clot, now Plis.Sak’, is
rapidly neutralized by «;-antiplasmin, and functionally active Sak’ is re-
leased and is recycled to fibrin-bound Pli; and Plg;.

Sak is comparably active towards platelet-poor {unretracted) and
platelet-rich (retracted) clots, whereas streptokinase is only able to dis-
solve platelet-poor clots”, This differential sensitivity of platelet-rich clots
to fibrin-selective Sak versus non fibrin-selective streptokinase probably
results from alteration of the AP to Plg ratio in the clot during retraction.
Indeed, Plg Is weakly assaciated with fibrin via its lysine-binding site and
may be extruded, whereas AP is crosslinked to fibrin by factor Xlilla. Thus,
upon retraction the ratio of Plg to AP in the clot decreases. Retracted
blood clots have previously been shown to be more sensitive to lysis with
the fibrin-selective plasminogen activator t-PA; than with the non fibrin-
selective agents streptokinase and urokinase™. This phenomenon was
explained by extensive systemic Plg activation with non fibrin-selective
agents, which precludes recruitment of Plg from the surrounding plasma
and thereby results in reduced clot lysis. These properties may be clini-
cally relevant because the high platelet content of a coronary thrombus,
together with retraction and ageing, are believed to significantly limit
the thrombolytic efficacy of conventional non fibrin-selective agents.

Thus, fibrin orchestrates its plasminogen-mediated destruction by
Sak, by priming it with bound Pli (Pli:), by accelerating it as a scaffold for
facilitated generation of protected Pli;.Sak” and Pli;, and by letting AP ex-
tinguish it after jts removal. The thermodynamics of the equilibria, the ki-
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All available thrombolytic agents suffer significant short-
comings including large therapeutic doses, limited efficacy,
reocclusion and bleeding complications. Thus rt-PA, the most
effective agent presently available, will produce functional re-
canalization of the occluded coronary artery in approxi-
mately 55 percent of patients, recanalization requiring 45
minutes or more, whereas reocclusion occurs 1n 5 to 10 per-
cent and cerebral bleeding in 0.5 to 1.0 percent of patients.
I'hus there is a need for more efficient, safe and relatively in-
expensive thrombolytic agents.

This review summarizes the present knowledge of the pharma-
codynamic, thrombolytic and immunogenic properties of

Mechanisms of plasminogen (Plg) activation by staphylokinase (Sak)®
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netics of the reactions and the pharmacokinetics of the reactants govern-
ing these mechanisms of fibrin-selectivity are such that, at therapeutic
doses of staphylokinase of up ta 40 mg given over 30 minutes to patients
with acute myocardial infarction, no significant plasminemia is observed,
as evidenced by the absence of systemic plasminogen activation, AP
consumption and fibrinogen breakdown.

" In this box, the following abbreviations are used: Sak: mature staphylokinase
with NH.-terminal sequence Ser-Ser-Ser; Sak’: processed Sak with NH.-terminal
Lys-Gly-Ala- generated by plasmin mediated hydrolysis of the Lys10-Lys11 pep-
tide bond in mature Sak; Plg: native plasminogen with NH,-terminal Glu; Pli:
plasmin; AP w-antiplasmin; Plg.Sak: stoichiometric 1:1 complex of Plg with
Sak; Pli.Sak: complex of Pli with Sak; Pli-Sak’: complex of Pli with processed Sak,
endowed with plasminogen activating activity; Pli-Ap: complex of Pli with AP;
subscript F: fibrin-bound; subscript S: soluble (e.q. Pliy, Pli, Plii.Sak’, Pli..Sak")
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staphvlokinase, an “old” substance with “new” therapeutic per-
spectives, as recently inferred from its potency and unique fib-
rin-selectivity. The name staphylokinase was coined in 1948(ref.
10, 11), analogous to the earlier designation of streptokinase lor
the plasminogen-dependent fibrinolytic activity of strepto-
cocei'”. The thrombolytic potency of staphylokinase was studied
in 1964 and in 1985 in dogs, but it was found to be characterized
by poor thrombolytic efficacy, severe bleeding and complete tib-
rinogen degradation''". In retrospect, however, these in vive
studies have been misleading because the canine fibrinalytic sys-
tem is unusually sensitive to systemic activation with staphylok-
inase'”. The mechanism of activation of plasminogen by
staphylokinase was found o bear similarities to that of streptok-
inase but also to ditfer in some essential aspects, for example, the
molecule 15 endowed with a unique mechanism of fibrin-selec-
tivity in a human plasma milicu*'"*. In line with initial biochemi-
cal and subsequent experimental animal studies, recent
administration of staphylokinase to over 300 patients with
thromboembolic disease has revealed that it holds promise for
potent and highly fibrin-selective thrombolytic therapy.

Structure of staphylokinase

I'he staphylokinase gene has been cloned from the serotype B
bacteriophage sakoC', from the serotype I bacteriophage
sak42D'™ and from the genomic DNA (sakSTAR) of a staphylok-
inase secreting Staphylococcus aurens strain'™.

The staphyiokinase gene cncodes a protemn of 163 amino
acids, which is processed to a mature protein of 136 amino
acids, consisting of a single polypeptide chain without disul-
fide bridges™ "' (Fig. 3). The tertiary structure has recently
been clucidated”; staphylokinase Is an ellipsoidal molecule
with principal axes of 54 A, 42 A and 30 A (Fig. 4).

Functional properties and mechanisms of fibrin-selectivity
Like streptokinase, staphylokinase is not an enzyme but it forms a
1:1 stoichiometric complex with plasmintogen) that activates
other plasminogen molecules, In a human plasma milieu, throm-
bolysis with streptokinase is highly non fibrin-selective, whereas
thrombolysis with staphvlokinase is highly fibrin-selective.

Table 1 Randomized | placebo-contrﬁled trials of intravenous thrombi:lytic lherap); in

500 patients with acute myocardial infarction

Short-term mortality

Trial Thrombolytic agent  No. of patients  Treatment  Control
% %
ISAM SK 7,741 6.3 71
GISS! SK 11,712 10.7 13.0
1S1S-2 SK 17,187 9.1 1.8
ASSET alteplase 5,011 7:2 9.8
ECSG-5 alteplase 721 2.8 5.7
AlMS anistreplase 1,004 6.4 12.2
LATE alteplase 571 8.9 10.3
EMERAS? SK 4,534 13.2 144

SK: streptokinase; alteplage: tissue-type plasminogen aclivator; anistreplase; anisoylated plasminogen streptoki-

nase activator complex (APSAC)
*86% of patients randamized 7 to 24 hours after onset of pain,

The table {reproduced from ref. 2) summarizes results of all studies in patients with acute myocardial infarction
which randomized more than 500 patients to either placebo (control) or thrombolytic agent (treatment). Short-
term mortality (after a follow up interval of 14 ta 35 days) was 20 to 25 percent lower with thrombolytic therapy

than in the control group, when initiated within 6 hours after the onset of symptoms,

This infermation constitutes the data base for the present routine application of thrombolytic therapy in acute
myocardial infarction. It should be noted that because of the variability (n patient selection, adjunctive use of
antithrombotic agents and mechanical interventions, these results are not suited for comparison of treatment re-

lated mortalities among-agents or trials,
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Fig.2 Schematic representation of the fibrinolytic system. The proenzyme
plasminogen is activated to the active enzyme plasmin by plasminogen ac-
tivators. Plasmin degrades fibrin into soluble fibrin: degradation products.
Inhibition of the fibrinolytic system may occur at the level of the plasmino-
gen activators by plasminogen activator inhibitors (PAl) or at the leve| of
plasmin, mainly by a-antiplasmin. SK indicates streptokinase. '

When streptokinase is added to human plasma containing a
fibrin clot, it will complex with plasminogen (both at the fibrin
clot surface and in solution). This complex, without further
processing, is a potent activator of other plasminogen mole-
cules and is resistant to all proteinase inhibitors in plasma. Asa |
consequence, explosive plasminogen activation occurs in
plasma, leading to: 1) plasminogen steal from the clot surface,
thereby reducing the thrombolytic efficacy and 2) excessive
systemic plasmin generation, leading to c.-antiplasmin deple-
tion and fibrinogen breakdown by residual plasmin.

When staphylokinase is added to human plasma containing a
tibrin clot, it will react poorly with plasminogen in plasma, but
will react with high affinity with traces of plasmin at the ¢lot sur-
face, becoming a plasminstaphylokinase complex which effi-
ciently activates plasminogen to plasmin at the clot surface.
Plasmin.staphylokinase and plasmin bound to fibrin are pro-
tected from inhibition by es-antiplasmin. Plasmin.staphyloki-
nase complex or plasmin, liberated from the clot or generated in
plasma, are however rapidly inhibited by co-antiplasmin,
thereby confining the process of plasminogen activation to the
thrombus, preventing oxcessive plasmin
generation, og-antiplasmin depletion and
fibrinogen degradation in plasma. (The bio-
chemical pathways governing these fibrin-
selective interactions are summarized in
Box; refs. 23-28). ’

Follow-up Interval

days The fibrin-selectivity of staphylokinase in
21 a human plasma milieu is due to rapid inhi-
21 bition of generated plasmin.staphylokinase ’
35 complex by e-antiplasmin in plasma®®
39 and by a more than 100-fold reduction in
14 3 s ST
30 the rate of inhibition at the fibrin surtace™, .
35 which allows preferential plasminogen acti-
35 vation at the fibrin ¢lot surface. In the ab-

sence of fibrin, the plasmin.staphylokinase
complex is neutralized by a.-antiplasmin
and no significant plasminogen activation
occurs'. In the presence of fibrin, bound
plasmin.staphylekinase complex is gener-
ated at the clot surface, its inhibition by o,-
antiplasmin is markedly delayed and
efficient plasminogen activation occurs.
Ihese molecular interactions between
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In aggregate, these data confirm and establish
that staphylokinase is a potent thrombolytic
agent in vivo and that staphylokinase may be
more potent than streptokinase for the dissolu-
tion of platelet-rich clots, such as those observed
in the coronary arteries of patients with acute
myocardial infarction.

Pharmacokinetics

In tive patients with acute myvocardial infarction
treated with an intravenous infusion of 10 mg
staphylokinase (SakSTAR) aver 30 minutes, the con-
centration of staphylokinase-related antigen in
blood at the end of the infusion ranged between 0.9
and 1.7 ug/ml. The post-infusion disappearance of
staphvlokinase-related antigen from plasma oc-
curred in a biphasic mode with a t1/2a of 6.3 min
(mean £ 3SD) and a t1/26 of 37 min, corresponding
to a plasma clearance of 270 ml/min™.

Fig. 3 Molecular interactions determining the fibrin-selectivity of plasminogen activa-

lors. Non fibrin-selective plasminogen activators (streptokinase, tcu-PA, APSAC) acti-
vate both plasminogen in the fluid phase and fibrin-associated plasminogen.
Fibrin-selective plasminogen activators (1-PA, scu-PA and staphylokinase) preferentially

aclivate fibrin-associated plasminogen,

staphylokinase, plasminegen, plasmin, es-antiplasmin and fib-
rin endow the molecule with a unique mechanism of fibrin-se-
lectivity in a plasma milieu*'. Fibrin-selectivity improves
therapeutic eflicacy by aveiding systemic plasminogen activa-
tion with “plasminegen steal” and plasmin-mediated prothrom-
botic effects, and might improve safety by avoiding the systemic
fibrinolytic state. These postulated advantages however require
clinical validation,

Species variability in fibrinolytic and thrombolytic response
The plasma fibrinolytic system in baboons, rabbits and ham-
sters was found to react to staphylokinase in the same way as
the human system; the rat and bovine systems appeared to be
very resistant, whereas the dog system was very sensitive, but
nat fibrin-selective™.The reactivity ol staphylokinase with
human and canine plasminogen explains its high potency for
clot lysis in these species, whereas the 10-fold lower reactivity
of the canine plasmin.staphylokinase complex with canine
o-antiplasmin may explain its markedly lower fibrin-speci-
ficity in the dog'". Because of the unusually high sensitivity of
the canine plasma fibrinolytic system to non fibrin-selective
activation with staphylokinase, the choice of the canine
species for the initial i vive evaluation of staphylokinase!'""
in retrospect has produced misleading conclusions.

In hamsters with a pulmonary embolus consisting of a
platelet-poor, a platelet-rich (300,000 platelets/ul), or a
platelet-enriched (1,500,000 platelets/pl) human plasma clot,
the relative thrombolytic potencies of staphylokinase and
streptokinase, on a weight base, were comparable in the
platelet-poor and in the platelet-rich clot model; but staphy-
lokinase was 5-fold more potent than streptokinase in the
platelet-enriched clot model™. In baboons, intravenous strep-
tokinase or staphylokinase induced a similar dose-dependent
fibrin-specitic lysis of a "*I-fibrin labeled autologous jugular
vein blood clot, but recanalization with staphylokinase of a
platelet-rich arterial eversion graft thrombus was more tre-
quent and more persistent than with streptokinase™,
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Thrombolytic properties in patients

The thrombolytic potential of staphylokinase has
been evaluated in patients with acute myocardial in-
farction'" and with peripheral arterial occlusion™.

Acute myocardial infarction

In two small pilot studies, 10 patients with coronary artery oc-
clusion confirmed by angiography were treated by intravenous
administration of 10 myg staphylokinase (SakSTAR), given asa 1
mg bolus and infusion of 9 mg over 30 minutes in conjunction
with aspirin and heparin™". Complete arterial recanalization
was obtained in¢ight patients and partial recanalization in one
patient, with a mean time delay to reperfusion of about 20
minutes. lasma levels of fibrinogen, plasminogen and o,
antiplasmin remained unchanged, confirming the high fibrin-
specificity of staphylokinase in man.

In an open randomized multicenter trial, staphylokinase
(SakSTAR) was compared to accelerated weight-adjusted rt-I’A
in 100 patients with acute myocardial infarction'. Twenty-five
patients received 10 mg intravenously over 30 minutes and 23
patients were given 20 mg over 30 minutes. At 90 minutes
complete arterial recanalization was obtained in 58% of pa-
tients treated with rt-PA and in 62% of patients treated with
staphylokinase (in 50% of patients receiving 10 mg and in 74%
receiving 20 mg). Staphylokinase was highly fibrin-specific, as
revealed by virtually unaltered levels of plasma fibrinogen,
plasminogen and a.-antiplasmin, whereas rt-PA caused a 30%
drop in tibrinogen and a 60% decrease in plasminogen and .-

Fig.4 Tertiary structure of staphy-
lokinase (reprinted with permission
from ref 22).View perpendicular to
the B-sheets with the five-stranded
B-sheet colored yellow, the two-
stranded [-sheet blue and the (-
helix red.
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antiplasmin levels. No strokes, allergic reactions or other side
effects were recorded’. Administration of 40 mg staphyloki-
nase in five additional patients also did not produce detectable
fibnnogen breakdown,

A pilot study of bolus staphvlokinase infusion with aspirin
and intravenous heparin was performed in 13 patients with
evolving transmural myocardial infarction™. The first patient
presenting with a large anterior myocardial infarction and
treated with a double bolus of 2 times 20 mg given 15 minutes
apart, however, developed a non-fatal but moderately disabling
intracerebral hemorrhage. Therefore, in the next 12 patients,
phased bolus injections were given under angiographic con-
trol. At entry 20 mg staphylokinase {Sak42D) was injected over
5 minutes and angiography was performed at 60 minutes, with
an additional dose of 10 mg given if recanalization of the in-
farct-related artery was incomplete. Complete recanalization at
60 minutes was obtained in 7 patients (58%). Administration
of a second bolus (10 mg over 5 minutes) to the remaining five
patients, resulted in complete reflow in three of those at 90
minutes yielding an overall reflow rate of 83% at 90 minutes ™.

On the basis of these findings, a comparative trial of double
bolus staphylokinase (Sak42D) of 15 mg e¢ach given 30 minutes
apart (50 patients) versus front loaded rt-PA (52 patients) was
carried out in 102 patients”. Complete reflow at 90 minutes
was obtained in 68% of patients treated with staphylokinase
and in 57% of patients given rt-PA (p = NS). Administration of
Sak42D was fibrin-selective and did not cause allergic reactions,
but the majority of the patients developed neutralizing 1gG
after 2 weeks.

These pilot clinical studies suggest that intravenous staphy-
lokinase, combined with heparin and aspirin, 5 a potent,
rapidly acting and highly fibrin-selective thrombolytic agent in
patients with acute myocardial infarction.

Peripheral arterial occlusion

'hirty patients with angiographically confirmed peripheral ar-
terial occlusion were treated with intra-arterial staphylokinase
(SakSTAR), given as a 1 mg bolus followed by infusion of 0.5
my per hour in 20 patients or as a 2 mg bolus followed by an in-
fusion of 1 mg per hour in another 10 patients, all receiving he-
parin®. Recanalization was complete in 25 patients (83%),
partial in two and absent in three patients. 1wo major hemor-
rhagic complications occurred, including one fatal hemor-
rhagic stroke. No severe allergic reactions were observed nor
any morbidity relating to the intra-arterial use of staphyloki-
nase. Antibody titers neutralizing =5 pg staphylokinase per ml
plasma occurred after a lag phase of 1 to 2 weeks in 80 percent
of the patients,

Immunogenicity

Levels of preformed anti-staphylokinase antibodies in the gen-
eral population are lower than those of anti-streptokinase anti-
bodies', whereas the current clinical experience in over 300
patients suggests that major allergic reactions to Sak are rare.
However, most patients develop high titers of neutralizing spe-
cific IgG after infusion of staphylokinase, which would predict
therapeutic refractoriness upon repeated administration.

In the STAR trial, in 48 patients with acute myocardial infarc-
tion, staphylokinase neutralizing activity levels were low at
baseline (0.07 £ 0.01 ug/ml) and during the first week after
staphylokinase administration (1.5 + 0.39 ug/ml), but in-
creased substantially from the second week on (32 + 7.1
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pg/ml)*. Also in patients with peripheral arterial occlusion, |

intra-arterial administration of staphylokinase elicited high
levels of staphylokinase-neutralizing antibodies, which re- |
mained high for several months"'.

Efforts are presently being undertaken to reduce the im- |
munogenicity of staphylokinase by site-directed mutagenesis.
Wild-type staphylokinase (SakSTAR variant) was found to
contain three non-overlapping immunodominant epitopes,
at least two of which could be eliminated, albeit with partial
inactivation of the molecule, by site directed substitution of
clusters of two or three charged amino acids with alanine®,
Two variants were identified, SakSTAR.M38 (with K35, E38,
K74, L75 and R77 substituted with A} and 5akSTAR.M89 (with
K74, E75, R77, £80 and D82 substituted with A), that did not
recognize approximately one third of the antibodies elicited
in patients by treatment with wild-type SakSTAR". In rabbits'’
and baboans®, these variants elicited markedly less circulat-
ing neutralizing antibodies and significantly less resistance to
repeat thrombolysis than wild-type SakSTAR. In patients with
peripheral arterial occlusion given intra-arterial doses of 6.5
to 12 mg of compound, SakSTAR.M38 and SakSTAR.M#89 in-
duced significantly less neutralizing antibodies and staphy-
lokinase-specific 1gG than wild-type SakSTAR*. A systematic
reversal to the wild type residue of one or more of the substi-
tuted amino acids of SakSTAR.M38 (ref. 45, 46) revealed that
approximately 40% of the staphylokinase-specific 1gG elicited
in patients by treatment with wild type SakSTAR required ly-
sine in position 74 of the molecule for binding*". The variant
SakSTAR (K., with a single substitution of lysine 74 for ala-
nine had an intact specific activity and thrombolytic potency,
but induced significantly less antibody formation in patients
than wild type SakSTAR™. Thus, these variants provide proof
of concept that reduction of the immunogenicity and im-
munoreactivity in man of recombinant staphylokinase is fea-
sible with protein enginecering.

Conclusions

Staphylokinase is & 136 amino acid protein with profibrinolytic
properties that forms a 1:1 stoichiometric complex with plas-
minogen which, following conversion of plasminogen to plas-
min and processing of the staphylokinase molecule by
hydrolysis of the lysinel0-lysine 11 peptide bond, is able to acti-
vate other plasminogen molecules to  plasmin.  The
plasmin.staphylokinase complex, unlike the plasmin.streptoki-
nase complex, is rapidly inhibited by o.-antiplasmin. In a plasma
milieu, staphylokinase is able to dissolve fibrin clots without as-
sociated plasminogen activation and fibrinogen degradation in
the plasma. This fibrin-selectivity of staphylokinase is the result
of reduced inhibition by a;-antiplasmin of plasmin.staphyloki-
nase complex bound to fibrin, recycling of staphylokinase trom
the plasmin.staphylokinase complex following inhibition by o.--
antiplasmin, and prevention by os-antiplasmin of processing of
staphylokinase and of conversion of plasminogen.staphyloki-
nase to plasmin.staphylokinase in plasma.

Fibrin-selective thrombolysis with recombinant staphyloki-
nase has been obtained with high frequency in patients with
acute myocardial infarction and with peripheral arterial occlu-
sion, but this induced neutralizing antibodies against staphy-
lokinase after a lag period of 1 to 2 weeks in most patients.
Reduction of the immunogenicity of staphylokinase, however, ‘
appeatrs to be feasible. Definition of the therapeutic benefit of
recombinant staphylokinase and nen-immunogenic variants
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thereof will require more detailed dose-finding studies, fol-
lowed by large comparative clinical trials against currently used
thrombolytic agents. The results of ongoing studies suggest
that potent poorly immunogenic variants of staphylokinase

will become available for highly fibrin-selective thrombolytic

therapy of thromboembolic disease towards the year 2000,
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ERRATA

The figures have been interchanged.
Fig. 1: “Coronary artery showing atherosclerotic plaques and a thrombus”.

This figure goes with the introduction in the heading and should not have been

numbered.

Fig. 2: “Schematic representation of the fibrinolytic system...”.
This is figure 1 referred to in the text.

Fig.3: “Molecular interactions determining the fibrin-selectivity of ...”
This is figure 2 referred to in the text.

Fig. 3: Has been deleted, should have been
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Glu Tyr Tyr Val Glu Trp Ala Leu Asp Ala Thr Ala Tyr Lys Glu
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Ile Thr Glu Lys Gly Phe Val Val Pro Asp Leu Ser Glu His Ile
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Fig. 4: OK



