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The aim. To study possible allergenic and immunotoxic properties of the recombinant non-immunogenic staphylokinase
molecule with the amino acids replacement Lys_,, Glu__and Arg__ with alanine in preclinical and clinical studies.

Materials and methods. The allergenic and immunotoxic properties of the recombinant non-immunogenic staphylokinase
drug were studied using standard methods in accordance with the Guidelines for the Preclinical Study of New Substances in
guinea pigs (n=15) and mice (n=45) at doses 5, 10 and 20 times higher than therapeutic (for humans). A clinical study was
conducted in 100 patients with acute ST-segment elevation myocardial infarction after a single intravenous injection of the
drug. The study included the determination of titers of specific antibodies to recombinant non-immunogenic staphylokinase
and the study of plasma neutralizing activity.

Results. During the complete set of preclinical studies, it was found that the drug does not affect the cellular and humoral
immune response in guinea pigs and mice at doses many times higher than therapeutic doses for humans. It was found
that the drug did not cause an immediate-type of hypersensitivity reaction (Weigle index 0) and a delayed type IV (0 points
according to S.V. Suvorov) in guinea pigs, did not affect the cellular capacity of popliteal lymph nodes (reaction index 0.91),
did not affect the number of nucleated and antibody-forming cells in the spleen of mice. As a result of a clinical study
of recombinant non-immunogenic staphylokinase, no allergic reactions were registered. Assessment of the neutralizing
activity of the plasma of patients who were administered recombinant non-immunogenic staphylokinase showed that 70%
samples did not have neutralizing activity: 30% of the patients’” samples were characterized by a minimum neutralizing
activity of 0.33+0.02 pg/mL, which is 30-310 times lower than after the use of native staphylokinase. These values are
7.8 times lower than the determined concentration of recombinant non-immunogenic staphylokinase in the blood
(2.59 pg/mL). Thus, the drug does not lead to the anti-staphylokinase neutralizing antibodies formation capable to neutralize
its effect upon repeated administration.

Conclusion. According to the results of the trials, the absence of allergenic and immunotoxic properties of the recombinant
non-immunogenic staphylokinase and its safety in relation to the immune system have been proven.
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Abbreviations: AFC — antibody-forming cells; IL — interleukin; STEMI — acute ST-segment elevation myocardial infarction;
PE — pulmonary embolism; RE — ram erythrocytes.

For citation: S.S. Markin, S.\V. lvanov, I.P. Beletsky, M.V. Zakharova, E.A. Ponomarev, E.\V. Arzamascev. Assessment of the allergenic and
immunotoxic properties of the recombinant non-immunogenic staphylokinase in preclinical and clinical trials. Pharmacy & Pharmacology.
2025;13(1):31-44. DOI: 10.19163/2307-9266-2025-13-1-31-44

© C.C. MapkuH, C.B. UeaHos, W.I1. Beneykuii, M.B. 3axapoea, 3.A. lMoHomapes, E.B. Ap3amacyes, 2025

Ans umtuposanus: C.C. MapkuH, C.B. MBaHos, W.IM. Beneukunit, M.B. 3axaposa, 3.A. NMoHomapes, E.B. Apzamacues. OueHKa anieprusupyroLmx
M UMMYHOTOKCUYHbIX CBOWCTB PEKOMBWHAHTHON HEMMMYHOreHHOW CTadUNIOKMHA3bl B AOK/JAMHUYECKMX U KAUHWUYECKUX WUCCNefoBaHMUsAX.
Gdapmayus u papmaronoaud. 2025;13(1):31-44. DOI: 10.19163/2307-9266-2025-13-1-31-44

Tom 13, Beinyck 1, 2025 31


https://crossmark.crossref.org/dialog/?doi=10.19163/2307-9266-2025-13-1-31-44&domain=pdf&date_stamp=2025-07-09

RESEARCH ARTICLE Scientific and Practical Journal

PHARMACY &
ISSN 2307-9266 e-ISSN 2413-2241 PHARMACOLOGY

(®PAPMALMA N PAPMAKO/IOTNA)

OueHKa annepru3vpyrowiux ¥ UMMYHOTOKCUYHbIX CBOUCTB
pPeKoMOMHAHTHON HEMMMYHOIeHHOM cTadhUNOKNHa3bI
B AOKITMHUYECKNX U KITMUHNYECKUX UccrneaoBaHUsAX

C.C. Mapkun™?, C.B. UBaHoB"?, U.MN. beneuknii®>, M.B. 3axaposa*,
3.A. MNoHomapes®**®, E.B. Ap3amacues’

ldepepanbHoe rocyaapcTeeHHoe bloaKeTHOe HayyHoe yupexkaeHme

«Hay4yHo-nccneaoBaTeNbCKUn UHCTUTYT BUOMeULMHCKON XMMUKM uMmeHn B.H. OpexoBuuay,

Poccua, 119435, r. Mocksa, yn. lNoroguHckas, a. 10 ctp. 8

2061LecTBO C OrpaHUYeHHOM OTBETCTBEHHOCTbO «CynpaleH»,

Poccusa, 119270, r. MocKea, JlykHeukasa Hab., 4. 6 ctp. 1

3denepanbHoe rocyaapcTBeHHoe BI0AKEeTHOER yUupeKaeHe HayKn

MNHCTUTYT TEOPETUYECKOM U IKCMEPUMEHTA/IbHON BMOPU3NKIM PoCCUIiCKOM aKageMum Hayk,

Poccua, 142290, r. MNywmHo, yn. UHCTUTYTCKaA, 4. 3

4 depepanbHoe rocyaapcTBeHHoe BIoMKeTHOE yUpesKAeHNe HayKn

NHCTUTYT BMOXMMUU 1 GU3MONOTUM MUKPOOPTraHM3moB UM. K. CKpsbuHa Poccuiickol akageMnn Hayk,
Poccua, 142290, r. NMywwmHo, np. Haykn, a. 5

>TocyaapCcTBEHHOE yupexaeHue 34paBooxpaHeHns

«lopofcKas KAnHMYecKan 601bHMLA CKOPON MmeanLMHCKOM nomolym Ne 25y,

Poccua, 400138, r. Bonrorpag, ya. M. 3eMnayvku, a. 74

¢ depepanbHoe rocyaapcTeeHHoe 6loaxeTHoe obpa3oBaTeibHOE yupexaeHue Bbicllero ob6pa3oBaHma
«Bonrorpagckuii rocyaapcTBEHHbIM MeAUUMHCKUI YHUBEPCUTET»

MuHUcTepcTBa 34paBooxpaHeHua Poccuninickon degepaumu,

400066, Poccus, r. Bonrorpag, nnowaap Naswwux bopuos, 4. 1

7 depepanbHoOe rocyaapcTBeHHoe BloaxKeTHoe yupexaeHme

«HauMoHanbHbIM MegULMHCKNIA UCCNef0BaTENbCKUI LEHTP KapAMOAOrMN MMEeHU akagemuKa E.N. Yazosa»
MwuHucTepcTBa 34paBooxpaHeHns Poccuiickon deaepaumm,

Poccua, 121552, r. Mocksa, yn. Akagemumka Yasosa, 4. 15a

E-mail: phospholipovit@ibmc.msk.ru

MonyyeHa 05.01.2024 Mocne peueHsnposaHna 28.11.2024 MpuHAaTa K neyatn 06.03.2025

Lenb. W3yunTb BO3MOMKHblE aNneprusvpytowye M MMMYHOTOKCMYHbIE CBOMCTBA MOJEKY/Ibl  PEKOMOBUHAHTHOM
HEMMMYHOTeHHOW CTapUIOKNHA3bI C 3aMeHO aMUHOKNCAOT Lys. , Glu, v Arg . Ha anaHWH B AOKIMHUYECKUX U KNMHUYECKMX
nccnefoBaHUAX.

Martepuanbl U metogbl. ViccnegoBaHne anneprusmpyowmx 1 UMMYHOTOKCUYECKUX CBOMCTB MNpenapata peKoMOUHaHTHOM
HEMMMYHOreHHOW cTadUIOKMHA3bI NPOBEAEHO MO CTaHAAPTHLIM METOAMKAM B COOTBETCTBUU C TpeboBaHMAMM PyKoBOACTBA
Mo 3KCNEPUMEHTANbHOMY (JOKJAMHUYECKOMY) U3YYEHUIO HOBbIX papMaKOIOrMYECKMUX BELLLECTB HA MOPCKMX CBUHKax (n=15)
1 mblwax (n=45) B fo3ax, 8 5, 10 1 20 pa3 npeBbIWatOLLMX TepaneBTUYeckme (a5 Yenoseka). KamHuueckoe nccnegosaHve
nposegeHo y 100 NaLMeHTOB € OCTPbIM MHPAPKTOM MMOKapZa € NOAbEMOM cermeHTa ST moc/ie OAHOKPATHOrO BHYTPUBEHHOTO
BBeZleHMA npenapaTa. MccnegoBaHue BKAOYANO onpefesieHne TUTPOB CreuMdUYECcKUX aHTUTEN K PEKOMBUHAHTHOWM
HEMMMYHOTeHHOWM CTadUNIOKMHA3E U OLEHKY HEMTPAAU3YIOLLLE aKTUBHOCTM N1Aa3Mbl.

Pe3ynbratbl. [lpy NpoBeAeHUM MOSHOFO KOMMIEKCA AOKNNHUYECKMX UCCNef0BaHWUI Bbl0 YCTaHOB/IEHO, YTO NpenapaT He
B/IUAET Ha KNETOYHbIN M TYMOpPanbHbIi UMMYHHbIN OTBET Y MOPCKUX CBUHOK U MbIWEW B [03aX, KPATHO MPEBbIWAOLLMX
TepaneBTMYECKMeE A1 YeIoBeKa. YCTaHOB/IEHO, YTO MPenapart He Bbl3blBasl PeaKLMio rMnepyyBCTBUTENIbHOCTUM HEMEAEHHOTO
™Mna (MHaekc no Weigle 0) n 3ameanieHHoro Tvna (0 6annos no C.B. CyBOpOBY) Yy MOPCKUX CBMHOK, @ TaKXKe He BAUAA Ha
KNETOYHOCTb MOAKONEHHbIX IMMdOY310B (MHAEKC peakumn 0,91) M yucno AapocofepKalMx U aHTUTeNnoobpasyoLmx
KNEeTOK B CeNnes3éHKke Mblwel. B pesynbraTte KAMHWYECKOrO WCCNef0BaHUA PEKOMOUHAHTHOM HEeMMMYHOTeHHOWM
CTadUNOKNHA3LI aNNepruyecknx peakumi He 3apernctpupoBaHo. OueHKa HeWTpanusylowelr aKTMBHOCTU M1a3Mbl
KPOBM MaLMEHTOB, KOTOPbIM BBOAM/IACb PEKOMOWMHAHTHAA HEMMMYHOTeHHas cTaduIOKMHA3a, MOKasaso, 4To npobbl
70% nauneHToB He 06Maat0T HEWTPANM3YOLWElN akKTMBHOCTLIO: 30% Npob NaumeHTOB XapaKTepM30BaMCb MUHUMAbHOM
HenTpanmsylowein akTMeHocTbio 0,33+10,02 mKr/ma, uto B 30-310 pa3 HWKe, Yem Moc/ie MNPUMEHEHUA HaTUBHOWM
cTadUNOKMHA3bI. ITU 3HAYeHMA B 7,8 pa3 HWXKe onpeaenfiemoi KOHLEHTPaLWUM PeKOMOUHAHTHON HEeMMMYHOTeHHOM
cradpumnoknHasdbl B Kposw (2,59 mkr/mn). Takum obpasom, Npenapar He NMPUBOAUT K 06pa30BaHMI0 aHTUTES, CMOCOBHbIX
HeWTpannM3oBaTb ero AencTsne Npy NOBTOPHOM BBEAEHUM.

3akntoueHue. Mo pesynbTaTam NPoBeAEHHbIX UCCNeA0BaHMI [0Ka3aHO OTCYTCTBUE aNNepPru3npyHOLLMX U UMMYHOTOKCUYHbBIX
CBOMCTB PEKOMOUHAHTHOW HEMMMYHOTeHHOM CTadpUIOKMHA3bI U ee 6e30NaCHOCTb B OTHOLIEHUU MMMYHHOM CUCTEMBI.
KntoyeBble cnoBa: TPOMOOAM3UC, PEKOMOWMHAHTHAA HEMMMYHOreHHas CTadUIOKMHA3a; an/iepruyeckne  peakuuu;
nccnefoBaHMA UMMYHOTOKCUYHOCTU

Cnucok cokpaleHuii: AOK — aHTuTenoobpasytowme knetku; W1 — nutepneriknud; OUMMNST — ocTpblit MHOaPKT MMOKapaa
¢ nogbémom cermeHTa ST; TI/IA — Tpomb603IM6ONUA erouHon apTepun; b — apuUTpoLmTbl bapaHa.
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INTRODUCTION properties of the native staphylokinase molecule
Myocardial infarction, ischemic stroke, and hindered its introduction into clinical practice. To create

pulmonary embolism (PE) continue to be leading
causes of death among all cardiovascular diseases [1].
The (per
100,000 people) reaches 500 cases in men and 100 cases

prevalence of myocardial infarction
in women, ischemic stroke — 460-560 cases, PE —
35-40

pathogenetically sound method for treating acute

cases [1]. Thrombolytic therapy is a
ST-segment elevation myocardial infarction (STEMI),
ischemic stroke, and massive PE, based on dissolving a
fibrin clot (thrombus) and restoring blood flow in the
occluded vessel. Thrombolysis can reduce the risk of
disability and death [1].

Thrombolytic therapy is carried out using drugs
based on recombinant proteins, which determines the
need to assess their potential impact on the immune
system. Staphylokinase is a unique thrombolytic
agent with high biological activity and fibrinolytic
properties [2]. As a plasminogen activator, staphylokinase
initially reacts with a minimal content of plasmin
(3 ppm) located on the fibrin clot, followed by activation
of y-plasminogen and the formation of a triple complex
which

resulting plasmin

“staphylokinase—plasmin—plasminogen”, lyses

fibrin clots. Simultaneously, the
enhances the fibrinolytic activity of staphylokinase, and
its excess is rapidly inactivated by a,-antiplasmin. When
the “plasmin—staphylokinase” complex is inhibited by
a,-antiplasmin, an active staphylokinase molecule is
released for subsequent recycles. The recirculation of
staphylokinase helps to reduce the dose used in clinical
practice compared to tissue plasminogen activators and
makes it independent of the patient’s body weight [3].
The inhibition of the
complex in plasma occurs more than 100 times faster

“plasmin-staphylokinase”

compared to the same process in a thrombus. Thus,
staphylokinase has high selectivity for fibrin, which
prevents the formation of plasmin from plasminogen
in the systemic circulation [4]. Due to the high fibrin
selectivity of the drug, the use of staphylokinase
is characterized by a minimal risk of developing
hemorrhagic complications.

As a result of kinetic analysis of the interaction of
staphylokinase with plasmin, it was found that the
catalytic activity of staphylokinase is 1000 times higher
than that of alteplase [5]. The high fibrin selectivity
of staphylokinase made it a first-line drug for the
treatment of STEMI and ischemic stroke back in the late
last century. However, the presence of immunogenic
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a non-immunogenic staphylokinase, the amino acids

lys,,, Glu,, and Arg_ were replaced with alanine in

757
the desired molecule. Recombinant non-immunogenic
staphylokinase is a single-chain molecule consisting of
138 amino acids, with a molecular weight of 15.5 kDa.
It has been established that the fibrinolytic activity
of recombinant non-immunogenic staphylokinase
is 40% higher than that of the native staphylokinase
molecule [6].

THE AIM of this work was to study the allergenic
and immunotoxic properties of the recombinant non-
immunogenic staphylokinase molecule in preclinical and

clinical studies.

MATERIALS AND METHODS

Preclinical studies

The study of the allergenic, immunotoxic, and
immunogenic properties of the recombinant non-
immunogenic staphylokinase drug was carried out in
accordance with the requirements of the Guidelines for
Experimental (Preclinical) Study of New Pharmacological
Substances (2005) in the Laboratory of Drug Toxicology
of the National Medical Research Center of Cardiology
named after Academician E.I. Chazov under the guidance
of Prof. EV. Arzamastsev in the period from September
2008 to January 2010. The studies were approved
by the Ethics Committee of the National Medical
Research Center of Cardiology named after Academician
E.l. Chazov (Protocol No. 1 dated September 4, 2008).

Study of the effect of recombinant

non-immunogenic staphylokinase

on the immediate-type hypersensitivity

reaction in guinea pigs

The studies were performed on 15 variegated male
guinea pigs with an average body weight of 290+20 g,
obtained from the Stolbovaya Laboratory Animal Nursery
(Scientific Center for Biomedical Technologies). The
animals were kept under standard vivarium conditions
in ventilated cages with a 12-hour light/dark cycle, at an
air temperature of +20°C and air humidity of 50-60%.
The animals had free access to food and water.

Guinea pigs were divided into three groups
of 5 animals each: Control — physiological saline,
Group 1 — recombinant  non-immunogenic
staphylokinase at a dose of 0.665 mg/kg, Group 2 —

recombinant non-immunogenic staphylokinase at a dose

33
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of 1.33 mg/kg. The doses of the drug used corresponded
to 5 and 10 times the highest daily dose recommended
for humans (10 mg for humans or 0.133 mg/kg) [2].
The drug was administered intravenously at a dose of
0.665 mg/kg twice a day every other day. The permissive
dose was administered intravenously to guinea pigs
14 and 21 days after sensitization. The intensity of
anaphylactic shock was assessed using the Weigle
index [8].

Study of the effect of recombinant

non-immunogenic staphylokinase

on delayed-type hypersensitivity reaction

in guinea pigs

The studies were performed on 15 variegated
male guinea pigs with an average body weight of
290420 g, which were divided into three groups of
5 animals each. The groups and doses were similar to
the previous experiment. The animals were sensitized
by 5-fold intramuscular administration of recombinant
non-immunogenic staphylokinase at 5-day intervals.
On the 10th day after the last sensitization, the animals
had their back hair shaved on a 3x3 cm area and were
injected intradermally with 0.1 mL of recombinant
non-immunogenic staphylokinase solution, and the
same volume of saline was injected into another point.
The reaction was assessed visually according to the
S.V. Suvorov scale of skin tests (1974) in points 4 and
24 hours after intradermal injection of the permissive
dose.

Study of the effect of recombinant

non-immunogenic staphylokinase on the

cellularity of the popliteal lymph node in mice

The studies were performed on 10 male
F,(CBAXC_BI,) hybrid mice with an average body

weight of 18+2 g, obtained from the Stolbovaya

Laboratory Animal Nursery (Scientific Center for
Biomedical Technologies). The animals were kept under
standard vivarium conditions in ventilated cages with
a 12-hour light/dark cycle, at an air temperature of
+20°C and air humidity of 50-60%. The animals had
free access to food and water. Mice were injected with
50 pl of recombinant non-immunogenic staphylokinase
at a dose of 1.33 mg/kg into the pad of the left hind
paw, and saline into the pad of the right hind paw. After
7 days, the cellularity of the left and right popliteal
lymph nodes was determined in mice, and then the

relative index was calculated by dividing the indicators

34

of the left lymph node by similar indicators of the right
lymph node [8].

Study of the effect of recombinant

non-immunogenic staphylokinase on the number

of nucleated and antibody-forming cells

in the spleen of mice

The experiment is based on determining the number
of nucleated and antibody-forming cells (AFC) in the
spleen according to Jerne in accordance with generally
accepted methods [9]. The studies were performed on
35 male F (CBAxC_,BI,) hybrid mice with an average body
weight of 18+2 g, which were divided into 7 groups of
5animals each. The mice were immunized by intravenous
administration of ram erythrocytes (RE) (Microgen,
Russia) at a dose of 5x108 cells/mouse. Animals of
groups 1 and 2 received recombinant non-immunogenic
staphylokinase intraperitoneally at doses of 1.33 and
2.66 mg/kg, respectively, one day before immunization
with RE (day -1), groups 3 and 4 — at the same doses 1 h
after immunization (day 0), groups 5 and 6 — 24 hours
after immunization with RE (day +1). Control mice were
injected with saline on “day +1”. On the 5th day after
immunization, the spleen was removed from the mice,
which was disintegrated in Hanks’ solution (pH=7.4). The
cell suspension was separated from the stroma elements
by filtration through a two-layer nylon filter, then washed
3 times and centrifuged (ELMI CM-50, Latvia) at 200 g for
5 min. After lysis of erythroid cells with 3% acetic acid,
the number of karyocytes was counted in the resulting
suspension on a cell counter (Picoscale PS-4M, Hungary).

Study of the effect of recombinant

non-immunogenic staphylokinase

on delayed-type hypersensitivity reaction in mice

The
F,(CBAXC_,BI ) hybrid mice with an average body weight
of 18+2 g, which were divided into 7 groups of 5 animals

studies were performed on 35 male

each. The mice were immunized by subcutaneous
injection of RE into the interscapular region at a dose
of 2x108 cells/mouse. The scheme of administration
of recombinant non-immunogenic staphylokinase
and distribution by groups was similar to the previous
experiment. On the 5th day after immunization, all
animals received a resolving injection of RE into the left
hind paw at a dose of 1x108 cells/mouse in a volume of
50 ul (“experimental paw”). Saline solution was injected
into the pad of the contralateral paw (“control paw”).

The reaction results were recorded after 24 hours by
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weighing the “control” and “experimental” paws. The
reaction index (R.M. Khaitov, 2000) was calculated

as the ratio of the difference in mass between the

|II III

“experimental” and “control” paws to the mass of the

In

“control” paw.

Statistical analysis

Statistical analysis was performed using R 4.2
(R Foundation, USA). For continuous variables, the mean
and standard deviation (M%SD) are given. Comparison
of distributions in independent groups for continuous
parameters was made using the Mann-Whitney test,
for discrete parameters — using Fisher’s exact test.
Differences were considered statistically significant
at p <0.05.

Clinical studies

In accordance with the permission of the Ministry
of Health of Russia No. 261 dated May 16, 2014, a
multicenter open randomized comparative trial of the
efficacy and safety of a single bolus administration
of recombinant staphylokinase (15 mg) and tissue
plasminogen activator tenecteplase (30-50 mg) in
patients with STEMI was conducted from October 2014
to August 2016 at 11 leading medical institutions in
Russia [10, 11]. Before inclusion in the study, all patients
signed an informed consent. The study was approved
by the Ethics Council of the Ministry of Health of Russia
(Protocol No. 81 dated April 15, 2014) and Local Ethics
Committees at research centers.

Clinical study of the effect of recombinant

non-immunogenic staphylokinase

on the antibodies formation

382 patients participated in the study. Inclusion
criteria: diagnosis of STEMI with ST segment elevation
of more than 1 mm in two or more consecutive limb
leads and/or more than 2 mm in chest leads in the first
12 h from the onset of the disease. Exclusion criteria:
bleeding, hemorrhagic stroke, ischemic stroke in the
preceding 6 months, diseases with an increased risk
of bleeding. A complete list of inclusion and exclusion
criteria, as well as criteria for evaluating the effectiveness
and safety of thrombolytic therapy, have been published
previously [10, 11].

Patients were randomized into two groups (n=191
each) to non-immunogenic
staphylokinase SupraGen LLC, Russia)
or tenecteplase (Metalyse®, Boehringer Ingelheim
International, Germany). Randomization was carried

receive recombinant

(Fortelyzin®,

Tom 13, Beinyck 1, 2025

out by the envelope method, in blocks of 4 drugs
(2 — recombinant non-immunogenic staphylokinase
and 2 — tenecteplase). The sequence of randomization
was generated by an independent
Recombinant non-immunogenic

numbers
biostatistician.
staphylokinase was administered at a dose of
15 mg, regardless of body weight, as a bolus over
10-15 seconds, tenecteplase — as a bolus at a dose of
30-50 mg, depending on body weight, according to the
instructions for medical use'. Blood was collected from
100 patients from the recombinant non-immunogenic
staphylokinase group to determine the antibody titer
of to recombinant non-immunogenic staphylokinase
and the neutralizing activity of plasma before its
administration, as well as on days 7, 14 and 30 after.

The antibody titer was determined at the Institute
of Theoretical and Experimental Biophysics of the
Russian Academy of Sciences using a solid-phase
indirect enzyme immunoassay according to the standard
method [12]. The studied plasma samples obtained
from patients after a single intravenous administration
of the drug were diluted with a buffer solution (20 mM
Tris-HCI, 150 mM NaCl, 0.005% Tween-20, pH=8.0)
1:100, 1:400, 1:1600, 1:6400, 1:25600, 1:102400.
100 pl of dilutions of the test samples were added to
the wells. The plate was incubated for 60 min at 37°C.
After incubation, the liquid was removed and the wells
were washed three times with a buffer solution (20 mM
Tris-HCI, 150 mM NaCl, 0.005% Tween-20, pH=8.0).
100 pl of rabbit secondary antibody solution to human
IgG labeled with horseradish peroxidase (1:1000,
pH=8.0) (Sigma, USA) was added to each well and
incubated for 60 min at 37°C. After incubation, the
wells were washed again with a buffer solution.
100 ul of substrate (0.07% orthophenylenediamine,
0.06% H.,0,, pH=5.0) was added to each well. Incubated
at room temperature for 3—5 min until staining appeared
in the negative control sample. 50 ul of stop reagent
(10% sulfuric acid solution) was added to each well.
15 min after the addition of the stop reagent, the optical
density in each well was measured at 490 nm on an
ImmunoChem-2100 microplate photometer (USA).
The maximum dilution of the sample was determined,
at which the optical density value of the positive wells
exceeded the corresponding value of the negative wells
by a factor of three. The antibody titer to recombinant
non-immunogenic staphylokinase was calculated using
the formula:

! Metalyse®. The State Register of Medicines of the Russian
Federation. Available from: https://grls.rosminzdrav.ru/Grls_View_
v2.aspx?routingGuid=123f0609-001e-4e9c-8830-34e99ca499df
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1

= ’
P max

where P — the maximum dilution at which the
optical density value in positive wells exceeds the optical
density value in negative wells by a factor of three.

Clinical study of the neutralizing activity of plasma
in patients after administration of recombinant
non-immunogenic staphylokinase
The neutralizing activity was determined in
accordance with the method of D. Collen [13]. Dilutions of
the test samples were prepared similarly to the previous
experiment. 5 ul of the test sample and 5 pl of the drug
solution in the concentration range of 0.2-100 pg/mL
were added to microcentrifuge tubes, mixed and 10 pl of
thrombin solution (5 NIH units/mL, pH=7.4) was added.
The samples were incubated for 20 min at 37°C. The
concentration range of recombinant non-immunogenic
staphylokinase at which the moment of thrombus lysis
and time were observed was determined. For each test
sample, a graph of the dependence of thrombus lysis
time (min) on the concentration of the drug (ug/mL) was
plotted. Using the graphs, the neutralizing activity was
determined — the concentration of the drug at which
the thrombus lysis time was 20 min.

Statistical analysis

Statistical analysis was performed using R 4.2
(R Foundation, USA). Continuous variables are described
as mean and standard deviation (M+SD) or median
and quartiles (Me [Q1; Q3]). Categorical variables are
represented by absolute and relative frequencies. The
Mann-Whitney U-test was used to compare continuous
variables, and the two-sided Fisher’s exact test was
used to compare categorical variables. Differences were
considered statistically significant at p <0.05.

RESULTS
Preclinical studies

Study of the effect of recombinant

non-immunogenic staphylokinase on the

immediate-type hypersensitivity reaction

(anaphylactic shock) in guinea pigs

It was found that after a double intraperitoneal
administration to guinea pigs on the 14th day of
sensitization with recombinant
staphylokinase at a dose of 1.33 mg/kg (10 times the

non-immunogenic

highest daily therapeutic dose for humans), anaphylactic
shock was not induced (Table 1). No changes in the
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behavior of animals — their general condition, indicators
of vital functions compared with control animals
receiving saline — were revealed (Weigle index is 0).
Thus, recombinant non-immunogenic staphylokinase
did not cause anaphylactic shock in guinea pigs.

Study of the effect of recombinant
non-immunogenic staphylokinase on the
delayed-type hypersensitivity reaction

in guinea pigs

After sensitization of guinea pigs with recombinant
25 days of
intradermal injection of the drug, no cases of hyperemia,

non-immunogenic staphylokinase for

signs of edema or inflammation were found in any of
the animals in the experimental groups (0 points on the
S.V. Suvorov scale). The behavior and condition of the
animals corresponded to those of the control group.

Study of the effect of recombinant
non-immunogenic staphylokinase on the cell
content of the popliteal lymph node in mice

7 days after the administration of recombinant
non-immunogenic staphylokinase into the pad of the
left hind paw of a mouse at a 10-fold higher daily dose
recommended for humans, the cell content of the
right and left popliteal lymph nodes was determined
in comparison with the control. The calculation results
are presented in Table 2. No significant differences were
found.

The cell count index of the popliteal lymph nodes of
the “experimental” and “control” paws was 0.91% Thus,
recombinant non-immunogenic staphylokinase did not
affect the cell count of popliteal lymph nodes and did
not have allergenic properties.

Study of the effect of recombinant
non-immunogenic staphylokinase on the number
of nucleated and antibody-forming cells

in the spleen of mice

The drug was administered to mice 1 day before,
on the day of RE administration, or on the day RE
immunization in doses 10 and 20 times higher than the
highest daily dose for humans. The results of the study
are presented in Table 3.

The data presented in Table 3 show that a single
intraperitoneal administration of recombinant non-
immunogenic staphylokinase to mice did not affect the
cell count of the spleen.

2 The index of 1.00 indicates the equality of the cellular parameters
of the right and left lymph nodes. The smaller it is, the greater the
difference.
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From the results of counting the number of AFCs
in the spleen of mice on day 5 after immunization,
presented in Table 4, it is clear that there were no
significant differences in the number of AFCs between
the groups of animals that received recombinant
non-immunogenic staphylokinase in various doses at
different times relative to RE immunization and the
control animals.

Thus, the drug did not affect the number of
nucleated cells and AFCs in the spleen of mice
immunized with RE, and, therefore, did not affect the
cellular and humoral immune response.

Study of the effect of recombinant
non-immunogenic staphylokinase on the
delayed-type hypersensitivity reaction in mice
Afterimmunization of mice with RE and recombinant
non-immunogenic  staphylokinase, a
injection of RE was administered into the left hind paw,

permissive

and physiological saline was administered into the pad
of the contralateral paw. The reaction index of animals
in different groups is presented in Table 5.

Analysis of the data presented in Table 5 indicates
that the drug, at the tested doses of 1.33 and 2.66 mg/kg
and sensitization regimens, did not affect the formation
of cellular immunity.

Thus, during preclinical studies of the allergenic
and immunotoxic properties of recombinant non-
immunogenic staphylokinase, it was found that the drug,
when administered to guinea pigs and mice at doses 5,
10, and 20 times higher than the therapeutic doses for
humans, does not affect cellular and humoral immunity.
A complete set of preclinical studies of recombinant
non-immunogenic  staphylokinase, including the
assessment of acute and subacute (subchronic) toxicity,
mutagenicity, genotoxicity, embryotoxicity, reprotoxicity,
and teratogenicity, also demonstrated its safety
and absence of toxic properties [15], which allowed
obtaining permission for clinical trials of the drug as a

fibrinolytic agent in patients with STEMI.

Clinical studies

Clinical study of the effect of recombinant

non-immunogenic staphylokinase on the

antibodies formation and neutralizing activity

of patient plasma

The study included 100 patients with STEMI who
received a single bolus dose of 15 mg of recombinant

Demographic,

data,

non-immunogenic staphylokinase.

anthropometric, medical history clinical

Tom 13, Beinyck 1, 2025

characteristics, and time intervals are presented
in Table 6.

76% of the study participants were male. The
average age was 58.919.9 years. The proportion of
patients with arterial hypertension was 75%, previous
myocardial infarction — 12%, lipid metabolism
86%. myocardial

predominated in the study population (56%).

disorders — Inferior infarctions

Assessment of the effectiveness and safety of
thrombolytic therapy is presented in Table 7.

ST segment reduction by 50% from baseline after
90 min was observed in 80% of patients. Restoration of
coronary blood flow according to TIMI 2+TIMI 3 criteria
was observed in 70%. All-cause mortality was 3%. No
intracranial hemorrhages were reported with the use
of recombinant non-immunogenic staphylokinase. No
major bleeding or hemorrhagic stroke was observed in
any patient with cardiogenic shock in the groups. No
allergic reactions were reported as a result of the study.

In a study of specific antibody titers in patients
with STEMI who were administered recombinant non-
immunogenic staphylokinase, it was found that 30 (30%)
patients had no detectable specific antibodies. In 70
(70%) patients, specific antibodies were detected with a
low titer — in the range of 1/100-1/800.

When determining the neutralizing activity of blood
plasma in patients with STEMI who were administered
recombinant non-immunogenic staphylokinase, it was
found that samples from 70 (70%) patients did not
have neutralizing activity. Samples from the remaining
30 (30%) patients were characterized by neutralizing
activity at a dose of 0.33+0.02 pg/mL. It has previously
been shown that the average values of neutralizing
activity of native staphylokinase were many times
higher, in the range of 9-93 pug/mL [14-16].

Thus, the average value of the neutralizing activity
of blood plasma of patients after administration
of recombinant staphylokinase
is 30-310 times
of native staphylokinase.

non-immunogenic
lower than after administration

Considering that the determined concentration
of recombinant non-immunogenic staphylokinase in
the blood with a single bolus administration at a dose
of 15 mg is 2.5 pg/mL, which is 7.8 times higher than
the neutralizing activity of blood plasma samples
(0.33 pg/mL), observed only in 30% of patients, it
can be concluded that the administration of the
drug does not lead to the formation of antibodies
repeated

capable of neutralizing its effect upon

administration.
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Table 1 - Effect of recombinant non-immunogenic staphylokinase
on the immediate-type hypersensitivity reaction in guinea pigs

Animal groups, doses Weigle, M+SD p
Control 0.0£0.00 -
Group 1, 0.665 mg/kg 0.0+0.00 1.00
Group 2, 1.33 mg/kg 0.0£0.00 1.00

Table 2 - Effect of recombinant non-immunogenic staphylokinase
on the cell count of popliteal lymph nodes in F (CBAxC_BI ) hybrid mice

Cell count of popliteal lymph

Al e CIoRes nodes, million/mL, M+SD P
Control 0.78+0.07 -
Group 1, 1.33 mg/kg 0.71+0.07 0.95

Table 3 - Effect of recombinant non-immunogenic staphylokinase
on the cell count of the spleen of F (CBAXC_BI ) mice immunized with ram erythrocytes

Number of karyocytes,

Animal groups, doses 107/spleen, M+SD

Control 26.88+1.67 -

Group 1, 1.33 mg/kg «day -1» 25.64+0.93 0.89
Group 2, 2.66 mg/kg «day -1» 26.62+2.77 0.98
Group 3, 1.33 mg/kg «day O» 28.44+1.84 0.91
Group 4, 2.66 mg/kg «day O» 24.48+2.96 0.82
Group 5, 1.33 mg/kg «day +1» 27.71+1.45 0.85
Group 6, 2.66 mg/kg «day +1» 28.48+1.81 0.95

Note: Animals in groups 1 and 2 received recombinant non-immunogenic staphylokinase intraperitoneally at doses of 1.33 and 2.66 mg/kg,
respectively, one day before ram erythrocytes immunization (“day -1”), groups 3 and 4 — at the same doses 1 hour after immunization (“day 0”),
groups 5 and 6 — 24 hours after ram erythrocytes immunization (“day +1”).

Table 4 - Effect of recombinant non-immunogenic staphylokinase
on the number of antibody-forming cells in F (CBAxC_BI ) mice immunized with ram erythrocytes

Number of antibody-forming

it s o1, ot cells in the spleen, 1x104, M+SD P

Control 8.66+1.73 -

Group 1, 1.33 mg/kg «day -1» 10.29+1.32 0.72
Group 2, 2.66 mg/kg «day -1» 8.65+2.22 0.95
Group 3, 1.33 mg/kg «day 0» 9.39+1.41 0.80
Group 4, 2.66 mg/kg «day 0» 9.03+1.14 0.82
Group 5, 1.33 mg/kg «day +1» 9.96+1.95 0.78
Group 6, 2.66 mg/kg «day +1» 10.12+0.68 0.75

Note: Animals in groups 1 and 2 received recombinant non-immunogenic staphylokinase intraperitoneally at doses of 1.33 and 2.66 mg/kg,
respectively, one day before ram erythrocytes immunization (“day -1”), groups 3 and 4 — at the same doses 1 hour after immunization (“day 0”),
groups 5 and 6 — 24 hours after ram erythrocytes immunization (“day +1”).

Table 5 - Effect of recombinant non-immunogenic staphylokinase on the development
of delayed-type hypersensitivity reaction in F (CBAxC_BI ) mice

Animal groups, doses Reaction index, M+SD p

Control 19.81+2.43 -

Group 1, 1.33 mg/kg «day -1» 17.96+2.64 0.75
Group 2, 2.66 mg/kg «day -1» 19.9142.59 0.96
Group 3, 1.33 mg/kg «day 0» 24.52+3.85 0.12
Group 4, 2.66 mg/kg «day O» 23.48+2.77 0.35
Group 5, 1.33 mg/kg «day +1» 22.16+1.62 0.59
Group 6, 2.66 mg/kg «day +1» 20.46+0.94 0.79

Note: Animals in groups 1 and 2 received recombinant non-immunogenic staphylokinase intraperitoneally at doses of 1.33 and 2.66 mg/kg,
respectively, one day before ram erythrocytes immunization (“day -1”), groups 3 and 4 — at the same doses 1 hour after immunization (“day 0”),
groups 5 and 6 — 24 hours after ram erythrocytes immunization (“day +1”).
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Table 6 — Baseline characteristics of patients

Characteristics

Indicator (n=100)

Gender, male / female

76/23 (76%/23%)

Age, years 58.919.9
Patients older than 75 years 6 (6%)
Weight, kg 83.8+14.2
Body mass index, kg/m? 28.5+4.5
Myocardial infarction 12 (12%)
Arterial hypertension 75 (75%)
Diabetes mellitus Type Il 14 (14%)
Dyslipidemia 86 (86%)
Smoking 39 (39%)
STEMI, mm 3.58+1.96
SBP, mm Hg . 118.6%8.2
DBP, mm Hg 74.7+7.2
HR, bpm 75.9+14.7
STEMI localization:
anterior 42 (42%)
inferior 56 (56%)
other 2 (2%)
Type of heart failure according to Killip:
| 87(87%)
1l 8 (8%)
- 3(3%)
\% 2 (2%)

Table 7 — Assessment of the effectiveness and safety of thrombolytic therapy

Criterion

Indicator (n=100),

abs. (%)

ST segment reduction by 50% after 90 min 80 (80%)
Restoration of coronary blood flow according to
TIMI criteria:

0 24(24%)

1 6(6%)

2 32(32%)

3 38(38%)

243 70 (70%)

Death from all causes 3 (3%)
Cardiogenic shock 4 (4%)
Recurrent myocardial infarction 4 (4%)
Major bleeding 1(1%)
Intracranial hemorrhage 0 (0%)
Minor bleeding 3 (3%)
Allergic reactions 0 (0%)

DISCUSSION
In accordance with the Rules of Good Clinical
Practice approved by the Eurasian Economic

Commission, the assessment of allergenic, immunotoxic,
and immunogenic properties of original molecules
is one of the most important stages of research
necessary for further clinical trials and registration
of a medicinal product. Immunogenicity can provoke
such serious side effects from the immune system as

Tom 13, Beinyck 1, 2025

anaphylactic shock and Quincke’s edema. According to
the Clinical Guidelines of the Ministry of Health of Russia
“Anaphylactic Shock” (2020)3, anaphylactic shock is
understood as “acute circulatory failure, manifested by
a decrease in systolic blood pressure below 90 mm Hg.
or by 30% from the working level and leading to hypoxia
of vital organs.” It should be emphasized that such a

3 Clinical Guidelines of the Russian Ministry of Health «Anaphylactic
shock»  (2020).  Available from: https://cr.minzdrav.gov.ru/
view-cr/263_2
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diagnosis without pronounced hemodynamic disorders
is illegal and should be considered as anaphylaxis.
Anaphylactic shock refers to a type | hypersensitivity
reaction that occurs with the participation of class E
immunoglobulins fixed on the surface of basophil and
mast cell membranes*. Anaphylactic shock should be
distinguished from angioedema (Quincke’s edema) — a
localized transient acute edema of the skin or mucous
membranes, as well as urticaria — a group of diseases
characterized by the development of itchy blisters or
angioedema®.

This article presents the results of preclinical and
clinical studies of the allergenic, immunotoxic, and
immunogenic properties of the recombinant non-
immunogenic staphylokinase molecule. During a set
of preclinical studies, it was found that the drug does
not affect the cellular and humoral immune response
in guinea pigs and mice at doses 5, 10, and 20 times
higher than therapeutic doses for humans. Recombinant
non-immunogenic staphylokinase does not cause
anaphylactic shock and the development of edema in
experimental animals with intravenous, intramuscular,
and subcutaneous administration. In experiments
on inhalation administration of recombinant non-
immunogenic staphylokinase to mice with acute
respiratory distress syndrome [17], it was found that
the drug also did not cause allergic reactions and did
not have an irritating effect on the respiratory tract,
reduced the deposition of fibrinogen in the lungs and
had a normalizing effect on the concentration of pro-
inflammatory cytokines — IL-1a, IL-17A, IL-6.

A clinical study of the neutralizing activity of
blood plasma of patients who were injected with
recombinant non-immunogenic staphylokinase
showed that samples taken from 70% of patients with
STEMI do not have neutralizing activity against the
drug. In the remaining 30% of patients, the average
values of neutralizing activity of blood plasma after
a single administration of the drug did not exceed
0.3 pg/mL, which is 30-310 times lower than after
of the

molecule. These values are significantly lower than

the administration native staphylokinase
the concentration of the drug in the blood, so they
are not able to neutralize its effect in case of repeated
administration.

In 2012, based on the results of preclinical and

clinical studies, the Ministry of Health of Russia

* Ibid.
® Ibid.
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registered the original thrombolytic drug of recombinant
protein containing the amino acid sequence of
staphylokinase — Fortelyzin® (produced by SuperGene
LLC, Russia; registration certificate No. LP-001941 dated
December 18, 2012) for the treatment of patients with
STEMLI.

According to the safety and efficacy monitoring
registers of recombinant non-immunogenic
staphylokinase, since 2012, the drug has been used in
more than 50 thousand patients with STEMI [18] and in
more than 20 thousand with ischemic stroke. According
to IMS Health as of March 2025, the recombinant non-
immunogenic staphylokinase drug has been used in
more than 200 thousand patients. During this period,
the automated information system of Roszdravnadzor
registered 18 (0.009%) reports of the development
of anaphylactic shock after using the drug. This is
reflected in the “Side effect”® section in the instructions
for medical use of the drug, which indicates that such
disorders of the immune system as anaphylactoid
reactions are very rare (<1 in 10 thousand cases). Thus,
the absence of immunogenic properties of recombinant
non-immunogenic staphylokinase and its high safety
with respect to the immune system are confirmed
by many years of experience in use in a wide range of
patients.

In clinical studies of recombinant non-immunogenic
staphylokinase, no serious adverse events such as
anaphylactic shock, urticaria, or Quincke’s edema were
reported.

In the FRIDOM1 trials [10, 11], recombinant non-
immunogenic staphylokinase at a dose of 15 mg was
no less effective than tenecteplase in terms of restoring
coronary blood flow according to coronary angiography
(70 vs 71%, p=0.76) and ECG (8% vs 80%, p=0.81); the
absence of intracranial hemorrhages and the high efficacy
of recombinant non-immunogenic staphylokinase
allowed it to be registered for the treatment of patients
with STEMI. Currently, recombinant non-immunogenic
staphylokinase is included in the Clinical Guidelines
and standards of treatment for patients with STEMI.
The Eurasian Clinical Guidelines for the diagnosis
and treatment of acute coronary syndrome with
ST-segment elevation specifically mention the absence
of antigenicity as an advantage of the drug. By Order
of the Ministry of Health of Russia No. 1165n dated
October 28, 2020, a recombinant protein containing

5 Fortelizin®. The State Register of Medicines of the Russian
Federation. Available from: https://grls.rosminzdrav.ru/Grls_View_
v2.aspx?routingGuid=9721d84a-5efa-4a24-b940-d711798bd51c
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the amino acid sequence of staphylokinase is included
in the mandatory requirements for the equipment of
medicines and medical devices for emergency medical
care kits and sets.

According to the REGION-IM
Medical
named after Academician E.I. Chazov, 36% of patients
with  STEMI
recombinant non-immunogenic staphylokinase, and

register of the

National Research Center of Cardiology

receive thrombolytic therapy using
at the prehospital stage, this figure reaches 42%. The
frequency of using recombinant non-immunogenic
staphylokinase in primary vascular departments
reaches 51% [19].

The FRIDA study showed that recombinant non-
immunogenic staphylokinase is an effective and safe
thrombolytic agent for treating patients with ischemic
stroke within 4.5 h of the onset of the first symptoms [20,
21]. In terms of the number of patients with good
functional recovery (0—1 points on the modified Rankin
scale), the drug was at least as effective as alteplase
(50 vs 41%, p=0.10). Recombinant non-immunogenic
staphylokinase is used as a rapid single bolus (10 seconds)
at a single dose of 10 mg in patients with ischemic
stroke of any body weight. In 2024, the recombinant
non-immunogenic staphylokinase drug was included
in the Clinical Guidelines for the treatment of ischemic
stroke in the first 4.5 hours from the onset of the
disease.

The FORPE trials presents the results of using
recombinant non-immunogenic staphylokinase in
[22, 23].

staphylokinase is not inferior to alteplase in terms

patients with massive PE Recombinant
of the primary efficacy endpoint “all-cause mortality
within 7 days” (2 vs 3%, p=1.00) and has a high safety
profile. The use of recombinant non-immunogenic
staphylokinase was not accompanied by the
development of major bleeding, which occurred with
the use of alteplase (0 vs 3%, p=0.06) and hemorrhagic
stroke (0 vs 2%, p=0.25). According to CTPA with
contrast enhancement of the pulmonary arteries, a
significant decrease in thrombotic masses (65.8 vs
47.4%, p <0.001) and a reduction in the size of the
right ventricle (50 vs 39 mm, p <0.001) were shown
24 hours after thrombolysis with recombinant non-
immunogenic staphylokinase. Currently, a double-blind
placebo-controlled clinical trial of recombinant non-
immunogenic staphylokinase in patients
with
(permission of the Ministry of Health of Russia

intermediate-high  risk PE has begun

Tom 13, Beinyck 1, 2025

No. 106 ot 21.03.2024 r., clinicaltrials.gov
No. NCT06362746) [24].

A clinical study of recombinant non-immunogenic
staphylokinase is being conducted with its intra-
arterial intrathrombal administration in patients with
thrombosis of the arteries of the lower extremities
in comparison with surgical methods of treatment
FORAT
I.I. Zatevakhin, permission of the Ministry of Health of
Russia No. 184 dated March 18, 2022, clinicaltrials.gov
No. NCT05372718) [25].
with  the

non-immunogenic

(researcher-coordinator —  Academician

Along Russian Federation, the

recombinant staphylokinase
drug is registered in a number of CIS countries
(Tajikistan, Turkmenistan) and is currently undergoing
registration in the EAEU countries, Azerbaijan, Georgia,

and Uzbekistan.

Study limitations

In the presented clinical study, the recombinant non-
immunogenic staphylokinase drug was administered
in accordance with the instructions for medical
use as a single bolus. Studies after bolus-infusion
administration of the drug were not conducted. Studies
of the neutralizing activity of blood plasma and titers
of specific antibodies after repeated use of the drug
were also not conducted. Clinical experience with its
double use indicates the preservation of efficacy and
the absence of neutralizing activity of blood plasma,
which was shown in a patient with massive pulmonary
embolism against the background of a shrapnel

wound [26].

CONCLUSION

Given the annual increase in the number of
thrombolysis procedures, the risks of adverse events
should be taken into account. In this regard, a
comprehensive study of the allergenic and immunotoxic
of the

staphylokinase molecule in preclinical and clinical studies

properties recombinant non-immunogenic
is extremely relevant. Based on the results of a full range
of tests, it was convincingly proven that recombinant
non-immunogenic staphylokinase does not have
allergenic, immunogenic, and immunotoxic properties.
The data obtained during these studies will undoubtedly
contribute to a more active spread of thrombolytic
therapy using non-immunogenic staphylokinase, which
in the future will improve the quality of medical care for

the population.
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