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Preparation of conjugates based on colloidal gold nanoparticles
for application in rapid detection of antibodies to hepatitis E virus

Galina l. Alatortseva™, Lyubov N. Nesterenko, Irina I. Amiantova, Lyudmila N. Pritvorova,
Vera V. Dotsenko, Vitaly V. Zverev, Oksana A. Svitich

I. Mechnikov Research Institute of Vaccine and Sera, Moscow, Russia

Abstract

Relevance. Hepatitis E virus (HEV) is a common cause of viral hepatitis not only in areas with low levels of water
supply and hygiene, but also in industrialized countries. Rapid tests development for the infection seromarkers
detection in the absence of special equipment and trained staff remains the most important problem in improving
the diagnosis of hepatitis E.

Aim. To produce conjugates of recombinant ORF2 antigen of HEV genotype 3 with gold nanoparticles (GNP) of
varied sizes and to evaluate their applicability in the immunoassay for the detection of antibodies to HEV.
Materials and methods. Specific polyclonal and monoclonal antibodies, recombinant antigen ORF2 of hepatitis
E virus genotype 3, blood serum samples of people diagnosed with acute hepatitis. Synthesis of GNPs and
their conjugates with recombinant antigen, enzyme immunoassay, dot immunoassay, immunochromatographic
analysis, transmission electron microscopy.

Results. Three samples of colloidal GNP were synthesized using citrate method with varied concentrations of
reducing agent and were subsequently used for preparation of conjugates with recombinant antigen ORF2 of HEV
genotype 3. Immunoreactivity of these conjugates was confirmed by dot-immunoassay with blood serum samples
containing specific IgG. A conjugate based on a 41 nm GNP was chosen for use in immunochromatographic
analysis (ICA). Optimal conditions for preparation of a multi-membrane composite, including formation of analytical
and control lines and the conjugate area were identified, and test strips were developed. The obtained conjugate
was tested by ICA using blood serum samples which had been subjected to preliminarily characterization by the
content of the IgG antibody to HEV. High immunoreactivity of the conjugate was demonstrated. Antibodies to the
virus were identified in 100% of the examined (n = 17) IgG-positive serum samples, while in negative samples
(n=17) they were absent.

Conclusion. The results demonstrated effectiveness of the obtained immunoreagents (recombinant antigen,
antibodies, conjugate) for use in test-systems for rapid diagnosis of hepatitis E.

Keywords: immunochromatographic assay, colloidal gold nanopatrticles, recombinant antigen, hepatitis E virus,
protein ORF2, IgG
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HOHV‘IEHI/IE KOHDIOratoB Ha OCHOBEe HaHO4YacTuny KossniongHoro
3010Ta AnAa 6bICTpOI'0 BbIABJIEHNA aHTUTEJ K BUPYCY renatnuta E

AnartopueBa I1.”, HectepeHnko J1.H., AMnanToBsa WU.U., Mputesoposa J1.H.,
DoueHko B.B., 3sepes B.B., CButnu O.A.

HayuyHo-uccnepnosaTenbCKNin MIHCTUTYT BakUMH M CbIBOPOTOK MMeHun U.W. MeuHnkoBa, Mocksa, Poccusa

AHHOMauyusi

AxTtyanbHocTb. Bupyc renatuta E (BI'E) — 4yacTtas npuynHa BUPYCHbIX renaTtuToB He TOMbKO Ha TEPPUTOPUSIX C
HWU3KUM YPOBHEM BOAOCHABXEHNS U TTMEHbI, HO U B MPOMbILLMIEHHO pa3BUTbIX CTpaHax. BaxHenwen npobnemoi
COBEpPLUEHCTBOBAHUS CUCTEMbI AMArHOCTuKK renatuta E octaértcs paspaboTka TecToB HbICTPOro onpeaeneHns
cepomMapKepoB MHMPEKLMN ANA MPUMEHEHMS B YCNOBUSIX OTCYTCTBUS cneumansHoro o6opyaoBaHus u 06y4eHHOro
nepcoHana.

Llenb paboTbl — nony4eHne KOHbIOraToB HaHOYacTuUL, konnoungHoro 3onota (HY3) Heckonbkmx pasmepos ¢ pe-
KOMBUHaHTHbIM aHTureHom ORF2 BIE 3 reHoTMna 1 oueHKa BO3MOXHOCTU UX MPUMEHEHMS B UMMYyHOAHanmae
ans BbisiBNeHust aHTuten k BI'E.

MaTepuanbl n meToabl. Viccnegosany cneumdunyeckne NonmKNoHanbHble 1 MOHOKIOHAamNbHbIE aHTUTena, pe-
KoMBUHaHTHbIN aHTMreH ORF2 BI'E 3 reHoTuna, obpasupbl CbIBOPOTOK KPOBU N0AEN C AUMArHO30M OCTPOro re-
natuta. OcywecTBnanm cuHTe3 HY3 n nx KOHLIOraToB C PEKOMOUHAHTHLIM aHTUrEHOM, UMMYHOEPMEHTHBIN
aHanus, AoT-MMMYyHOAHanu3, MMMyHOXpoMaTorpadvyeckmin aHanms, UCnonb3oBanu MEeTOA NPOCBEYMBaOLLEN
3MEeKTPOHHOW MUKPOCKONUMK.

Pe3ynbraThbl. LiuTpaTtHbiM METO4OM C MCMOMb30BaHNEM Pa3NNYHbIX KOHLIEHTPaLWI BOCCTaHOBUTENSI CUHTE3UPO-
BaHbl 3 npenaparta HY3. Ha nx ocHoBe nony4eHbl KOHbOraTbl C PeKOMOUHAHTHBIM aHTUreHom ORF2 BI'E 3 re-
HOTUMAa, MMMYHOPEAKTUBHOCTb KOTOPLIX NOATBEPXAEHa METOAOM AOT-MMMYyHOaHanmsa ¢ obpasuamm CblIBOPOTOK
KpOBM, codepXalumm cneundunydeckme nMMyHornodynuHbl knacca G (IgG). Ons npMeHeHUs B UMMYHOXpoma-
Torpadmyeckom aHanuse otobpaH KoHbtoraT Ha ocHose HY3 anameTtpom 41 HM. OTpaboTtaHbl ycnosus nony4e-
HUS MyNbTUMEMOPaHHOro KOMMNo3uTa, BkroYass OpMMPOBaHNE aHaANMUTUYECKOW U KOHTPOMbHOW FIMHWI U 30HbI
KOHblOraTa, U3roToBfieHbl TECT-MOMOCKN M MPOBeAeHbl UCNbITaHWs NOMyYeHHOro KOHblorata MeTogomM MMMYHO-
XpomaTtorpadmyeckoro aHanmaa ¢ obpasuamu CbiIBOPOTOK KPOBW, NpeaBapuTenbHO OXapaKTepU3oBaHHLIMK MO
copepxanuto lgG-aHTuTen k BI'E. MokasaHa BbiCOKast IMMYHOPEaKTMBHOCTb MNOMYYEHHOro KOHbloraTa: aHturena
K BUpycy BbisiBeHbl B 100% o6cnenoBaHHbIX IgG-nonoxuTenbHbIX NPob CbIBOPOTOK (1 = 17) 1 He oBHapyXeHbI
B OTpuuaTenbHbix npobax (n = 17).

BbiBoabl. [MonyyeHbl MMMyHOpeareHTbl (PEKOMOUHaHTHBIM aHTUreH, aHTUTena, KOHbIoraT), KOTopble MOryT ObITb
MCMOMb30BaHbl MPY CO34aHNM TECT-CUCTEM ANs aKcnpecc-guarHocTuky BrE.

KnroueBble cnoBa: umMMyHOxpomMamoepaguyeckull aHaaus, HaHodacmuubl KOToudHo20 305110ma, pekombu-
HaHMHbIU aHmMuaeH, supyc eenamuma E, 6ernok ORF2, ummyHoanobynuHbi knacca G

Amuyeckoe ymeepxdeHue. VlccnenoBaHve npoBoannock Npu A06POBOILHOM MHGOPMMPOBAHHOM COrflacuu nauw-
€HTOB UINN NX 3aKOHHbIX NpeAcTaBuTenen. ABTOpbI MOATBEPXAAKT cObniofeHne NHCTUTYLIMOHANbHBIX U HauMoHarnb-
HbIX CTaHAAPTOB MO MCMONb30BaHWIO NabopaTopHbIX XMBOTHBIX B cooTBeTCTBUMM C «Consensus Author Guidelines
for Animal Use» (IAVES, 23.07.2010). MNpotokon nccnenoBaHnsa opobpeH JlokanbHbiM coBeTom no atuke HUMBC
um. N.N. Meynwnkosa (npotokon Ne 4 ot 22.02.2023).

BnazodapHocmsb. PaboTa BbiNonHeHa npu omHaHCoBoOW nogaepkke MuHUCTepCTBa Hayku U BbicLLero obpa3oBaHus
Poccuiickon ®egepauumn (yHukanbHbii naeHTudukatop npoekta RFMEFI61319X0091). AsTopbl 6narogapsat Onera
Jlebepesa (Laboratoire CRISMAT, ENSICAEN-CNRS UMRG6508, Caen, France) 3a nomoLLb B U3y4eHUN CTPYKTYpbl
HY3 mMeToaOM TPaHCMWCCUMOHHOM AMEKTPOHHOWM MUKPOCKONUW, HaumoHanbHbIA MHCTUTYT OBLLECTBEHHOIO 340POBbLS
M3 KP 1 Benopycckuii rocyaapCTBEHHbIA MEANLIMHCKUIA YHUBEPCUTET 3a NpefocTaBneHne obpasLoB CbIBOPOTOK KpO-
BUW, COAEPXaLlMX 1 He coaepxallmx cepoMapkepbl MHPULMpPOBaHUS BUPYcoMm renatuta E.

HUcmoyvHuk chuHaHcupoeaHusi. ABTOpbI 3asBMSIOT 06 OTCYTCTBMU BHELLHEro (OMHAHCUPOBAHUSI NPU NPOBEAEHUN UC-
crnefoBaHus.

KoHdbnnukm unmepecos. ABTOPbI AeKNapupyIOT OTCYTCTBUE SBHbIX U MOTEHUManbHbIX KOH(MNKTOB NHTEPECOB, CBSI-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ansi yumupoeaHusi: Anatopuesa I"W., HectepeHko J1.H., AMuaHtoBa WN.W., Mputeoposa J1.H., OJoueHko B.B., 3Be-
peB B.B., Ceutuu O.A. lNony4eHne KOHbLIOraToB Ha OCHOBE HaHOYaCTWL, KONMOMAHOro 305noTa Ans 6bICTporo BbisiBne-
HWSA aHTUTEen K BUpYycy renatuta E. XKypran mukpobuonoeuu, anudemuonozauu u ummyHobuonozuu. 2025;102(1):7-17.
DOI: https://doi.org/10.36233/0372-9311-620

EDN: https://www.elibrary.ru/ppmxde
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Introduction

Hepeatitis E virus (HEV) is a frequent cause of vi-
ral hepatitis not only in areas with low water quality and
supply, but also in industrialized countries [1]. Specific
IgM and IgG antibodies in serum or plasma of patients
serve as serological markers of HEV infection. The Eu-
ropean Association for the Study of the Liver recom-
mends the following criteria for the clinical diagnosis
of acute hepatitis E cases: the simultaneous presence
of HEV RNA and specific IgM and/or IgG antibodies
(anti-HEV AB) in the analyzed samples, increase of
anti-HEV IgG AB titers in the presence of anti-HEV
IgM AB, and the detection of HEV antigen (HEV AG).
The diagnosis of chronic hepatitis E is confirmed by the
detection of HEV RNA and/or HEV AG for more than
3 months. The past infection is indicated by the pres-
ence of IgG anti-HEV AB in the samples [2]. The main
method for the diagnosis of acute and chronic hepati-
tis E is the polymerase chain reaction, which makes it
possible to detect viral RNA at the earliest stages of the
disease and in the absence of AB in chronic HEV pa-
tients with immunodeficiency. In some cases, serologi-
cal methods for diagnosing hepatitis E are more reliable
and specific [3], and in most cases have no alternative
due to the short period of viremia in HEV infection [4].
Each method of hepatitis E serological diagnostics has
limitations that make it difficult to accurately determine
the stage of the disease. Due to problems associated
with virus cultivation, kits for hepatitis E serological
diagnostics most commonly utilize recombinant anti-
gens, or less frequently, synthetic peptides.

The problem of shortening HEV test turnaround
time is solved by using rapid tests based on the immu-
nochromatography assay (ICA) for detect HEV-specif-
ic IgG, IgM, total ABs and HEV AG using colloidal
gold conjugated with recombinant AG or AB to viral
proteins and/or o human or animal immunoglobulins.
Along with quick results (15 minutes), the great advan-
tage of the method is the possibility of testing at the
patient's bedside in the absence of special equipment
and trained personnel. The ICA test systems for the de-
tection of HEV AG and anti-HEV AB developed and
produced by foreign companies showed good reproduc-
ibility with sufficiently high sensitivity, specificity and
good consistency with the results obtained using classi-
cal enzyme immunoassay (ELISA). A number of com-
parative studies have shown that ICA tests for detect-
ing anti-HAV IgM AB manufactured in China ("IgM
antibody to hepatitis E virus (HEV-IgM) rapid test",
"Wantai", cat No. WJ-15) and Singapore ("MP Diag-
nostics ASSURE HEV IgM Rapid Test", "MP Biomed-
icals Asia Pacific Pte. Ltd.", cat. No. 43160-020), have
even higher sensitivity than some traditional ELISA
tests [5]. Canadian companies Citest Diagnostics Inc.
and BiogateLabs produce ICA kits for simultaneous
detection of IgG and IgM AB to HEV (cat No. IHE-
302, cat No. RT-EV1112-C-1, respectively) in serum,

plasma and whole blood. In the Russian Federation and
the countries of the former Soviet Union, there is no
manufacturing of tests for the rapid detection of HEV
serological markers by the I[CA method. Furthermore,
there are no reports of ongoing research in this area.

Besides specific antigens or antibodies, the key
components of such test systems are conjugates of
colloidal nanoparticles with biological macromole-
cules which allow visual or digital recording of re-
action results [6-9]. The unique optical properties of
gold nanoparticles (GNP) provide visible surface plas-
mon resonance (SPR) peaks in synthesized GNP in the
wavelength range of about 520 nm, depending on the
size of the synthesized GNP [10]. The advantages of
using GNP-based conjugates in rapid diagnostic tests
combine the possibility of results visualization due to
high molar absorption coefficients [10, 11] with their
ability to fully restore properties after sorption on the
membrane and subsequent drying [12, 13] in the analy-
sis process. Diagnostic efficiency of ICA-tests is deter-
mined by the ability of the GNP conjugate to interact
specifically with target molecules. It is related to physi-
cal and chemical properties of the GNP, in particular to
their size and shape. It is also determined by antigenic
specificity of the proteins adsorbed on them, which per-
form an additional function of secondary stabilization
of colloidal particles in the conjugates.

All test systems for the detection of anti- HEV
AB are based on the use of the capsid protein ORF2,
which contains diagnostically significant epitopes, as
the antigenic basis. Previously, we have obtained [14]
the recombinant capsid protein ORF2 of HEV genotype
3 (recAg), which has the widest geographical distribu-
tion in the world [15, 16] and is dominant in Russia
[17]. This recAg has been selected as the basis for the
subsequent development of the rapid test for the simul-
taneous detection of anti-HEV IgG and IgM AB.

The objective of the present study was to synthe-
sise conjugates of recAg with GNPs of varying sizes
and to assess their potential application in an immuno-
assay for the detection of antibodies to HEV.

Materials and methods

Immunoreagents

Polyclonal goat AB against human IgG (GAHIss)
(«Imtek») (hereafter referred as AB), recAg (I.I. Mech-
nikov NIIVS) [18]; polyclonal rabbit IgG AB to recAg
(hereafter referred PAB) obtained by immunizing rab-
bits and subsequent affinity purification (I.I. Mechnikov
NIIVS); a conjugate of mouse monoclonal AB to recAg
(hereafter referred MAB) with horseradish peroxidase
(L.I. Mechnikov NIIVS) obtained by periodate oxida-
tion method [19].

Blood sera of individuals diagnosed with acute
viral hepatitis were provided by the National Insti-
tute of Public Health of the Ministry of Health of the
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Kyrgyz Republic and by the Belarusian State Medical
University. According to the test results obtained with
the DS-ELISA-ANTI-HEV-G reagent kit («Diagnostic
systems») [20, 21] and with the developed at the LI.
Mechnikov NIIVS confirmatory test for the determina-
tion of anti-HEV IgG AB by the line blot method [22];
sera contained (n = 17) and did not contain (n = 17)
anti-HEV IgG AB.

The study was conducted with the informed
consent of the patients or their legal representatives.
Authors confirm compliance with institutional and
national standards for the use of laboratory animals
in accordance with «Consensus Author Guidelines for
Animal Use» (IAVES, 23 July, 2010). The research
protocol was approved by the Ethics Committee of the
I. Mechnikov Research Institute of Vaccine and Sera
(protocol No. 4, February 22, 2023).

GNP colloidal solutions

GNPs with desired particle sizes were prepared
by citrate method using tetrachloroauric (III) acid tri-
hydrate HAuCl,x3H,0 («Aldrich») as a precursor
[11-13]. Taking into account that the average particle
diameter reduces with an increase in citrate concentra-
tion in the reaction mixture [11], varying amounts of
reducing agent allowed to obtain GNP samples with
different particle sizes. One mL of a 1% HAuCl,x3H,0
solution was added to 99 mL of deionized water; the
solution was brought to boil with stirring, then vari-
ous volumes of 1% aqueous solution of sodium citrate
C,H,Na,0 x2H,0 («Merck») were added.

The solution was boiled with a reflux condenser
for 20 min under stirring, then cooled to room tempera-
ture. Absorption spectra within the wavelength range
from 400 to 700 nm were measured using a Multiskan
GO tablet (flatbed) spectrophotometer («Thermo Sci-
entific»). GNP structures were studied using «Jeol JEM
ARM200F» atomic resolution scanning transmission
electron microscope («HAADF-STEM») equipped
with an energy dispersion analysis (EDX) system based
on a «GIF Quantum» spectrometer with a «Centurio
EDX» detector with 0.08 nm resolution at accelerating
voltage of 200 kV in STEM mode («Jeol») [23, 24].
TEM samples for the study were prepared by deposit-
ing a sample of GNP solution pre-diluted to A, = 1.0

520
absorbance onto carbon film-coated copper meshes.

Synthesis of conjugates

Optimal conditions for preparation of GNP con-
jugates with recAg were selected according to the de-
scribed recommendations [25, 26]. Wells 1-11 of a
96-well polystyrene plate («Greiner») were filled with
10 pL of recAg solutions with concentrations varying
from 1 to 50 pg/mL in phosphate buffer (PBS). Then,
100 pL of GNP solutions with pH from 5.5 to 9.0 were
introduced into the wells A-H of the horizontal rows of
the plate so that each column corresponded to a certain

ORIGINAL RESEARCHES

concentration of recAg, and each row corresponded to
a pH value of the solution. After 15 min, 20 uL of 10%
sodium chloride solution was added to all wells, and
after further 10 minutes optical absorption of the solu-
tions was measured at wavelengths of 520 and 580 nm
(A, Ay, As absorbance of the solution at 580 nm in-
creases with the loss of stability in the colloidal system,
the stabilizing concentration of recAg was estimated by
the difference «A,, — A, » [25].

Conjugates of GNP with recAg were obtained
by dropwise addition of 10 mL of GNP solution with
pH 8.0 to the recAg solution until recAg concentration
reached 25 pg/mL for GNP-1, 30 pg/mL for GNP-2,
and 40 pg/mL for GNP-3. Subsequently, the mixtures
were shaken at room temperature for 30 min using a
Multi-Reax device («Heildorf»); then a 10% solution
of bovine serum albumin (BSA) («Sigma») was add-
ed to a final concentration of 0.25%. Suspensions were
incubated for 15 min under the same conditions and
following that, centrifuged for half an hour at 4°C at
811 x 10° rpm, depending on the size of the GNPs.
The resultant precipitate was suspended in 1 mL of PBS
with 0.1% BSA, 10% sucrose and 0.01% sodium azide,
and absorption spectra were recorded as described ear-
lier. The obtained conjugates of GNP with recAg were
stored at 4°C.

The result of recAg seeding on the surface of GNP
was controlled by enzyme-linked immunosorbent as-
say (ELISA) [25]. PAB solution with a concentration
of 5 ug/mL in 0.1 M carbonate-bicarbonate buffer pH
9.6 was adsorbed in wells of a plate. The plates were
blocked with 0.02 M phosphate-salt buffer pH 7.2 with
0.05% Tween-20 (FSB-T), 5% sucrose, 0.09% sodium
caseinate. The wells were filled with 100 pL of super-
natants obtained after centrifugation of the GNP conju-
gates with recAg. Horseradish peroxidase-labeled MAB
was used as conjugate in ELISA; 0.5 mM 3,3',5,5'-te-
tramethylbenzidine solution was used as chromogen.
Calibration samples were produced via serial dilutions
of recAg (5, 2.5, 1.25, 0.625, 0.31 and 0.15 pg/mL)
in the supernatant liquid obtained after centrifugation
of colloidal gold solution. recAg concentration in the
samples of interest was determined using a calibration
plot of optical density values at 450 nm wavelength vs
recAg concentration in calibration solutions.

Dot immunoassay reaction

To perform dot immunoassay in sandwich format,
AB in the amounts of 0.1; 0.05; 0.025 and 0.0125 pug
were sorbed onto 13 mm nitrocellulose membrane discs
(0.45 um). As a negative control, 0.1 pg of BSA solu-
tion in 0.02 M phosphate-salt buffer pH 7.2 (PSB) was
applied. Free areas of the membranes were blocked with
0.09% sodium caseinate solution in PBS. The mem-
branes were incubated with serum containing anti-HEV
IgG AB for 1 hour in a thermo-shaker («Eppendorf») at
37°C, followed by 30 min with solutions of GNP conju-
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gates with recAg (A,,, = 0.5 0.u.) at room temperature.
Staining intensity of experimental and control spots on
the membranes was evaluated visually.

Immunochromatographic analysis

AB solutions were applied to membranes for im-
munochromatography using an automatic IsoFlow dis-
penser («Imagene Technology») at a rate of 0.2 pL per
1 mm of membrane length. PAB was used in a control
zone and AB — in analytical (test) zone. A conjugate
of GNP with recAg was sorbed on the glass fiber mem-
brane at the optimal concentration of A,, = 4 optical
density (OD) units, which was determined by changing
the dilutions of conjugates in the range of A, values
from 2 to 8 OD units with three positive serum samples
tested for each dilution.

Assembly of a multimembrane composite and cut-
ting of test strips was performed using an MTB 300
hand laminator («Kinbio Tech Co. Ltd.») and a guillo-
tine type «Cutter ZQ2002» («Kinbio Tech Co. Ltd.»).
When performing the ICA, 20 pL of blood serum was
applied to the sampling area of an immunochromato-
graphic test strip, then the edge of the strip was dipped
into 80 uL of PBS; after 2—3 minutes the test strip was
places horizontally and after further 15 minutes the
result was evaluated. Result was considered positive
when any intensity of staining of the control and ana-
lytical zones was observed, and as negative when there
was no staining of the analytical zone. In the absence
of staining of the control zone, the result was not taken
into account.

For digital evaluation of the assay results, the test
strips were scanned using a Gel DocTM XR device
(«Bio-Rady») with Image LabTM Software. Positivity
coefficient (PC) was calculated as a ratio of staining in-
tensity of an analytical area to background staining of
a test strip.

Statistical data processing was performed using R
and «Excel 2013» software.

Results

Methods for obtaining colloidal gold are well de-
scribed in the scientific literature [11, 26-29]. In pres-
ent work, we used a modified Frens citrate method for
producing GNPs with particle diameters in the range
from 15 to 40 nm, which is optimal for effective anti-
body sorption. Specifically, GNP samples with average
particle sizes of 16 nm (GNP-1), 25 nm (GNP-2) and
41 nm (GNP-3) were synthesized. Synthesis of GNP
was carried out via addition of 1% sodium citrate solu-
tion in volumes of of 1 mL, 0.75 mL and 0.5 mL to
50 mL of 0.01% tetrachloroauric(Ill) acid trihydrate
solution. Mixing was conducted using magnetic stirrer
at 300 rpm and temperature of 100°C. Once solution
color changed to red, stirring speed was increased to
500 rpm [27]. While the excess of citrate anions on the
surface of nanoparticles stabilizes the gold sol, it is not

preventing further interactions of GNPs with protein
macromolecules during preparation of immunometric
conjugates. It was demonstrated that the obtained col-
loidal solutions maintained their stable characteristic
during storage at 4°C in the absence of light for at least
six months.

An important characteristic of the GNP is the po-
sition and configuration of the SPR band. Absorption
spectra for all obtained GNP samples were recorded
and results are presented in Fig. 1. As it can be seen
in the figure, an increase in particle size led to an in-
crease in color intensity of the solutions and a shift of
absorption maximum to a region of longer wavelengths
(518 nm, 522 nm and 528 nm for GNP-1, GNP-2 and
GNP-3, respectively).

The average size and shape of nanoparticles
were assessed using transmission electron microscopy
(TEM) (Fig. 2). In high-resolution images, the relative
homogeneity of particles in shape and size in each group
is evident. The smaller particles have a predominantly
spherical shape; the presence of nanoparticles deviat-
ing from the regular spherical shape is observed in the
preparation of the GNP-3 sample, which is consistent
with the classification of the structure of nanoparticles
depending on their size [30].

The average particle sizes determined using TEM
were 16 for GNP-1, 25 for GNP-2 and 41 nm for GNP-3
samples, respectively, which corresponded well with
the values set by the synthesis conditions, and indicat-
ed that the method used was highly reproducible. The
present study was focused on obtaining GNPs of three
sizes in order to compare results obtained herein with
the existing data [31-33].

Statistical difference between three groups of
GNPs was assessed by constructing dispersion plots us-
ing the R software package Box Plot function (Fig. 3).
The degree of dispersion was found to be highest for the
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Fig. 1. Absorption spectra of GNP-1, GNP-2, GNP-3
solutions and their conjugates with recAg.
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GNP-3 sample with the largest particle sizes ranging
from 30 to 56 nm. On contrary, dispersion was minimal
(14 to 18 nm) for GNP-1 and the size range for GNP-2
was 20 to 37 nm. Quantitative data was confirmed to be
normally distributed by using Shapiro—Wilk criterion
(p £0.05), and together with the position of the medi-
ans for GNP-1, GNP-2 and GNP-3 a conclusion was
drawn that for all GNP samples, the size distribution is
close to normal.

Most common method for production of GNP-
based markers for use in immunochemical reactions is
based on non-covalent (adsorption) conjugation of pro-
teins on the surface of nanoparticles. This approach is
technologically simple and preserves the native struc-
ture and properties of macromolecules in resulting
complexes, in particular their immunoreactivity [27,

Fig. 2. Photographs of GNP obtained by means of TEM.
a — GNP-1; b — GNP-2; ¢ — GNP-3

Particle size, nm
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GNP-1 GNP-2 GNP-3

Fig. 3. Size distribution diagrams for GNP-1, GNP-2,
and GNP-3 (Box Plot functions).
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34, 35]. In this case, non-covalent bonds formed as a
result of events such as electrostatic interactions be-
tween negatively charged nanoparticles and positively
charged sites on protein surface, as well as hydrophobic
attraction between protein and metal surface, donor-ac-
ceptor interactions between metal and electrons of ni-
trogen and sulfur atoms in protein composition [26]. It
is also confirmed, that in the process of formation of
GNP complexes with proteins a stabilizing protein shell
is formed around them [35, 36]. In the present work,
passive immobilization technique was also employed
to obtain conjugates of three GNP samples with recAg.

In order to obtain a stable sol, conditions of recAg
adsorption on the surface of GNP were optimized tak-
ing into consideration physicochemical properties of
the protein important for stabilization of colloidal sys-
tem, such as molecular weight, solubility, isoelectric
point (pI = 5.43) and its concentration. Stabilizing con-
centration of recAg was determined in pH range from
5.5 t0 9.0 for all three sizes of GNP. Figure 4 demon-
strates the dependence of indicator «A,, —A, » on pro-
tein concentration at different pH values for GNP-2.

The addition of sodium chloride to GNP solutions
with low recAg concentrations led to aggregation of
protein-unstabilized GNPs, resulting in an increase of
absorption at A = 580 nm. At the same time, a solu-
tion color change from red to grey-blue was observed.
Reaching stabilizing concentrations of recAg led to an
increase and further plateauing of the «A, — A, » in-
dex value, as well as sol stability and solution color in
the presence of electrolyte.

It was further determined that the system was less
stable in the acidic medium. A possible reason for that
might be lower stability of sols in solutions with pH
close to isoelectric point of recAg (5.36). At pH > 7, the
difference between the obtained curves was negligible,
therefore conjugation of GNP with recAg was carried
out at pH 8. Stabilizing concentrations of recAg were
determined by the values at which the curves reached
a plateau (20 pg/mL for GNP-1, 25 ng/mL for GNP-2,
and 30 pg/mL for GNP-3). Concentration of recAg, re-
quired for stabilization of the colloidal system increased
with an increase in the GNP particle size. Subsequently,
recAg concentrations higher than the stabilizing con-
centration by 10—15% were used to obtain conjugates,
as it had been recommended elsewhere [33].

To investigate interaction of protein with GNP in
the samples of conjugates, the absorption spectra of
GNPs and their conjugates with reqAg were compared.
Binding of nanoparticles from the solution to protein
molecules immobilized on the gold surface results in a
noticeable shift in the SPR peak. The magnitude of this
shift is determined by the particle size and can be used
as a parameter for assessing binding activity of the ad-
sorbed protein [35]. A method for determining compo-
sition of GNP conjugates with proteins that is based on
evaluation of intrinsic fluorescence of unbound protein
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molecules is described in the literature [36]. Depend-
ing on the size of GNPs, the orientation of proteins on
the surface of GNP may vary, which in turn, can lead
to different biological activities of conjugates. Thus,
the nanoparticles size can affect reactivity of adsorbed
proteins. In the present study, the absorption spectra of
solutions of GNP conjugates with recAg demonstrated
a shift of the absorption maximum to the long-wave-
length region, which was more pronounced for smaller
GNPs as can be seen in Fig. 1. The efficiency of protein
macromolecules’ binding to the surface of the GNPs
was evaluated by measuring the amount of residual
protein remaining in the supernatants after conjugate
samples’ centrifugation [25]. Concentrations of residu-
al protein in the supernatant liquids measured after two
cycles of centrifugation averaged 2.0 and 1.0 pg/mL
for GNP-1, 3.0 and 0.8 pg/mL for GNP-2, and 4.6 and
2.2 pg/mL for GNP-3. The amount of bounded recAg
was 88% for GNP-1, 87% for GNP-2, 84% for GNP-3,
indicating a high efficiency of the process.

The immunoreactivity of conjugates was con-
firmed by dot immunoassay with human serum samples
containing IgG antibodies to HEV. Staining of spots
with sorbed AB was observed on all membranes, with
the intensity of staining decreasing slightly with serial
dilutions of sorbed AB (0.1; 0.05; 0.025 and 0.0125 pg).
These results confirmed reactivity of all of the obtained
conjugates as well as the possibility of their applica-
tion using a nitrocellulose membrane as a solid phase
(Fig. 5). The specificity of conjugates was confirmed by
the absence of staining in negative control spots (BSA).

Among the tested samples, GNP-3 conjugate with
recAg demonstrated the most stable bright staining of
the reaction zone in dot immunoassay. Thus, it was se-
lected for conducting model experiments on ICA on
both positive (n = 17) and negative (n = 17) blood se-
rum samples which had been pre-tested in ELISA. It is
also worth noting that ELISA commonly has a high-

er sensitivity compared to ICA. The «DS-IFA-ANTI-
NEV-G» reagent kit («Diagnostic Systems»), one of the
best kits for the diagnostics of HEV worldwide [37],
was chosen as the «gold» standard.

Further, the conditions for formation of control
and analytical zones of the test strip have been selected.
This included varying parameters such as concentra-
tions of sorbed AB and PAB, the speed of their appli-
cation and conditions for drying the membranes. Based
on the obtained results, a dilution of the conjugate with
A,,, = 4 was chosen, as it demonstrated sufficiently
bright coloring of the test and control bands and there
was no background staining of the membrane in reac-
tions with blood serum samples. Increasing the AB con-
centration in the analytical zone (0.25, 0.5, 1 mg/mL)
and PAB concentration in the control zone (0.5, 1,2 mg/
mL) resulted in an increase of staining intensity. At AB
concentration of 0.5 mg/mL and PAB concentration of
2 mg/mL, the intensity of the control and test bands was
sufficient for visual detection, so these concentrations
were selected as optimal. It should also be mentioned
that with a significant increase in the concentration of
sorbed antibodies, there is a possibility of their partial
desorption and migration with the flow across the mem-
brane [26, 28].

The analytical characteristics of the obtained im-
munochromatographic test strips were evaluated in re-
actions with blood serum samples containing (n = 17)
and not containing (n = 17) IgG antibodies to HEV
(Fig. 5). The study demonstrated 100% sensitivity and
100% specificity of the test strips on the 34 samples
that were analyzed. All results were divided into three
groups according to the strength of staining of the an-
alytical zone: «1+» (7.8-15.1; Me = 9.6); «2+» (26.7—
35.1; Me =31.0); «3+» (58.3-77.7; Me = 62.8). For the
majority (73%) of the positive samples staining inten-
sity was «2+» and «3+» making it applicable for visual
detection.
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Fig. 5. Results of dot immunoassay using (A) GNP conjugated with recAg (a — GNP-1; b — GNP-2; ¢ — GNP-3) and
immunochromatographic analysis of positive (B) and negative (C) serum samples using GNP-3 conjugated with recAg.

Discussion

The principle underlying ICA is the movement
of the analyte across the membrane, which results in
the formation of specific immune complexes in desig-
nated areas of the membrane. These are then detected
by staining. In the majority of cases, conjugates of an-
tigens and antibodies with GNP are employed in ICA
tests. The extant literature provides comprehensive
coverage of methodologies for synthesizing GNP with
varying particle sizes, as well as conjugating these par-
ticles with biological macromolecules [9, 12, 13]. The
present study concentrated on the synthesis of GNPs
of varying sizes, with the understanding that their op-
tical properties are contingent on their size and shape.
A range of GNP sizes were synthesized and their phy-
sico-chemical properties investigated. Conjugates of
GNPs with HEV recAG were then obtained, and the
reactivity of the obtained conjugates was evaluated by
dot immunoassay and ICA.

As the diameter of the particles increased, the
wavelength of maximum absorption has shifted slight-
ly to longer wavelengths (518 and 522 and 528 nm for
GNP-1, GNP-2 and GNP-3, respectively), that is con-
sistent with the extant literature [23]. The color of the
solutions changed from orange-red at the smallest size
particles up to purple in a colloidal gold solution with
a particle size of about 41 nm. As demonstrated by ex-
tant literature data, an augmentation in the particle size
to 50 nm or more has the potential to result in a diminu-
tion of the analytical signal [32, 33]. Therefore, the pres-
ent study was limited to the acquisition of three sizes of
GNP: 16, 25 and 41 nm. The synthesized GNPs have siz-
es according to scanning electron microscopy are com-
parable to those calculated using the Frens method [11].

A plethora of methodologies have been proposed
for the experimental estimation of the number of mole-
cules adsorbed on the surface of a nanoparticle [35, 38]

and for the calculation of the protein concentration for
planting macromolecules on GNP. Synthesis of a con-
jugate of GNP with antigen molecules is contingent on
the resolution of two principal tasks: the generation of
a stable sol and the preservation of the antigenic activ-
ity of protein molecules. The synthesis conditions that
have been determined as optimal in this study take into
account the effect of antigen concentration and pH of
the solution on the sol stability. The minimum protein
concentration at which the color of the mixture did
not change was considered to be stabilizing, i.e. deter-
mining the limits of sol stability. The protein shell sur-
rounding the colloidal nanoparticles is hydrated, which
ensures that after application to a porous glass fiber
membrane and subsequent drying, the particles, when
interacting with the sample and buffer, are returned
to the solution without compromising their reactivity.
Consequently, antigen conjugates with GNP of three
sizes were obtained, demonstrating stability over a pe-
riod of six months.

A preliminary evaluation was conducted in order
to ascertain the capacity of the synthesized conjugates
to interact specifically with AB. This investigation em-
ployed the dot immunoassay technique in the capture
format, a method that facilitated the determination of
the products' remarkable activity and suitability for uti-
lization in assays employing nitrocellulose membranes
as a solid phase. In the ICA reactions, an increase in the
size of the GNP resulted in a significant increase in the
analytical signal, and the brightest band in the test zone
was observed when using a conjugate with a particle
size of 41 nm. This confirmed an increase in the extinc-
tion coefficient of GNP solutions with an increase in
particle size. The enhancement of the analytical signal
upon utilization of large-diameter GNP conjugates for
preparation may be attributed to the higher sensitivity
of the human eye to the more contrasting purple hue.
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Conclusion

During the course of this work, GNPs with three
particle sizes (16, 25, and 41 nm) were obtained and
characterized, and optimal conditions for preparation
of GNP conjugates with recAg were determined. The
resultant GNP conjugates demonstrated high efficiency
and specificity of their interaction with anti-HEV IgG
AB. Also, a possibility of application of GNP-3 conju-
gate with recAg in ICA was demonstrated.

The resulting conjugate is intended for use in the
development of a test system for the rapid simultaneous
detection of IgG and IgM AB to HEV. The appearance
of IgG AB in the patient blood occurs a few days af-
ter the appearance of IgM AB. Anti-HEV IgM AB has
been observed to persist for six to nine months. By way
of contrast, serum anti-HEV IgG AB has been shown to
persist for decades following the virus exposure [16].
In the early stages of the disease, the simultaneous de-
tection of anti-HEV IgG and IgM AB is an additional
tool of the diagnostic algorithm. Detection of anti-HEV
IgG AB alone may indicate both acute or past infection
and post-vaccination immunity. A significant area of
utilization for the rapid anti-HEV IgG test pertains to
epidemiological studies, particularly in scenarios where
laboratory equipment is absent.

The results obtained in this study represent novel
data and could be used as a foundation for the develop-
ment of a new efficient ICA test for rapid diagnostics of
hepatitis E.
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Study of the protective properties of immunodominant proteins
of orthopoxviruses in various methods of immunization
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Abstract

Introduction. In 2022, the World Health Organization declared monkeypox a public health emergency. The
monkeypox virus (MPV) is part of the Orthopoxvirus genus within the Poxviridae family. During replication,
orthopoxviruses produce two distinct forms of viral particles: the extracellular enveloped virion (EEV), released
via exocytosis, and the intracellular mature virion (IMV), released through cell lysis. These forms differ in surface
proteins composition, influencing their immunogenicity and infectivity.

Aim. To evaluate the immunogenic and protective activity of nine surface antigens of vaccinia virus.

Materials and methods . Recombinant human adenoviruses type 2 (rAd2) carrying surface antigens of vaccinia
virus were obtained using homologous recombination in bacteria, followed by adenoviral particle assembly in
HEK293 cells. The immunogenic and protective properties of these adenoviruses were tested in BALB/c mice.
The presence of antibodies to the vaccinia virus was assessed using ELISA, and survival rates were evaluated in
a lethal infection model after intranasal challenge with the vaccinia virus strain Western Reserve.

Results. The most immunogenic and protective antigens of the vaccinia virus within rAd2 were glycoprotein B5 of
the EEV and membrane-associated protein H3 of the IMV, both showing 100% protective efficacy after intranasal
immunization.

Conclusion. Using a panel of recombinant adenoviruses carrying genes of vaccinia virus surface proteins, it was
shown that optimal protection is achieved using a combination of enveloped and mature virion antigens. This
method could be used for development of new multivalent preparations against various viral infections.

Keywords: monkeypox virus, vaccinia virus, recombinant adenovirus, immunogenicity, protective activity
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UccnepgoBaHne NpOTEeKTUBHbIX CBONCTB MMMYHOAOMUHAHTHDIX
6eNKoB OPTONOKCBUPYCOB NPW pasfNYHbIX cnocobax
MMMYHM3aLun

3penkuH [.1.%, 3y6koBa O.B.*™, OxxapoBckas T.A., Monosa O., BopoHuHa [1.B.,
lfonposckaa .M., BaBunosa WU.B., YyryHosa A.C., [lonxknkosa U.B.,
LWep6uHuH A.H., Lebnakos A.B., JloryHos A.10., TnHu6ypr AJl.

HavumoHanbHbI nccnefoBaTeNibCKUN LEHTP SMNMAEMUONOTN 1 MUKPOGUOnornm
MMeHU noyeTHoro akagemunka H.Q. lamaneun, Mocksa, Poccua

AHHOMauus

BBepeHue. BcemupHasi opraHmsauus 3apaBooxpaHeHms B 2022 r. ob6bsaBuna ocny 06e3bsH Ype3BblYanHOM Cu-
Tyaumen B obnactu sgpasooxpaHeHus. Bupyc ocnbl 06e3bsH (MPV) npunaanexut k pogy Orthopoxvirus cemen-
ctBa Poxviridae. OpTONOKCBMPYCbl BO BpeMs pennukaumMu obpasytoT 2 otaenbHble OpMbl BUPYCHbIX YacTuu:
3K30LMTO30M BbIAENAETCH 000NOYEYHbIN BHEKNETOYHbIM BUPWOH (EEV), a 3penbii BHYTPUKINETOYHbIA BUPUOH
(IMV) BbicBOGOXOaETCA B pedynbraTe nuanca KneTok. Y aTux AByx hopm BUPUOHOB OTNMYaKOTCA Habopbl NoBepX-

HOCTHbIX BENKOB, YTO 06ycnosnv|BaeT nx pasnnyma B UMMYHOI€HHOCTU n MHMEKLMOHHOCTN.

Llenb paboTbl — OLEHKA UMMYHOFEHHOW WM MPOTEKTUBHOM aKTUBHOCTU 9 MOBEPXHOCTHBLIX aHTUrEHOB BMpyca

ocnoBaKuUMHBbI.

Martepuan u metogbl. [eHOMbI peKkOMOMHAHTHBIX aJE€HOBUPYCOB YernoBeka 2-ro cepoTuna, HecyLLmMx noBepx-
HOCTHbIE aHTUIEHbl BMPYCa OCMOBAaKLUMHbI, MOy4Yany MeTO40M roOMOSIOrMYHOM peKkoMOMHaUmMn B GakTepmanbHbIX
KrneTkax c nocnegytoLuen cbopkon ageHoBMpYyCHbIX YacTuy B knetkax HEK293. MIMMyHOreHHble 1 NpOTEKTUBHbIE
CBOWCTBA NOMyYEeHHbIX PEKOMOWHAHTHBIX afleHOBMPYCOB M3y4anu Ha Mblwax BALB/c. CbiBopoTku KpoBu nocne
UMMYHM3aLUUN XXMBOTHbBIX MCCreaoBann MeEToA0M MMMYHOEPMEHTHOIO aHanuaa Ha Hanuunue aHTUTen K BUpycy
ocnoBakuUMHbI. [pOTEKTUBHbIE CBOMCTBA OLEHMBANM Ha NneTansHON Modeny MHEeKUUn Mblllen nocrne nHTpaHa-

3aribHOro 3apaxeHna BUMpyCoM OCnoBaKUUHbI lWWTaMMa Western Reserve.

PesynbraTtbl. Hanbonee MMMyHOreHHbIMU M NPOTEKTUBHBLIMW aHTUIEHaMU BUpyca OCMOBaKUMHbI B COCTaBe pe-
KOMBMHaHTHbBIX aJeHOBMPYCOB YeroBeka 2-ro cepotuna bbiny rmukonpotenH B5 060no4e4HOro BHEKNETOHHOTO
BMPUOHA N MeMBpaHHO-accoLMMpoBaHHbIn 6enok H3 3penoro BHYTPYKIETOYHOTO BUPUOHA. MNpu nsyveHun 3a-
LWMTHON adbpeKkTMBHOCTM aHTureHoB nokasaHa 100% adpektuBHoCTb B5 1 H3 npu nHTpaHasansHON UMMyHW-

3auun.

3akntouyeHune. [Npy Ncnonb3oBaHNM NaHENn pPekoMOMHAHTHBIX afeHOBUMPYCHBIX BEKTOPOB, HECYLUMX FeHbl Mo-
BEPXHOCTHbIX OEMKOB BUpPYCa OCMOBAKLMHbI, MOKa3aHO, YTO ONTUMasibHas 3alimMTa MOXET ObITb JOCTUrHyTa C Mo-
MOLLIbHO KOMOMHALMM aHTUreHOB 060N0YEYHOrO 1 3pEernoro BUPMOHOB. [laHHbI Noaxoa MOXeT 6bITb MCNOMb30BaH

npu paspa60TKe HOBbIX NONMBANEHTHbIX BaKUMH NMPOTUB PasimiMyHbIX BUPYCHbIX MHMEKLNIA.

KnioueBble crioBa: supyc ocribl 06e3bsiH, 8UPYC OCMOBaKUUHbI, PEKOMOUHaHMHBbIL adeHo8UPYC, UMMYHO2EH-

HOCMb, NPOMmMeKmueHoCcmb

Amuyeckoe ymeepOeHue. ABTOpblI MOATBEPXKAANT COGMIOAEHVWE WHCTUTYLMOHAmNbHBIX M HaUMOHAarbHbIX CTaH-
[apToB MO UCMOMb30BaHMIO NabopaTopHbIX XMBOTHLIX B cooTBeTCTBUM € «Consensus Author Guidelines for Animal
Use» (IAVES, 23.07.2010). Mpotokon wuccnepoBaHusi ogobpeH KomwuteTtom no 6uomeguumHckon atuke HALIOM

um. H.®. lamaneu (npotokon Ne 34 ot 16.01.2023).

HUcmoyHuk (f)UHaHCUpOsaHUH. ABTOpr 3aaBnsaT 06 OTCYTCTBUM BHELUHEro CbVIHaHCI/IpOBaHVIFl npu nposegeHun nc-

crnefoBaHus.

KOH(#)J'IUKm UHmMepecos. ABTOpr OEKNapupyT OTCYTCTBME ABHbIX U NMOTEHUWaNbHbIX KOHq)ﬂI/IKTOB NHTEepecoB, CBA-

3aHHbIX ¢ NyGnnKaumen HacTosLen cTaTbu.
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Introduction

Orthopoxviruses belong to the Poxviridae fami-
ly, Chordopoxvirinae subfamily, Orthopoxvirus genus,
which contains 13 species: Orthopoxvirus abatinoma-
cacapox, Orthopoxvirus akhmetapox, Orthopoxvirus
camelpox, Orthopoxvirus cowpox, Orthopoxvirus ec-
tromelia, Orthopoxvirus monkeypox, Orthopoxvirus
raccoonpox, Orthopoxvirus skunkpox, Orthopoxvirus
taterapox, Orthopoxvirus vaccinia, Orthopoxvirus va-
riola, Orthopoxvirus volepox, and the unofficially clas-
sified Alaska smallpox virus'. Species are divided into
2 related clades: Old World (Eurasian and African) and
North American orthopoxviruses [1]. Many of these vi-
ruses can cause severe disease in domestic animals as
well as zoonotic infections in humans. Human infection
most commonly occurs through livestock rearing, con-
tact with domestic animals, and trade in exotic animals
as a result of direct contact with them. When introduced
into non-endemic regions, enzootic orthopoxviruses
may pose a threat to native and endemic species [2—4].

Orthopoxviruses of different species are antigeni-
cally and immunologically close to each other. Vaccina-
tion against smallpox, for example, provides cross-pro-
tection against other members of the genus [5]. How-
ever, after the global eradication of smallpox in 1980,
many countries began to phase out routine vaccination
against the disease [6]. As a result, a significant pro-
portion of the population currently lacks immune pro-
tection to orthopoxviruses. This explains the increasing
frequency of outbreaks in various regions of the world,
among which monkeypox is particularly notable. The
global outbreak that occurred in 2022 was recognized
by the World Health Organization (WHO) as a public
health emergency of international concern [7]. The
ongoing epidemic of monkeypox in African countries
may lead to accelerated viral evolution and adaptation
to human-to-human transmission of the zoonotic dis-
ease [8]. Despite existing vaccines, WHO has recom-
mended the development of less reactive vaccines to
improve the efficacy and duration of protection to get
the current outbreak under control.

Orthopoxviruses have a large and complex pro-
teome containing more than 200 proteins, of which
more than 30 are structural proteins [9, 10]. During
infection, the virus exists in two antigenically distinct
infectious forms [11-13]. Intracellular mature virions
(IMV) are the main infectious viral particles and play
a key role in human-to-human transmission. The sur-
face membrane of this form contains at least 11 pro-
teins: A14.5 (~10 kDa), E10 (12 kDa), I5 (13 kDa), A13
(14 kDa), A27 (14 kDa), A9 (~18 kDa), Al4
(17-25 kDa), A17 (23-29 kDa), L1 (25-29 kDa), D8
(34 kDa) and H3 (35 kDa) [9-13]. Extracellular envel-

! ICTV. Subfamily: Chordopoxvirinae. Genus: Orthopoxvirus.
URL: https://ictv.global/report/chapter/poxviridae/poxviridae/
orthopoxvirus
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oped virions (EEVs) are formed from IMVs and have
an additional lipoprotein membrane responsible for vi-
rus dissemination within the body [12]. EEV and IMV
surface proteins ensure the infectivity of orthopoxvirus-
es and serve as major targets for the induction of pro-
tective immunity [ 14, 15]. Because antibodies that neu-
tralize IMV do not neutralize EEV, it is believed that
immunization with antigens from both of these forms is
necessary for maximal protection [16].

The immunodominant proteins to which antibo-
dies are produced, including virus-neutralizing anti-
bodies, are two EEV glycoproteins, A33 and BS5, as
well as IMV proteins: L1, H3, D8 and a complex of
3 proteins of immature virion A14, A17 and D13 or a
complex of A14, A17 and A27 of a mature virion [14,
17-19]. Proteins A33 and B5 play a role in envelope
virion formation and subsequent infection [14]. Among
the surface proteins of the mature virion, 3 proteins me-
diate the attachment of the virus to the host cell. Protein
D8 forms dimers on the viral membrane and ensures
virion infectivity by binding to chondroitin sulfate on a
cell membrane [20]. A27 and H3 proteins bind heparan
sulfate. A27, a major membrane protein, is required for
the formation of the enveloped extracellular virion and
is involved in the attachment of the virus to the cell and
subsequent fusion of the viral and cell membranes. A27
forms a complex with the transmembrane proteins A14
and A17, which are important structural elements of the
mature virion membrane. A17 is also required for virus
entry into the cell and serves as an anchor for A27 [21].
H3 binds to the cell surface via heparan sulfates and,
like D8 and A27 proteins, is involved in virus entry into
the cell. H3 is a major protein in the development of im-
mune response in humans [22]. L1 is a transmembrane
protein that is essential for the formation of mature vi-
rions and is involved in virus entry into the cell [23].

Although most of these antigens (A27, L1, BS and
A33) have been studied as part of various polyvalent
vaccines [18, 24, 25], certain immunodominant pro-
teins were not included in these studies. Furthermore,
while orthopoxviruses are highly immunogenic, the
antigens themselves have low immunogenicity. Vac-
cination with purified proteins or DNA encoding pro-
teins of vaccinia virus requires multiple immunizations
for induction of a protective immune response [24, 26,
27]. In contrast to DNA vaccines and subunit vaccines,
vaccination with recombinant adenoviruses (rAd) has
been shown to promote both a robust humoral and cel-
lular immune response and protective immunity after a
single immunization [28—30]. Given the importance of
rapid induction of protective immunity in a potential
outbreak, we studied the possibility of a single immuni-
zation with rAd expressing the EEV and IMV antigens
of the vaccinia virus.

The aim of this study was to evaluate the immu-
nogenic and protective activity of 9 surface antigens of
vaccinia virus. To achieve this goal, rAd carrying genes
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of surface proteins of mature (D8, H3, L1, A14, A17,
A27 and D13) and extracellular (A33 and BS) virions
of smallpox virus were constructed. Furthermore, in-
dividual immunogenic and protective properties of the
obtained adenoviruses were investigated by intranasal
and intramuscular methods of immunization. This ap-
proach can be used in the development of new polyva-
lent vaccines against various viral infections.

Materials and methods

Cell lines and viruses

The Vero E6 cell line (green monkey kidney) was
cultured in DMEM medium (Cytiva) containing 4%
fetal bovine serum (Gibco), 25,000 units of penicillin
and 25 mg of streptomycin (Paneco) at 5% CO,. The
HEK293 cell line (human embryonic kidney) was cul-
tured in DMEM medium (Cytiva) containing 10% fetal
bovine serum (Gibco), 25,000 units of penicillin and
25 mg of streptomycin (Paneco) at 5% CO.,.

Western Reserve strain of vaccinia virus (VACV
WR) (GenBank #0OP584857.1) was grown in Vero E6
cells. Aliquots of virus-containing medium were stored
at —80°C. The biological activity of the virus was deter-
mined by standard titration method on cell culture by
counting plaques [31].

Production of recombinant adenoviruses

rAd was constructed using the technology de-
scribed previously [32]. Vaccinia virus antigen genes
were amplified from the VACV WR genome (GenBank

#OP584857.1) using primers indicated in Table 1 and
cloned under the control of the human cytomegalovirus
promoter. Plasmid vectors with the human rAd genome
of type 2 (rAd2) and the target antigen were obtained by
homologous recombination in bacterial cells. The rAds
were produced and grown in HEK293 cells. Viruses
were purified and concentrated by ultracentrifugation in
cesium chloride density gradient according to standard
methods [33]. The number of virus particles was deter-
mined by the standard spectrophotometric method [34].

Animal models

Mice of the inbred line BALB/c, males and fe-
males, body weight 16-18 g, were obtained from the
nursery of the Pushchino Nursery of laboratory ani-
mals, branch of the Institute of Bioorganic Chemis-
try of RAS. The animals were kept in the vivarium of
N.F. Gamaleya NRCEM in accordance with the re-
quirements for keeping laboratory animals and had free
access to food and water. The authors confirm compli-
ance with institutional and national standards for the
use of laboratory animals in accordance with the “Con-
sensus Author Guidelines for Animal Use” (IAVES,
23.07.2010). The study protocol was approved by the
Biomedical Ethics Committee of the N.F. Gamaleya
NRCEM of the Ministry of Health of Russia (protocol
# 34 from 16.01.2023).

Immunization and infection of mice

Five-week-old BALB/c mice were immunized
intranasally under mild inhalation anesthesia or intra-

Table 1. Primer sequences for amplification of vaccinia virus genes

Name Sequence
A33-F CACCGGCGGTCGACAGATCTGCCACCATGATGACACCAGAAAACGACG
A33-R GATATCTCTAGATTAACAAAAATACTTTCTAACTTCTTGTG
H3-F ACTAAGCTTATATGGCGGCGGCGAAAACT
H3-R ATCTAGATATCTG TTAGATAAATGCGGTAAC
B5-F CACCGGCGGTCGACAGATCTGCCACCATGAAAACGATTTCCGTTGTTACG
B5-R TCTAGATTACGGTAGCAATTTATGGAACTTATA
D8-F CACCGGCGGTCGACAGATCTGCCACCATGCCGCAACAACTATCTCCTATTAA
D8-R GATATCGCTAGCTTACTAGTTTTGTTTTTCTCGCGAATATCG
A14-F CACCGGCGGTCGACAGATCTGCCACCATGGACATGATGCTTATGATTGG
A14-R GATATCTCTAGATTATTAGTTCATGGAAATATCGCTATG
A27-F CACCGGCGGTCGACAGATCTGCCACCATGGACGGAACTCTTTTCCC
A27-R TCTAGATTATTACTCATATGGGCGCCGTC
L1-F CACCGGCGGTCGACAGATCTGCCACCATGGGTGCCGCGGCAAGCAT
L1-R GATATCTCTAGATTATCAGTTTTGCATATCCGTGGTAGC
A17-F CACCGGCGGTCGACAGATCTGCCACCATGAGTTATTTAAGATATTACAATATG
A17-R GATATCTCTAGATTATTAATAATCGTCAGTATTTAAACTG
D13-F CACCGGCGGTCGACAGATCTGCCACCATGAATAATACTATCATTAATTCTTTG
D13-R ACTAGTTTATTAGTTATTATCTCCCATAATCTTG
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muscularly with rAd at a dose of 2 x 10'? viral particles.
The same adenoviruses were re-administrated at the
same dose 3 weeks later. Serum samples were collected
on day 28 after the 1* immunization. Immunized mice
were subjected to intranasal infection with vaccinia
virus strain WR at a dose of 16 LD, (5 x 10* PFU)
35 days after the 1st immunization. During 14 days
after infection, the animals were examined daily and
clinical symptoms of smallpox infection (decreased lo-
comotor activity, hunched, ruffled hair, conjunctivitis),
changes in body weight, and death of mice were record-
ed. Animals were sacrificed if they lost more than 25%
of their body weight.

Enzyme immunoassay

The titer of specific IgG antibodies to vaccinia vi-
rus in serum samples was determined by enzyme-linked
immunosorbent assay. 96-well plates were coated with
vaccinia virus WR (10° PFU/plate) diluted in carbon-
ate-bicarbonate buffer (pH 9.6) overnight at 4°C. Se-
rum samples were serially diluted twice to 1 : 102,400,
added to blocked 96-well plates and incubated at 37°C
for 1 h. The plates were then washed and secondary
antibodies conjugated to a complex of recombinant
streptavidin with horseradish peroxidase were added to
each well. The plates were incubated for 1 h at 37°C.
Thereafter, tetramethylbenzidine hydrochloride was
added to the plates. The reaction was stopped by adding
H,SO, and the absorbance (450 nm) was read using a
Multiskan FC tablet photometer (ThermoFisher). The
highest serum dilution with an optical density value 2
or more times higher than the value in the correspond-
ing serum dilution of intact (unimmunized) mice was
taken as the final titer.

Statistical processing of data

Statistical processing of data and construction
of diagrams were performed in the GraphPad Prism 8
program. Statistical significance of differences between
the studied groups was determined using the Wilcoxon

ORIGINAL RESEARCHES

T-test for dependent samples or Mann—Whitney U-test
for independent samples. Differences were considered
reliable at p < 0.05.

Results

Design and production of rAd expressing surface
antigen genes

The main immunodominant proteins of the vac-
cinia virus are 2 glycoproteins of the enveloped extra-
cellular virion, A33 and BS5, as well as proteins of the
mature intracellular virion: D8, H3, L1, A14, A17, A27
and D13. These antigens have a high degree of homo-
logy between different orthopoxvirus species (Table 2)
[35-37].

The genes of the proteins described above were
obtained from the genome of vaccinia virus and cloned
into the rAd2 genome under the control of the human
cytomegalovirus promoter (Fig. 1). The rAd2 genome
carries a deletion of the E1 region that renders the ad-
enovirus replication-defective (an expression cassette
with the target gene is cloned into this deletion site).
To increase the packaging capacity, the E3 region was
also deleted.

Thus, we obtained 9 rAd2, 2 of which carried sur-
face antigens of the enveloped virion (rAd2-B5 and
rAd2-A33) and 7 of which carried antigens of the ma-
ture virion (rAd2-H3, rAd2-L1, rAd2-D8, rAd2-D13,
rAd2-A14, rAd2-A17, and rAd2-A27).

rAd2 vectors induce humoral immune response in vivo

To evaluate the immunogenicity of the obtained
rAd(rAd2-A33,rAd2-B5,rAd2-H3,rAd2-L1,rAd2-DS,
rAd2-D13, rAd2-Al4, rAd2-A17, rAd2-A27), mice
were immunized intramuscularly or intranasally with
adenoviruses at a dose of 2 x 10'? viral particles once
or twice. Titers of specific IgG antibodies to vacci-
nia virus were determined by enzyme-linked immu-
nosorbent assay on the 28" day after immunization
(Figs. 2, 3).

Table 2. Homology between proteins of different orthopoxvirus species

Antigen (% homology)

VACYV antigen
Orthopoxvirus monkeypox Orthopoxvirus cowpox Orthopoxvirus variola
L1 M1 (98,4%) CPVX099 (98,4%) M1 (99,2%)
H3 H3 (93,83%) CPVX112 (94,46%) 13 (93,85%)
D8 E8 (94,41%) CPVX125 (97,37%) F8 (93,09%)
D13 E13 (98,91%) CPVX131 (98,73%) N3 (98,91%)
A14 A15 (100%) CPVX146 (100%) A14 (97,78%)
A17 A18 (97,55%) CPVX150 (95,59%) A17 (97,55%)
A27 A29 94,55%) CPVX162 (95,45%) A30 (93,64%)
A33 A35 (92,47%) CPVX168 (91,49%) A36 (89,25%)
(

B5 B6 (96,53%)

CPVX199 (93,69%) B7 (92,74%)
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Fig. 1. Scheme for the production of recombinant adenoviruses expressing surface antigens of the vaccinia virus.
L1 — myristoylated protein; H3 — membrane-associated protein p35 IMV; D8 — transmembrane carbonic anhydrase-like protein;
D13 — IMV membrane protein; A14 — structural transmembrane protein p16 IMV; A17 — transmembrane protein IMV (morphogenesis
factor); A27 — membrane protein IMV; B5 — type | membrane glycoprotein; A33 — type Il membrane glycoprotein.
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Fig. 2. Immunogenicity of recombinant adenoviruses expressing surface antigens of the vaccinia virus after single (a)
and double (b) intramuscular immunization.

The figures show the confidence at p < 0.05; *p < 0.0001. C — control.
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Fig. 3. Immunogenicity of recombinant adenoviruses
expressing surface antigens of the vaccinia virus after
two intranasal immunizations.

The figure shows the confidence at p < 0.05; *p < 0.0001.
C- — control.

A single intramuscular immunization resulted in
the formation of specific IgG antibodies in mice that
received rAd2-B5, rAd2-H3, rAd2-DS8, rAd2-D13, and
rAd2-A14. The titer values in these groups had significant
differences with the control group, where titers were less
than 1 : 50 (Fig. 2, a). High levels of IgG antibodies were
found in the group of mice immunized with rAd2-H3
(geometric mean titers (GMT) 1 : 3676). Administration
of rAd2-B5 resulted in the induction of IgG-antibodies
with GMT =1 : 348.2. Minimal levels of IgG antibodies
were observed for rAd2-D8 (GMT =1 : 100), rAd2-A14
(GMT =1 :107.2) and rAd2-D13 (GMT =1 : 57.43)
groups with no significant differences between groups.
Double immunization resulted in a significant increase
in IgG antibody levels compared to single immunization
only for the rAd2-H3 (GMT =1 : 14703) and rAd2-B5
(GMT =1:2111) groups (Fig. 2, b). No significant dif-
ferences were found between the other groups.

After single intranasal immunization, specific IgG
antibodies in serum were not detected in any group. Af-
ter double intranasal immunization, specific IgG anti-
bodies were detected in the serum of animals immu-
nized with rAd2-B5 and rAd2-H3. The titer values in
these groups had significant differences with the control
group, where titers were less than 1 : 50 (Fig. 3). High
antibody levels were found in the group of mice immu-
nized with rAd2-H3 (GMT =1 : 1902.73). Administra-
tion of rAd2-BS5 resulted in induction of IgG antibodies
with GMT =1 : 183.4.

ORIGINAL RESEARCHES

Protective efficacy of rAd2 in vivo

The next step was to test the protective efficacy
of the antigens. After 35 days from the start of double
immunization, mice were infected with a pathogenic
WR strain at a dose of 16 LD, (5 x 10* PFU). The in-
fectious dose was chosen based on preliminary experi-
ments to determine the LD, in vivo [38]. Survival and
body weight changes were recorded for 14 days after
infection.

As expected, in the control group, pronounced
clinical signs of the disease with a body weight loss of
more than 13% were observed from day 4. As shown in
Fig. 4, all control mice rapidly lost weight and died on
the 5"-8" day after the infection.

After intramuscular immunization with rAd2-B5
expressing the B5 EEV glycoprotein gene, we ob-
served 20% protection of animals from lethal infection
(Fig. 4, a, b). Double intramuscular immunization with
rAd2-D8 expressing the D8 IMV glycoprotein gene re-
sulted in 40% survival of animals. Animals immunized
with rAd2 expressing other surface antigens lost 25%
of their initial weight within 5-7 days of infection. The
results of the study concluded that when using the in-
tramuscular route of administration, a single antigen is
not sufficient for protection.

Interestingly, intranasal immunization significantly
reduced the severity of infection and protected the an-
imals from both lethality and weight loss (Fig. 4, ¢, d).

In particular, during immunization with rAd2-B5
we observed 100% protective efficacy. It should be
noted that in the group of animals immunized with
rAd2-B5, insignificant weight loss (no more than 3%)
on days 3-5 was observed in only half of the animals.
In the rAd2-H3 group, the survival rate was 87.5%
(out of the 8 mice, 1 did not survive). Furthermore,
1 mouse had a weight loss of about 15% on day 5
with gradual recovery by day 14. In the rAd2-A33,
rAd2-L1, rAd2-D8 and rAd2-D13 groups, the sur-
vival rate was 75%. Temporary weight loss by day 5
for the groups did not exceed 25%. The mice in the
rAd2-A17 and rAd2-A27 groups had a 50% lethality
with a weight loss of 15% or less. The mice immu-
nized with rAd2-A14 lost 21% of their initial weight
within 5 days of infection. The survival rate in this
group was only 25%.

These data indicate that rAd2-B5 and rAd2-H3
are optimal vectors for protection against intranasal
vaccinia virus infection, demonstrating the importance
of B5 and H3 as protective antigens in this model of or-
thopoxvirus infection. Therefore, we further tested the
efficacy of combined immunization (intramuscular +
intranasal) for induction of both systemic and local re-
sponse.

Mice were injected intramuscularly with rAd2-B5
or rAd2-H3 at a dose of 2 x 10! viral particles; 21 days
later, the same adenoviral vector was administered in-
tranasally. After 35 days from the start of immuniza-
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a, ¢ — weight dynamics (the graph shows the average value and the standard error of the average value); b, d — survival. C— — control.

tion, animals were infected with the pathogenic WR
strain at a dose of 16 LD, (5 x 10* PFU). Survival and
body weight changes were recorded for 14 days after
infection (Fig. 5).

Combined immunization with rAd2-B5 or
rAd2-H3 provided 100% protection of animals against
lethal infection. No weight loss was recorded in the
group of animals intramuscularly and intranasally
immunized with rAd2-B5. However, in the rAd2-H3
group, weight loss was about 23% on day 6 in 2 out of
8 mice with gradual recovery by day 14.

Discussion

Since the use of vaccinia virus in the last century,
concomitant vaccination is no longer available. Despite
the eradication of smallpox, the world continues to face
orthopoxvirus infections that require active actions. Se-
rious side effects following smallpox virus vaccination

have emphasized the need to develop safer vaccine for-
mulations to combat current orthopoxvirus infections
such as monkeypox.

Russian scientists have made a great contribution
to the development of smallpox vaccines [39-41].
Currently, the least reactogenic and safe vaccine is
the recently developed OrthopoxVac vaccine from
the Vector Research Center of Rospotrebnadzor for
the prevention of orthopoxvirus infections, which is
an L-IVP strain of the vaccinia virus with 6 disrupted
virulence genes [42].

A high degree of homology in the central region of
the genome of monkeypox and vaccinia virus, amount-
ing to 96.3%, indicates their genetic similarity [35-37].
In particular, the MPV genes A35, B6, M1, E8, H3,
A15, A18, A29 and E13 show significant conservation
with orthologous orthopoxvirus genes, including small-
pox and vaccinia viruses [24].
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Several technologies have been used to develop
orthopoxvirus vaccines: live vaccine, attenuated repli-
cation-defective virus, DNA-based vaccine and subunit
vaccines. Each of them has its own disadvantages, such
as serious adverse events with live vaccine, lower im-
munogenicity in attenuated non-replicating vaccines
and DNA vaccines, and a long development cycle for
recombinant proteins [24, 26, 43, 44].

rAd possess a number of key properties that make
them good candidates for vector vaccine development.
rAd are physically and genetically stable and effective-
ly induce innate and adaptive immune response by vari-
ous routes of administration, including delivery via mu-
cosal surfaces [45]. The latter is a significant advantage
over other types of vaccines, since the effectiveness of
vaccination depends on the site of administration and
the recruitment of antigen-presenting cells [46]. Intra-
muscular immunization leads to stimulation of the sys-
temic immune response, but does not provide effective
barrier immunity. Meanwhile, intranasal immunization
can induce humoral and cellular immunity both on mu-
cosal membranes and systemically [47]. Thus, the de-
velopment of mucosal vaccines will help to meet the
need for more effective protection against pathogens
that penetrate through mucous membranes.

Adenovirus technology provides a versatile plat-
form for the rapid development and deployment of vac-
cines to combat viral infections, including those with
pandemic potential. In this study, we developed a panel
of recombinant replication-defective vectors based on
human adenovirus type 2 encoding genes of surface
proteins of vaccinia virus. Two proteins of the extracel-
lular enveloped virion (A33 and B5) and 7 proteins of
the intracellular mature virion (L1, D8, H3, A14, A17,
A27,D13) were selected as target genes for cloning into

the rAd2 genome. We evaluated the immunogenicity of
9 EEV and IMV surface proteins, most of which have
been shown to be effective in previous studies [15, 17,
19, 24, 26, 27]. However, in our study, of the 9 surface
antigens, only B5 and H3 induced an immune response
in mice upon systemic and intranasal administration.
We hypothesize that this may be due to the fact that
both B5 and H3 proteins are glycoproteins. Glycopro-
teins contain epitopes that are recognized by immune
system cells more efficiently than epitopes of other
types of proteins. According to the literature sources, in
silico predicted B- and T-cell epitopes for immunodom-
inant MPV proteins (M1, H3, E8, A29, A35 and B6)
have been reported [48].

In experiments to study the protective efficacy of
rAds, we demonstrated the efficacy of intranasal im-
munization. Intranasal immunization with rAd2-B5 ex-
pressing the BS EEV glycoprotein gene provided the
best protection (100%) with the least weight loss and
fastest recovery. Intranasal immunization with rAd2-H3
expressing IMV glycoprotein H3 gene provided 87.5%
protection. Other surface proteins: EEV A33, IMV L1,
D8 and D13 protected animals from lethal infection by
75%. Administration of rAds with genes of IMV anti-
gens A17, A27 and A14 provided only partial protec-
tion against VACV by 25-50% depending on the an-
tigen. The efficacy of combined immunization (intra-
muscular + intranasal) with rAd2-B5 or rAd2-H3 was
100%. Our data are consistent with the results of other
studies; in which it was shown that specific immunity to
EEV surface antigens is most important for protection
against intranasal infection [49]. Antibodies specific to
BS5 play an important role against pulmonary or intra-
cerebral infection [50]. H3 protein activates dendritic
cells, which leads to the secretion of cytokines such as
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interleukins-12p70, -10, -6 and tumor necrosis factor-a,
which further induces proliferation of CD8* T-lympho-
cytes, thereby destroying virus-infected cells [51].

These results demonstrate the protective potential
of the selected antigens and provide valuable informa-
tion for the subsequent development of effective and
safe polyvalent orthopoxvirus vaccines. Our study con-
firms that B5 and H3 have the highest protective poten-
tial, and in combination with other surface proteins of
the mature virion can provide maximum efficacy. Fur-
ther study of the immunogenic and protective poten-
tial of different antigen combinations is required. This
study lays a solid foundation for the subsequent optimi-
zation of vector vaccines by confirming the feasibility
of combining different EEV and IMV surface antigens
to achieve maximum protection against orthopoxvirus-
es, including monkeypox virus.

Conclusion

In this study, a panel of rAds carrying genes of
vaccinia virus surface proteins was created and their
immunogenicity and efficacy were evaluated. In our
study, we found that in a lethal infection model in-
duced by the WR vaccinia virus strain, glycoproteins
B5 and H3 showed the greatest protective activity
when immunized intranasally. Furthermore, combi-
nation with other antigens can not only enhance the
immune response but also generate cross-immunity
to other members of the Orthopoxvirus genus causing
infections in humans. These results provide insight
into the protective mechanism of polyvalent vector
vaccines and a basis for further development and in-
troduction of such vaccines aimed at enhancing pro-
tection against orthopoxviruses.
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Adaptation of H2N2 influenza viruses with different receptor
specificity to MDCK cells: opportunities for the development
of a cell-based vaccine against pandemic H2N2 influenza

Victoria A. Matyushenko®, Arina D. Kostromitina, Larisa G. Rudenko, Irina N. Isakova-Sivak
Institute of Experimental Medicine, St. Petersburg, Russia

Abstract

Introduction. H2N2 influenza viruses caused a pandemic in 1957 due to the adaptation of avian influenza
hemagglutinin from avian-type a2,3 to human-type 02,6 receptor specificity. These viruses have not circulated
among humans for more than 50 years but are still found in avian reservoirs, indicating their pandemic potential.
It is known that at the beginning of a pandemic wave, viruses with 02,3 and 02,6 receptor specificities can co-
circulate, and the selection of one or another isolate for the development of a better pandemic influenza vaccine
should be based on strong scientific evidence. Although the vast majority of influenza vaccines are produced in
chicken embryos, mammalian cell culture may be a preferred substrate for the production of pandemic influenza
vaccines.

Materials and methods. In this study, we investigated two variants of A/Singapore/1/57 (H2N2) virus which
differed by their receptor specificity defined by three residues in the HA1 molecule: E156, Q226, G228 for 02,3
avian-type (Sing-a2,3) and K156, L226, S228 for a2,6 human-type (Sing-a2,6) receptor specificity. We conducted
serial passaging of these viruses on MDCK cells and analyzed growth properties of plaque-purified clones in vitro
and in vivo, as well as their immunogenicity and cross-reactivity in a mouse model.

Results. Adaptation to MDCK cells significantly increased viral titers in MDCK cells; however, their receptor
specificity was not affected. Viruses with 02,6 receptor specificity induced higher titers of homologous antibodies
compared to the viruses with 02,3 receptor specificity, but these antibodies could react only with the 02,6 viruses.
In contrast, antibody induced by viruses with a2,3 receptor specificity had broad reactivity against all studied
viruses. Similar results were obtained for the pair of A/Leningrad/17-based H2N2 live attenuated influenza
vaccines with 02,3 and 02,6 receptor specificities in experiments on Syrian hamsters.

Conclusion. In the case of a new transmission of H2N2 avian influenza viruses to the human population and
co-circulation of viruses with both receptor specificities, the variant with a2,3 specificity should be selected for the
development of cross-reactive influenza vaccines.

Keywords: influenza virus, H2N2, receptor specificity, adaptation, MDCK cells, live attenuated influenza vaccine,
immunogenicity
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ApanTtauusa supycos rpunna H2N2 ¢ pasnnyHon peuenTopHoOm
cneunPpunUHOCTBIO K KneTkam MDCK: BO3MOXXHOCTI AnA pa3paboTKm
KynbTypanbHOWN NaHAeMNYeCKON BaKLNHbI npoTuBe rpunna H2N2

MaTioweHko B.A.”, KoctpomuTtuHa A.[l., PyaeHko J1.I., UcakoBa-CnBak U.H.
NHCTUTYT 3KCnepumeHTanbHo meauumHbl, CaHkT-MNeTepbypr, Poccun

AHHOMauus

BeepeHue. Bupychl rpynna H2N2 BbizBanu naHgemuio B 1957 . 6bnarogaps agantaumm Monekynbl remarrmo-
TUHMHA OT MTUYBLEro peLenTopa Tuna a2,3 K YernoBe4YeckoMy peLenTopy a2,6. OTn BMPYCbl HE LUPKYNUPYHOT
cpenu nogen yxe 6ornee 50 neT, HO 4O CUX NOP BCTPEYaTCA B NPUPOLHOM pe3epByape, YTO yKasblBaeT Ha nX
naHaeMuyeckuin noteHuman. M3BecTHo, 4To B Ha4ane naHaeMmnyeckon BonHbI BUPYChI ¢ a2,3- 1 a2,6-peuentop-
HOW cNeLmgUYHOCTBI0 MOTYT LIMPKYNMpoBaTb COBMECTHO M BbIGOP TOrO MNu MHOTO n3onsita Ansa pa3paboTku on-
TUManbHOW NaH4EeMUYECKON rPUMMNO3HON BaKLUMHbLI AOMKEH OblTb OCHOBAH Ha yOeauTEeNbHbIX HAY4YHbIX OAHHbIX.
XoTd nogasnsowee 6ONbLIMHCTBO BaKLMH MNPOTMB rpunna nNpou3BoanTCS C UCMONb30BaHMEM Pa3BUBaIOLLMXCS
KYPVHbIX 3MOPUOHOB, KynbTypa KIETOK MIIEKOMUTaKLLMX MOXET ObiTb NPpeanoYTUTENbHBLIM cybcTpaTom Ans npo-
M3BOACTBA BAKUWH MPOTMB NaH4EMUYECKOro rpunna.

Martepuanbl u metoabl. B HacTosilem uccnegoBaHum Mbl M3yumnu ABa BapuaHTa Bupyca A/Singapore/1/57
(H2N2), koTopble oTnM4Yanuchb peLenTopHOWM crneunduyHoCTbio, onpedensiemMon 3 ocrtatkamu B MoOrekyne
HA1: E156, Q226, G228 gnsa a2,3 ntnybero tvna (Sing-a2,3) n K156, L226, S228 gna a2,6 4enoBe4eckoro
TMna (Sing-a2,6) peLenTopHON cneuuduUYHOCTH, a Takke MeTogaMmm ob6paTHOWM reHETUKM NoNyYunu napy wram-
MOB >XWBOW rpunno3sHor BakumHbl H2N2 Ha ocHoBe goHopa atteHyauuu A/llenmHrpan/17 w gnkux Bupycos A/
Singapore/1/57 (H2N2) ¢ a2,3- n a2,6-peuenTopHon cneundmnyHocTbo. Mbl MpoBenu cepunHoe naccMpoBaHne
3TUX BMUpYcoB Ha knetkax MDCK n npoaHannsmpoBanu pocToBble CBONCTBA M30NMPOBAHHLIX METOAOM brsLuek
KNOHOB in Vitro v in vivo, a Takke UX UMMYHOreHHOCTb Y MePEKPECTHYI0 PeakTUBHOCTb B MbILLUMHOW MOAENM.
PesynbraTbl. Agantauus k knetkam MDCK 3HaumTensHO yBenuymBana TMTpbl BUpycoB B knetkax MDCK, ogHako
Ha WX peLenTopHYIo CNeLnMUYHOCTb 3TO He BMANo. Bupycel ¢ a2,6-peuenTtopHon cneum@ryHOCTbIO Bbi3bliBanu
o6pasoBaHue 6onee BbICOKMX TUTPOB FOMOMOTMMYHBLIX aHTUTEN MO CPaBHEHMWIO C BUpPyCaMy CO CNeundUYHOCTbIO
K 02,3-peuentopam, HO 3T aHTUTENa MO pearnpoBaTb TOMbLKO C BUpycamu 02,6. Hanpotue, aHTutena, vH-
AyumpoBaHHbIe BUpycamu ¢ a2,3-peLenTopHon cneungnyHocTbio, 0bnagany WNpoKon peakTUBHOCTLIO NPOTUB
BCEX M3YYEHHbIX BUPYCOB. AHAMNOrM4Hble pesynsratbl Obinv NonyyYeHbl AN napbl LWTaMMOB XXMBOW IPUMMO3HON
BakuuHbl H2N2 Ha ocHoBe AoHopa aTTeHyauun A/fleHnHrpaa/17 ¢ a2,3- n a2,6-peuenTopHor cneunguyIHOCTbIO
npu UX U3Yy4EHUU Ha CUPUNCKNX XOMSAYKaX.

3akntouyeHue. B crnyyae HoBon nepegaym BupycoB ntudbero rpunna H2N2 B yenoBeyeckyto nonynsuuio U co-
BMECTHOW LIMPKYNALUN BUPYCOB C 06eMMmM peLenTopHbIMY CneumnnyYHOCTAMU ANsi CO34aHMS KPOCC-PEaKTUBHbIX
rPMNNO3HbIX BaKUWH criegyeT BblbupaTb BapyaHT ¢ 02,3-cneunduyHoCTbIo.

KnroueBble cnoBa: supyc epunna, H2N2, peuenmopHasi crieyuguyHocmb, adanmauyusi, Kyrbmypa Kiemok
MDCK, xueas epurnno3Hasi 8akyuHa, UMMYyHO2EHHOCMb

Amuyeckoe ymeepxdeHue. ABTOPbI NOATBEPXAAIOT COBMNIOAEHNE UHCTUTYLMOHANbHBLIX U HALMOHAIbHBIX CTaHaap-
TOB MO UCMONb30BaHMIO NTabopaTopHbIX XUBOTHLIX B COOTBETCTBUM ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). lNMpoTokon nccnegosaHns ogobpeH Tnyecknm KOMMTETOM MIHCTUTYTa SKCNepUMeHTanbHOW Me-
avumHbl (npoTtokon Ne 1/20 ot 27.02.2020).

BnazodapHocmsb. ABTOpbI BblpaxatoT Gnaro4apHOCTb BCEM COTPYAHMKaM otaena supyconorum um. A.A. CmopoauH-
ueBa MHCTUTYyTa SKCNEepUMEHTanbHOW MeaWLMHbI 3@ NMOMOLLb B NPOBEAEHUN IKCMEepUMEHTanbHbIX UCCneaoBaHuin,
B 0COOeHHOCTM B. H. C. EkatepuHe AnekceeBHe CTenaHoOBOW, C. H. . EkaTtepuHe AHaopeeBHe BaxeHOBOW, M. H. C.
MonuHe UropesHe MNpokoneHko, c. H. c. CeeTnaHe AnekcaHapoBHe [JOHWMHOM.

McmoyvHuk ¢puHaHcupoeaHusi. PaboTta BbinonHeHa B pamkax npoekta MuHo6pHayku Poccun FGWG-2025-0015.
KoHdbnnukm uumepecos. ABTOpbI AeKNapypyT OTCYTCTBME SBHbIX U MOTEHUMANbHbIX KOHMIMKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnmkaumen HacTosILLen cTaTby.

Ansa yumupoeaHus: MatioweHko B.A., Koctpomutuna A[l., Pygenko J1.I, Ucakosa-Cusak N.H. Agantaums supycos
rpunna H2N2 ¢ pasnunyHow peLenTopHol cneunduyHocTbIo K knetkam MDCK: Bo3MOXXHOCTU Anst pa3paboTku KynbTy-
panbHOM NaHgeMnYecko BakLMHbl NpoTus rpunna H2N2. XKypHan mukpobuonoauu, snudemuonoauu U UMMyHObUOsIO-
auu. 2025;102(1):31-42.
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Introduction

Avian influenza is a zoonotic infection that poses a
high risk to humans due to the high mortality rate, which
reaches 60% when infected with highly pathogenic sub-
types HSN1, H7N9, HSN6 and H10NS8 [1-4]. Asian in-
fluenza subtype H2N2 appeared in Singapore in February
1957 and rapidly caused a pandemic that claimed more
than 2.7 million lives. The H2N2 influenza pandemics in
1957 and H3N2 in 1968 are known to have been caused
by a switch in the receptor specificity of the virus from
avian sialic receptor 02,3 to human 02,6, with influenza
viruses with both types of receptor specificity circulating
simultaneously at the beginning of the pandemic wave
[5, 6]. Since birds are the main reservoir and carry al-
most all known subtypes of influenza A virus, including
H2N2, the risks of these viruses returning to circulation
among humans are estimated to be quite high [7]. Giv-
en the decline in population immunity to H2N2 viruses
due to their prolonged absence from circulation, scien-
tists around the world are calling for vaccination cam-
paigns against these viruses to be launched in advance,
without waiting for the onset of the pandemic [8].

Influenza vaccine prophylaxis is known to be the
optimal method of controlling this infection, and there
are many influenza vaccines available for seasonal ad-
ministration. However, in pandemic settings, live atten-
uated influenza vaccine (LAIV) is considered the most
effective [9, 10]. The vast majority of influenza vac-
cines in the world are produced in embryonated chick-
en eggs, but in recent decades there has been an active
discussion of transferring the production of influenza
vaccines to mammalian cell cultures, which would al-
low for the short-term production of large amounts of
viral biomass, as well as narrowing the list of contrain-
dications, in particular, allowing the vaccine to be ad-
ministered to persons allergic to chicken protein [11].
Furthermore, if an influenza pandemic is caused by a
highly pathogenic virus, there is a high probability that
the chicken population in poultry farms will be com-
pletely destroyed, so the independence of vaccine pro-
duction from the supply of eggs from poultry farms is
also extremely important. Thus, it is advisable to trans-
fer influenza vaccine production to MDCK cell culture,
since numerous studies show that it is in this cell cul-
ture that vaccine strains of LAIV are able to replicate to
titers comparable to those of eggs [12—14].

The main aim of this study was to find the most
promising variant of the vaccine strain of LAIV
A(H2N2) culture that should be used at the beginning
of the pandemic wave. For this purpose, two variants
of the pandemic virus strain A/Singapore/1/57 (H2N2)
differing in receptor specificity and LAIV strains pre-
pared on their basis were studied. Adaptation of the
viruses to MDCK cell line was performed, followed
by cloning by the plaque assay and evaluation of the
receptor specificity of the isolated virus variants. The
variants differing in the HA4 gene sequences were used

for immunization of laboratory animals to reveal the
potential effect of adaptive mutations in virus surface
proteins on immunogenicity, antigenicity and cross-re-
activity of antibodies produced after immunization.

Materials and methods

Viruses

Two variants of pandemic virus strain A/Singa-
pore/1/57 (H2N2) obtained from the collection of the
Department of Virology of Institute of Experimental
Medicine were used, which differed in sensitivity to
nonspecific serum inhibitors. Experiments with live
H2N2 viruses were conducted in the laboratory with a
biosafety level of BSL-3.

Production of LAIV strains by reverse genetics methods

Hemagglutinin and neuraminidase genes were
cloned into the pCIPolISapIT vector for reverse genet-
ics using universal primers specific for each gene in
reverse transcription polymerase chain reaction [15].
A set of 6 plasmids with bidirectional reads encoding
internal proteins of the attenuation donor A/Lenin-
grad/134/17/57 (H2N2) was prepared previously [16].
Live influenza viruses were obtained by electroporation
of Vero cells using the Neon transfection system (Invit-
rogen) and the accompanying 100 ul Neon Kit.

Hemagglutination reaction

The hemagglutination assay (HA) was performed
according to the classical scheme using chicken red
blood cells (RBC)'. To investigate the receptor speci-
ficity of influenza viruses, we used a modified HA with
the exo-o-Sialidase enzyme (Salmonella typhimurium)
(Megazyme), which cleaves exclusively 02,3-receptors
from the RBC surface. Horse RBC, which express only
a2,3-receptors on their surface; untreated chicken RBC,
which express both types of receptors; and chicken RBC
treated with exosialidase for 1 h at 37°C, i.e., carrying
only 02,6-receptors on their surface, were used for HA.

The virus was considered to have a2,3-receptor
specificity if its titer in HA with horse and chicken RBC
was the same and its titer in HA with treated chicken
RBC was 0. Otherwise, the virus was considered to
have a2,6-receptor specificity. If the titer was positive
in all HA, the virus was considered to have dual re-
ceptor specificity with preference for the type with the
higher titer in HA.

Growth of viruses and determination of infectious titer

To accumulate influenza viruses in 10-11-day-old
embryonated chicken eggs, that were infected with 0.2

' WHO. Manual for the laboratory diagnosis of virological
surveillance of influenza. Geneva;2011. URL: https://www.who.
int/publications/i/item/manual-for-the-laboratory-diagnosis-and-
virological-surveillance-of-influenza



34

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(1)

DOI: https://doi.org/10.36233/0372-9311-624

ml of viral material, after which the eggs were incubat-
ed for 4872 h at 33—37°C. Virus propagation in MDCK
cells was performed on a daily monolayer with 90-95%
confluency grown in DMEM medium supplemented
with 1x antimycotic antibiotic (Gibco) and 10% fetal bo-
vine serum (Biolot) at 37°C in a thermostat containing
5% CO,. To infect MDCK cells, the prepared monolay-
er was washed twice with a warm solution of phosphate
buffered saline(PBS), after which the viral suspension
was added in volumes of 1, 2, 3 ml into vials T-25, T-75
and T-175, respectively. After incubation for 1 h at 33°C
for vaccine strains and 37°C for wild-type influenza vi-
ruses in a thermostat containing 5% CO,, the inoculum
was removed and DMEM medium with 1xantibiotic-an-
timycotic and 1 pg/mL TPCK trypsin (Sigma-Aldrich
Co.) was added. After 72 h of incubation at 33°C or 37°C,
the cytopathic effect (CPE) of the virus was visually as-
sessed and its titer was determined by HA.

Infection titers of viruses in both culture systems
were determined by the limit dilution method. Eggs
were infected with 10-fold serial dilutions of viruses in
200 puL. PBS and incubated at 33°C and 37°C for 48 h,
after which the presence of virus was determined by
HA with chicken erythrocytes. Titer determination in
MDCK cells was performed on 96-well plates with a
daily monolayer, and serial 10-fold dilutions were pre-
pared on DMEM medium with antibiotic-antimycotic
and 1 pg/mL of TPCK trypsin. After adsorption, the in-
oculum was removed, cells were washed and incubated
in maintenance medium for 3 days. The presence of vi-
ruses in the wells was determined by HA with chicken
RBC. Virus titers in eggs and MDCK cells were calcu-
lated according to the method of Reed and Mench [17]
and expressed in 50% embryonic (log10 EID, /mL) and
tissue cytopathogenic (logl0 TCID,/mL) infectious
doses.

Adaptation of viruses to MDCK cells

Adaptation of influenza viruses to MDCK cells
was performed by sequential 5-fold passaging of
strains followed by virus cloning by the plaque assay
and isolation of viral clones from individual plaques.
For this purpose, 10-fold dilutions of viruses in 2 re-
peats were applied to 6-well plates seeded the day be-
fore with MDCK cells. After one hour of contact with
regular shaking, the inoculum was removed, and 3 ml
of agarose coating obtained by mixing equal volumes
of 2xDMEM medium (in the presence of AbAm and 2
pg/ml TPCK trypsin) and 1.6% fusible agarose (Lonza)
were added to the wells. On day 3-5 of incubation, viral
plaques were visually assessed, 20—30 well-separated
plaques were isolated on limiting dilutions, a separate
virus clone was isolated from each individual plaque,
which was grown on MDCK cells. Complete nucleo-
tide sequences of surface protein genes were obtained
by the Sanger method using the BigDye Terminator Cy-
cle Sequencing Kit v. 3.1 (Thermo).

ORIGINAL RESEARCHES

Experiments with laboratory animals

In animal experiments, mice of the CBA line and
Syrian hamsters (Stolbovaya, Russia) were used. The
study was approved by the Ethical Committee of the
Institute of Experimental Medicine (protocol No. 1/20
0f27.02.2020).

To evaluate the immunogenicity of wild influenza
viruses with different receptor specificity, female mice
of the CBA line were infected intranasally at a dose of
10° EID, /animal. After 21 days, the animals were eutha-
nized, after which blood sera and upper respiratory tract
(URT) washes were collected to determine the level of
humoral immune response to different virus variants.
To evaluate the immunogenicity of the vaccine strains
of H2N2 LAIV, Syrian hamsters were immunized in-
tranasally at a dose of 10° EID, /animal, twice 21 days
apart. On the 21st day after the 2nd immunization, an-
imals were euthanized, blood serum, URT washes and
bronchoalveolar lavage were collected.

Immunological methods

The study of animal blood sera in hemagglutina-
tion inhibition assay (HAI) was performed according
to the standard protocol® with chicken RBC and treat-
ment of sera with receptor-destroying enzyme (RDE,
Denka). The last dilution at which complete inhibition
of hemagglutination assay counted as the serum titer in
HAL

Enzyme immunoassay

An enzyme-linked immunosorbent assay (ELISA)
with animal samples was performed using influenza
viruses, purified in sucrose density gradient, as anti-
gen. Antigen was added to 96-well high sorption plates
(Corning) at 16 AU in 50 pL and incubated overnight at
4°C. The plates were washed 3 times with wash buffer
(phosphate-salt buffer + 0.05% Twin-20 (Biolot)), after
which unbound sites were blocked with 1% bovine se-
rum albumin.

Double dilutions of sera or respiratory tract wash-
es were prepared in separate round-bottom plates,
which were then transferred to the wells of the plate
washed from the blocking solution. After incubation for
1 h at 37°C, the plates were again washed 3 times with
wash buffer, dried and horseradish peroxidase-conju-
gated secondary antibodies: mouse anti-IgG (1:10 000),
mouse anti-IgA (1:2000), hamster anti-IgG (1:5000)
and hamster anti-IgA (1:300) were added. The plate
was incubated for 1 h at 37°C, after which the plate was
washed 5 times with wash buffer, dried and 50 ul/well
of TMB substrate (Thermo) was added and incubated
in the dark for up to 20 min at room temperature. The

2 WHO. Manual for the laboratory diagnosis of virological
surveillance of influenza. Geneva;2011. URL: https://www.who.
int/publications/i/item/manual-for-the-laboratory-diagnosis-and-
virological-surveillance-of-influenza
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reaction was stopped by adding 50 pl of 1M H,SO,. The
primary ELISA results were measured on a spectropho-
tometer (Bio-Rad) at a wavelength of 450 nm. The last
dilution at which the optical density exceeded twice the
average of the control wells was taken as the antibody
titer. The area under the optical density curve was cal-
culated using the GraphPad Prism 7 software package.

Statistical processing of data

For data comparison, non-parametric Mann-Whit-
ney U-test; Student's t-test and ANOVA using Graph-
Pad Prism 7 software were used. Differences were con-
sidered reliable at p < 0.05.

Results

Two variants of the pandemic strain A/Singa-
pore/1/57 (H2N2) were recovered from ampoules of
viral material lyophilized in 1975, and the exact pas-
saging history of the viruses is unknown. The viruses
was grown in eggs differed in their level of sensitivity
to nonspecific guinea pig serum inhibitors. Whole-ge-
nome sequencing showed that these viruses had amino
acid differences at positions 156 (E/K), 226 (Q/L), and
228 (G/S) in the HA1 subunit (Table). According to the

literature, substitutions at positions 226 and 228 are re-
sponsible for the receptor specificity of influenza virus
[5, 6]. It is without a doubt that the evaluation of the
affinity of these viruses for receptors on the erythro-
cyte surface in HA with different types of RBC showed
that the virus with amino acid residues E156, Q226
and G228 has a2,3-receptor specificity (designated
Sing-a2,3), while the variant with residues K156, 1.226
and S228 has affinity for a2,6-receptors (Sing-a2,6)
(Fig. 1, a). The amino acid substitution K797 was found
in the neuraminidase molecule, but since it is located in
the transmembrane domain, it has no effect on receptor
specificity (Table). Adaptation of the studied viruses to
MDCK cells and subsequent cloning by plaque allowed
the isolation of 3 additional virus variants with different
HA sequences: Sing-02,6-EP with GI/58E and L321P
mutations in the HA1 subunit, Sing-a2,3-S with P221S
mutation in the HA1 subunit, and Sing-02,3-V with
A96V mutation in the HA2 subunit (Table).
Examination of MDCK-adapted variants in HA
showed that the Sing-02.6-EP strain has affinity for
02,6 receptors, while the Sing-a2,3-S and Sing-a2,3-V
variants have affinity for a2,3 receptors (Fig. 1, a).
Thus, adaptation of wild-type H2N2 influenza viruses
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Fig. 1. Characterization of the studied viruses in vitro.

a — titers of viruses in HA with untreated chicken erythrocytes (1), horse erythrocytes (2) and chicken erythrocytes treated with exosialidase
(3); b — infectious activity of the studied viruses in the Egg and MDCK cells.

Amino acid substitutions in surface proteins of investigated variants of A/Singapore/1/57 (H2N2) virus

HA
NA
Virus HA1 HA2
156 158 221 226 228 321 96 19
Original strains accumulated in the Egg
Sing-a2,6 Lys Gly Pro Leu Ser Leu Ala Thr
Sing-a2,3 Glu Gly Pro Gin Gly Leu Ala Lys
MDCK-adapted strains

Sing-a2,6-EP Lys Glu Pro Leu Ser Pro Ala Thr
Sing-a2,3-S Glu Gly Ser GIn Gly Leu Ala Lys
Sing-a2,3-V Glu Gly Pro Gin Gly Leu Val Lys
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to mammalian cell culture does not significantly affect
their receptor specificity.

In addition, the infectious activity of all viruses in
eggs and MDCK cells was studied. It was found that
Sing-a2,3 virus was on average 2 orders higher in eggs
than Sing-02,6 virus, while their titers in MDCK cells
were comparable (Fig. 1, b). Importantly, the infectious
activity of MDCK-adapted variants in cell culture was
significantly higher than that of the corresponding orig-
inal viruses. Thus, the contribution of mutations G158F
and L321P, P221S in the HA1 and 496V in the HA2
subunits to the increase in the infectious titer of the vi-
rus in MDCK cells was observed (Fig. 1, b).

Immunization of CBA mice with the original
Sing-02.6 and Sing-02,3 strains and MDCK-adapt-
ed variants induced higher levels of homologous se-
rum antibodies to Sing-02.6 and Sing-02.6-EP viruses
compared with viruses with affinity for 02.3 receptors
(Fig. 2, a, b). At the same time, cell-adapted Sing-02,3-S
and Sing-02,3-V variants induced significantly lower
levels of homologous serum IgG antibodies compared
with the original Sing-02,3 variant (Fig. 2, b). Exa-
mination of the local humoral immune response showed
significant increases in secretory IgA antibodies in all

Antibody titer, log2

ORIGINAL RESEARCHES

5 viruses tested: Sing-02,6, Sing-02,6-EP, Sing-02,3,
Sing-a2,3-S and Sing-a2,3-V (Fig. 2, ¢). Compar-
ison of IgA antibody levels in the original Sing-a2,6
and Sing-02,3 virus groups showed no differences
(p =0.3355), which is in contrast to the data on the sys-
temic humoral response. Nevertheless, a comparative
analysis of the levels of secretory IgA antibodies be-
tween groups of animals infected with MDCK-adapted
variants of Sing-a2,6-EP, Sing-a2,3-S, and Sing-02,3-V,
as well as in the systemic response, revealed the supe-
riority of Sing-02,6-EP virus. Summarizing the data on
the induction of systemic and local immune response
by the studied viruses, we can conclude that all the vi-
ruses induce humoral response, but the MDCK-adapted
variants with a2,3 receptor specificity (Sing-02,3-S and
Sing-02,3-V) were the least immunogenic at the level
of both systemic and local humoral immunity. On the
contrary, Sing-a2,6, Sing-a2,6-EP viruses with 02,6 re-
ceptor specificity did not differ in immunogenicity in
any of the tests.

Further, the cross-reactivity of serum antibod-
ies produced by administration of 5 tested variants of
A/Singapore/1/57 (H2N2) virus was evaluated against
each variant in HAI and ELISA. Interestingly, when

Fig. 2. Assessment of humoral immune response to a single
administration of the tested viruses to CBA mice.
a — level of homologous serum antibodies detected in HAI,

b — level of homologous serum IgA antibodies in ELISA;
¢ — level of homologous secretory IgG antibodies in ELISA.
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viruses with a2-6-receptor specificity were used as an-
tigens in HAI significantly higher antibody titers were
detected in all immunized groups compared with anti-
gens with a2-3 specificity (Fig. 3, a). However, anti-
bodies in the sera of the Sing-02.6 group did not bind
any of virus variants with a2-3-receptor specificity. Al-
though antibody titers above the detection level were
detected in mice immunized with the MDCK-adapted
Sing-02,6-EP variant, no statistically significant differ-
ences compared to the control group were found. The
study of cross-reactivity of serum IgG antibodies by
ELISA showed similar results: viruses with a2-6-recep-
tor specificity as antigens revealed the highest values of
antibody titers in all groups, whereas antibody binding
to viruses with o2,3-receptor specificity was signifi-
cantly weaker in animals of all groups (Fig. 3, b).

It is important to note that viruses with a2-6-re-
ceptor specificity as antigen bound antibodies equally
well in the sera of mice from all groups studied, ex-
cept for the group of animals immunized with Sing-
02,3-V virus, in which antibody titers to Sing-02,6 and
Sing-02,6-EP viruses differed significantly from those
in the other groups (Fig. 3, a). The opposite situation
was observed in groups of animals immunized with
MDCK-adapted variants with o2-3-receptor specifici-
ty: IgG antibody titers to Sing-a2,3-S and Sing-a2,3-V
viruses were reduced in all immunized groups; while
the P221S substitution in the HA1 subunit could be
characterized as an escape mutation, since Sing-02,3-S
virus escapes antibody recognition most efficiently in
all immunogenic variants studied (Fig. 3, b).

Overall, the results indicate that variants with
02-3-receptor specificity adapted to or isolated on MD-
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CK cell culture are the most suitable viruses for the pro-
duction of a cell-based H2N2 pandemic vaccine.

To confirm this hypothesis, we constructed two
LAIV strains H2N2 subtype based on the attenuation
donor A/Leningrad/134/17/57: A/17/Singapore/57/1
with H4 and NA genes from Sing-a2,3 virus (designat-
ed as 17/Sing-a02,3) and A/17/Singapore/57/2 with HA
and NA genes from Sing-02,6 virus (17/Sing-a2,6) by
reverse genetics methods. HA assay with different RBC
confirmed the receptor specificity of the resulting vac-
cine viruses, which matched that of the corresponding
wild-type virus (Fig. 4, a), further indicating the key
role of hemagglutinin in binding to host cell glycan re-
ceptors. Importantly, adaptation of the vaccine strains
to MDCK cells did not result in new mutations in the
HA molecule: more than 50 viruses isolated from the
plaques matched to the original strain of LAIV. Eval-
uation of the infectious activity of the engineered vi-
ruses showed that the vaccine strains 17/Sing-02,3 and
17/Sing-02,6 multiplied equally well in MDCK cells,
whereas in eggs, the 17/Sing-02,3 virus had an infec-
tious titer an order higher than that of the 17/Sing-02,6
virus (Fig. 4, b).

Twofold immunization of Syrian hamsters with
reverse-genetic vaccine strains 17/Sing-a2,3 and 17/
Sing-a2,6 resulted in similar levels of serum IgG an-
tibodies, binding to the Sing-a2,3 antigen, with the 17/
Sing-02,3 vaccine virus inducing significantly more
antibodies to the Sing-02,6 antigen than to its own
Sing-a2,3 antigen (Fig. 5). The results obtained are in
full compliance with the results of studying the antige-
nicity of pandemic variants of A/Singapore/1/57 in an
experiment on mice (Fig. 3).
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Fig. 3. Heat map of the immunogenicity and cross-reactivity of investigated variants of A/Singapore/1/57 (H2N2) virus
in the experiment on mice (n = 7).

a — mean values of the levels of anti-hemagglutinating antibodies in all immunized groups against different viral antigens; b — mean values
of the levels of serum IgG antibodies in all immunized groups against different viral antigens.



38

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(1)

DOI: https://doi.org/10.36233/0372-9311-624

Sing-a.2,3

Sing-02,6

BagE\N

HA virus titer, log2

17/Sing-a.2,3

17/Sing-0.2,6

ORIGINAL RESEARCHES

€ 10+ b
= = T
o 8
SR
5 6
L
o 4
&
= 2
(72}
2
S 0 : . . .
S S S S
o o o o
A N\

Fig. 4. Characterization of the investigated vaccine strains of H2N2 LIV in vitro.

a — virus titers in HA assays with untreated chicken erythrocytes (1), horse erythrocytes (2), chicken erythrocytes treated with exosialidase
(3); b — infectious activity of the studied viruses in the Egg system and MDCK cell culture.

The cross-reactivity of local IgA antibodies in
washes from the upper and lower respiratory tracts in
ELISA with the same viral antigens was investigated.
Using the Sing-02,6 virus as an antigen revealed sig-
nificantly higher levels of secretory virus-specific anti-
bodies compared with the use of Sing-02,3 virus as an
antigen (Fig. 5).

Thus, it follows from the results presented that
H2N2 subtype influenza viruses with o2-3-receptor
specificity induce antibodies with broader cross-reac-
tivity against viruses with different receptor specificity
compared with antibodies induced by viruses with af-
finity for a2-6-receptors. This phenomenon should be
taken into account when selecting a strain for vaccine
preparation in the event of the onset of an H2N2 influ-
enza pandemic.

Discussion

Influenza A(H2N2) viruses circulated in the hu-
man population from 1957 to 1968, after which they
were replaced by A(H3N2) viruses that caused the Hong
Kong influenza pandemic [18]. Since H2N2 viruses
have not infected humans for more than 50 years, pop-
ulation immunity to these viruses is extremely low, and
people born after 1968 are the most vulnerable group if
H2N2 viruses return to circulation [19]. Given the per-
sistence of influenza viruses with hemagglutinin H2 in
the natural reservoir [20—22], the probability of a new
H2N2 influenza pandemic is estimated to be high [7].
In this regard, research aimed at the development and
detailed study of potentially pandemic vaccines against
viruses of this subtype is an urgent and important area.

We have previously developed and researched
in preclinical and clinical studies an LAIV against
the H2N2 virus circulating at the end of the pandemic
wave, A/California/1/66 (H2N2) [23, 24], and this vac-
cine can be used to immunize the most vulnerable pop-
ulations in case antigenically similar H2N2 viruses re-
turn to circulation. However, results of avian influenza

virus monitoring show that most H2N2 subtype isolates
remain antigenically similar to the pandemic A/Singa-
pore/1/57 virus and retain a preference for avian-type
sialic 2,3 receptors [7]. Detailed studies on the effect
of receptor specificity of viruses on their transmissibil-
ity in ferret experiments have shown that switching the
receptor from 02,3- to a2,6-type significantly increases
the ability of the virus transmission by airborne drop-
lets, which may play a crucial role in the pandemic
spread of H2N2 viruses [25]. However, there is no clear
data on virus strain is best used for vaccine preparation
at the onset of a pandemic caused by avian influenza
viruses with affinity for both types of cellular receptors.

In the present study, we performed a model exper-
iment with pandemic variants of the A/Singapore/1/57
virus that circulated in 1957 and differed in the receptor
specificity of the HA molecule, which was determined
by 3 amino acid differences in the HA1 subunit: E156,
Q226, G228 for the Sing-a2,3 variant and K156, 1226,
S228 for the Sing-02,6 variant. Since it is advisable to
produce pandemic vaccines on mammalian cell lines to
improve the quality of the product and the possibility
of accelerated scaling of production [11, 26], we per-
formed serial passaging of both the original pandemic
viruses Sing-a2,3 and Sing-02,6 and reassortant vac-
cine strains of LAIV prepared on their basis in MDCK
cells, followed by identification of new substitutions in
the HA molecule. Interestingly, adaptation mutations
occurred in passages in cells of only pandemic viruses,
but not vaccine strains of LAIV. This may be due to
the fact, that the pandemic variants represented a het-
erogeneous virus population with an unknown passage
history, whereas the reverse-genetic vaccine viruses un-
derwent only two passages in eggs after assembly from
plasmids and represented a more homogeneous popula-
tion. It is important to note that the mutations we found
did not affect the receptor specificity of the viruses, but
did affect their antigenicity. In particular, the P22 1S mu-
tation in the HA 1 subunit had the character of an escape
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mutation, as it avoided recognition by antibodies in the
sera of animals immunized with all A/Singapore/1/57
variants studied. Interestingly, a similar mutation has
been described for avian influenza viruses of the HON2
subtype, whereby it reduced the affinity of the virus for
the avian a2,3-receptor analog, but in combination with
the L226Q mutation, the affinity for this receptor was
restored [27], which is in complete compliance with our
results. Furthermore, the P221S mutation was detected
in the A/Wyoming/3/2003 (H3N2) virus during its seri-
al passaging in MDCK cells [28], which also confirms
the adaptive nature of this substitution.

Conclusion

The most important result of the study is the
demonstration of broader cross-reactivity of antibodies
produced by intranasal immunization of animals with
H2N2 viruses with a2,3-receptor specificity. This was
shown both for pandemic A/Singapore/1/57 viruses
and for vaccine reassortant strains of H2N2 obtained
by reverse genetics. It is important to note here that the
vaccine strain 17/Sing-a2,3 is suitable for cell culture
production because it achieves a high infectious titer in
MDCK cells, and the homogeneous nature of the strain
due to its preparation by genetic engineering methods
will ensure the genetic stability of the vaccine during
serial passages on MDCK cells, which evidences in fa-
vor of mass production of the vaccine in the first wave
of the pandemic. Furthermore, this choice of strain for
the production of pandemic cell-derived LAIV will
maximize the reproduction of the vaccine strain in MD-
CK cells, as well as ensure high vaccine efficacy due to
full antigenic coverage of circulating influenza viruses
in the case of a pandemic.

Although our hypothesis has been experimen-
tally confirmed in various animal models, the assess-
ment of immunogenicity and cross-reactivity of the 17/
Sing-02,3 LAIV strain in clinical trials is required for
its potential widespread use in humans. One of the ob-
stacles to the use of the 17/Sing-02,3 strain of LAIV in
clinical practice may be the potentially reduced replica-
tive activity of the virus in the human respiratory tract,
since in humans a2,3 receptors are poorly represented
in the respiratory tract and are predominantly expressed
in the lower respiratory tract [29], where the vaccine
virus does not replicate due to its temperature-sensitive
phenotype, and this may result in low immunogenici-
ty of LAIV. However, experience with human immu-
nization with LAIV against avian influenza H5N1, the
infectious agent of which also has a2,3-receptor speci-
ficity, has shown that even in the absence of replication
in the URT and at low levels of serum antibodies to the
virus after intranasal immunization, LAIV produces a
long-term immune response that can be de-masked by
administration of inactivated influenza vaccine several
months or even years later [30, 31]. Accordingly, the
strategy of heterologous prime-boost immunization at

ORIGINAL RESEARCHES

the beginning of the H2N2 influenza pandemic can al-
so be considered as the most promising for the forma-
tion of a powerful long-term humoral immunity with a
broad spectrum of protection.
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Prevalence, spectrum, and the relations between short-term
and long-term post-acute sequelae of COVID-19 in children

Elena R. Meskina™, Marima K. Khadisova, Anna Yu. Ushakova,
Elena E. Tselipanova, Lidiya A. Galkina

Moscow Regional Research and Clinical Institute, Moscow, Russia

Abstract

Background. Data on the prevalence of post-COVID-19 condition (PCC) in children differ due to the lack of
specific diagnostic criteria, reliable biomarkers, and limitations of many studies. It is important to study the
association between PCC, previous functional disorders, and any events in the post-acute period of COVID-19 to
estimate the true burden of PCC in children.

The aim. To determine of the prevalence of PCC in relation to initial functional disorders in children during the
year after a mild form of COVID-19 and acute respiratory tract infections (ART]I) of other etiologies.

Materials and methods. The prospective study using a continuous sampling method included children under
18 years of age hospitalized with suspected COVID-19, in whom COVID-19 was confirmed by RT-PCR (n = 121)
or excluded by molecular and serological methods (ARTI group, n = 105). Information on patients was collected
from September 2020 to December 2021 by questionnaires at index points: hospital discharge and after 1, 3,
6 and 12 months. Severe COVID-19 and patients with chronic diseases were excluded. Functional disorders in
the anamnesis and any events associated with health disorders during the year of observation, the severity of
symptoms were taken into account. The analysis was performed in groups of children < 6 years and = 6 years of
age. Symptoms were grouped into clusters.

Results. Any symptoms were identified with a frequency of 32-39% (in children < 6 years and 26 years,
respectively). The most common were psycho-emotional, respiratory and autonomic dysfunction (AD) cluster.
Symptoms in most cases were mild with a duration of 3—6 months. After adjustment for age, AD history and
recurrent ARTI episodes, no difference was found in the symptom clusters prevalence between confirmed and
excluded COVID-19, except for hyposmia, the incidence of which in children =6 years decreased from 14.3% at
the firstindex point to 2.4% after one year. Among patients without an AD history and without recurrent ARTI during
the year, de novo PCC was a rare phenomenon (2.7-8.0%) without differences between COVID-19 and controls.
The risks of PCC were significantly increased in patients with an AD history (adjusted OR at 1 month 3.19 (95% ClI
1.89-5.38), at 6 months 3.33 (95% CI 1.81-6.15)). Multiple (5-25) and persistent (at all index points) symptoms
rated by patients as significant occurred de novo rarely (1.7% (95% CI 0.4—4.9)), but significantly more often in
children with an AD history — 25%) 95% CI 13.6-39.6%) (difference 23.3% (10.9-35.7%), OR 14.8 (4.4-50.6),
p <0.001). Recurrent episodes of ARTI were an important risk factor for an increase in cognitive cluster complaints
and vagotonic AD after 3—-6 months of observation.

Conclusion. The results obtained indirectly support the concept that PCC is a somatoform functional disorder,
probably of sociogenic nature, in patients who are anxious at baseline. Some patients with the COVID-19 and
ARTI consequences really need medical and psychosocial rehabilitation. The study of PCC provides new insights
into the consequences of widespread respiratory viral infections.

Keywords: children, adolescents, COVID-19, post-COVID-19 condition, postacute sequelae of SARS
CoV-2, long COVID-19, autonomic dysfunction, psycho-emotional disorders, somatic symptoms, somatoform
disorders
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OpvruHanbHoe nccnefosaHve
https://doi.org/10.36233/0372-9311-617

PacnpocTpaHEéHHOCTb, CMEKTP M B3aMOCBA3N KPAaTKOCPOUHbIX
n ponrocpoyHbix nocneacrenin COVID-19y peten

MeckuHa E.P”, Xapucosa M.K., Ywakosa A.10., LlenunaHosa E.E., lankuHa J1.A.

MockoBCKUin 0611acTHO HayYHO-UCCEef0BATENbCKUIN KNMHUYECKUI MHCTUTYT umeHn M.O. Bnagnmupckoro, Mocksa, Poccus

AHHOMauyusi

BeepeHue. [laHHble 0 pacnpocTpaHéHHoCT cocTosiHus nocne COVID-19 (Post-COVID-19 condition, PCC)
y OeTel pasnunyalTcsi U3-3a OTCYTCTBUS KOHKPETHbIX OUArHOCTUYECKUX KpUTEpUEB, HafEXHbIX BGuomapkepoB
W OrPaHUYEHMI MHOTMX NPOBEAEHHBbIX NccnenoBaHvin. BaxHo nayunts ceasb mexay PCC, dyHKLMOHanNbHbIMU
paccTpoicTBamMu B MPOLUIIOM U NOGbIMK cOObITUAMMU nocne nepeHecéHHoro COVID-19, 4yTo6bl oLeHUTb UCTUH-
Hoe 6pemsa PCC y petel.

Llenb — onpeneneHne pacnpoctpaHéHHocTn PCC BO B3aMMOCBSA3M C MCXOAHBIMU (DYHKLMOHAMNbHBIMU pac-
CTpovicTBaMu y AieTen B TedeHue roga nocne Hetsxkénon dopmbl COVID-19 1 ocTpor pecnnpaTtopHON BUPYCHOM
nHpekunn (OPBW) gpyromn atuonoruu.

Martepuanbl U metoAabl. B npocnektMBHOe wuccnefoBaHWe METOAOM CrOLWHOW BbIOOPKU BKIKOYEHbI Ae-
™M Mnagwe 18 nert, rocnMtanuanpoBaHHble B 6onbHULY ¢ nogo3peHnem Ha COVID-19, y kotopbix COVID-19
Obin NoaTBEPXKAEH B MONMMeEpasHOW LENHON peakumm ¢ obpaTHon TpaHckpunumen (n = 121) nnm NCknioYéH
MOMeKyNnsipHbIM U ceponoruyeckum metogamu (rpynna OPBW; n = 105). MHdopmauus o nauueHTax cobpaHa
¢ ceHTA6psa 2020 r. no gekabpb 2021 r. nyTEM aHKETUPOBaHWSA B UHAEKCHBIX TOYKaX: Npu BbiNMcke 13 60nbHULbI 1
yepes 1, 3, 6 1 12 mec. Tsxkénble dopmbl COVID-19 1 naumeHTbl ¢ XpoHMYeCcKkuMM 3aboneBaHnsiMu BbInn NUCKO-
YeHbl. YuutbiBanu yHKUMOHarbHbIE pAacCTPONCTBA B aHaMHe3e 1 niobble cobbITUSA, CBA3aHHbIE C HApYLLUEHNEM
300pOBbS, B Te4eHNe roga HabngeHns, BbIpaXKeHHOCTb CUMNTOMOB. AHann3 NpoBeaAéEH B rpynnax aeten < 6 net
1 = 6 net. CumnTOMbI ObINK CrpynnNMpoBaHbl B KNacTepbl.

PesynbsraTtbl. CumnToMbl onpeaeneHsl ¢ yactoton 32% y geten < 6 net n 39% y geten = 6 net. Hanbonee
pacnpoCTpaHEHHbIMU ObININ NCUXO3IMOLIMOHANBHbIA, PECMMPATOPHBIN KNacTepbl U CUHAPOM BEreTaTMBHbIX OUC-
dpyHkumii (CBL). CumnToMbl B 6onbLUMHCTBE CriydaeB Obilnu NErkuMm ¢ NpoaosknTenbHocTeo 3—6 mec. MNocne
nonpasku Ha Bo3pacTt, CB[] B aHamHe3e 1 noBTopHble ann3oabl OPBU He ycTaHOBNEHO pasHuupbl pacnpocTtpa-
HEHHOCTM CUMMNTOMOB MeXay NoATBEePXAEHHBLIM U UCKNOYEHHBIM COVID-19, kpomMe rMnocmMum, YactoTa KOTOpoWn
y OeTen = 6 net ymeHbluunack ¢ 14,3% npwu Bbinucke 13 6onbHUUbl A0 2,4% Yepes rog. Cpeam naumeHToB 6e3
uctopun CBL B npowunom n 6e3 nostopHbix OPBU B TeueHue roga PCC de novo 6bino pegkum saenexHvem (2,7—
8,0%) 6e3 otnuuun mexay COVID-19 n OPBU gpyron atnonorun. Puckn PCC Gbinm cyLecTBEHHO NOBbILIEHbI
y nauueHToB ¢ CB[] B aHamMHe3e: CKOppeKTUpOBaHHOE OTHOLeHWeE WwaHcoB Yyepes 1 mec — 3,19 (95% O 1,89—
5,38), yepes 6 mec — 3,33 (95% OU 1,81-6,15). MHOxecTBeHHbIe (5—25) n ycTon4mBblEe (BO BCEX UHAEKCHBLIX
TOYKax) CUMMTOMbI, OLEHEHHbIE NaLUMEHTaMM Kak CyLleCcTBeHHble, BO3HuKanu de novo peako — 1,7% (95% AU
0,4—4,9), Ho 3HaumTenbHO Yalle y Aeten ¢ CBl B aHamHese — 25% (95% AN 13,6-39,6%); pasHnua — 23,3%
(10,9-35,7%); oTHOWweHMe waHcoB 14,8 (4,4-50,6); p < 0,001. MosTopHbIe anu3oabl OPBW Obiny BaxkHbIM chak-
TOPOM pUCKa yYBENUYEHMUS Xanod KOrHUTUBHOIO KnacTepa u BarotoHmdeckoro CB[l yepes 3—6 mec HabnogeHus.
3akntoveHue. MonyyeHbl pe3ynsraThl, KOCBEHHO NOAAEPXKMBAOLLME KOHLEeNLUMio, B kKoTopoi PCC npeacrtaensiet
cobow comatodopMHOEe (PyHKLIMOHANBHOE PacCTPOMCTBO, BEPOATHO, COLIMOMEHHOTO XapakTepa Y TPEBOXHbIX Ha
MCXOOHOM YpPOBHE naumeHToB. HekoTopble nauueHTbl ¢ nocneacteuamu COVID-19 n OPBU pencreutensHO
HY>XOalTCsl B MEAMUMHCKOM U NcuxocouunanbHon peadunutaumn. N3yvenne PCC npencTaBnsieT HOBbIE acnekThbl
nocneacTBUi LUMPOKO pacnpoOCTPaHEHHbBIX PECMMPATOPHBIX BUPYCHBIX MHAEKLMIA.

KnroueBble cnoBa: demu, nodpocmku, COVID-19, cocmosiHue nocne COVID-19, nocm-ocmpeie nocrnedcmausi
COVID-19, dnumenbHbil COVID-19, cuHOpom eecemamusHol OucehyHKUUU, MCUX03MOUUOHalIbHbIe paccmpou-
cmea, comamuyecKkue CuMmomMbl, COMamogopMHOe paccmpolicmeo

Amuyeckoe ymeepxdeHue. /iccnenoBaHne npoBoamnoch npu 4o6poBonsHOM MHOPMUPOBAHHOM COTacu 3aKOH-
HbIX NpeAcTaBUTENen HeCOBEPLLIEHHOMNETHUX NaumeHToB. MpoTokon nccrneaoBaHust ofoGpeH JTUYECKUM KOMUTETOM
MOHWKN nm. M.®. Bnagnmupckoro (npotokon Ne 10 ot 01.09.2020).

UcmoyHuk huHaHcupoeaHusi. ViccnegoBaHve ouHaHcUpoBanocb MUHUCTEPCTBOM 3apaBoOXpaHeHMs MOCKOBCKOWM
obnacTui B pamkax nepeyHst HayuHo-uccnegosatensckux pabotr MOHUKW um. M.®. Bnagumupckoro no MNocynapcteeH-
HOMy 3apaHuto Ha 2020-2024 rr. ot 15.01.2020.

KoHgbniukm uHmepecoe. ABTOpbl AEKNapUpYHOT OTCYTCTBME SIBHbIX Y NOTEHUMArbHbLIX KOH(MUKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumnen HacTosILLen cTaTb.

Anst yumupoeaHus: MeckuHa E.P.,, Xagucosa M.K., Ywakosa A.}O., LlenunaHosa E.E., MankunHa J1.A. PacnpoctpaHéH-
HOCTb, CMIEKTP 1 B3aUMOCBSI3M KPaTKOCPOUHbIX U AOMrOCcpoYHbix nocneactaun COVID-19 y aeten. XKypHan Mukpobuo-
noeuu, anudemuonoauu u ummyHobuonoauu. 2025;102(1):43-61.
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Introduction

Among the many global challenges of the
COVID-19 pandemic, health impairments that persist,
progress or emerge after the acute period of COVID-19
have a significant impact on daily human activities and
quality of life.

Several terms are used in the scientific literature to
define the long-term effects of COVID-19. They were
proposed later than the identified problem and refer to
the timing of onset and duration of persistent symptoms
without specifying their epidemiological and clinical
and characteristics. According to the World Health
Organization (WHO) definition, Post-COVID-19 con-
dition (PCC) occurs in individuals with a history of
confirmed or probable SARS-CoV-2 infection when
symptoms initially occurring within 3 months after
the acute period last for at least 2 months and typical-
ly affect daily activities. This definition can be used
in patients of all ages' and is adopted in this publi-
cation. The term Post-acute sequelac of SARS-CoV-2
(PASC) proposed by the National Institutes of Health
is essentially the same as the WHO definition [1]. Ac-
cording to the clarification of another group of experts,
the term Long COVID takes into account at least one
physical symptom under other similar conditions [2].
The absence of an alternative cause of impairment is
mentioned as one of the key definitions of PCC. Cur-
rently, PCC has a special code of nosological unit of
clinical diagnosis.

The prevalence, spectrum, hierarchy and duration
of PCC symptoms are characterized by significant hete-
rogeneity (0.8-74.5%) [3, 4]. More than 200 symptoms
have been described in children and adolescents [5].
Weakness, fatigue, fever, dyspnea, cough, headache,
dizziness, exercise intolerance, emotional disturbances,
sleep disturbances, decreased concentration, learning
difficulties, hyposmia, dysgeusia and abdominal pain
are listed with variable ranking (< 10-20% in most
studies) [5-7]. Late large pediatric controlled studies
and meta-analyses with hundreds of thousands of par-
ticipants have identified a 25-30% PCC symptom rate
after SARS-CoV-2 infection of any severity in outpa-
tients and hospitalized patients [6—8], as well as in as-
ymptomatic carriers [9]. High quality studies are asso-
ciated with lower confirmation of PCC [10].

Pooled assessments of SARS-CoV-2-infected
and uninfected children (by polymerase chain reaction
testing) identified the same consistent symptoms with
little or no difference. Risks of individual symptoms
(hyposmia, dysgeusia, exercise intolerance, dyspnea,
cognitive deficits, hair loss, palpitations and fatigue)

' WHO. A clinical case definition for post COVID-19 condition
in children and adolescents by expert consensus, 16 February
2023. Available at: https://who.int/publications/i/item/WHO-
2019-nCoV-Post-COVID-19-condition-CA-Clinical-case-
definition-2023-1

were slightly higher in SARS-CoV-2-positive patients,
by 2-8% [3, 11], increasing to 15-30% among adoles-
cents older than 11 years [12]. Risk factors for pediatric
PCC, in addition to adolescence, may include female
sex (although there is no gender difference in the acute
COVID-19 period), European race, severe illness,
NICU stay, length of hospitalization, combined comor-
bidity, and baseline mental health disorders [3, 7, 13].
Other studies have found no association of PCC with
demographics (age, gender, and race) [8].

Symptoms may first appear in the early COVID-19
recollection period, persist with varying duration, fluc-
tuate or recur. In children, the trajectory of major PCC
symptoms decreases over time from 20-35% to 3—15%
with no statistical difference from controls [7, 14-16].
The prevalence of some symptoms may increase after
3—6 months (up to 50-60%) and then be maintained
at a high level, while others may decrease at differ-
ent rates or persist with an initial low frequency [16].
In some children, symptoms occurred de novo after
6—12 months of follow-up [17]. However, 6 months
after testing, both SARS-CoV-2-positive (24%) and
SARS CoV-2-negative (17%) patients had symptoms
that met the definition of PCC [18].

In general, compared with adults, the burden of
pediatric PCC was moderate to low, symptoms were
milder and reported significantly less frequently [3, 11,
16]. Nevertheless, PCC significantly reduced children's
quality of life [19] and daily activities, interfered with
schooling, and required more frequent visits to medical
care [20].

PCC has a number of obvious problems [10, 21].
Limitations include the lack of standardized clinical
patterns and biomarkers to describe and diagnose it,
which leads to certain difficulties in diagnosis and plan-
ning clinical trials. Only 35% of published reports used
1 of 3 definitions of PCC (PASC) [22]. Out of the 110
children who sought medical care with suspected PCC,
the diagnosis was confirmed in 29%, alternative somat-
ic/psychiatric conditions were established in 47%, and
the cause of complaints remained unexplained in 23%
[23]. Cancellation, wrong selection, misclassification,
non-response and/or loss of follow-up, as well as the
substantial heterogeneity of the results obtained and
the limitations of meta-analyses due to insufficient data
may be objective shortcomings of many publications.
Thereby, the quality of evidence and methodological
rigor of a number of scientific papers may have been
suboptimal [4, 6, 10].

On the other hand, the similarity of symptoms in
SARS-CoV-2-positive and SARS-CoV-2-negative pa-
tients suggests the influence of additional factors that
have not yet been clearly defined. Most studies have
identified chronic diseases routinely recorded in med-
ical databases and electronic records as predictors of
PCC risk, but have not investigated the role of base-
line functional impairment and possible new diseases in
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the context of the heterogeneous labile PCC symptom
complex and new infection pandemic settings.

This prospective study was planned and performed
early in the SARS-CoV-2 pandemic, but despite this, its
results may be useful as it is the first attempt to consider
baseline functional impairment in children as a predic-
tor of PCC risk, as well as the possibility of common
sequelae of COVID-19 and other respiratory infections,
which seems to help achieve a better understanding of
PCC.

The aim of the study was to determine the preva-
lence of PCC in relation to baseline functional impair-
ment in children one year after non-severe COVID-19
and acute respiratory tract infection (ARTI) of other
etiologies.

Materials and methods

Study design

We conducted an observational longitudinal study
using a continuous sampling method of short- and long-
term effects of non-severe COVID-19 compared with
acute respiratory infection of other etiologies in chil-
dren of any age hospitalized in an infectious disease
hospital. During the acute period of illness and for a
year afterward, children without baseline health prob-
lems or with a history of only functional impairment
were observed.

Participants

Children with upper and lower respiratory tract
infections were included in the study, regardless of its
timing. In order to avoid bias associated with risk fac-
tors, the study excluded children with severe and com-
plicated forms of the disease, with established chronic
diseases and signs of primary autonomic dysfunction
(AD) including organic lesions and traumas of the cen-
tral and peripheral nervous system, excessive overstrain
of the nervous system (clearly defined physical or emo-
tional stress, sports in professional sections), diabetes
mellitus, obesity, other endocrine disorders, chromo-
somal disorders and other chronic diseases.

Patients were recruited from September 2020 to
December 2021, i.e., after the first wave of the Ukhan
strain of SARS-CoV-2 and before the beginning of the
spread of genetic variants of SARS-CoV-2 Omicron in
Russia. 250 children under 18 years of age were inclu-
ded in the study. COVID-19 was confirmed by routine
methods on the basis of positive SARS-CoV-2 RNA
test in nasal and oropharyngeal swabs taken at the time
of hospitalization. The comparison group (ARTI group)
were patients in whom COVID-19 was excluded by
negative nasal and oropharyngeal swabs in reverse
transcription polymerase chain reaction and serologic
tests with detection of anti-SARS-CoV-2 IgM and IgG
in enzyme-linked immunosorbent assay before hospital
discharge on days 7—10 of the illness. Testing for other

ORIGINAL RESEARCHES

respiratory viruses was not performed. Recruitment of
patients in each group (COVID-19 and acute respirato-
ry viruses) was stopped at the 125th included patient.
Atotal 0f 9.6% of patients were excluded from the study
(COVID-19 — 3.2%, ARTI — 16%) due to the devel-
opment of severe pneumonia or loss of contact during
the study period. Additionally, patients with diagnostic
titers of specific anti-SARS-CoV-2 IgM and IgG were
excluded from the ARTI group. Comparative data ana-
lysis was performed in groups of 121 (COVID-19) and
105 (ARTI) patients.

Treatment of COVID-19 in hospital was per-
formed according to the Temporary Methodological
Recommendations of the Ministry of Health of the Rus-
sian Federation “Prevention, Diagnosis and Treatment
of New Coronavirus Infection (COVID-19)”, versions
1-7, as well as the Methodological Recommendations
of the Ministry of Health of the Russian Federation
“Features of Clinical Manifestations and Treatment
of Disease Caused by New Coronavirus Infection
(COVID-19) in Children”, versions 1 (03.04.2020) and
2 (03.07.2020), relevant at that time.

Patient information was collected by question-
naires administered to mothers and older children at the
time of hospitalization and during the following year by
telephone contact at index (contact) points at 1, 3, 6 and
12 months (+ 5 days) after hospitalization.

The physical, psycho-emotional and cognitive de-
velopment of children varies with age. Assessment of
the health status of young children depends more on in-
formation provided by the mother. School-aged and ad-
olescent children are able to present active complaints.
Therefore, age-adapted questionnaires were developed
for children under and over 6 years of age. The ques-
tionnaires were tailored to the literature and possible
symptoms after COVID-19. Both questionnaires con-
tained two blocks of questions. The first block (anam-
nestic) contained 15 questions to assess functional dis-
orders (including gastrointestinal, autonomic nervous
system (ANS) dysfunction, psycho-emotional state,
and morbidity) in the child's history. The second block
questionnaire (observational) for children < 6 years of
age included 53 questions and for children > 6 years
of age 76 questions. Both questionnaires contained
questions about active complaints, general condition of
the patient, intensity of disorders, if any, signs of psy-
cho-emotional, cognitive, functional (including gastro-
intestinal) disorders and AD, subjective sensations of
pain, frequency of visits to a pediatrician and special-
ists, any illnesses, including those that occurred for the
first time, facts of hospitalizations, and pharmacological
treatment. The answers to the following questions were
also evaluated: “Are you feeling worse than before the
disease or the same?”, ‘Do you assess your own symp-
toms as mild, moderate or serious?’, ‘Were the symp-
toms you have now observed before the disease?’. Fur-
thermore, it was offered to evaluate the state of general
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health on a 100-point scale. In case of recurrent acute
respiratory infections, information about SARS-CoV-2
testing was collected from the words of their mothers.

During the follow-up period, a total of 277 re-
current episodes of acute respiratory infections were
recorded, of which 85.9% of children were routinely
tested. COVID-19 during the one-year follow-up peri-
od was confirmed in 3 cases (these patients were not
excluded from the study). The study did not include
clinical and instrumental diagnosis of AD, myalgic en-
cephalomyelitis/chronic fatigue syndrome, or other in-
vestigations evaluating the function of various organs
and systems. The analysis was performed in groups of
children stratified by age.

Ethical expertise

The patients' legal representatives signed in-
formed consent to participate in the study, agreed to fill
out the developed questionnaires and answer questions
during telephone contacts within a year after discharge
from the hospital. The study protocol and informed
consent to participate in the study were approved by
the Independent Ethical Committee of the Moscow Re-
gional Research and Clinical Institute (Protocol No. 10
of 01.09.2020).

Terms and definitions used

This publication uses the term Post-COVID-19
condition (PCC) as defined by WHO, taking into ac-
count all symptoms (at least one) [2] that persisted or
occurred during the year. Groups of symptoms were
grouped into clusters for ease of their statistical anal-
ysis: emotional, cognitive, fatigue, gastrointestinal,
respiratory, and AD with subclusters of cardiovascular
autonomic disorders, sympticotonic or vagotonic types.
Definitions of all terms used are detailed in the Sup-
plementary Material on the journal website. It should
be emphasized that the symptoms grouped into clus-
ters logically overlap. The individual most frequently
occurring symptoms are also presented. The frequency
of new symptoms was defined as the proportion of par-
ticipants with a symptom on the date of telephone con-
tact but who did not have that symptom at all previous
index points.

Statistical analysis

Statistical analysis of the study results was car-
ried out using the Microsoft Excel 2011, Statistica v.
7.0 (StatSoft Inc. 7.0) program packages. Quantitative
and qualitative data were described with calculation of
arithmetic mean (M), standard deviation (SD), median
(Me), lower and upper quartiles [Q,; Q,]. Discrete fea-
tures are presented as a fraction (%) of cases from the
total number of observations. When comparing several
dynamic measurements of dichotomous variables, the
Cochran's Q-criterion was used, and the rank analysis of
variance was used for dependent qualitative indicators.

When comparing frequencies of events in independent
groups, Pearson's y* test for quadratic and randomized
tables was used; the two-sided Mann-Whitney test was
used for qualitative variables; the McNemar test with
Yates correction was used for pairwise comparisons of
dependent variables. When the number of variables in 1
cell of the quadratic table was less than 5, the two-sided
Fisher's criterion was used.

The following criteria were used to assess the mag-
nitude of risks: frequency of the event in the compared
groups, relative risk (RR) of the event in the compared
groups, odds ratio (OR) of the event to no event in the
compared groups with calculation of 95% confidence
intervals (CI). OR < 1 indicates decreased risk, OR =1
indicates no effect, and OR > 1 indicates increased risk.
Predictors of long-term symptoms were assessed us-
ing univariate and multivariate logistic regression mo-
dels and are represented by adjusted OR and 95% CI.
Differences were considered statistically significant at
p <0.05.

Results

Children < 6 years of age

At baseline in the hospital, the COVID-19 group
differed from the acute respiratory tract infection group
in the absence of croup (vs. 8.6%) and bronchitis (vs.
31%, respectively) but a longer course of antibacterial
and antiviral therapy. The difference was formal be-
cause of the lack of recommendations to distinguish the
respective clinical forms of COVID-19. The incidence
of out-of-hospital pneumonia was comparable in the
compared groups. The history of patients < 6 years of
age with COVID-19 was more frequently recorded as
symptoms of AD, functional, including gastrointestinal
disorders (24.3% vs. 5.2%; p = 0.006) and atopic der-
matitis (18.9% vs. 3.4%; p = 0.026). A more detailed
characterization of the compared groups is presented in
Table S1 and Table S2 in the Supplementary Materi-
al on the journal website.

At the time of hospital discharge, complaints/
signs were identified in 32 and 38% of patients < 6
years of age, with no statistical difference between
the COVID-19 and ARTI groups (Table 1). The chil-
dren's impairments were mostly mild and the number
of symptoms/signs per child was small (usually 1-2,
no more than 3-5). During the year, the frequency of
active complaints was stable between 5-20%. The peak
of symptoms/signs detected by questionnaires was reg-
istered by 3—6 months of follow-up with maximum fre-
quency in the acute respiratory tract infection group.
The maternal score (integral) of children's health sta-
tus was associated with the questionnaires and showed
consistent improvement after COVID-19 and no sig-
nificant change after acute respiratory viral infections
with worse scores compared to COVID-19 starting at
3 months of follow-up (Table 1).
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Typical symptoms (weakness, fatigue, respiratory
distress) were very rare (1-2%) at all contact points.
AD symptoms, psycho-emotional disturbances, sleep
problems and catarrhal symptoms were more common
than others regardless of the comparison group. Re-
spondents in the COVID-19 and ARTI groups noted de
novo AD symptoms at the time of hospital discharge
relative to the pre-disease period in 13.5% and 10.3%
of cases, respectively (p > 0.05; see Table 1). Further,
relative to the prior point of contact, new AD symptoms
occurred in the range of 2.0-13.8% in both groups. Af-
ter COVID-19, the prevalence of emotional disturbanc-
es was relatively stable, but in the ARTI group had the
character of a parabolic curve with a peak (20.7%) at
3 months after hospital discharge. Overall, during the
year, de novo signs of AD appeared in 27.0% of respon-
dents in the COVID-19 group and 34.5% in the ARTI
group (p > 0.05), and new cases of psycho-emotional
disorders in 21.6 and 15.5%, respectively (p > 0.05).
All patients with a history of AD occasionally indicated
its symptoms at one or another point of telephone con-
tact. Symptoms of AD throughout the year were absent
in 54% of children in the COVID-19 group and 65.5%
of children in the ARTI group, psycho-emotional disor-
ders in 73 and 82.8%, and sleep disorders in 75.7 and
93.1%, respectively (for all indicators, p > 0.05).

The maximum number of complaints 3-6 months
after hospital discharge was associated with new epi-
sodes of acute respiratory and intestinal infections,
which were the main reason for seeking medical
help. Catarrhal symptoms without other signs during
this time frame were frequent and significantly more
frequent after acute respiratory infections than after
COVID-19 (Table 1). Twenty-seven and 55.2% (p =
0.008) of children in the compared groups became re-
peatedly ill with acute respiratory infections within 3
months after hospital discharge, and 40.5 and 89.9%
within 6 months, respectively (p < 0.001). Confirmed
cases of acute gastroenteritis occurred (at different time
points) in 13.5% of children in the COVID-19 group
and 6.9% of children in the ARTI group.

Additional diagnoses after COVID-19 were
hepatitis of undetermined etiology of low activity of
3 months' duration (2.7%; 95% CI 0.1-15.8), cervi-
cal lymphadenitis, and urinary tract infection; in the
acute respiratory tract infection group, varicella (3
cases), community-acquired pneumonia, otitis media,
COVID-19 (1 case), and urinary tract infection. 24.3
children in the COVID-19 group and 6.9% of children
in the acute respiratory tract infection group had no ill-
nesses during the year (p = 0.033).

At all of the time points, 3 (8.1% 95% CI 1.7-
21.9) children in the COVID-19 group and 1 (1.7%
95% CI 0.04-9.20%) in the acute respiratory tract in-
fection group (p = 0.050) had any persistent disorders
significantly affecting their general health (as assessed
by mothers). However, similar symptoms were record-

ORIGINAL RESEARCHES

ed in the history of these patients before inclusion in
the study. In the remaining children, the complaints/
symptoms were transient in nature. There was no effect
of age and gender on the studied parameters in children
younger than 6 years of age.

The overall incidence of cases meeting the defini-
tion of PCC in children younger than 6 years at 1, 3, 6
and 12 months after hospital discharge was relatively
stable and was 19, 24, 30 and 16% after COVID-19 and
19, 24, 24 and 15.5% after acute respiratory infection
(at all points p > 0.05). But after excluding patients who
had acute infections or other established diseases, it ap-
peared that PCC was rarely reported de novo, 2.7-8.1%
at 1-3 months after hospital discharge and was absent
at 6 months (Figure, a).

The adjusted odds of having symptoms of AD (ad-
justed OR = 2.192; 95% CI 1.246-3.865; p = 0.007)
or emotional distress (adjusted OR = 2.081; 95% CI
1.0354.187; p = 0.039) were increased by 6 months
after hospital discharge in both SARS-CoV-2-positive
and SARS-CoV-2-negative patients if they had a recur-
rent acute respiratory illness.

Children = 6 years of age

The COVID-19 group differed from the acute re-
spiratory tract infection group by a shift in age structure
toward a predominance of adolescents 10-17 years of
age (70.2% vs 51.1%; p = 0.024), the acute respiratory
tract infection group by a higher incidence of bronchitis
and a shorter duration of antibiotic therapy and antivi-
ral therapy (similar to younger children). Patient history
> 6 years did not differ, except for a more frequent his-
tory of out-of-hospital pneumonia among those hospi-
talized with acute respiratory infections (Table S3 and
Table S4 in the Supplementary Material on the journal
website).

Children > 6 years of age rated their health status
worse than patients < 6 years of age (Table 2; Table S5
in the Supplementary Material on the journal web-
site). At the time of hospital discharge, the incidence
of complaints and symptoms was higher (36.9%) in the
COVID-19 group than in the ARTI group (8.5%; Ta-
ble 2). At one year, self-assessment of health impair-
ment after COVID-19 indicated moderate improvement
according to the mean integral score. In the ARTI group,
the dynamics of changes had an opposite direction (Ta-
ble 2). Patients > 6 years of age presented a wider range
of complaints and their mean per 1 child was higher than
that of children < 6 years of age at all telephone contact
points. The proportion of children with more complaints/
signs (6-25) ranged from 2-13% with no differences
between groups or time points. In almost all cases (87—
88%), multiple complaints were made by children with
a history of underlying functional health disorders.

Children > 6 years of age complained more fre-
quently of weakness/fatigue, headache, and emotional
disturbances (2.4-23.8%) and rarely (1-7%) of phys-
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ical and mental intolerance, cognitive dysfunction,
breathing difficulties, sleep disturbances, hair loss,
and gastrointestinal disturbances. In a “crude” assess-
ment in the early period of recongestion, the preva-
lence of signs of AD (difference 19.2% [3.5-34.9%];
OR = 0.9 [0.04-2.50], cardiovascular symptoms (dif-
ference 13.3% [4.6-22.1%]; OR = 6.27 [0.02-53.10]),

subfebrile state (difference 12.2% [3.6-20.7%];
OR = 5.7 [0.10-49.2]), and hyposmia (difference
14.3%) were higher after COVID-19 than after acute
respiratory infections (Table 2). However, the increased
risks associated with COVID-19 were not significant.
During the year after COVID-19, the prevalence
of dominant features, including the vagotonic-type

a
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Incidence of PCC (as defined by WHO) in non-sick children in COVID-19 and ARTI groups over time, adjusted for AD history
and de novo symptoms.
a — children under 6 years old; b — children aged 6—18 years.
*p = 0.027 between children < 6 years and = 6 years; the "were before" series presented symptoms recorded in relation to the previous time
point; PCC — post-COVID-19 condition; AD — autonomic dysfunction.
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AD symptom cluster, consistently decreased (Table 2).
Other clusters and symptoms were recorded at a stable
level. Hyposmia gradually resolved but subjectively
persisted after 12 months in 2.4% (95% CI 0.6-9.1) of
cases. The number of new illnesses (mainly recurrent
acute respiratory infections) increased by 6 months and
declined thereafter. Within 6 months after COVID-19,
2 cases of arthritis (2.4%; 95% CI 0.4-9.1%), hemor-
rhagic vasculitis (1.2%; 95% CI 0-7.4%), out-of-hos-
pital pneumonia, and purulent inflammatory diseases
(2 cases) were diagnosed.

After acute respiratory viral infection, the trajec-
tory of the prevalence of the main symptoms was dif-
ferent. The sum of symptoms of AD due to weakness/
fatigue, headaches and in general AD of vagotonic type
increased by 3-6 months, then decreased by the end of
the year. The registration of other nonrespiratory symp-
toms did not differ from COVID-19. New episodes of
acute respiratory infections and associated catarrhal
symptoms accounted for a substantial proportion of the
causes of impairment. After the initial acute respiratory
infection, cystitis, bacterial sinusitis, and 2 episodes of
COVID-19, including one with hyposmia, were diag-
nosed in isolated cases (Table 2).

Overall, the risks of new episodes of respiratory
infections were lower after COVID-19 (as among chil-
dren < 6 years of age) compared with the ARTI group af-
ter 3 months (by 31.3% [95% CI 16.9—47.3]; OR =0.79
[0.55-0.91]) and after 6 months (by 23.7% [7.6-39.9];
OR = 0.59 [0.26-0.77]). There was a correspondingly
lower (22.1% [5.3-38.9]; OR = 0.49 [0.16—0.70]) refer-
ral to a pediatrician. During the year, among children
> 6 years of age in the compared groups, no symptoms
were present in 47.6% of cases in the COVID-19 group
and in 61.7% of cases in the ARTI group (p = 0.122).

The incidence of PCC in the compared groups was
stable at 6 months and moderately decreased after one
year (COVID-19 group: 44.0; 41.7; 42.9 and 33.3%;
ARTI group: 40.4; 40.4; 36.2 and 17.0% at index
points, respectively; p > 0.05). PCC was more common
in children > 6 years than in children <6 years, 1 month
after hospital discharge: COVID-19 group: age differ-
ence 22.7% [95% CI1 6.3-39.3]; OR = 1.20 [0.08-3.50];
p = 0.009), ARTI group: difference 21.5% [4.2—
38.7]; OR = 1.13 [0.13-3.03], OR = 2.9 [1.20-6.98];
p =0.018). No age differences were found at later ages.

The risk of symptom-complex PCC in patients
> 6 years without acute infections or other established
diseases was higher after COVID-19 than after acute
respiratory infections at 1 month, and the risk of de
novo PCC was higher only at the time of hospital dis-
charge (p = 0.039). Thereafter, no statistical difference
was obtained for this indicator. After 6 months of fol-
low-up, there were practically no cases of de novo PCC
in children > 6 years of age (Figure, b).

Multiple and persistent (throughout the year)
disorders significantly affecting well-being were sig-

ORIGINAL RESEARCHES

nificantly more common in children with a history of
AD than de novo: COVID-19 group: 26.5% vs. 1.1%,
respectively; p < 0.001; ARTI group: 21.4 and 2.2%,
respectively; p = 0.016. Table 3 presents the risk scores
of the main symptom clusters adjusted for age, history
of AD and repeated episodes of acute respiratory infec-
tions.

Table 3 shows that the odds of complaints after
COVID-19 were elevated compared to ARTI only at
the time of hospital discharge, especially in children
12 years and older, but after 6 months the odds were
higher in the ARTI group. It appeared that it was not the
etiology of the initial respiratory infection but rather a
history of ARTI that significantly increased the risks of
predominant symptoms at all telephone contact points.
Adolescents > 12 years of age had higher such risks than
children <12 years of age if AD was reported before
the initial illness (adjusted OR = 3.2; 95% CI 2.0-5.2;
p < 0.001). Interestingly, repeated respiratory episodes
increased the odds of the most significant clusters (AD,
including vagotonic type and cognitive impairment) by
6 months of follow-up regardless of the etiology of the
initial infection.

Discussion

According to recent data, PCC in children is char-
acterized by several groups of signs/conditions [1, 24].
After severe COVID-19 and in comorbid patients, PCC
is diagnosed more frequently and has a more significant
impact on pediatric health [1, 3, 25]. The present work
is an attempt to explain the heterogeneity of clinical
manifestations and temporal dynamics of PCC.

In general, we obtained information on the prev-
alence, spectrum and dynamics of symptoms that co-
incides with most published systematic reviews and
meta-analyses [1, 4, 7, 8]. Symptoms identified in the
questionnaires occurred with a frequency of 32-39%.
The most common were the psycho-emotional cluster
and the AD cluster, although older children were more
detailed in labeling perceived symptoms, which is natu-
ral. The respiratory cluster was a significant proportion,
often the only one.

In general, patients in the COVID-19 and ARTI
groups experienced similar symptoms. Crude (unadjust-
ed for possible confounding factors) assessment of dif-
ferences between the COVID-19 group and the SARS-
CoV-2-negative group found higher risks of well-being
disorders (additionally, sleep problems in children < 6
years of age and hyposmia and AD cluster in children
> 6 years of age) only in the early recollection peri-
od. There was no difference in most specific features,
which is probably due to the exclusion of comorbid pa-
tients. We confirmed the increased prevalence of some
symptoms among older children (especially > 12 years)
described previously [12].

In the present study, different dynamics of indi-
vidual symptoms (heterogeneous timing of onset and
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Table 3. History of autonomic dysfunction and incidence of acute respiratory infections adjusted odds ratio in children = 6

years
Sign Adjusted OR 95% ClI p
Odds are increased after COVID-19
Well-being is impaired (self-assessment) 2.038 1.141-3.644 0.016
including children = 12 years 1.634 1.065-2.507 0.037
Autonomic dysfunction (any signs), discharge from the hospital 4.509 2.377-8.559 < 0.001
Odds are increased after ARTI
Well-being is impaired (self-assessment) after 6 months 2.484 1.365-4.518 0.003

Odds are increased in children with a history of autonomic dysfunction regardless of COVID-19/ARTI group

After 1 months

After 6 months

Well-being is impaired (self-assessment)
after 1 months
after 6 months

Headache after 1 months
after 1 months
after 6 months

Weakness, fatigue, locomotor activity
after 1 months
after 6 months

Psychoemotional disorders
after 1 months
after 6 months

Autonomic dysfunction (any signs) after 1 month
ncluding children 2 12 years

Autonomic dysfunction (any signs) after 6 months

Odds are increased in children with repeated ARTI regardless of the COVID-19/ARTI group

Cognitive dysfunction after 6 months
Vagotonic autonomic dysfunction after 6 months

Autonomic dysfunction (any signs) after 6 months

3.187 1.889-5.381 < 0.001
3.333 1.806-6.147 < 0.001
1.756 2.112-1.068 0.015
1.824 1.157-2.872 0.009
2.809 1.614-4.889 < 0.001
3.274 1.831-5.795 < 0.001
2.440 1.651-3.838 < 0.001
2472 1.527-4.007 < 0.001
3.447 1.774-7.007 < 0.001
2.918 1.596-5.333 < 0.001
3.387 2.076-5.474 < 0.001
1.718 1.070-2.759 0.024
3.187 1.917-5.296 < 0.001
1.745 1.023-2.977 0.041

1.788 1.007-3.171 0.047
1.768 1.181-2.649 0.006

Note: *At all time points of contact, odds were increased for these signs only points of 1 and 6 months are given for convenience.

duration) were observed, as noted by other authors [ 14—
16]. After COVID-19, the total number of complaints
consistently decreased in parallel with an increase in
the mean personal health assessment score. In children
< 6 years of age, there was no statistical dynamics of
individual clusters, and in children > 6 years of age, the
frequency of hyposmia, fatigue clusters, and AD (car-
diovascular autonomic symptoms and vagotonic-type
AD) decreased significantly over the course of the
year. In the ARTI group, the sum of negative subjective
feelings increased by 3—6 months in association with

a significant frequency of repeated episodes of respi-
ratory infections: in children < 6 years of age due to
the psycho-emotional cluster, and in patients > 6 years
of age due to the cognitive, fatigue and vagotonic AD
clusters. The mean estimated health status score in the
acute respiratory trauma group did not change much.
Throughout the year, most patients in both groups expe-
rienced mild health impairments and their duration did
not exceed 3-6 months.

Even in the early stages of the pandemic, resear-
chers noted significant similarities between PCC and
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clinical manifestations of AD [6, 26]. Prior to the spread
of COVID-19, it was shown that postural orthostatic
tachycardia syndrome, whose main clinical features are
dizziness, tachycardia, headache, and difficulty concen-
trating, most commonly occurs at a young age with a
median age of 14 years and is diagnosed with a sig-
nificant delay in the majority of patients [27]. Given
these data, we focused on determining the difference
in prevalence of PCC symptoms between children and
adolescents with and without these conditions before
COVID-19, which we believe is a strength of the study.

In children < 6 years of age, a history of AD was
rare, so there were limited opportunities for in-depth
analysis for this characteristic. In the older age group,
calculation of age-adjusted OR and past history of AD
significantly narrowed the range and size of COVID-19
effects. The COVID-19 group differed from SARS-
CoV-2-negative controls only at the time of hospital
discharge by increased risk of malaise complaints. At
other time points, symptom frequency was associated
not with the etiology of the initial respiratory infection
(COVID-19 or acute respiratory infection) but specif-
ically with a history of ANS dysfunction before the
pandemic. Among patients without a history of similar
symptoms and who had not been sick for a year, de novo
PCC was rare (2.7-8.0%) with no statistical differences
between the COVID-19 and acute respiratory infection
groups. Cumulatively (regardless of initial infection),
multiple (5-25) and persistent (at all index points)
symptoms rated by patients as significant occurred
de novo even less frequently, in 1.7% of cases (95%
CI 0.4-4.9), but significantly more frequently among
children with a history of AD, 25% of cases (95% CI
13.6-39.6%; difference 23.3% (10.9-35.7%), OR =
14.8 (4.4-50.6); p < 0.001). It seems that the risks of
PCC in most patients were due to their baseline physi-
cal and mental health status, and personal perception of
the stressful situation in the current pandemic played a
significant role as a supportive trigger of symptoms. At
the same time, some patients did feel sick, as evidenced
by frequent visits to the doctor.

Although COVID-19-associated pediatric AD is
understudied, compelling biomarkers of ANS imbal-
ance both during and after the acute period of infec-
tion have been presented [28—30]. R. Buchhorn showed
that heart rate variability data after COVID-19 are not
significantly different from those of adolescents with
autonomic dysfunction due to psychosomatic diseas-
es before the COVID-19 pandemic [31]. A study by
B.H. Shaw etal. conducted shortly before the COVID-19
pandemic demonstrated different triggers of dysautono-
mia with a significant predominance of infection (41%)
and psychological problems (28%). Pubertal period of
child development was also noted as a significant pre-
dictor of AD. Interestingly, in this study, 40% of pa-
tients reported the onset of symptoms 3 months after
the initiating event [27]. ANS imbalance has also been

described in other respiratory viral infections, such as
influenza [32] or respiratory syncytial infection [33].

Indirect confirmation of these data was also ob-
tained in the present study, as the frequency of vago-
tonic AD and cognitive cluster complaints increased
after 3—-6 months in SARS-CoV-2-negative patients
who were more likely to have repeated acute respira-
tory infections. And adjustment for distorting factors
revealed a significant role of recurrent respiratory in-
fections in increasing the risks of these complaints. In-
depth studies have demonstrated autonomic disorders
with predominant parasympathetic tone in COVID-19
[34], although multifactorial generation of symptoms
and individual patient characteristics mediate complex
mechanisms of ANS imbalance [30].

Stressful events are a critical trigger of AD, espe-
cially in predisposed patients. The SARS-CoV-2 pan-
demic globally has caused a significant deterioration in
mental and cognitive health not only in adults but also
in children, which has been named coronavirus anxiety
[35-37]. Worry about their own and their loved ones'
health, fear, negative media coverage, social isolation
and physical inactivity increased the stressful pressure
of the pandemic. It was not only adolescents, who re-
spond more consciously to negative information flow,
who suffered from sustained experiences. Young chil-
dren also experienced subjective anxiety in response to
maternal anxiety [38, 39]. Patients with special psycho-
logical needs or anxious at baseline were hypersensitive
to the challenges of the epidemiologic situation associ-
ated with the spread of SARS-CoV-2 [37, 40]. Exces-
sive health concern may persist for many months after
COVID-19 [40]. In adults, anticipation of symptoms,
baseline symptom burden and history of coronavirus
disease, but not serologic confirmation, were predictors
of worsening somatic symptoms [41]. The use of scales
to assess neuropsychiatric symptoms and somatization
confirmed subjective stress intolerance and subjective
cognitive deficits in PCC patients [42]. In our data, re-
peated respiratory episodes in an ongoing pandemic per
se or as a nocebo effect appeared to maintain/deepen
feelings of fear, anxiety and depression.

The results of our study support a model of PCC
in which the symptom cluster represents genuine-
ly experienced persistent somatic symptoms that are
usually functional in nature and therefore potentially
reversible. PCC is likely to be a disorder with somatic
symptoms and predisposing, triggering and perpetuat-
ing factors [10].

Thus, it appears that PCC is not a unique event
peculiar to COVID-19 and likely cannot be a noso-
logic unit of clinical diagnosis. In our data, the only
clinical characteristic of SARS-CoV-2 infection was
chemosensory disorders, which are common in older
children and adolescents (younger children are unable
to formulate their sensations as a complaint) and persist
for a long time [43]. Interestingly, the initial severity of
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hyposmia, emotional stress and depression may be risk
factors for its persistence for 2 years [44]. We have not
identified other specific symptoms for COVID-19 and
PCC compared to SARS-CoV-2-negative patients.

The limitations of this study can be considered to
be the collection of information by questionnaire with-
out instrumental investigations that are accepted for the
diagnosis of AD and related cardiovascular disorders.
It is logical to assume that mothers of younger children
and older children, being aware of their disease and un-
der the stress of the pandemic, tend to unconsciously
distort the true picture of their own health, which was
probably further stimulated by leading questions in the
surveys. We evaluated the information about repeated
episodes of acute respiratory viral infections and re-
peated testing for SARC-CoV-2 from patients' words,
and it is impossible to exclude subjective data errors,
although in Russia during this period testing of all pa-
tients with acute respiratory viral infections was strictly
regulated. The age of patients in the COVID-19 group
was slightly skewed toward children older than 12 years
of age who had more frequent complaints. We should
then assume the possibility of lower risks of COVID-19
than established in this paper. However, the prospective
type of our study, the exclusion of factors (severity of
disease and comorbidity) that could knowingly cause
bias in the data, consideration of the severity of symp-
toms and their dynamic variability, low dropout rate
and consideration of new events (diseases) during the
follow-up period allow us to believe that the data ob-
tained are scientifically and practically useful.

ORIGINAL RESEARCHES

Conclusion

Data on the prevalence of PCC in children vary
due to the lack of specific diagnostic criteria, reliable
biomarkers, and significant limitations of many exist-
ing studies. The present study is an attempt to seek ex-
planations for the structural and temporal variability
of PCC per se and therefore focused on finding rela-
tionships of symptoms after COVID-19 with baseline
functional impairment and any events during the year.
Adjustment for age and past history of AD allowed
for a rare prevalence of PCC (2.7-8.0%) and no dif-
ferences between patients with SARS-CoV-2 infection
confirmed or excluded by molecular and serologic
methods. Apart from prolonged hyposmia, we found
no specific effects of COVID-19 compared with acute
respiratory infections. In most cases, the disorders
were mild and persisted for 3—6 months. Persistent
and multiple symptoms perceived as serious by pa-
tients were found in a quarter of patients with a his-
tory of AD and in only 1.7% of de novo patients. Our
results suggest that recurrent respiratory infections in
an ongoing pandemic may be a significant trigger of
new symptoms, explaining the previously described
temporal variability of PCC. Given our and recent ev-
idence, we support the current concept that PCC is a
functional somatic disorder, probably sociogenic in
patients who have baseline anxiety.

The study of PCC presents new aspects of the con-
sequences of widespread respiratory viral infections, as
some patients do need both medical and psychosocial
rehabilitation.
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Comparative genomic analysis of clinical isolates of Klebsiella
pneumoniae isolated from newborns with different outcomes
of the infectious process in the neonatal period

Alexander V. Ustyuzhanin®, Anna A. Makhanyok, Guzel N. Chistyakova, Irina I. Remizova
Ural Scientific Research Institute of Maternity and Child Care, Yekaterinburg, Russia

Abstract

Introduction. Some progress has been made in the study of the molecular mechanisms of antibiotic resistance,
namely, genes and their variants have been identified that ensure the inactivation of beta-lactam antibiotics.
Nevertheless, there is still a necessity for further studies of genetic diversity of nosocomial strains, prevalence of
genetic determinants of resistance to other groups of antibiotics, virulence factors and realization of pathogenic
potential by opportunistic microorganisms.

Aim of the study was to compare the genetic profile of clinical isolates of Klebsiella pneumoniae isolated from
newborns with different outcomes of the infectious process in the neonatal period.

Materials and methods. Using whole-genome sequencing and bioinformatic analysis to search for determinants
of resistance and virulence, 3 strains of K. pneumoniae were studied, 2 of which were isolated from the blood of
a generalized form of infection, 1 from the feces of a newborn child.

Results. K. pneumoniae strains belonged to sequence types (ST) ST23, ST14 and ST3559, and differed in
genetic determinants of antibiotic resistance and virulence factors. At the same time, they all had the genetic
determinants fimH, mrkA and iutA, which are associated with an increased ability to attach to substrates and
transport aerobactin. Strain 222 of ST3559, which has the largest number of antibiotic resistance genes, contained
the smallest number of virulence factor genes, and vice versa, strain 144 of ST23, in which the smallest number
of antibacterial drug resistance genes was detected, contained the most virulence factor genes.

Conclusions. Identification of K. pneumoniae strains that differ in the genetic profile of antibiotic resistance and
virulence in neonatal hospital patients indicates a complex interaction between bacteria and the macroorganism,
in which isolates with low pathogenic potential can cause serious infectious complications, and vice versa, when
a highly virulent strain does not realize its pathogenic potential, as demonstrated in case of K. pneumoniae
strains ST14, ST3559 and ST23, respectively. This highlights the difficulty of effectively predicting and managing
infection risks in hospital operations.

Keywords: Klebsiella pneumoniae, next-generation sequencing, bioinformatics analysis, virulence genes,
antibiotic resistance genes
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CpaBHUTENbHDbIN FeHOMHbIN aHaNN3 KNINHNYECKNX N30NATOB
Klebsiella pneumoniae, BbigeneHHbIX OT HOBOPOXAEHHbIX
AeTen C pasnnyHbIMN Ncxogamm NHPEKLNOHHOro

npouecca B HeOHaTa/lbHOM nepuoge

YcTioxKaHuH A.B.”, MaxaHék A.A., Ynctakosa IH., PemnsoBa U.W.
YpanbcKuin Hay4YHO-UCCNeR0BaTENbCKNI MHCTUTYT OXPaHbl MAaTEPUHCTBA 1 MilageHuYecTBa, EkatepuHObypr, Poccua

AHHOMayus

BeeneHue. CyuiecTByeT HeobxoaMMOCTb UCCREAOBaHUS FEHETUYECKOro PasHOo6pa3ns BHYTPUOOMbHUYHBLIX
LITAaMMOB, PacrnpoCTPaHEHHOCTN AETEPMUHAHT YCTOMYMBOCTU K aHTUOMOTUKaM, (DaKTOPOB BUPYNEHTHOCTU U pe-
anusauuy NaTtoreHHoro NoTeHumana onnopTYHUCTUYECKMMMN MUKPOOPraHN3Mamu.

Llenb paboTbl — CpaBHUTb reHeTUYECKUi NPOdUbL aHTUBUNOTUKOPESNCTEHTHOCTU N BUPYNEHTHOCTU KIMHUYE-
ckux nsonsatos Klebsiella pneumoniae, BblOENEHHbIX OT HOBOPOXAEHHbLIX AETEN C Pa3NIMYHBIMU UCXO4aMU UH-
heKLMOHHOro npouecca B HeoHaTanbHOM nepuoge.

MaTtepuansbi u Mmetoabl. C MOMOLLBIO MONTHOFEHOMHOIO CEKBEHMPOBAHWUS U BMOMHPOPMaLMOHHOIO aHanmn3a ang
roucka ETEPMUHAHT PE3UCTEHTHOCTM U BUPYNEHTHOCTU UCCneaoBaHbl 3 Wwtamma K. pneumoniae, 2 U3 KOTOpbIX
BblErNeHbl U3 KPOBU MpU reHepanm3oBaHHoOM nHdekumm, 1 — 13 dekanuin HoBOpOXAEHHOTO pebEHKa.
Pe3ynbratbl. K. pneumoniae ST23, ST14, ST3559 otnMyanuck reHeTU4eCKUMn oeTepMUHaHTaMn aHTUBMOTHKO-
PEe3NCTEHTHOCTM 1 (PaKTOPOB BMPYNEHTHOCTU. BmecTe ¢ Tem Bce oHU umenu rexbl fimH, mrkA v iutA, accoummpo-
BaHHbIE C MOBbILIEHHOW CNOCOOHOCTLIO K aare3un kK cybctpatam u TpaHcnoptom aspobaktuna. Wramm ST3559,
obnapgatoLwmin HaMbonNbLUMM KONMYECTBOM reHOB aHTUBUOTMKOpe3NCTEHTHOCTH (9), copepkan 8 reHoB hakTopoB
BMPYNEHTHOCTY; B WiTaMme ST23, B KOTOPOM AETEKTUPOBAHO HaMMEHbLUIEE KOMMYECTBO FEHOB YCTOMYMBOCTU K
aHTnbakTepuanbHbiM npenapatam (3), oGHapyXeHo Gorblue Bcero reHoB hakTopoB BUPYNEHTHOCTH (21).
3akntoyeHue. BoisBneHue wrammoB K. pneumoniae, pasnuyatoLLmMxcs no reHeTnyeckomy npodunio aHtmbmo-
TMKOPE3UCTEHTHOCTU U BUPYNEHTHOCTY, Y NaLMEHTOB HEOHaTalbHbIX CTALMOHAPOB YKa3biBaeT Ha CIOXHOE B3a-
UMOAENCTBNE MexXay bakTepusMu U OpraHn3MOM HOBOPOXAEHHOrO pebéHka, Npy KOTOPOM M30MATbl C HU3KUM
NaToreHHbIM NOTeHUManom MOryT Bbi3blBaTb CEPbE3HbIE MHEKLUNOHHBbIE OCMOXHEHUs!, 1 HAo0BbOopOoT, Korga Bbl-
COKOBUPYINEHTHBIN LUTaMM He peanuayeT CBOW MaTOreHHbIV NoTeHuman, kak B cnyyasx ¢ K. pneumoniae ST14,
ST3559 1 ST23. 310 NOAYEPKMBAET CNOXHOCTL 3PHEKTUBHOIO NMPOrHO3MPOBAHUS 1 yNpaBneHnsa MHAEKLUNOHHbI-
MU pycKaMu B OeATENbHOCTU CTaLMOHapOB.

KnroueBble cnoBa: Klebsiella pneumoniae, noriHo2eHOMHOe cekgeHuposaHue, bUOUHGOPMAaUUOHHbIU aHanus,
2eHbl 8UPYIEHMHOCMU, 2eHbl aHMUBUOMUKOpPe3ucmeHmHocmu

Amuyeckoe ymeepideHue. ViccnefoBaHve NpoBoanock npy 4obpoBonsHOM MHCOPMUPOBAHHOM COrfacuy 3aKoH-
HbIX NpefcTaBuTenen nauneHToB. lMpoTokon nccnegoBaHns ofobpeH nokanbHeIM aTudeckum komutetom HAM oxpaHsl
MaTepuHcTBa 1 MnageHyectsa (npotokon Ne 15 ot 06.12.2022).

HUcmoyHuk (’)UHaHCUpOSaHUH. ABTOpr 3asaBnsaT 06 OTCYTCTBUM BHELUHEro CbVIHaHCI/IpOBaHI/Iﬂ npu nposegeHun mnc-
cnenosaHuA.

KoHpnnukm uHmepecoe. ABTOpbI AeKnapupyoT OTCYTCTBUE SIBHLIX U NOTEHLMANbHBIX KOH(PIIMKTOB MHTEPECOB, CBSI-
3aHHbIX C Ny6nunKaumen HacTosiLLe cTaTbu.

Ansi yumupoeanHusi: YctioxaHuH A.B., MaxaHék A.A., Ynctakosa INH., PemusoBa N.N. CpaBHUTENbHBIN rEHOMHbIN
aHanu3 KnMHnyecknx nsonsatoB Klebsiella pneumoniae, BblAeNeHHbIX OT HOBOPOXAEHHbLIX AETEN C pasnnyHbIMU UCXO-
Jamu MHEKLMOHHOIO nNpoLuecca B HeoHaTanbHOM nepuoge. KypHan Mukpobuonoauu, snudemuono2uu u UMMyHobuo-
noeuu. 2025;102(1):62-71.
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Introduction

Klebsiella pneumoniae is a typical representative
of Enterobacteriaceae, which can be detected during
asymptomatic colonization of mucous membranes of
non-sterile biotopes of the human body [1]. At the
same time, K. pneumoniae is included in the top five
etiologic agents associated with fatal infectious pro-
cesses worldwide, regardless of the antibiotic sensi-
tivity of the isolate [2]. According to the results of a
multicenter epidemiological study in Russia, K. pneu-
moniae is the most common bacterial pathogen of
nosocomial infections of the respiratory (35.81%) and
urinary (31.94%) systems, cardiovascular (26.40%),
central nervous system infections (CNS; 27.78%), and
is the second most common pathogen of nosocomial
infections of skin and soft tissues (19.10%), abdom-
inal cavity (26.26%), and bone and joint infections
(15.93%) [3].

Among Enterobacteriaceae, which are etiologic
agents of complications of infectious genesis in new-
borns in the intensive care unit, K. pneumoniae is reg-
istered in 48% of cases [4]. In children treated in the
hospital of Kemerovo region, it was most often detect-
ed in etiologically significant titers in fecal samples
(826.41 per 1000 patients) and pharyngeal secretions
(33.96 per 1000 patients) [5]. In a pediatric hospital lo-
cated in Nizhny Novgorod, the epidemiological situa-
tion is associated with K. pneumoniae sequence type
(ST) ST3181, originally isolated in Australia and first
described in Russia [6].

K. pneumoniae is the 3rd most frequent etiologic
agent of bloodstream infections after Staphylococcus
aureus and coagulase-negative staphylococci in pediat-
ric departments of the Republic of Belarus, where it is
registered in 14.6% of cases [7].

In other countries, where the mortality rate from
generalized bloodstream infections is registered at
18—68%, K. pneumoniae is also one of the significant
pathogens found in newborns hospitalized in intensive
care units [8].

When analyzing genetic variants, it was found that
in one of the pediatric hospitals in Moscow, K. preu-
moniae strains belonged to 4 sublines: SL307, SL395,
SL29 and SL1198, which indicates the heterogeneity
of the strain population and the possible presence of
several variants of one bacterial species at once in the
conditions of a pediatric ward [9].

The detection of resistance genes to all categories
of antibiotics recommended for therapy of Enterobac-
teriaceae in the genomes of 6 panresistant strains once
again confirms the urgency of the problem of finding
drugs for effective antibiotic therapy. In Morocco,
during active surveillance of rectal carriage in new-
borns, 91 (31.05%) of 293 collected K. pneumoniae
isolates were found to produce carbapenemase. Among
carbapenem-resistant K. pneumoniae, 37 (40.65%)

ORIGINAL RESEARCHES

contained the bla, . gene; bla, , bla, and
bla,,. genes were detected in 30.76, 9.89 and 2.19%
of the isolates, respectively [10]. Globally prevalent
multidrug-resistant sequence types include ST14/15,
ST17/20, ST43, ST147, ST258 and ST395 [11], with
the latter, frequently encountered in pediatric inpa-
tients, being associated with colistin resistance [12].
The detection of convergent types is noteworthy. For
example, hospital outbreaks in 2 hospitals in St. Pe-
tersburg were caused by carbapenem-resistant hyper-
virulent strains [13]. In Moscow, ST395 was detected,
combining features of both antibiotic-resistant and
virulent microorganisms capable of dissemination in
the human body [9].

Based on the above mentioned information, K.
pneumoniae is a relevant opportunistic microorganism
associated with the occurrence of both hospital-ac-
quired and out-of-hospital infections. The reason for
this is the high rate of transmission of genetic deter-
minants of virulence and antibiotic resistance through
mobile genetic elements, the formation of pathogen-
ic and/or antibiotic-resistant epidemically significant
clonal lineages and their spread among patients world-
wide [9].

Perinatal centers are not an exception and logical-
ly fit into the system of medical care at the inpatient
stage, within their walls being a contingent with limited
therapeutic capabilities and a high risk of infectious and
inflammatory processes caused by opportunistic micro-
organisms. This is due to the morphofunctional imma-
turity of various organs and their systems in children
born low birth weight and/or from early and ultra-early
premature births [14].

The study of molecular mechanisms of antibiot-
ic resistance has made progress: genes and their vari-
ants that ensure inactivation of antibacterial drugs have
been identified, and association with certain clonal
groups has been established. Nevertheless, there is still
a necessity for further studies of genetic diversity of
nosocomial strains, prevalence of genetic determinants
of antibiotic resistance, virulence factors and realiza-
tion of pathogenic potential by opportunistic microor-
ganisms.

The aim of the study was to compare the genetic
profile of antibiotic resistance and virulence of clinical
isolates of K. pneumoniae isolated from newborn in-
fants with different outcomes of the infectious process
in the neonatal period.

Materials and methods

The study was approved by the local ethical com-
mittee of the Research Institute of Maternal and Infant
Health Protection (protocol No. 15 of 06.12.2022).

Three strains of K. pneumoniae, 2 of which were
isolated from blood during late hospital neonatal sep-
sis, and the other one from feces of a child during lo-
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cal microbiological monitoring'. It should be noted
that the bloodstream infection was fatal in one case,
but a full recovery was observed in the other case.
The strains were isolated on 05.04.2023, 11.10.2023,
26.02.2024 and stored in the collection of the microbi-
ology laboratory. Nucleotide sequences were deposited
in GenBank international database of genetic informa-
tion (BioProject: PRINA 1144786, GenBank numbers:
JBGKAX0000000000000, JBGKAY000000000,
JBHILO0000000000000).

Blood was collected in a volume of up to 4 ml
from an intact vein into a pediatric vial directly at
the patient's bedside and subsequently cultured in
a BacT/ALERT analyzer (bioMericux).

Positive hemocultures and feces were sown on nu-
trient media: Endo, differential-diagnostic lactose-con-
taining nutrient medium (State Research Center for Ap-
plied Microbiology and Biotechnology) and blood-se-
rum agar (base — Conda).

Species identification of bacteria and determina-
tion of sensitivity to antibacterial drugs (ampicillin,
amoxicillin + clavulanic acid, cefotaxime, ceftazidime,
cefepime, ertapenem, meropenem, amikacin, genta-
micin, ciprofloxacin, tigecycline, fosfomycin, nitrofu-
rantoin, trimethoprim sulfamethoxazole, colistin) were
performed on a VITEK 2 compact automatic bacterio-
logical analyzer (Bio Mérieux) at the CCU of the In-
novative Scientific Laboratory Center for Perinatal and
Reproductive Medicine, using VITEK 2 GN (identifi-
cation) and AST-N360 (antibiotic sensitivity determi-
nation) test cards.

To assess the biofilm-forming ability of bacteria,
we used the method described previously [15].

Total DNA was isolated from 24-hour culture us-
ing D-Cells-10 kits (Biolabmix LLC). Sequencing of
strains 222 and 56 was performed on the MiSeq plat-
form (Illumina), and strain 144 was sequenced on the
SURFSeq 5000 (GeneMind). The quality of reads
was assessed using the FastQC program tool [16].
De novo genome assembly was performed using
midsystem [17]. Multilocus sequencing was performed
according to the method proposed by the Pasteur Insti-
tute [18]. Analysis of DNA nucleotide sequences of 7
housekeeping genes: rpoB, gapA, mdh, pgi, phokE, infB,
tonB and other loci of the genome of K. pneumoniae
were analyzed using the BIGSdb-Pasteur database of
the Pasteur Institute?.

Genetic determinants of antibiotic resistance
and virulence were searched using online services:
VirulenceFinder* and ResFinder. Typing of cap-

' Order of the Federal State Budgetary Institution “Ural Research
Institute for Maternal and Child Health” of the Ministry of Health
of Russia No. 263-p dated 26.06.2016 on the procedure for
microbiological monitoring.

2 URL: https://bigsdb.pasteur.fr/klebsiella

3 URL: https://cge.cbs.dtu.dk/services/VirulenceFinder

* URL: https://cge.cbs.dtu.dk/services/ResFinder

sule loci (C-loci) was performed using the Kaptive
site’ [19].
For comparative analysis of the sequences we ob-
tained, we used the data of GenBank NCBI.
Hyperproduction of mucus was determined using
the methodology described in [20].

Results

Brief characterization of patients

K. pneumoniae strain No. 222 was isolated from
a positive hemoculture of patient P. on the 49" day of
life. Its detection from a blood sample with clinical-
ly expressed generalized infection was preceded by
a 10-day colonization of the intestine with K. pneumo-
niae, established by local microbiologic monitoring.

K. pneumoniae No. 56, detected in patient M., was
initially isolated from a fecal sample on the 35" day of
life during local microbiological monitoring. From so-
matic pathology it should be noted the presence of CNS
hypoxia at birth and intrauterine malformations of the
CNS and cardiovascular system, which aggravated the
child's condition in the neonatal period. At the age of the
child 43 days K. preumoniae in monoculture was isolated
from the contents of his tracheobronchial tree and from
positive hemoculture with negative dynamics of the clin-
ical condition of the newborn, which confirms the trans-
location of the strain through the intestinal wall and its
dissemination throughout the body. On the 44" day, death
has occurred, and during bacteriological examination of
sectional material (blood from the heart cavity, intestinal
tissue, lungs, liver) K. pneumoniae in monoculture was
isolated from all samples of the listed biological material
without accompanying microorganisms.

K. pneumoniae strain No. 144 was isolated during
local microbiological monitoring of the department of
newborn premature babies from feces of patient Sh.
(date of birth 21.02.2024) on the 6th day of his life (ges-
tational age: 36.5 weeks, body weight 2650 g, Apgar
score 5/7 during the 1st and 7th minutes of life). During
the whole neonatal period of the child in the hospital
the results of laboratory studies were without signs of
inflammatory process. After discharge in a satisfactory
condition home on the 15" day of life, the family did
not seek medical help during 3 months, which indicates
the absence of invasive infectious processes. This con-
dition was determined both by the ability of immuno-
logical reactions to timely recognize antigen and ensure
the maintenance of antigenic homeostasis, and by the
morphological characteristics and phenotypic proper-
ties of the bacterial agent.

Phenotypic characterization of strains

Optical density values obtained during the study
of biofilm-forming ability of strains, information on

5 URL: https://kaptive-web.erc.monash.edu
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Table 1. Metadata and phenotypic characterization of K. pneumoniae strains

Strain number

Parameter
56 144
Date of discovery 05.04.2023 11.10.2023 26.02.2024
Patient Sh.
Colonization of the intestine with K. pneumoniae
Yes Yes

preceding the infectious process

Nosological form

Generalized infection Generalized infection

Carriage (colonization
of the intestinal biotope)

Carriage (colonization

Outcome Recovery Death of the intestinal biotope)
Biofilm formation, optical density, nm 0.235 0.045 0.555
Hyperproduction of mucus No Yes

mucus hyperproduction, forms and outcomes of noso-
logies, and other metadata are summarized in Table 1.

As shown in the data presented in Table 1, the
studied strains were isolated from samples of biolo-
gical material with an interval of several months. Col-
onization of the intestinal biotope was observed in all
patients, and in two of them the generalization of the
infectious process was registered. It ended lethally for
one of the patients. Hyperproduction of mucus, noted
in 1 of 3 strains, is associated with increased ability of
biofilm formation.

One of the significant properties of bacterial
strains, including for clinicians, is antibiotic sensitivity.

The minimum inhibitory concentrations of anti-
bacterial drugs of strains No. 222 and 56 are presented
in Table 2. Strain No. 144 was sensitive to all tested
antibiotics except ampicillin.

Strains isolated from positive hemoculture de-
veloped resistance to protected amoxicillin (Table 2).
Strain No. 222 exhibited multidrug resistance and pro-
duced extended-spectrum beta-lactamases (ESBLs).
Having developed resistance to one of the aminoglyco-
sides (gentamicin), ciprofloxacin and chloramphenicol,
it remained sensitive to colistin, fosfomycin, amikacin
and antibiotics from the carbapenem group (ertapenem
and meropenem).

Table 2. K. pneumoniae strains N0.56 and 222 sensitivity to antimicrobial drugs

Strain number

Antibiotic 222 56

minimum inhibitory sensitivit minimum inhibitory sensitivit

concentration, mg/L Y concentration, mg/L y
Ampicillin =32 - =32 —
Amoxicillin clavulanate 232 - =32 -
Cefotaxime > 64 - <0.25 +
Ceftazidime 32 - 16 -
Cefepime 232 - <0.12 +
Ertapenem <0.12 + <0.12 +
Meropenem <0.25 + <0.25 +
Amikacin 4 i <2 +
Gentamicin 216 - <1 +
Ciprofloxacin 1 - <0.25 +
Fosfomycin <16 + <16 +
Trimethoprim =320 - <0.20 +
Colistin <0.5 + <05 +
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Table 3. Comparative genetic characteristics of strains isolated from newborns with different outcomes of the infectious

process
Strain number
Parameter
222 56 144
Genome size, bp 5414 099 5 544 559 5468 329
GC composition, % 57.3 57.1 57.4
ST 3559 14 23
KL type KL27 KL2 KL1
O locus 04 01/02v1 03/03a
O type 04 (o) 03/03a
Number of genes 5299 5311 5176
Number of contigs 101 89 79
aac (6')-Ib-cr
bla CTX-M-15
bIaSHV-71 bIaSHV-7
bIaTEM-1B fOSA bIaSHV-190
Antibiotic resistance genes fosA6 0gxA.B fosA6
0gxA.B tet(D) 0gxA.B
blaOXA-1 catA1
catB3
dfrA1
fimH,
iutA
mchF
allA,B,C,D,R, S
arcC
) clbA,B,C,D,E,F G H I,L,M,N, O, P QR
eiin fdrA
iutA, fimH, FUA
traT iutA e
gcl
Virulence genes i T glxK, R
i1, 2 kfuA, B, C h li
KfuA, B mrkA, B, C, D, F, H, ol (2 31 1
mrkA, B, C,D,F H, I, J I, J I.’r 1 2’ ’
yotA B F QS T U X iucA. B, G, D, A
kfuA, B, C

Virulence score 1
Antimicrobial resistance score 1
IncFIB(K),

Incompatibility groups of plasmids IncFII(K)

mceA, B, C,D,E, G, H, I J
mrkA, B, C, D, F, H, I, J
rmpA, A2, ybbW, Y, A, E,P, Q S, T, U, X
ylbE, ybtA, E, P, Q, S, T, U, X F

0 5
0 0
IncHI1B,
IncFIB(K) IncFIB(K)

The genetic determinants of antibiotic resistance
that cause phenotypic resistance to antibiotics, along
with genes for virulence factors, external and internal
structures of bacterial cells, provide more information
for in-depth analysis of microbial data.

Genetic characterization of strains

As can be seen from the data presented in Table 3,
the studied strains belong to three STs: ST3559, ST14,
ST23.

Strain No. 222 of ST3559 belongs to clonal group
CG429, being a variant of sublineage ST429 wide-

spread through all continents [21]. This strain scores 1
in virulence due to the presence of ybt gene and 1 in
antibacterial resistance due to the ESBL gene.

Strain No. 56 of ST14 has been reported as an
etiologic agent of neonatal sepsis in central Italy [22],
Turkey [23], Vietnam [14], India [24] and Tanzania
[25], confirming its widespread prevalence in pediatric
units.

Strain No. 144 of ST23 belongs to the hyperviru-
lent clonal group CG23, sublineage SL23. It was char-
acterized by 5 points out of 5 in virulence assessment
due to the presence of genes encoding colibactin syn-
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thesis (clbl), aerobactin synthesis (iucl) and yersini-
abactin synthesis (ybf). It is the most virulent strain
among those that were compared in this study.

Discussion

Strains No. 56 and 222 phenotypically differed in
their sensitivity to antibiotics. It is interesting to note
that strain No. 56 was resistant to ceftazidime, retaining
sensitivity to cefepime and cefotaxime, although in the
course of previous work we found that all ESBL-pro-
ducing strains of K. pneumoniae isolated between
01.01.2020 and 31.12.2021 were resistant to cefotax-
ime and possessed the bla .., gene [26].

The strains included in this study belonged to dif-
ferent sequence types, capsule variants, and had differ-
ent sets of genes for virulence factors and resistance to
antibacterial drugs. However, they were united by the
presence of genetic determinants fimH, mrkA and iutA.
The fimH and mrkA genes are associated with increased
ability to attach to substrates, while the iut4 gene is as-
sociated with the transport of aerobactin [1]. All strains
had the bla,, gene, peculiar to K. pneumoniae as a spe-
cies, providing natural resistance to ampicillin. Muta-
tions in the gene change the substrate specificity and
contribute to the inactivation of a wider range of an-
tibacterial drugs. The alleles blag,, ., blag,, , blag,,
detected in the strains under study are widespread in
Russia and were found in strains isolated in Moscow in
2012-2016 [27]. The blag,,,, gene identified in strain
ST23, as well as the fosA, ogxA, and ogxB genes, are
similar to the genetic determinants characterized in the
vast majority of strains isolated in China and causing
both nosocomial and out-of-hospital infections [28].

K. pneumoniae strains with mucus hyperproduc-
tion, which have great pathogenic and epidemiologic
potential, are currently an urgent problem for the health
care system of many countries, so timely detection
of such bacterial variants is very important for deci-
sion-making on patient management tactics and imple-
mentation of anti-epidemiologic measures [29].

Both classical strains producing ESBL and an
isolate with a hypermucoid phenotype belonging to
the epidemiologically significant hypervirulent ST23
were isolated from newborns of the perinatal center. K.
pneumoniae ST23 is isolated predominantly in Asia,
including Taiwan, Singapore, and mainland China
[28], and it is with it that the first descriptions of hy-
pervirulent Klebsiellae are associated. ST23 strains of
K. pneumoniae, which are well studied and frequently
encountered in Russia [6], continue to circulate among
the population and can colonize the intestine of a new-
born child without clinical manifestations of the infec-
tious process. This fact indicates that in the perinatal
center, as well as in other medical institutions provid-
ing medical care at the inpatient stage, there is still a
risk of convergence of hypervirulence and multidrug
resistance properties [30], which is a highly undesir-

ORIGINAL RESEARCHES

able phenomenon due to the emergence of difficulties
with the treatment of invasive infections and the need
to choose antibacterial drugs from the reserve group for
eradication therapy.

During the period over 6 months preceding and
following the date of detection of the strain with the
hypermucoid phenotype, no isolates with similar phe-
notypic characteristics were detected in samples from
patients and washes from objects in the hospital envi-
ronment during industrial microbiological control. Tak-
ing this into account, it can be concluded that the strain
isolated from the fecal sample was an out-of-hospital
strain. Conducted local microbiological monitoring and
analysis of the data obtained with its help allow timely
detection and prevention of joint stay of patients isolat-
ing strains with hyperproduction of mucus and resistant
to antibacterial drugs, thus preventing cross-infection
of patients and undesirable events of microorganism
variability that could be realized when they cross paths
in one macroorganism.

Currently, there is no unified system of registration
and surveillance of circulation of strains with hypermu-
coviscous phenotype of K. pneumoniae. At the same
time, their phenotypic detection is realized in wide
diagnostic practice of microbiological service during
work with bacterial colonies on dense plate nutrient
media of various purposes, for example, Endo medium
and blood-serum agar. Perhaps, this is due to the fact
that hypervirulence should not be identified with hyper-
production of mucus, and the question of choosing the
most informative marker of virulence of K. pneumoniae
remains open to date [20].

Three strains of K. pneumoniae researched in the
present study, two of which were isolated from a pos-
itive hemoculture during generalized infection and the
third from a fecal sample during colonization of the
intestine of a newborn child, phenotypically manifest-
ing hyperproduction of mucus and possessing the wid-
est spectrum of virulence factor genes, had the same
genetic determinants fimH, mrkA associated with bio-
film-forming ability and synthesis of type I and III fim-
briae. It is interesting to note that the traT gene, which
provides serum resistance, was detected in strains iso-
lated from blood samples and was not detected in the
isolate from feces, which may have prevented it from
overcoming the submucosal layer of the intestinal wall
and prevented generalization of the infectious process.

Thus, for the first time in Russia, the results of
comparative genomic analysis of clinical isolates of K.
pneumoniae isolated from newborn infants with dif-
ferent outcomes of the infectious process in the neo-
natal period are presented, and the well-studied and
long-standing sequence types and clonal groups, which
have been found on all continents, are identified. No
convergent or multidrug-resistant strains were identi-
fied in the present study. This is favorable for the epi-
demiological situation. At the same time, it was found
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that strains with a high virulence index can be detected
during local microbiological monitoring in obstetrics
facilities.

Conclusion

1. K. pneumoniae strains with single or several
virulence determinants are found among patients of
neonatal hospitals. The pathogenic potential of K. pneu-
moniae ST23 (virulence index 5) with phenotypically
manifested mucus hyperproduction was not realized
as an infectious process in the organism of a newborn
child.

2. K. pneumoniae ST14 with a smaller spectrum
of virulence genes than ST23 and low antibiotic re-
sistance (virulence index 0, antibiotic resistance 0)
caused a complication during the neonatal period of a
premature infant with congenital malformations of the
CNS and cardiovascular system in the form of late sep-
sis with subsequent death. This case demonstrates the
complexity of predicting infectious complications at
the inpatient stage of nursing newborn premature in-
fants, whose intestines are colonized with K. pneumo-
niae, based only on the genetic and phenotypic charac-
teristics of the microorganism and dictates the necessity
for a comprehensive assessment of both the bacterial
strain and the patient's health status.

3. The results of this study have supplemented
the data on the genetic diversity of strains associated
with the neonatal period of development of premature
newborn infants and demonstrated the need for further
study of the patterns of development of complications
of infectious genesis caused by opportunistic
microorganisms during their colonization of non-sterile
loci of the human body.
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Bnuanue wramma Enterococcus faecium 18 Ha rpu6bbl poga Candida

MNawwnHnHa 0.A.”, Nawkosa T.M., CbiueBa M.B., Monoga J1.M., Kaptawosa O.J1.
OpeHbyprckuin depepanbHbii nccefoBaTeNbckuii LeHTp, OpeHbypr, Poccus

AHHOMauus

BBeaeHue. SHTEPOKOKKM, ABNSAIOWMECH MPEACTABUTENSMU HOPMOBUOTBI KULLEYHMKA, UrPatloT BaXkKHYIO POrb B
obecneyeHnn KONMOHWU3ALNOHHOW PE3UCTEHTHOCTU CM3NCTLIX 060noYek, MPoayLMpys aHTUMUKPOOHbIE coeanHe-
HWS, 1 NO3TOMY LUMPOKO MCMOMb3YHTCS B KA4eCTBe OCHOBbLI NpobGuoTnyecknx npenapatos. B nocnegHee gecs-
TUNeTne CepbE3HON KIMMHMYECKOW NPoBnemMon ctanun nHgekumu, BeldBaHHbIe rpnbamm poga Candida. B cBasm ¢
3TUM aKTyanbHOW SBMSETCA oueHKa NPobuoTUYeCcKMX xapakTepucTuk wtamma Enterococcus faecium 18 n n3y-
YeHue ero NPOTMBOrPMOKOBOIN aKTUBHOCTU.

Llenb pabotbl — nccnegoBath BnusiHWe Witamma E. faecium 18 Ha pocT u 3penyto GuonnéHky rpubos poaa
Candida, a Takke oxapakTep13oBaTb €ro arperalyoHHy0 U KoarperaumMoHHY CrocobHOCTH.

Martepuanbl u meTtoabl. BnnsHne Ha poct rpuboB onpegensany no gMHamMmuke ONTUYECKON NNOTHOCTW BynboH-
HbIX KYnbTyp, BO3AEWCTBUE CyrnepHaTaHTa 9HTEPOKOKKa Ha cpopmmnpoBaHHbIe BMONNEHKM ncecnegosanu B cTe-
PUIbHBIX MONMCTMPONOBLIX 96-NYHOYHBbIX NnaHweTax. [NpobuoTnyeckuin noteHuwan E. faecium 18 oueHuBanu
no ero crnocobHOCTM K ayToarperaumv u koarperaumoHHoMy B3avmopgencTteuio ¢ 20 wrtammamu rpubos poaa
Candida pasHbix Bugos: C. albicans, C. krusei, C. kefir, C. glabrata. Jns nony4eHns n3obpaxeHui ncnons3osanm
MeToA CKaHMPYHoLLEe 3NeKTPOHHON MUKPOCKONUK.

Pe3ynbTaThl. [lokasaHo nHrimbupytowee gencTeme cynepHartaHTta E. faecium 18 Ha pocT rpnbos poga Candida
BCEX MccrneayeMbiX BUAOOB, a Takke ux 3penblie GuonnéHkn. YposeHb MHMbrpoBaHusa pocta cchOpMUPOBaHHBLIX
6uonnéHok y non-albicans BnooB coctaBun 58,6-72,9%; y C. albicans — 51,4%. Nokasatenu aytoarperauum
E. faecium 18 coctaBnnu 57,6% yepes 2 4 nHkybaumm n 60,4% yepes 5 u. Wtamm E. faecium 18 pemoHcTpumpo-
Ban pasHble YPOBHM Koarperaumm ¢ UccrnenoBaHHbIMY Bugamm rpubos poga Candida, npy 3TOM MHAEKC Nokasa-
Tens yepes 5 4 KynbTMBMPOBAHUS OKasancs Bbllle y BUAOB non-albicans, MakcumarnbHbIM 3HaYEHWEM XapakTe-
pusoBancs sug C. glabrata (85,6%).

3akntoueHue. [onyvyeHHbIe SKCnepuMeHTanbHble JaHHbIE NO3BOMSAIOT pacCMaTPMBaTh U3YYEHHbIN LWTaMM B Ka-
YecTBe OCHOBbI NPOBMOTHKA, OKa3bIBaIOLLEro aHTUKaHANAO3HOE AeNCTBYe.

KnroueBble cnoBa: Enterococcus faecium, Candida, 3penbie cchopmuposaHHbie buonnéHku, Koaspesayus,
aymoaepeaayusi

UcmoyHuk ghuHaHcupoeaHusi. ViccnenoBaHusa NpoBeaeHsbl B paMkax rocsagaHuna FUUG-2022-0007 «AccnenoBaHue
CUMBMOTUYECKMX CUCTEM NPO- 1 3yKapuoT B Bronorum n meguumHe».

KoHebniukm uHmepecoe. ABTOPbI AeKNapUpYT OTCYTCTBUE SABHBIX M MOTEHLMANbHBIX KOH(IIMKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumen HacTosILLEN cTaTbu.

Anst yumupoeaHus: NawwnHuHa O.A., MNawkosa T.M., CbiveBa M.B., MNonoga J1.M1., Kaptawosa O.J1. BnnsHne wramma
Enterococcus faecium 18 Ha rpubbl poga Candida. )KypHan mukpobuonoeauu, anudemuonoauu u umMmyHobuonoauu.
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Effect of Enterococcus faecium strain 18 on fungi of the genus Candida
Olga A. Pashinina™, Tatiana M. Pashkova, Maria V. Sycheva, Lydia P. Popova, Olga L. Kartashova

Orenburg Federal Research Center, Orenburg, Russia

Abstract

Introduction. Enterococcus spp. which are representatives of the intestinal normal microbiota, play an important
role in ensuring colonization resistance of mucous membranes, producing antimicrobial compounds, and
therefore are widely used as the basis of probiotic drugs. In the last decade, infections caused by Candida fungi
have become a serious clinical problem. In this regard, it is relevant to evaluate the probiotic characteristics of the
E. faecium strain 18 and study its antifungal activity.

© MawwunnHa O.A., Mawkosa T.M., CeiveBa M.B., MNonoea J1.IM., Kaptawosa O.J1., 2025
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The aim is to investigate the effect of the E. faecium strain 18 on the growth and mature biofilm of Candida spp.,
as well as to characterize its agregation and coagregation abilities.

Materials and methods. The effect on fungal growth was determined by the dynamics of the optical density of
broth cultures; the effect of enterococcus supernatant on formed biofilms was studied in sterile polystyrene 96-well
plates. The probiotic potential of E. faecium strain 18 was assessed by its ability to autoagregate and coagregate
interaction with 20 strains of Candida of different species — C. albicans, C. krusei, C. kefir, C. glabrata. The
scanning electron microscopy was used to obtain images.

Results. The inhibitory effect of the supernatant of E. faecium strain 18 has been shown to affect the growth of
Candida of all studied species, as well as their mature biofilms. The level of inhibition of the growth of formed
biofilms in non-albicans species was 58.6-72.9% and 51.4% for C. albicans. The autoagregation rates of
E. faecium strain 18 were 57.6% after 2 hours of incubation and 60.4% after 5 hours. E. faecium strain 18
demonstrated different levels of coagregation with the studied species of Candida, with the index values
observed after 5 hours of cultivation being higher in non-albicans species, and the maximum value recorded
for C. glabrata (85.6%).

Conclusion. The experimental data obtained allow us to consider the studied strain as the basis for a probiotic
that has an anti-candidiasis effect.

Keywords: Enterococcus faecium, Candida, mature formed biofilms, coagregation, autoagregation
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BeBepeHune

B mocnennee necsitunerne MHQEKUWH, BBI3BAH-
Hble Tpubamu pona Candida, cranu cepbE3HON KIMHU-
yeckol mpobsiemoti [ 1]. Poct uncia rpuOKoBbIX HH(EK-
Uil TpedyeT pa3paboTKU HOBBIX MPOTHBOTPHOKOBBIX
cpeacTB. BecbMa mepcrnieKTUBHBIM SIBISICTCS HCIIOJb-
30BaHME MPOOMOTUYECKUX MHUKPOOPTaHU3MOB W/HIIU
MPOLYLUPYEMBIX UIMU COCIMHEHHH Il KOHTPOIIS pac-
MPOCTpaHEHUsI MaTOreHHBIX BUIOB poaa Candida [2].
Knnanveckue HabmoaeHUs MOKa3bIBAIOT, YTO POOHO-
THYECKHE Mpenaparbl MOTYT YMEHBLIMTh KOJOHH3a-
uuto Candida spp. Ha TIOBEPXHOCTU CIM3HCTBHIX 000-
JIOYEK YeNOBeKa, OOJerdyuTh MPU3HAKK U CHUMIITOMBI
rpuOKOBOI MHEKIMH U YCHIUTH MPOTUBOTPUOKOBBIN
3¢ QeKT TpaAULMOHHOK TepanuH [3].

OnyOnuKkoBaH psAJ HCCIEIOBaHUN, B KOTOPBIX
MPOOHNOTUKH PACCMaTPUBAIOTCS HE TOJIBKO KaK BO3MOX-
HOE CPEJCTBO JICUCHHs OOJIbHBIX KaHIMI030M [4], HO
W Kak mpemnaparsl 11t 00pb0b1 ¢ Onorénkamu Candida
spp. [5].

OHTEPOKOKKH, SBIISIOMIMECS TPEICTABUTEISIMU
HOPMOOWOTHI KHILIEYHHKA, UTPAIOT BAXKHYIO POJb B
o0ecreueHNH KOJIOHN3a[HOHHON PE3UCTEHTHOCTH CIIU-
3UCTBIX 000JIOUYEK, XapaKTEPU3YIOTCSl HATHYHEM CIIeK-
Tpa aHTUMUKPOOHBIX CyOCTaHLUM, B YaCTHOCTH, HPO-
OYUUPYIOT SHTEPOLUUHBI — aHTUMHUKPOOHBIE TENTHIBI,
o0JiajjaroIMe aKTHBHOCTBIO MPOTUB MATOICHOB [6], u
MO3TOMY IIUPOKO HCIONB3YIOTCS B KaUECTBE OCHOBBI
MpoOHMOTUYECKUX Mpenaparos [7].

[Touck u 0TOOp MITAMMOB 3HTEPOKOKKOB, 00J1a/1a-
IOLIUX aHTHU(YHTAILHON aKTUBHOCTBIO, BEAYTCS Cped
IIPENCTABUTEIIEH 3TOTO POJIa €1IE U [IOTOMY, YTO YCIIOB-
Ho-nlatoreHHble Apoxoku Candida spp. 4acTo BbIIEIs-
IOTCSI COBMECTHO C OakTepusiMu pona Enterococcus w3
Pa3IMYHBIX OMOTONOB U 04aroB WH(PEKIMU B OPraHu3-
M€ YeJIOBEKa, YTO CBUACTEIBCTBYET 00 UX MEKKIIETOU-
HOM B3auMojeicTeuu [8, 9].

Panee HaMu M3yueHO BIMSIHUE Pa3HBIX [ITAMMOB
E. faecium, BpleneHHBIX U3 KUIICYHUKA YEIOBEKA, HA
criocobHocTh TpubOB pona Candida cHuxarh 00paso-
BaHHe OMOMIEHOK M 0TOOpaH mramm E. faecium 18 c
MaKCUMaJIbHOM aKTUBHOCTBIO [10], KOTOPBI MOXKET
OBITH WCIIONB30BaH B KayeCTBE OCHOBHI MPOOHMOTHKA,
OKa3bIBAIOILETO AHTUKAHINI03HOE ICHCTBHE.

Leab naHHO# PabOThI — HUCCIICAOBATh BIUSHUE
wramma E. faecium 18 Ha pocT U 3penyto OHOMIEHKY
rpuboB pona Candida, a Takxke €ro arperalluOHHYIO U
KOarperalfoHHyI0 CIIOCOOHOCTH, SBIISIOMIMECS BaX-
HBIMU CBOWMCTBAMH TEPCIEKTUBHBIX MPOOMOTUYECKUX
mrammoB [11].

MaTepman bl 1 MeToAbl

Jns mpoBeneHuss HCCIENOBAaHUNM MCIIONb30Ba-
mn wrtamMm E. faecium 18 w3 koinexuuu Kadeaps
MHUKpOOMOJIOrMM W 3apa3Hbix Oone3nedt OpeHOypr-
CKOI'O TOCYJApCTBEHHOI'O arpapHOro YHHMBEPCUTETA,
KOTOPBIH JENOHUPOBaH B 10CYyNapCTBEHHON KOJUIEK-
UMM MHKPOOPTaHU3MOB HOPMalbHOH MHKPOQIOPHI
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MOCKOBCKOTO Hay4YHO-HUCCIIEIOBATENLCKOTO HHCTHTYTA
SMHUIEMHONIOTHH U MuKpoOuonoruu uM. I.H. T'abpu-
YEBCKOTO IMOJT KOJUIEKIIMOHHBIM HOMEpoM 1252. DuTe-
pokokk BeipanmBaiu B Schaedler-Oyibone («Conday)
B TeueHue 24 4 npu 37°C. bakrepuanbHble KIETKH
yAaJsuM neHTpudyrupoBaHueM npu yckopenuu 9000g
non oxnaxaenuem a0 4°C B teuenue 15 mun. [omy-
YeHHBIH CyrnepHaTtaHT QuibTpoBasn 4epe3 0,22-MkM
¢unerp («Millipore Nihon») u cpasy ucmonszoBaiu
B OKCIEPUMEHTaX. AHTUKaHIUAO3HYIO aKTHBHOCTD
E. faecium 18 uccnenopanu Ha 4 BUIAX JPOKKENON00-
HBIX TpubO0B poxa Candida, TONTy4YeHHBIX U3 KUIIEYHHU-
Ka yciioBHO 370poBbix sroneit (C. albicans, C. krusei,
C. kefir, C. glabrata), Bcero 20 mrTaMMoB (KOJUICKITUS
naboparopuy NEPCUCTEHIMU U cuMOmno3a MHcTuTyTa
KJIETOYHOTO M BHYTPUKJIETOUHOTO cuMOno3a). Kynpry-
pbl TpUOOB BhIpalMBamu a’pooHo Ha cpeae Calypo ¢
nexctpo3oit («Hi Mediay) npu 35°C B TeueHue 24 u.

[ns onpeneneHus aHTUKAHAMIO3HOM AKTHUBHO-
CTH HCIIONBb30BAIM METOJ MHKpPOTHUTPOBaHHS B IH-
TaTeJIbHOM cpelle Ha CTEPHIIbHBIX IMOJMCTUPOJIOBBIX
96-nynounbix iaHmerax («Sigma-Aldrich Chemie»)
cormacHo S. Wang u coasT. [12] ¢ uzmeHeHusimu. B
JYHKH CTEpWIbHOTO MHKpoIUIaHiiera BHocunu 100
Mmks Oyiapona Cabypo, comepskamero 2 x 105 KOE/
nyHky Candida n 100 MKJI cyliepHaTaHTa YHTEPOKOKKA.
Kaxyto mpoOy uCIBITEIBAIN apaJIENbHO B 4 TyHKaX.
B kadecTBe MONOKHUTEIEHOTO KOHTPOJISI HCIIONB30BAIN
CYCIICH3HUIO KJICTOK TPUOOB Ha MUTATEIBHON cpere 0e3
CylepHaTaHTa, B KaueCTBE OTPHULATENBHOTO KOHTPO-
151 — Schaedler-Oynbon. [Tocne aspobHol HHKYOann
npu 37°C B TeueHue 24 4 pocT rpubOB ONpEACIIIN
no ontudeckoil miuotHoctu (OIl) mpu 1MHE BOJIHBI
492 HM C UCHOJB30BAHHEM IOJyaBTOMATHUYECKOTO
IUIaHIIETHOTO crnekTpodoromeTrpa «Stat Fax 2100»
(«Awareness Technology»).

[lpy wu3ydeHuW BIUWSIHUS CylepHAaTaHTa JHTeE-
POKOKKa Ha TpHOHYIO copMHpOBaHHYIO OHOIUIEHKY
KynbTypbl Candida xynbTHBHpOBaJIM B TeueHHe 48 d
npu 37°C, nocne ynaneHus: B3BECH U OTMBIBAHUS JIy-
HOK 700aBJIstTu cynepHaranT E. faecium 18 B 00béme
100 mx. [nanmersr moMmemnianu B TepMoctar mnpu 37°C
Ha 24 4, 3atem 3amepsii OIl Ha moxyaBTOMaTH4eCKOM
IUIAaHIIETHOM crekTpogotoMerpe «Stat Fax 2100»
(«Awareness Technology»). Konrtpomem cunyxunu
mrammbl TpuboB pona Candida, He ToABEpraBIIUECs
BIIMSIHUIO CYINIEpHATaHTa IHTEPOKOKKA. JKCHEPHUMEHT
MIPOBOJWIN B 3 MOBTOpaxX ¢ MHTEPBAIOM 24 4.

Crniocob6HocTh miTamma E. faecium 18 x aytoarpe-
raiyy OIEHUBAaIN B COOTBEeTCTBUH ¢ MeTtogoM K.M.O.
dos Santos u coaBT. [13] ¢ HEOOIBIIUMHU H3MECHECHHSI-
mu. Kynerypy sHTepokokKa, nonyueHHyto B Schaedler-
OynboHe mocie 24-yacoBoit uakyOaruu npu 37°C, co-
oupanu uentpudyruposanuem npu 9000g B TeueHue
10 mun npu 4°C. KieTku ABaXKIbpl IPOMBIBAJIN B Q-
3MOJIOTHYECKOM pacTBope, oboraméHHoM ¢ocdatom
(PBS; pH 7,2 nepen crepwiusaiueii), U CyCleHIUpPO-
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Banu B PBS npu Hawanenoit OIl, usmepenHoi npu aiu-
He BonHBI 630 HM. 3aTeM OaKTepHANTbHYIO CyCICH3HUIO
(2 M) nepemerBany B TedeHre 10 MUH C TOMOILBIO
«SPINIX Vortex» («Parsons») u MHKyOMpOBalM MpH
37°C B Teyenue 5 u 6e3 nepememuBanus. J{ins 3amepa
OI1 oOpa3ua B Hayasie MHKYOALUH 1 uepe3 2 U 5 9 KyJib-
TUBUPOBAHUS HCIIOJIB30BAIM | MJI BEpXHEro CIOs s
n3mepenus npu 630 um. Onpenensyin ayToarperaruio
(44) no dpopmyie:

AA = [(OIl nayanbHas —
Bpems OIT/OI1 nauansnoe] x 100%. (1)

Koarperanunonnsiii aHanu3 B3BeCE IHTEPOKOK-
KOB C JPOMOKENOAOOHBIMU TpHOaMH TMPOBOAMIM II0
MonuduipoBanHomy merony K.M.O. dos Santos u
coasT. [13].

KynbTypbl 3HTEPOKOKKOB BBIpAallUBaId B 3 MI
Schaedler-Oynbona, a rpuboB pona Candida — B 3 M
oynarona CaOypo rpu 37°C B TeueHue 24 4, ocje 4ero
KyABTYpBI HeHTpudyrupoBaiu 10 MuH B LeHTpUdyTe
«Microspin 12» («Biosan») ¢ oxnaxaenuem (4°C) npu
yckopennu 9000g u npomsiBaiu B PBS (pH 7,2 nepen
CTepuiIn3anneii), AaHHbIE MaHUMYSIUA TOBTOPSIH
JIBAXBI, 3aTEM CyCIIeHIupoBanu B3Becu B PBS.

Ha cnenyromem 3rtane paBHbIE 0OO0BEMBI (110
750 mki) B3BecH KyabTypel E. faecium 18 u B3BecH
TecT-TaMMoB rpuboB poaa Candida spp. momapHO
CMEIIMBajJIX BCTpsiXxuBaHueM B TeueHue 10 ¢ u 3ame-
psnmu OIl kaxkmo# B3Becu NpH JUIMHE BOJIHBI 630 HM
(nauanbHoe 3HaueHue OIl — 0 u). [IpoOupku UHKYOU-
poBainu ripu 37°C 6e3 nepeMelniuBanus B TSUCHUE S 4,
3amepsist OIl uepe3 2 u 5 4 uKyOanmu B 1 M1 BEpXHEro
cios ipo0 npu JuimHe BoaHb! 630 HM (Bpems OI).

Koarperanmto (4) paccuntsiBany 1o Gpopmye:

A = [(navanpHas OIl —
Bpems Oll/nauanbuas OIT] x 100%.  (2)

[MoaroToBKy 00pa3uoOB AJsl CKAHUPYIOIIEH dJeK-
TpoHHOW MuKpockonuu (COM) mnpoBonuiu clemy-
IoIMM 00pa3oM: B3BECH KYJIBTYPhl SHTEPOKOKKAa M
B3BECH KYJIBTYPhI SHTEPOKOKKA C TECT-IITAMMAaMH T'PHU-
00B B (DHM3MONOTMYECKOM pacTBOpPE B KOHICHTPALUH
10° KOE/mn tpmxasr otMmeiBann 0,1 M docdarHo-
OytdepusiMm  pactBopom Copencena («JlugepMen
[pynn») u mobasmsamu 400 mxn 2,5% rmiryTapoBoro
anpJeruia K nocieaneMy ocaaky. OOpasupl UHKyOuU-
poBanu B TeueHue 24 4 npu 4°C ¥ BHOBb OTMBIBAIIU
0,1 M ¢ocdarHo-OypepHbIM pacTBOpOM, 00€3BOKHBa-
JIM BOIHO-3TAaHOJIBHBIMU PACTBOPAMH C BO3PACTAIOIIN-
mu koHuneHtpanusmu (20, 40, 60, 80 u 90% u 2 nukia
100%) 1 HaHOCWJIM Ha MOKPOBHBIE cTeksa. Bpems un-
KyOaluu B KaKIOM pacTBOpPE COCTaBIsLIOlS MHUH mpu
KOMHaTHOH Temneparype. [lokpoBHBIE cTeka ¢ 00pas-
LAaMH BBICYLIMBaJH B KPUTHYECKOH Touke «Quorum
K850 Critical Point Dryer» («Quorum Technologies
Ltd.»), npuKpermisui AByCTOPOHHUM CKOTYEM K CTOJH-
Ky COM u HanpUIAIN 30J0TOM C IIOMOUIbIO YCTaHOBKHU
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HOHHO-TIJIa3MeHHoro HambuieHus «Quorum QI150R S
plus» («Quorum Technologies Ltd.»). COM npoBoaunu
Ha CKaHHPYIOLIEM 3JIEKTPOHHOM MHKpockome «Tescan
Mira 3» («Tescan Brno») LleHTpa KOIJIEKTUBHOIO
MOJIb30BaHMs 00pa3oBaresibHOrO LIeHTpa BBISIBICHUS U
NOCPKKHU ofapéHHbIx nereit «['arapun» (OpeHoypr).

[lony4yeHnHble JaHHBIE CTaTUCTUYECKH 0OpaboTa-
HBl ¢ TOMOIIBIO KpuTepust CThIOJICHTa B MpOrpamMme
«Statistica 6.0» («StatSoft, Inc.»). Pesynsrarsl npen-
CTaBJICHBI B BUJIC CPCIHUX 3HAUCHUN U OLIMOOK Cpe-
HUX (M + m), MOJTyYeHHBIX HE MEHEE YeM B 3 HE3aBHCH-
MBIX DKCHEPHUMEHTaX. 3HAYUMBIMU CUUTAIH PA3THIHs
ipu p < 0,05.

Pesynbratbl

YcTaHOBICHO HHTHOUpYIOLIEE IeiiCTBIE CylIepHa-
tanTa E. faecium 18 Ha poct rpu6oB poga Candida Bcex

Orl, ycn. eq.
OD, arb. units

HCCIIEMyEMBIX BHIOB. B MOJOXHUTEIHLHOM KOHTpOJIE
ypoBenb OII cyTouHol OyJIbOHHO# KyJIBTYyphI TPHOOB
y C. albicans cocrasmsin 0,73 + 0,02; y C. glabrata —
0,41 £0,01; y C. kefir — 0,32 £ 0,01; y C. krusei —
0,69 + 0,02, a mpu a00aBICHUN CyIICpHATAHTA CHU-
xancs no 0,37 = 0,01; 0,25 £ 0,01; 0,15 £ 0,01;
0,35 = 0,02 KOE/mi cootBercTBeHHO (pHc. 1, a).

Haubosnee BBICOKHIT YpPOBCHb WHTHOUIIUM OTMeE-
yen s C. kefir — B 2,1 pa3a. Heckonbko HUXe ObI-
na crenenb uHruoupoBanus C. albicans u C. krusei,
Yy KOTOPBIX YPOBEHb POCTa CHIDKAICA B 2 pasa, a y
C. glabrata— B 1,6 pa3za.

B crenyromieli cepur 3KCIEPUMEHTOB H3ydaid
BIMsIHUE cynepHaraHnTta E. faecium 18 Ha chopmupo-
BaHHbIe rpubamu poaa Candida 6nomnénku. B koHTpO-
Jie cpeiHee 3HaueHue KodhduimenTa OUoImIEHKooOpa-
soBanus (KbO) y C. albicans cocrasisuio 3,50 + 0,01

ala

1,0

0,8

0,6

04

C. albicans C. glabrata

On, ycn. ea.
OD, arb. units

C. krusei

6|b

C. albicans

C. g/ébrata

C. ki C. krusei

[ MonoXxuTtenbHbI KOHTPOIb CynepHaTaHT

Positive control

Supernatant

Puc. 1. BnuaHue cynepHataHnTa E. faecium 18 Ha pocT (a) u ccbopmmpoBaHHble 6ronnénkm (6) rpnbos poga Candida.
*p < 0,05; **p < 0,001.
Fig. 1. The effect of the supernatant of E. faecium strain 18 on the growth (a) and formed biofilms (b) of fungi of the genus
Candida.
*p < 0.05; **p < 0.001.



76 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(1)

DOI: https://doi.org/10.36233/0372-9311-569

yci. en., C. glabrata— 3,70 £ 0,02 ycn. en., C. kefir —
2,90 £ 0,02 ycn. en., C. krusei — 2,80 + 0,02 ycu. en.

VYcraHoBJIeHA CIIOCOOHOCTh CyINepHATaHTa JHTE-
POKOKKa pa3pyliaTh 3peible OUOIUIEHKH W3YYCHHBIX
BUI0B rpuboB (puc. 1, 6). Tak, oH 10OCTOBEpHO UHTHOU-
poBai poct copmupoBanHbix OuoruiéHok C. albicans
Ha 51,4% (KbBO 1,70 = 0,01 ycn. em.; p < 0,05),
C. glabrata — na 72,9% (KbO 1,00 £+ 0,01 yciu. en.;
p<0,05), C. kefir—ua 58,6% (KO 1,20+ 0,01 ycn. en.;
p <0,05), C. krusei — Ha 62,5% (1,05 = 0,01 ycu. en.;
p <0,05).

Takum 00pa3oM, MPOBEAEHHBIC HCCICIOBAHUS
CBUJICTEILCTBYIOT O TOM, UTO CyliepHaTaHT E. faecium 18

Koarperauus E. faecium 18 ¢ Candida spp.
E. faecium strain18 coagregation with Candida spp.

MHpoekc koarperaumu ¢ E. faecium 18, %
Coagregation index with E. faecium 18, %

Candida spp.
24|2h 54|5h
C. albicans 29,7 + 0,04 37,2+ 0,03
C. glabrata 56,2 + 0,07 85,6 £ 0,05
C. kefir 22,7 +£0,03 45,9 + 0,03
C. krusei 26,8 + 0,04 55,9 + 0,04

&
&
&

WD: 15.03 mm

)
[ &%

SEM HV: 5.0 kV
View field: 16.4 pm Det: SE
SEM MAG: 14.6 kx  Date(midly): 03/29/22

SEM HV: 5.0 kv WD: 15.02 mm
View field: 15.9 pm Det: SE

i | |miRa3 TESCAN|

5 pm

SEM MAG: 15.0 ke  Date(m/diy): 03/20/22
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CIIOCOOCH HE TOJILKO MHTUOMPOBAaTh POCT INTAMMOB
pasHbIXx BUAOB rpuboB pona Candida, HO M pa3pylath
c(hopMupOBaHHBIE UMH OHOTUIEHKH.

Jlanee HaMy U3y4YCHBI arperalMoHHasl U Koarpera-
LIMOHHAsI CIIOCOOHOCTH KYIBTYphl E. faecium 18, siBiis-
IOIIMECs] BAKHBIMU CBOCTBAMM IEPCIICKTUBHBIX IPO-
OMOTHYECKHX IITaMMOB. [10Ka3aHO, YTO 3HAYCHHS AyTO-
arperauu E. faecium 18 yBeIMYUBAIUCH B 3aBUCHMO-
CTH OT MPOJOJDKUTEIILHOCTH HMHKYOAIIMOHHOTO TIEPHO/IA:
ot 57,6% (2 1) no 60,4% (5 u1). Pe3yneratsl ayToarpe-
raiyy SHTEPOKOKKA MPOMILIFOCTPUPOBAHbI HA PHC. 2.

Bmecte ¢ Tem mramm E. faecium 18 mposBiisia
pa3iuyHble YPOBHH Koarperaiuu y 4 McClieOBaHHBIX
BUIOB IpuboB (Tadamua). Munekc xoarperaunu yBe-
JIMYHMBAJICSL C POCTOM HMHKyOalroHHOTro mepuoxa. Ilo-
clie 5-4acoBOW MHKyOaluu caMblii BHICOKHHA YPOBEHb
koarperanuu Habmonancs ¢ u3onsramu C. glabrata
(85,6%), nanee cnenoanu C. krusei (55,9%), C. kefir
(45,9%), C. albicans (37,2%). Pe3ynbrarhl koarpera-
uun E. faecium co mrammamu C. albicans npencras-
JICHBI Ha puc. 3.

O6cyxpeHne

IIpoBen€HHbBIE HCCIEAOBAaHUS TOKA3aIU, YTO CY-
niepHataHT E. faecium 18 o0nagaer BhIpaxKeHHOW aHTH-

SEM HV: 5.0 kV WD: 15.02 mm

View field: 30.5 ym Det: SE 5 pm
SEM MAG: 784 kx  Date{mid/y): 03/28/22

MIRAS TESCAN|

Performance in nanospace

Performance in nanospace

Pwuc. 2. Aytoarperauus E. faecium 18.
Fig. 2. Autoagregation of E. faecium strain 18.

C"'L

Det: SE 5 um
SEM MAG: 10.9 kx  Date(m/dly): 03/28/22

SEM HV: 5.0 kV
View fleld: 22.0 pm

WD: 14.99 mm MIRA3 TESCAN|

Performance in nanospace

SEM HV: 5.0 kV

SEM MAG: 16.7 kx  Date(m/dly) 03/29/22

WD: 14.99 mm
Det: SE 2 um

MIRA3 TESCAN

Performance Iin nanospace

Puc. 3. Koarperauus E. faecium 18 c C. albicans.
Fig. 3. Coaggregation of E. faecium strain 18 with C. albicans.
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MHUKpPOOHOW aKTUBHOCTBIO B OTHOILICHUHU TPHOOB poja
Candida n ciocoGHOCTBIO pa3pylaTb cHOpMHUPOBAH-
HYI0 OMOTIIEHKY MCCIIEAOBAaHHBIX BUOB I'PHOOB.

[Mony4eHHbIE JaHHBIE TPECTABIISIIOT UHTEPEC IS
KIMHAYECKOW MPAKTUKH, T. K. U3BECTHA CHOCOOHOCTh
rpubOB (PYHKIMOHHUPOBATH B COCTaBE MHOTOKJIETOY-
HBIX coobmiecTB (Onomn€Hok) [14, 15], koTopsie mpe-
MSATCTBYIOT MPOHUKHOBEHHUIO JIEKAPCTBEHHBIX CPEACTB,
YTO MOBBIACT YCTOWYMBOCTH MHUKPOOPTaHU3MOB K
aHTUMUKOTUKaM [16, 17], a Takxke SBJISIOTCS OIHOM U3
OCHOBHBIX CTpareruii BBDKMBAaHHMS 3THX MHUKPOOpTa-
HU3MOB B OpraHusme uenoneka [18].

ITosTOMy B HacTosIlEee BpeMsl BaXXHOU 3anaden
SIBJISIETCSI IOUCK CPeCTB OOpBObI ¢ OMOTINIEHKAMU TPH-
00B pona Candida; B 1acTHOCTH, MPOOUOTUIECKUX MH-
KpOOPraHU3MOB, CHOCOOHBIX pa3pyliarb OUOTUIEHKH
rpubOB U/nunK MHrHOUPOBATh UX pocT [19].

[IpoBenéHHble HAMU HCCIEAOBaHUS WIUIKOCTPHU-
pyrot in vitro 3pdekr OecKIeTOUuHOro cyrnepHaraHTa
SHTEPOKOKKA, KOTOPBIH 00JIafaeT YETKO BBIPAKCHHBIM
MHTHOUPYIONIMM JICHCTBUEM Ha C()OPMHUPOBAHHYIO
ouomnénky rpuboB poma Candida. TlonydeHnusle pe-
3yJBTaThl HE MPOTHUBOPEYAT UCCISJOBAHHUAM psijia aBTO-
POB, U3y4YaBIIMX aHTHOUOIUIEHOUYHYIO aKTUBHOCTh MO-
JIOYHOKHCIBIX OakTepuii Ha uzonarax Candida spp. [20].
HecmoTpst Ha TO YTO OCHOBHBIM MEXaHH3MOM WHTUOU-
poBaHust oOpa3oBanust Ouomnénku Candida spp. aB-
JIsIeTCs KOHKypeHUus 3a aaresuto, M. Kivang u coast.
MPUILIH K BBIBOJY O TOM, YTO BEILIECTBA, COACPIKALIHe-
csl B OECKJIETOUHBIX (PUIBTpaTax MOJIOYHOKUCIIBIX OaK-
Tepuii, Takke BaxkHsl [21]. Tak, B psae pabot mokasaH
WHTUOUPYIOINH 3(PPEKT MOJOUYHOKHUCIBIX MHKPOOP-
raHW3MOB B OTHOIICHUU OMOILIEHKOOOPA3yIOIIeH CIo-
COOHOCTH MaTOTe€HOB, YTO, IO MHEHHIO aBTOPOB, SIBJISI-
eTcs Pe3yJIbTaToOM BBIPAOOTKH OPTaHMYECKUX KHUCIIOT,
BKJIIOYast MOJIOYHY1O [22, 23].

[MpunnMasi BO BHEUMaHHe TOT (akT, 4TO, 1O pe-
3yJbTaraM IMOJHOTEHOMHOTO CEKBEHHUPOBAHUS, BKIIIO-
YEHHBIA B MWCCIIEIOBAHME IITAaMM SHTEPOKOKKA HE
CHOCOOEH K MPOAYKIMH OaKTepHOLMHOB [24], MOXHO
MPEANON0KHUTE, YTO Pa3pylLICHUE 3pEIbIX OUOMIEHOK
Candida spp. He CBA3aHO C MPOAYKIUEH SHTSPOIIUHOB.
[NocnenHee npennonoKeHNE HAXOAUT MOATBEPKICHUE
B pabore X. Pang u coasr. (2022), koTOopble AOKa3aIH,
4TO OaKTEPUOLMHBI MOTYT 3P PEKTUBHO UHTHOUPOBATH
oOpa3zoBaHue OHOIUIEHOK J0303aBHCHMBIM 00pa3oM,
HO MM TPYIHO pa3pylIUTh MPeIBapUTEIbHO CHOPMU-
pOBaHHbIC OHOTUIEHKH [25].

O¢ddekTHBHOCTL MPOOHMOTHKA BO MHOTOM 3aBH-
CUT OT AATe3MBHON CIIOCOOHOCTH MPOOHOTHUYECKOTO
mTaMMa U OTCYTCTBUSI KOHKYPEHTHBIX OTHOIIEHHH C
WHAUTEHHOH MUKpOQIOpoil. AyToarperauusi sSBISETCS
MIEPBBIM 3TANIOM B MPOLIECCE aAre3uH, Mo3BOJsIs OaKTe-
pusM GopMHpOBaTh Oapbep MPOTHB KOJIOHU3ALMH Ma-
TOreHOB [26]. B3auMocBs3b Mex Ity 0Opa3oBaHueM OHO-
IJIEHKU ¥ arperaueil y HenaroreHHbIX [TaMMOB 3HTeE-
POKOKKOB BIiepBbIe okazana K. Veljovic u coasr. [27].

Bricokasi ayroarperanusi ¥ CIIOCOOHOCTh TIpPHU-
JIUTIATh K MHUTEIUATBHBIM KIETKAM U MOBEPXHOCTSIIM
CIM3UCTHIX O0OJIOUEK SBJISETCS BaXKHBIM CBOWCTBOM
MHOTHX HITaMMOB OaKTEpHii, HCIIOJIb3yEeMbIX B Ka-
4yecTBe MpoOuoTukoB [28, 29]. B Hamem uccnenona-
HUU IITaMM DHTEPOKOKKA IOKa3aJ BHICOKUH YPOBCHb
ayToarperaiuu yxe 4yepes 2 4, 4To CBUJICTCIbCTBYET O
€ro KOHKYPEHTHBIX, UCKIIFOYAIOIINX [aTOTeH, CBOMCT-
Bax. CuiibHas arperanusi TpoOUOTUYECKOTO IITaMMa
CIOCOOCTBYET JOCTHIKCHUIO UM JIOCTATOYHOW MacChl
U1t GOpMUPOBaHMS OUOIIIIEHOK U YCUIICHUIO €T0 CIIO-
COOHOCTH K KOarperaiuu C MOTEHIMaJIbHBIM [aTore-
HOM. B pe3ynprare KoarperaTuBHbIX B3aUMOAEHCTBUM
MPOOMOTHYECKUE IITaMMbl MHKPOOPTaHU3MOB OKa-
3bIBAIOT AHTATOHUCTUYECKOE JICHCTBUE MPOTHB TaTO-
rexos [30].

IIpoBei€HHBIMM HaMHU UCCIEAOBaHUSMM IOKa3a-
Ha CIIOCOOHOCTH MITaMMa HTEPOKOKKA K Koarperauu
¢ pa3HbIMU Buaamu rpuboB pona Candida, ipu 3TOM
MHJICKC MOKa3aTels 4epe3 5 4 KYJIbTHBHUPOBAHUS OKa-
3aJics BhIIIE ¢ non-albicans-BuaaMu, a MaKCUMaIbHOE
3HaueHue nocturnyto ¢ C. glabrata.

3aknioyeHue

IMony4yeHHbIe SKCIIEPUMEHTAILHBIC JaHHBIE CBHU-
JIETEIBCTBYIOT O TOM, YTO MPOTHBOKAHIMIO3HBIA (-
¢exrt E. faecium 18 BKIItOYAET pa3IMYHbIC MEXaHU3MBI,
YTO B COBOKYIHOCTH OTPAKAET CIIOXKHOCTH B3aHMO-
nevctBust Mexay rpudamu poaa Candida v E. faecium,
paciIupsis MPeACTABICHHSI 0 MEXaHU3MaxX MEKMHUKPOO-
HOTO B3aUMOZICHCTBHS M OTKPHIBAsI TIEPCIIEKTUBEI JAJTh-
HEHIero M3y4eHus: YHTEPOKOKKA B KAUYECTBE OCHOBBI
MPOOMOTHKA, OKA3BIBAIOIIET0 AHTHKAHIUI03HOE ACH-
ctBre. YTOOBI HCIIONIB30BATH STOT LITAMM B MPOOHOTHU-
YeCKMX Mpenaparax, Heo0X0MuMO MPOBECTH €T0 Jallb-
HEHIITHe UCTTBITAHMS Ha YKUBOTHBIX MOJIEIISIX U OI[CHUTh
JIedeOHBIA TOTEHIIAA.

CIIMCOK UCTOYHHUKOB | REFERENCES

1. Akumxun B.I., Tyrenssn A.B., lllynakoa H.M. Muxonoru-
YecKHid aiicOepr: COBpEMEHHbIE CABUIH B JSMHIEMUOJIOTUU
MHUKO30B. UHpexyuonnvie 6oneznu. 2022;20(1):120-6. Akim-
kin V.G., Tutelyan A.V., Shulakova N.I. Medical mycological
iceberg: recent trends in the epidemiology of mycoses.
Infectious Diseases. 2022;20(1):120-6.

DOL: https://doi.org/10.20953/1729-9225-2022-1-120-126
EDN: https://elibrary.ru/kxiyal

2. Gladysheva L1.V., Chertkov K.L., Cherkasov S.V., et al
Probiotic potential, safety properties, and antifungal activities
of Corynebacterium amycolatum ICIS 9 and Corynebacterium
amycolatum 1CIS 53 strains. Probiotics Antimicrob. Proteins.
2023;15(3):588-600.

DOI: https://doi.org/10.1007/s12602-021-09876-3

3. Matsubara V.H., Bandara H.M., Mayer M.P., Samaranayake L.P.
Probiotics as antifungals in mucosal candidiasis. Clin. Infect.
Dis. 2016;62(9):1143-53.

DOI: https://doi.org/10.1093/cid/ciw038

4. Ohshima T., Kojima Y., Seneviratne C.J., Maeda N. Therapeutic
application of synbiotics, a fusion of probiotics and prebiotics,
and biogenics as a new concept for oral candida infections:



78

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(1)

DOI: https://doi.org/10.36233/0372-9311-569

10.

11.

12.

13.

14.

15.

16.

17.

a mini review. Front. Microbiol. 2016;7:10.
DOT: https://doi.org/10.3389/fmicb.2016.00010

. Barzegari A., Kheyrolahzadeh K., Hosseiniyan Khatibi S.M., et

al. The battle of probiotics and their derivatives against biofilms.
Infect. Drug Resist. 2020;13:659-72.
DOI: https://doi.org/10.2147/idr.s232982

. Wu Y, Pang X., Wu Y., et al. Enterocins: classification,

synthesis, antibacterial mechanisms and food applications.
Molecules. 2022;27(7):2258.
DOTI: https://doi.org/10.3390/molecules27072258

. Rahmani M., Saffari F., Domann E., et al. Enterococci as

intestinal microbiota: investigation of characteristics and
probiotic potential in isolates from adults and breast-fed infants.
Probiotics Antimicrob. Proteins. 2022;14(6):1139-50.

DOI: https://doi.org/10.1007/s12602-022-09951-3

. Alshanta O.A., Albashaireh K., McKloud E., et al. Candida

albicans and Enterococcus faecalis biofilm frenemies: when the
relationship sours. Biofilm. 2022;4:100072.
DOTI: https://doi.org/10.1016/j.bioflm.2022.100072

. Kart D., Yabanoglu Cift¢i S., Nemutlu E. Metabolomics-driven

approaches on interactions between Enterococcus faecalis and
Candida albicans biofilms. Turk J. Pharm. Sci. 2021;18(5):557—
64. DOL: https://doi.org/10.4274/tjps.galenos.2021.71235
CerueBa M.B., [Tamununa O.A., Kapramosa O.JI. u ap. llItamm
Oakrepuit Enterococcus faecium, o6nanarommil cnocoOHOCTHIO
CHIDKaTh oOpa3zoBaHue OMoruieHOK rpubdamu poma Candida.
[Marent PO Ne 2576008; 2016. Sycheva M.V., Pashinina O.A.,
Kartashova O.L., et al. Strain of bacteria Enterococcus faecium
with ability to reduce formation of biofilms by Candida fungus.
Patent RF Ne 2576008; 2016. EDN: https://elibrary.ru/zmhurf
Binda S., Hill C., Johansen E., et al. Criteria to qualify micro-
organisms as "probiotic" in foods and dietary supplements.
Front. Microbiol. 2020;11:1662.

DOI: https://doi.org/10.3389/fmicb.2020.01662

Wang S., Wang Q., Yang E., et al. Antimicrobial compounds
produced by vaginal Lactobacillus crispatus are able to
strongly inhibit Candida albicans growth, hyphal formation and
regulate virulence-related gene expressions. Front. Microbiol.
2017;8:564. DOL: https://doi.org/10.3389/fmicb.2017.00564
dos Santos K.M.O., Vieira A.D.S., Buriti F.C.A., et al. Artisanal
Coalho cheeses as source of beneficial Lactobacillus plantarum
and Lactobacillus rhamnosus strains. Dairy Sci. Technol.
2015;95(2):209-30. DOI: https://doi.org/10.1007/s13594-014-
0201-6

Konbrio U.I1., Crpensuukosa H.B., Buteko E.B. u ap. Mu-
KpOOHOJIOTHYECKHE CBOMCTBA YCIOBHO-IIATOTCHHBIX Caxapo-
munetoB poaa Candida nipu XpOHUYECKUX, PELUANBUPYIOLIHX
MH(EKIIMOHHO-BOCTIAUTEIBHBIX Mpolieccax (0030p JmTepary-
pul). Tuxooxeanckuii meduyunckuti scypuan. 2023;(1):19-26.
Koltsov I.P., Strelnikova N.V., Vitko E.V., et al. Microbiological
properties of opportunistic saccharomycetes of the genus
Candida in chronic, recurrent infectious inflammatory processes
(literature review). The Pacific Medical Journal. 2023;(1):19—
26. DOI: https://doi.org/10.34215/1609-1175-2023-1-19-26
EDN: https://elibrary.ru/txfejs

Ponde N.O., Lortal L., Ramage G., et al. Candida albicans
biofilms and polymicrobial interactions. Crit. Rev. Microbiol.
2021;47(1):91-111.

DOI: https://doi.org/10.1080/1040841x.2020.1843400

Demin K.A., Refeld A.G., Bogdanova A.A., et al. Mechanisms
of Candida resistance to antimycotics and promising ways
to overcome it: the role of probiotics. Probiotics Antimicrob.
Proteins. 2021;13(4):926-48.

DOI: https://doi.org/10.1007/512602-021-09776-6

Kaur J., Nobile C.J. Antifungal drug-resistance mechanisms
in Candida biofilms. Curr. Opin. Microbiol. 2023;71:102237.
DOTI: https://doi.org/10.1016/j.mib.2022.102237

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

ORIGINAL RESEARCHES

Roy S., Gow N.A.R. The role of the Candida biofilm matrix in
drug and immune protection. Cell Surf. 2023;10:100111.

DOI: https://doi.org/10.1016/j.tcsw.2023.100111

MMammuanaa O.A., CerueBa M.B., Mapucosa E.B. Dddext Biu-
SHUS OaKTEPUOLIMHCONEPIKAILEH KYJIbTYpPaJIbHON IKMAKOCTH
Enterococcus faecium EF790SAU Ha ciocOOHOCTB K OHOTUICH-
kxoobOpaszoBanmio Candida albicans. [Ipobremsr meduyunckoii
muronoeuu. 2023;25(2):158. Pashinina O.A., Sycheva M.V,
Marisova E.V. The effect of bacteriocin-containing cultural
liquid Enterococcus faecium EFT90SAU on the biofilm
formation ability of Candida albicans. Problems in Medical
Mycology. 2023;25(2):158. EDN: https://elibrary.ru/wrttxh
Vilela S.F., Barbosa J.O., Rossoni R.D., et al. Lactobacillus
acidophilus ATCC 4356 inhibits biofilm formation by C. al-
bicans and attenuates the experimental candidiasis in Galleria
mellonella. Virulence. 2015;6(1):29-39.

DOI: https://doi.org/10.4161/21505594.2014.981486

Kivang M., Er S. Biofilm formation of Candida spp. isolated
from the vagina and antibiofilm activities of lactic acid bacteria
on the these Candida isolates. Afi: Health Sci. 2020;20(2):641—
8. DOI: https://doi.org/10.4314/ahs.v20i2.12

Shokri D., Khorasgani M.R., Mohkam M., et al. The inhibition
effect of Lactobacilli against growth and biofilm formation of
Pseudomonas aeruginosa. Probiotics Antimicrob. Proteins.
2018;10(1):34-42.

DOI: https://doi.org/10.1007/s12602-017-9267-9

LiuY.,, Wu L., Yan Y., et al. Lactic acid and peroxyacetic acid
inhibit biofilm of Escherichia coli O157:H7 formed in beef
extract. Foodborne Pathog Dis. 2021;18(10):744-51.

DOI: https://doi.org/10.1089/fpd.2021.0012

Sycheva M.V., Popova L.P., Pashkova T.M., et al. Genomic
sequence of the strain Enterococcus faecium ICIS 18. Microbiol.
Resour. Announc. 2020;9(2):¢01349-19.

DOTI: https://doi.org/10.1128/mra.01349-19

Pang X., Song X., Chen M., et al. Combating biofilms of
foodborne pathogens with bacteriocins by lactic acid bacteria in
the food industry. Compr. Rev. Food Sci. Food Saf. 2022;21(2):
1657-76. DOLI: https://doi.org/10.1111/1541-4337.12922
Nwoko E.Q.A., Okeke I.N. Bacteria autoaggregation: how and
why bacteria stick together. Biochem. Soc. Trans. 2021;49(3):
1147-57. DOI: https://doi.org/10.1042/bst20200718

Veljovi¢ K., Popovi¢ N., Miljkovi¢ M., et al. Novel aggregation
promoting factor AggE contributes to the probiotic properties
of Enterococcus faecium BGGO9-28. Front. Microbiol.
2017;8:1843. DOI: https://doi.org/10.3389/fmicb.2017.01843
JleonoBa M.B. IIpoOHOTHKH B JICYCHUH BarHHAJIBHBIX HH(]EK-
uuit: 3¢)(HeKTUBHOCT € TO3MIHUM [OKA3aTEeIbHOW MEAUIIH-
Hbl. Meouyunckuii cosem. 2020;(13):148-54. Leonova M.V.
Probiotics in the treatment of vaginal infections: efficacy from
the perspective of evidence-based medicine. Medical Council.
2020;(13):148-54.

DOI: https://doi.org/10.21518/2079-701X-2020-13-148-154
EDN: https://elibrary.ru/cocsob

Xakumona JI.P., Iloranosa C.M., Axmerosa JL.P., 'umpano-
Ba M.A. l3ydeHne OMOJIOTHYECKHAX CBOKMCTB ayTOIITaMMOB
Lactobacillus spp. nns co3ganusi npoOHOTHKOB. Kaunuueckas
nabopamophas  ouacnocmuka. 2023;68(8):480-8. Khaki-
mova L.R., Potapova S.M., Ahmetova L.R., Gimranova [.A.
Study of biological properties of Lactobacillus spp. To create
probiotics. Clinical Laboratory Diagnostics. 2023;68(8):480-8.
DOI: https://doi.org/10.51620/0869-2084-2023-68-8-480-488
EDN: https://elibrary.ru/ppirvw

Prakash V., Madhavan A., Veedu A.P, et al. Harnessing the
probiotic properties and immunomodulatory effects of fer-
mented food-derived Limosilactobacillus fermentum strains:
implications for environmental enteropathy. Front. Nutr. 2023;
10:1200926. DOI: https://doi.org/10.3389/fnut.2023.1200926



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIUI. 2025; 102(1) 79

DOI: https://doi.org/10.36233/0372-9311-569

OPUTVHANbHbBIE NCCJTIEAOBAHNA

UHpopmayusi 06 aesmopax

MawuruHa Onbza AnekcaHOposHa™ — kaHA. BVMON. Hayk, C. H. C.
nab. nepcucTeHuUMn 1 cumbrnosa MMkpoopraHuamoB MHCTUTYTa Kre-
TOYHOTO W BHYTPWUKNETOYHOrO CUMBKO3a — 0BOCOBNEHHOrO CTPYK-
TypHoro noapasaeneHus OpeHbyprckoro defepanbHoOro uccrneaoBa-
Tenbckoro ueHTpa YpO PAH, OpeHnbypr, Poccus,
olga25mikro@mail.ru, https://orcid.org/0000-0001-9944-3095

lMawkosea TambsiHa MuxatinosHa — p-p 6uon. Hayk, B. H. c. nab.
NepCUCTEHLMM N CUMBMO3a MUKPOOPraHM3mMoB VIHCTUTYTa KNeToYHO-
ro U BHYTPUKIIETOYHOTO CMMBUO3a — 060COBIIEHHOTO CTPYKTYPHOTO
noppasaeneHus OpeHbyprckoro deaepanbHOro UCCNenoBaTeNbCKo-
ro ueHTpa YpO PAH, OpeHbypr, Poccus, pashkova070782@mail.ru,
https://orcid.org/0000-0001-8075-8249

Cbiyesa Mapusi BukmoposHa — f-p 6uon. Hayk, npodbeccop, C. H. C.
nab. nepcucTeHUMn N cMMBro3a MMKpoopraHnamos MIHCTUTYTa Kne-
TOYHOMO M BHYTPUKIETOYHOTO cMMBro3a — 060COBNEeHHOro CTpyk-
TypHoro nogpasaeneHus OpeHbyprckoro drefepanbHOro nccrneposa-
Tenbckoro ueHTpa YpO PAH, OpeHbypr, Poccus,
sycheva_maria@mail.ru, https://orcid.org/0000-0003-1455-1631

lMonosa Jludusi MMlemposHa — KaHA. Mef. Hayk, C. H. ¢. nab. nepcu-
CTEHUMM U cuMBMO3a MUKPOOPraHn3mMoB WHCTUTYTa KINEeTOYHOro u
BHYTPUKMNETOYHOIrO cUMBUo3a — 060COBNEHHOrO CTPYKTYPHOrO Nopj-
paspenenns OpeHbyprckoro eaepanbHOro MccneaoBaTenbCKoro
ueHTpa YpO PAH, OpeHbypr, Poccusi, ploomy@list.ru,
https://orcid.org/0000-0002-3766-6020

Kapmawoea Ornbea JlbeoeHa — A-p G1on. Hayk, AOLEHT, B. H. €. nab.
nepcucTeHunn n cumbunosa MWUKPOOpPraHM3mMmoB |/|HCTI/ITyTa KNeTo4yHO-
ro U BHYTPUKIIETOYHOTO CUMGUO3a — 0GOCOBIIEHHOTO CTPYKTYPHOMO
noapasaenenus OpeHByprckoro eaeparnbHOro UCCrneaoBaTenbCKo-
ro ueHTpa ¥YpO PAH, OpeHbypr, Poccus, labpersist@mail.ru,
https://orcid.org/0000-0002-1487-7546

Yyacmue aemopos: [lawuHuHa O.A., [Mawkoea T.M., Cbiye-
8a M.B. — cbop n obpaboTka maTepuana, HanucaHue TekcTa, Ha-
y4yHoe pepakTtupoBaHwue; [lorosa J1.I1. — cbop n obpaboTka maTte-
puana; Kapmawosa O./1. — KoHUenuus 1 Ou3anH UCCrneaoBaHus,
HarnucaHue TekcTa, Hay4Hoe pefakTupoBaHune. Bce aBTopbl noaTBEp-
XKOaKT COOTBETCTBME CBOEro aBTOPCTBA kpuTepusaim MexayHapogHo-
ro KomMuteTa pefakTopoB MEAUMLMHCKUX >XYpHaroB, BHECNU cylue-
CTBEHHbIN BKMaj B MpoBeAeHWe MOUCKOBO-aHanMTU4ecKkom paboTbl
1 MOArOTOBKY CTaTbM, NPOYnu 1 ogobpunu duHanbHyto Bepcuo 4o
nyénukaumm.
Cratbsa noctynuna B pegakuuio 25.09.2024;
npuHsATa K nyénukauuv 04.12.2024;
ony6nukosaHa 30.01.2025

Information about the authors

OlgaA. Pashinina®— Cand. Sci. (Biol.), senior researcher, Laboratory
of microbial persistence and symbiosis, Institute of Cellular and
Intracellular Symbiosis — a separate structural unit of the Orenburg
Federal Research Center, Orenburg, Russia, olga25mikro@mail.ru,
https://orcid.org/0000-0001-9944-3095

Tatiana M. Pashkova — D. Sci. (Biol.), leading researcher, Laboratory
of microbial persistence and symbiosis, Institute of Cellular and
Intracellular Symbiosis — a separate structural unit of the Orenburg
Federal Research Center, Orenburg, Russia,
pashkova070782@mail.ru, https://orcid.org/0000-0001-8075-8249

Maria V. Sycheva — D. Sci. (Biol.), Professor, senior researcher,
Laboratory of microbial persistence and symbiosis, Institute of
Cellular and Intracellular Symbiosis — a separate structural unit of
the Orenburg Federal Research Center, Orenburg, Russia,
sycheva_maria@mail.ru, https://orcid.org/0000-0003-1455-1631

Lidia P. Popova — Cand. Sci. (Med.), senior researcher, Laboratory
of microbial persistence and symbiosis, Institute of Cellular and
Intracellular Symbiosis — a separate structural unit of the Orenburg
Federal Research Center, Orenburg, Russia, ploomy@list.ru,
https://orcid.org/0000-0002-3766-6020

Olga L. Kartashova — D. Sci. (Biol.), Associate Professor, leading
researcher, Laboratory of microbial persistence and symbiosis,
Institute of Cellular and Intracellular Symbiosis — a separate
structural unit of the Orenburg Federal Research Center, Orenburg,
Russia, labpersist@mail.ru, https://orcid.org/0000-0002-1487-7546

Authors’ contribution: Pashinina O.A., Pashkova T.M., Syche-
va M.V. — collection and processing of material, text writing and
science editing; Popova L.P. — collection and processing of material;
Kartashova O.L. — study concept and design, text writing and editing.
All authors confirm that they meet the International Committee of
Medical Journal Editors criteria for authorship, made a substantial
contribution to the conception of the article, acquisition, analysis,
interpretation of data for the article, drafting and revising the article,
final approval of the version to be published.
The article was submitted 25.09.2024;
accepted for publication 04.12.2024;
published 30.01.2025



80 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(1)
DOI: https://doi.org/10.36233/0372-9311-481

ORIGINAL RESEARCHES

Original Study Article
https://doi.org/10.36233/0372-9311-481

Human blood granulocyte degranulation and lysis intensity during
interaction with Yersinia pestis in the ex vivo model of bacteriemia

Aleksandr L. Kravtsov™, Svetlana A. Bugorkova, Svetlana N. Klyueva,
Tatyana P. Shmelkova, Vitaly A. Kozhevnikov

Russian Anti-Plague Institute "Microbe", Saratov, Russia

Abstract

Introduction. Considering the decisive role of antibacterial strategies of secretory degranulation and NETosis in
the prevention of sepsis, it is of interest to study the interaction of Yersinia pestis with human blood granulocytes
using an ex vivo bacteremia model to assess the effectiveness of this antibacterial strategy of the host organism
in plague.

Purpose: evaluation of granulocyte degranulation and lysis in human whole blood samples in the presence of
live Y. pestis.

Materials and methods. Bacteremia was modeled by adding Y. pestis EV NIIEG cells grown at 37°C or 28°C
to whole blood (with heparin) at a dose of 108 mc/mL. Strains Staphylococcus aureus ATCC 6538 (209-P) and
Escherichia coli ATCC 25922 were used in experiments with blood from the same donors as a positive control.
The bactericidal effect was determined at different time points during blood incubation at 37°C (for 6 hours) using
a microbiological method. Using flow cytometry, immunophenotyping of leukocytes was performed in the blood
according to the Lyse/No-Wash protocol to determine the expression of the main leukocyte antigen CD45 and the
secretory azurophilic degranulation marker CD63 on the surface of the granulocytes. The intensity of granulocyte
lysis was assessed by the decrease in the proportion of these cells in the total leukocyte population.

Results. It has been established that live plague microbes, unlike E. coli and S. aureus, do not cause the devel-
opment of azurophilic degranulation in human blood granulocytes and do not induce autolysis (NETosis) of these
cells within 6 hours when bacteremia is modeled ex vivo.

Conclusion. Information was obtained on the ability of the plague microbe to suppress the extracellular bacteri-
cidal mechanisms of granulocytes in the blood of people not vaccinated against plague, which effectively function
under conditions of bacteremia against E. coli and S. aureus. An experimental and methodological basis has
been prepared for further research with blood cells from donors vaccinated against plague in order to develop
new effective tests for assessing the intensity of acquired cellular anti-plague immunity in humans.

Keywords: Yersinia pestis, Escherichia coli, Staphylococcus aureus, ex vivo bacteremia model, neutrophil,
neutrophil azurophilic degranulations, NETosis, leukocyte elastase, leukocyte immunophenotyping, flow cytometry
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NHTeHCMBHOCTb AerpaHynaun n Ansnca rpaHynoLunToB KpoBu
yenoBeKa npu B3anmopencrenu c Yersinia pestis Ha mogenn
6aKkTepuemum ex vivo

KpaBuos A.J1.*, byropkoBa C.A., KnioeBa C.H., LLimenbkosa T.., KoxxeBHuKoB B.A.
Poccniicknin npoTMBOUYMHbIN MHCTUTYT «Mnkpob» PocnoTtpebHagsopa, Capatos, Poccus

AHHOMayus

BeeaeHue. C y4€TOM peLuatoLLlein ponv aHTMbGakTepuarnbHbIX CTPaTerMin CEKPETOPHOM AerpaHynsumMm u HeTosa
B NpefoTBpaLleHun cencuca, NpeacTaBnseT MHTEpeC n3ydeHne B3aMMogdencTeus Yersinia pestis ¢ rpaHynoum-
TaMu KpOBM YenoBeKa Ha mogenu 6aktepmeMmm ex vivo Anst oueHkn ahPeKTUBHOCTU 3TUX CTPATErUn Mpu Yyme.
Llenb paboTbl — oueHKa AerpaHynsauum n nusmca rpaHynoumTos B obpasuax LenbHON KpoBM YernoBeka B npu-

CYTCTBUM XMBbIX Y. pestis.

MaTtepuanbl 1 meToabl. baktepuemnto mogenvpoBanu foGaBrneHNeM B LIENbHY KPOBb (C renapuHoMm) Krie-
TOK aTTeHyupoBaHHoro wramma Y. pestis EV HUNAQJI, BeipaweHHbix npu 37°C nubo 28°C, B no3e 108 m.k./mn.
LWrammel Staphylococcus aureus ATCC 6538 (209-P) n Escherichia coli ATCC 25922 ncnonb3oBanu B onbiTax
C KpPOBbIO TEX e AOHOPOB B KayecTBe MONOXWUTENLHOIO KOHTpons. baktepuumaHbii adpdekT onpegensany B
pasnuyHble cpokn MHKybaummn kposwu npu 37°C (B TeueHne 6 4) Mrkpobronornyeckum metogomM. C NnomMoLLbo Npo-
TOYHOWN LIMTOMETPUN B KPOBU NPOBOAMIM MMMYyHOeHoTUNupoBaHune nemnkoumntoB no Lyse/No-Wash npotokony
AN onpedeneHns 3KCnpeccuMm Ha NOBEPXHOCTU FPaHyNoOLUTOB OCHOBHOIO NEMKOLUMTApHOro aHTureHa CD45 un
Mapkepa cekpeTopHoun azypodunbHon aerpanynsaummn CD63. MHTEHCUBHOCTL NU3nca rpaHynoLmMToB OLeHMBanm

NO CHWXXEHWUIO 05NN 3TUX KNneTok B CyMMapHOVI nenkoumtTapHom nonynauun.

Pe3ynbraTtbl. YCTaHOBMNEHO, YTO XMBbIE KINETKM YYMHOIo MMKpo0ba, B oTnnyne ot E. coliv S. aureus, He npuBogaT
K pa3BuTUO a3ypodurnbHON AerpaHynsaumm B rpaHynoumntax KpoBu YernoBeka U B TeYeHne 6 4 He MHOyLuMpyoT

ayTonmsnc (HeTO3) 3TUX KNEeTOK npu moaennposaHnn 6aKTepVI9MMM ex vivo.

3aknrouyeHue. Ha mogenn yymHom Gaktepuemun ex vivo BrnepBble MosydeHa UHdopmMauus, CBUOETENBCTBYIO-
Lias o TOM, YTO B KPOBWU HE MPUBMTBLIX MPOTUB YyMbl MOAEN He paboTaloT MexaHu3Mbl BHEKNETOYHOW BakTepu-
UMOHOCTW rpaHynounToB, 3dhEKTUBHO DYHKLUMOHUPYIOLWME B YCNOBUAX GakTepueMmmn B OTHoLLeHUU E. coli n
S. aureus. MNMogrotoBrneHa sKCNepUMEHTaNbLHO-METOANYECKAss OCHOBA AnNsl AaNbHENLNX UCCreaoBaHni ¢ KneT-
Kamu KpOBU MPUBUTLIX MPOTMB YyMbl JOHOPOB C LieNbio pa3paboTku HOBbIX 3PEEKTUBHBIX TECTOB OLIEHKW Hanpsi-

XEHHOCTH I'IpMOGpeTéHHOFO KNeTo4YHOro NnpoTMBO4YMHOIo UMMYHUTETA.

KnroueBble cnoBa: Yersinia pestis, Escherichia coli, Staphylococcus aureus, modernb 6bakmepuemuu ex Vivo,
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Introduction

Primary pneumonic plague, caused by Yersinia
pestis and transmitted to humans through respiratory
droplets from another person or domestic animal, is the
most dangerous bacterial infection, in which the patho-
gen effectively neutralizes the protective mechanisms
of the immune system and multiplies intensively in the
host organism without inducing the development of
an in vivo protective inflammatory response for a long
time. The asymptomatic character of the development
of the infectious process during the first 2 days after
aerogenic infection with plague is the key factor deter-
mining the high epidemic danger of primary pneumon-
ic plague [1, 2]. The pathogenesis of plague is poorly
understood, especially at the stage of bacteremia [3],
when Y. pestis cells resistant to phagocytosis, proliferat-
ing extracellularly in microcapillaries of the liver, lungs
and other organs, enter in vivo into prolonged contact
interaction with peripheral blood leukocytes, including
neutrophil granulocytes (NG), responsible for the de-
velopment of inflammatory reactions [4].

Nevertheless, in experiments on laboratory ani-
mals, an important feature of the pathogenetic mech-
anism of primary pneumonic plague has been estab-
lished, which consists of the complete suppression of
the inflammatory processes at the early stage of infec-
tion, such as secretory azurophilic degranulation [5],
chemotaxis [6], apoptosis [7] and lysis of NG [8] by
effector Yop-proteins (Yersinia outer proteins) synthe-
sized by Y. pestis at 37°C and secreted by extracellu-
larly multiplying plague microbes into the cytoplasm
of cells of the host immune system [4, 9]. At the same
time, Yop virulence proteins of Y. pestis, on the con-
trary, trigger the death of macrophages by apoptosis,
which disrupts the in vivo functioning of the efferocy-
tosis mechanism and inevitably leads to the generaliza-
tion of the inflammatory process as a result of massive
autolysis of peripheral blood NG unable to realize their
bactericidal potential. Autolysis of granulocytes, rapid-
ly triggered with a time delay in the whole organism at
once, according to the hypothesis of M.T. Silva [10],
leads to the release of a huge amount of leukocyte elas-
tase (LE) molecules into the blood plasma, destroying
elastin of the lungs and blood vessels, as well as cleav-
ing cell receptors and plasma proteins responsible for
the regulation of the coagulation process, which is the
trigger for the unexpected and lightning fast develop-
ment of sepsis in primary pneumonic plague.

To confirm (or refute) this hypothesis, a detailed
study of the processes of degranulation and lysis of
human and animal blood granulocytes using modern
methods of cytological analysis under conditions of ex
vivo modeling of plague bacteremia is required. As evi-
denced by the results of the study of COVID-19 patho-
genesis associated with a pronounced imbalance in the
elastase-inhibitor system [11], in the case of isolation of
NG from the peripheral blood of patients, important in-
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formation about the role of NETosis in immunological
defense and in the development of the process of hy-
percoagulation in sepsis may be lost, because the pro-
cedure of centrifugation of blood cells in a density gra-
dient does not allow differentiating from lymphocytes
and monocytes the population of activated low-density
NG prone to NETosis with increased expression of the
marker of azurophilic degranulation CD63 on the cell
surface [12].

For a long time, studies on ex vivo models of
bacteremia were not performed, including in experi-
ments with opportunistic bacteria [13], because it was
believed that blood granulocytes realize their pow-
erful bactericidal potential only after migration from
the vascular channel to tissues, where they neutralize
bacteria by phagocytosis. The situation changed after
the discovery of NETosis in 2004 and the studies of
V. McDonald et al. [14], who experimentally proved
that autolysis of NG (NETosis), preceded and accom-
panied by secretory azurophilic degranulation of NG
with release from LE granules, allows the organism
to neutralize microbes at an early stage of bacteremia
(during the first 6 h) directly in the blood stream with
the help of NET (Neutrophil Extracellular Traps) DNA
networks, launched by activated neutrophils into the
extracellular space. Moreover, the efficiency of this
previously unknown mechanism of immunological de-
fense in terms of preventing bacterial sepsis in infec-
tions caused by Escherichia coli and Staphylococcus
aureus was 4 times higher than phagocytosis.

In particularly dangerous infections, the patho-
gens of which are resistant to digestion in macrophages
(e.g., Y. pseudotuberculosis), proteases and bactericid-
al cationic proteins released from NG during secreto-
ry degranulation and cytolysis partially or completely
neutralize phagocytosis-resistant bacteria, which after
such pre-treatment are rapidly absorbed and digested
by macrophages [15]. In 2002, for the first time, we
published the results of studies in which the flow cy-
tofluorimetric method of assessing the intensity of de-
granulation was used to record differences in the ability
of plague microbes grown at 28°C and 37°C to trig-
ger ex vivo the process of secretory degranulation in
human whole blood phagocytes. Cells grown at 37°C
were characterized by a breakdown of antibacterial re-
sponse by the indicator of secretory degranulation in
the model of plague bacteremia [16]. Many years later,
experimental data began to appear in the foreign press,
which could explain the mechanism of the phenome-
non of the absence of phagocyte degranulation in hu-
man blood contaminated with live plague microbes.
The studies were carried out in vivo in mice [5,8] and
in vitro with NG previously isolated from human blood
[17, 18]. Degranulation was assessed, in contrast to our
work, not using supravital staining with acridine or-
ange (AO) dye, but by the degranulation marker CD63.
Experiments in an ex vivo model of bacteremia were
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not performed. The intensity of granulocyte lysis in
human blood contaminated with plague microbes or
opportunistic microorganisms had not been determined
or controlled by flow cytometry before our study was
conducted.

The relevance of continuing our earlier studies
on the ex vivo model of bacteremia using the marker
of azurophilic degranulation CD63 and other leuko-
cyte phenotypic markers was determined by the need
to develop a cellular test for assessing the intensity of
post-vaccination plague immunity in humans, based
on quantitative assessment of the damage of periphe-
ral blood neutrophils by specific antigen. In light of
modern ideas, the strategy of vaccine development for
emergency prophylaxis of plague and other particularly
dangerous infections should take into account the abil-
ity of immunostimulating drugs to trigger the mecha-
nism of extracellular antibody-dependent cytotoxicity
(bactericidality) of NG [19], realized in the blood by
interaction with antigen-antibody immune complexes
through the processes of secretory azurophilic degranu-
lation and NETosis [20]. Only when specific antibodies
to the antigen previously used for immunization of ani-
mals appear in the blood, intravenous injection (or ad-
dition to the blood) of this antigen triggers in the body
(or under ex vivo conditions) a protective IgG-mediated
anaphylactic reaction associated with secretory degra-
nulation and lysis of peripheral blood NGs [21]. The
molecular mechanisms responsible for the transition
of the infectious process in primary pneumonic plague
from the asymptomatic to the systemic inflammation
phase are poorly understood [3, 22], and one of them
may be related to the in vivo triggering of an [gG-medi-
ated allergic reaction.

The absence of a local protective inflammatory re-
sponse in a non-immune host organism is observed not
only when infected with wild virulent strains of Y. pes-
tis, but also in response to non-pigmented strains with a
virulence plasmid, such as the vaccine strain of Y. pes-
tis, but also in response to non-pigmented strains with a
virulence plasmid, which includes the vaccine strain of
Y. pestis EV NIIEG (Pgm—-pFra+pCad+pPst+) [1, 23].
Possessing residual virulence, such attenuated strains
cause death of laboratory animals only when adminis-
tered intravenously in doses of more than 10° mc, which
is used in model experiments to study the mechanisms
of immunity and virulence [23].

The aim of the present study was to evaluate de-
granulation and lysis of granulocytes in human whole
blood samples in the presence of live Y. pestis.

Materials and methods

The attenuated Y. pestis EV NIIEG strain was used
in the studies, S. aureus strain ATSS 6538 (209-P) and
E. coli strain ATSS 25922 from the State Collection
of Pathogenic Bacteria of the Russian Anti-Plague In-
stitute Microbe of Rospotrebnadzor. Daily cultures of

S. aureus and E. coli were grown on Hottinger’s agar
(pH 7.2) at 37°C. For Y. pestis EV cells, a two-day
stationary bacterial culture grown on the same agar at
28°C (Y.pestis28) was obtained. An exponential 18-h
culture of Y. pestis EV with altered antigenic properties
was obtained by growing on Hottinger broth (pH 7.2)
with aeration at 37°C (Y.pestis37) [24]. In sterile phos-
phate-salt buffer (pH 7.4) with 0.9% NaCl, suspensions
of live bacteria with a concentration of 109 mc/ml from
cultures of E. coli, S. aureus, Y.pestis28 and Y.pestis37
were prepared according to the standard turbidity sam-
ple CCA 42-28-59-85P.

The study involved 10 conditionally healthy un-
vaccinated against plague donors (3 men and 7 women)
aged 25-55 years who gave written voluntary informed
consent to participate in the study. The study protocol
was approved by the Ethical Committee of the Rus-
sian Research Anti-Plague Institute Microbe (Protocol
No. 9 0f 21.10.2020).

Blood from volunteers was drawn into tubes with
anticoagulant (heparin) and used for 1-2 h. To simu-
late bacteremia, 100 pL of the tested billionth bacterial
suspension was added to 1 ml of blood containing on
average 2 x 106 phagocytes, which corresponded to a
concentration of 108 mc/mL of blood or an initial mi-
crobial load (number of bacteria : phagocyte) of 50 : 1
on average [25]. With blood from each donor, cell sus-
pensions of Y. pestis28 and Y.pestis37 were examined
simultaneously with cell suspensions of E. coli and/or
S. aureus. Blood samples (1 mL each) with the tested
bacteria were placed in the shaker-incubator ES-20
(BioSan) and incubated under stirring for 6 hours. Sam-
ples incubated for 6 h without bacteria with 100 puL of
sterile phosphate-salt buffer per 1 mL of blood served
as a control.

Immunophenotyping of leukocytes in the studied
blood samples for flow cytofluorimetric analysis was
performed according to the Lyse/No-Wash protocol
[26] using labeled mouse monoclonal antibodies to
human leukocyte antigens CD45-FITC and CD63-PE
(Bekman Coulter). Granulocytes were identified by the
degree of their intracellular granularity (side light scat-
tering intensity) and by the expression of total leuko-
cyte antigen (CD45). The relative content of cells posi-
tive for the expression of the azurophilic degranulation
surface marker CD63 was determined in the granulo-
cyte gate [5, 17]. The results were taken into account
for each experimental and control blood sample in dy-
namics: after 0, 1, 2, 4, 6 h of incubation.

The total number of live bacteria in blood (in plas-
ma and within active phagocytes) was determined by
a microbiological method based on osmotic lysis of
blood cells in distilled water [27]. To 1 mL of H,O,
10 uL of blood was added. After 30 s, serial 10-fold
dilutions of plasma containing bacteria and blood cell
lysis products were prepared in phosphate-salt buffer
from water-diluted plasma containing bacteria and
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blood cell lysis products for seeding on dishes with
Hottinger’s agar (pH 7.2). For each dilution, the num-
ber of colony forming units (CFU) of Staphylococcus
aureus or Escherichia coli were counted after one day
of growth at 37°C, and Y. pestis cells were counted on
the 3™ day of growth at 28°C. In relation to the num-
ber of CFU after 0 h of incubation, taken as 100%, the
survival rate of bacteria of each species in blood (in %)
after 1, 2 and 6 h of incubation was estimated to com-
paratively characterize the development of bactericidal
effect under ex vivo conditions [25].

The intensity of granulocyte lysis was quantified
ex vivo by flow cytometry by a decrease in the propor-
tion of these cells in whole peripheral blood samples, as
well as by an increase in the relative content of cellular
debris in the blood [25].

To assess the light scattering and immunofluo-
rescence intensity of CD-marker-labeled blood leuko-
cytes, a DakoCytomation (Dako) flow cytometer with
Summit v.4.3 Built 2445 software was used.

The obtained experimental data were statistically
processed using the standard Microsoft Office Excel
2016 software package, Statistica 10.0 (StatSoft Inc.),
presenting the results in the form of median (Me) and
quartile deviations [Q,; Q,] with calculation of the re-
liability of differences in the studied groups using the
Mann—Whitney U-criterion. A value of p < 0.05 was
considered significant.

Results

When Y pestis37 was added to blood for 6 h, gran-
ulocytes lacked changes related to the state of cyto-
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plasmic granules, as well as lysis of these cells under
conditions of ex vivo modeling of plague bacteremia,
while in the blood of the same donors opportunistic
bacteria induced intensive degranulation and inevitable
lysis of the overwhelming majority of granulocytes in
the total population of peripheral blood leukocytes by
6 h of incubation. Antibacterial response of granulo-
cytes according to the studied indicators of degranu-
lation and cytolysis took place in the case of ex vivo
modeling of bacteremia by Y pestis28 cells. However,
in comparison with the reaction to E. coli or S. aureus,
this response was significantly less intense (Table).
The registered differences in the studied parame-
ters are clearly illustrated by the example of Y.pestis37
and E. coli characteristic cytograms presented in Fig. 1,
where granulocytes are localized by the degree of intra-
cellular granularity (intensity of lateral light scattering)
and density of CD45 expression in the ellipse-shaped
region R3 at their automatic differentiation from lym-
phocytes and monocytes in control blood samples. In
the presence of E. coli, the proportion of granulocytes
(cells in the R3 region) decreased after 6 h in the total
leukocytic population relative to the control index by
10 times — from 47.1% to 4.8%, and in the presence
of Ypestis37 actually did not change, remaining close
to the control (43.8%). In blood contaminated with
E. coli, the proportion of granulocytes decreased
sharply during this period due to massive lysis of dead
phagocytes, significantly increasing the relative amount
of signals from cellular debris registered outside the
R1 region. On the cytogram of the experimental blood
sample with Ypestis37 cells, the proportion of debris

The results of granulocyte azurophilic degranulation and lysis intensity estimation in an ex vivo modeling of bacteremia
by live E. coli, S. aureus and Y.pestis37 in depending of blood incubation time at 37°C, Me [Q,; Q,]

Duration of incubation, min

Parameter Blood sample
60 120 240 360
Granulocyte lysis intensity, % 5,2 9,1 12,2 14,6
Control [3,8; 7,4] [8,6; 11,8] [10,5; 13,7] [12,1; 16,8]
S. aureus 27 56,0 78 82,0
[25,4; 29,6]* [61,2; 59,71* [73,6; 82,5]* [76,8; 85,2]*
E. coli 22,3 38,8 63,6 78,6
[20,7; 24,5]* [37,3; 40,5]* [56,5; 70,4]* [73,4; 84,71*
Y.pestis28 7,3 10,4 20,6 19,0
[6,2; 9,1] [8,7; 13,5] [18,6; 21,5] [17,5; 20,8]*
Y.pestis37 6,7 8,0 9,3 10,6
[4,3; 8,6] [6,2; 9,5] [6,7;12,8] [6,8; 13,0]
Share of granulocytes Control 10 14 17 18
with CD63* phenotype, % [9,2; 13,8] [11,4; 16,3] [15,5; 19,7] [16,3; 21,4]
S. aureus 35 70 83 79
[34,5; 35,7]* [67,0; 72,4]* [74,5; 93,0]* [68,4; 90,2]*
E. coli 28,3 50,3 70,6 80[72,2; 88,2]*
[25,6; 32,4]* [44,6; 55,3]* [61,0; 75,7]*
Y.pestis28 19,7 26,0 32,3 31,2
[17,8; 23,5]* [21,1; 30,2]* [28,4; 36,6]* [22,2; 38,77*
Y.pestis37 14,2 13,4 15,1 20,8
[11,9; 18,3] [10,6; 17,3] [13,2; 18,6] [16,5; 22,7]

Note. *p < 0.05 compared with control.
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after 6 h of incubation was, on the contrary, lower than
in the control without bacteria.

In contrast to opportunistic bacteria, Ypestis37
cells did not induce ex vivo increased expression on
the granulocyte surface of the lysosomal protein CD63
(tetraspanin), which is a marker of the development of
secretory azurophilic degranulation (Fig. 2). In blood
samples contaminated with live E. coli and S. aureus
cells, the process of CD63 secretion from granules to
the granulocyte surface began after one hour, signifi-
cantly intensified from the 2nd hour of incubation and
preceded the lysis of activated granulocytes under ex
vivo conditions (Table).

Against the background of the absence of anti-
bacterial response of granulocytes according to the
studied indicators of degranulation and leukocytolysis,
increased survival of Y pestis37 in human whole blood
samples in comparison with Ypestis28 was registered
by the microbiological method. The plague microbe
grown at the temperature of the host organism began
to multiply intensively after 6 h under conditions of
ex vivo modeling of bacteremia. In the blood of the
same donors, opportunistic bacteria were quickly killed
under the influence of bactericidal effect of active
phagocytes. The survival rate of E. coli and S. aureus
decreased by at least 80% by 6 h from the moment of
bacteremia modeling (Fig. 3).

E.coli6 h

Discussion

When conducting the present study by flow cy-
tometry, experimental data were obtained for the first
time indicating that the Lyse/No Wash procedure for
immunophenotyping of blood leukocytes using fluoro-
chrome-labeled CD markers, which excludes cell loss-
es and the effect of centrifugation on cells [26], allows
rapid assessment in human whole blood samples of both
the intensity of the secretory degranulation process and
granulocyte autolysis triggered by an infectious agent
ex vivo at the initial stage of bacterial modeling. Be-
cause of experiments with E. coli and S. aureus, new
information has been obtained that confirms the impor-
tance of rapid development of degranulation and gran-
ulocyte autolysis processes in blood for the killing of
these bacteria under conditions of bacteremia, as pre-
viously established in animal experiments [14], using
human cell models. The inability of Ypestis37 cells
multiplying intensively in the blood to trigger function-
al activation of granulocytes by secretory degranulation
and cytolysis is important for understanding the causes
of asymptomatic development of the infectious process
in primary pneumonic plague [10, 22]. The results of mi-
crobiological studies obtained simultaneously with the
data of cytofluorimetric analysis in an ex vivo model may
help to explain why plague bacteremia always inevitably
leads to sepsis unlike staphylococcal bacteremia.

Control 6 h

Y.pestis37 6 h

Fig. 1. Cytograms of the blood leukocyte distribution according to the degree of intracellular granularity and the cell surface
common leukocyte antigen CD45 expression density at 6 h after the addition of Y. pestis and E. coli to the blood
of the same donor.

Regions R3 and R2 correspond to granulocytes and lymphocytes. Monocytes are localized in the area between the R2 and R3 regions.
All intact undamaged leukocytes were counted by the cytometer in the R1 region, beyond which signals from cellular debris, products of the
breakdown of leukocytes with a low level of leukocyte antigen expression, accumulated. The proportion of cells in each region is expressed

as a percentage of the total number of registered leukocytes. The proportion of debris corresponds to (100 — R1)%.
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Ypestis37 cells proliferating in human blood at
37°C did not trigger the secretion of lysosomal protein
tetraspanin (CD63) from the primary granules of gra-
nulocytes to the cell surface, which is consistent with
the results of studies by K.R. Eichelberger et al. con-
ducted in vivo on laboratory animals [5] and in vitro
on the model of NG previously isolated from human
blood [17]. In this regard, the fact that CD63 protein
is involved in the process of secretion from the same
granules of LE [28], which is a generally recognized
biochemical marker of the inflammatory process [29]
and a key protein of innate antibacterial defense, re-
sponsible for rapid selective cleavage of virulence fac-
tors of Yersinia spp. and other Enterobacteriaceae in
the focus of infectious inflammation, may be of great
importance [30].

To kill bacteria in blood plasma and other biolog-
ical fluids, this protease forms antibacterial peptides
with broad-spectrum antibiotic properties from inac-
tive lysosomal precursor proteins during degranulation
[31]. By cleaving histones in the nuclei of activated
neutrophils, LE triggers and regulates, together with
myeloperoxidase, the process of decondensation of nu-
clear chromatin during NETosis, in which the autolysis
of NG is accompanied by the release into the blood and
tissues of the body of DNA nets with the products of
NG decay adsorbed in them, which have pronounced
bactericidal properties (LE and myeloperoxidase, his-
tones, antibacterial peptides, etc.). [32].

The information presented in the table about the
intensity of azurophilic degranulation ex vivo by CD63
marker is confirmed by the results of our earlier stud-
ies, in which phagocyte degranulation was assessed by
supravital staining of cells with AO dye [16] and the
viability of granulocytes in blood with Y. pestis and S.
aureus cells was monitored by flow cytometry by iden-
tifying and counting the number of dead diploid cells
with reduced (less than 2C) DNA content [24, 33]. It
is known that blood granulocytes accumulate AO dye
in much larger amounts than lymphocytes and mono-
cytes in the form of its positively charged form AOH",
which is formed and accumulated in the granules of liv-
ing cells in the process of continuous pumping of H*
protons through intact membranes of lysosomes [34].
The level of AO accumulation in azurophilic granules
depends on the amount of LE molecules in them, and
in the process of degranulation, LE is released from
the granules into the extracellular space together with
AO molecules [35]. In blood contaminated with live
S. aureus cells, granulocytes lost the initially intense
red fluorescence of their granules between 3 and 4 h
of incubation. The preservation of intense fluorescence
of granulocytes in the analysis of blood samples con-
taminated with live cells of Ypestis37 indicated the ab-
sence of degranulation in phagocytes at the early stage
of ex vivo modeling of plague bacteremia, the stability
of azurophilic granule membranes in peripheral blood

granulocytes retaining their viability during 6 h of in-
cubation [16].

In a study by S.C. Dudte et al., in which the de-
granulation of human NG isolated from blood was eval-
vated in vitro in interaction with Y. pestis and S. aureus
both by CD63 expression and LE expression on the
cell surface, only live Staphylococcus aureus induced
in vitro intensive degranulation [18]. Our data obtained
in experiments with attenuated strain of Y. pestis EV
NIIEG on the ex vivo model of bacteremia agree with
the conclusions of S.C. Dudte et al. However, the model
we used was more informative because it allowed us
to additionally assess the intensity of leukocytolysis in
blood by flow cytometry.

The lower content of cellular debris registered by
us in blood with cells of Y. pestis cells after 6 h of in-
cubation, compared to control blood samples without
bacteria, can be explained by the ability of Y.pestis37
to suppress spontaneous apoptosis and lysis of granulo-
cytic cells at the early stage of infection, as known from
animal experiments [7, 8, 10].

The reason for the intensive multiplication and rap-
id spread of Y. pestis in the host organism is explained
by a change in the structure of its lipopolysaccharide
(LPS) when the temperature rises from 28°C to 37°C.
It is believed that Y. pestis does not induce a protective
inflammatory response in the organism at LPS due to
the inability of its structurally altered LPS to stimulate
TLR4 cells of innate immunity [36]. This explanation
does not contradict the results of our studies, since LPS
of Gram-negative bacteria is a powerful inducer of se-
cretory degranulation of NG with the release of CD63
and LE on the cell surface and in the extracellular space
[37]. However, the proteolytic effect of LE released
from phagocyte granules, which determines the ability
of this receptor to respond to the presence of LPS in vi-
vo, was found to be necessary for TLR4 activation [22].
It is known that tolerance to high doses of endotoxin is
formed in mice when the organism is exposed to LPS
for a long time (with repeated intravenous administra-
tion of low doses over several days). Neutrophils of tol-
erant animals more effectively neutralized pathogenic
bacteria due to the in vivo inclusion of an additional
mechanism of antibacterial defense (NETosis), which
did not function in the organism of intact animals [38].
According to our data, a live plague vaccine had a sim-
ilar effect on mice, forming intense post-vaccination
anti-plague immunity in animals of this species [39].

In the present study, we do not present experimen-
tal data on the identification and determination of NG
content in blood by their specific phenotypic marker
CD16 (Fc,RIIIb receptor) in order not to complicate its
description. Since the proportion of NG in the total pop-
ulation of blood granulocytes in the samples studied by
us was more than 90% [25] and corresponded to clini-
cally established normal values of this index [12], the
possibility to call the total population of granulocytes
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NG when discussing the obtained experimental data is
allowed in our study.

The flow cytometry method is known to differenti-
ate IgG-dependent anaphylaxis associated with activa-
tion of the secretory function of peripheral blood neu-
trophils from IgE-dependent anaphylactic reaction that
develops as a result of stimulation of mast cells and ba-
sophils [40]. It is possible that when functionally active
IgG-antibodies to specific antigens of Y. pestis appear
in the blood, they will activate the mechanism of extra-
cellular antibody-dependent cytotoxicity of NG, which
can be registered by flow cytometry on the ex vivo mod-
el according to the intensity of degranulation and lysis
of peripheral blood granulocytes. Such analysis may be
more sensitive and informative than in cases when an
alternative skin test indicator of neutrophil damage is
subjectively assessed in practice in human whole blood
samples using a long and laborious method of micro-
scopic analysis.

Conclusion

The study of degranulation processes and lysis of
granulocytes in human whole blood samples infected
with live Y. pestis, helped obtain new information us-
ing CD markers and flow cytometry, indicating that the
mechanisms of extracellular granulocyte bactericidal
activity, which function effectively against E. coli and
S. aureus, do not work at the early stage of bacteremia
in the blood of people unvaccinated against plague. In
ex vivo modeling of bacteremia using the attenuated
strain of Y. pestis EV NIIEG has created the necessary
experimental and methodological basis for further study
of the processes of degranulation and lysis of NG in
blood samples of people inoculated against plague, for
the development of new, more effective tests to assess
the intensity of acquired cellular anti-plague immunity.
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The incidence of chronic viral hepatitis and the analysis
of the genetic diversity of hepatitis B and C viruses
among the population of Khabarovsk city

Valeriya O. Kotova'™, Elena A. Bazykina', Lyudmila A. Balakhontseva’,
Olga E. Trotsenko’, Anna V. Kuznetsova?

'Khabarovsk Research Institute of Epidemiology and Microbiology, Khabarovsk, Russia;
2Center for Prevention and Combat Against AIDS and Infectious Diseases, Khabarovsk, Russia

Abstract

Introduction. Evaluation of hepatitis virus genotypes diversity plays a significant role in analysis of epidemiological
situation in particular territories which allows to trace possible routs of transmission, emergence and spread of
new viral variants.

The aim of the study is to evaluate dynamic of incidence of chronic forms of viral hepatitis B and C in the
Khabarovsk krai during 2013-2023 and to perform analysis of genetic diversity of hepatitis B and C viruses (HBV
and HCV) that were circulating in the Khabarovsk city.

Materials and methods. A retrospective analysis of the incidence of chronic forms of hepatitis C in the
Khabarovsk krai was conducted for the period from 2013 to 2023 (11 years) according to reports from the Office
of Rospotrebnadzor in the Khabarovsk krai. Serological and molecular-genetic analysis of 112 blood plasma
samples obtained from patients with diagnosis of “chronic viral hepatitis” residing in the Khabarovsk city was
conducted.

Results. The research showed that incidence of chronic viral hepatitis C has declined from 50.0 in 2013 to 44.6
cases per 100 thousand population in 2023 and incidence of chronic viral hepatitis B has also declined from 10.2
to 8.2 cases per 100 thousand population in the Khabarovsk krai respectively. HBV DNA was detected in 21 out
of 36 blood plasma samples that contained serological markers of HBV. HBV genotype D was isolated in 15 out of
17 samples and was presented by two subtypes (D1, D2). Subtype A2 was identified in 2 samples. No mutations
of drug resistance were found. HCV RNA was found in 58 out of 78 samples of blood plasma that were positive for
antibodies (IgG + IgM) to HCV. Circulation of 1b, 1a, 3a, 2a, 2c HCV subtypes with predominance of 1b subtype
was revealed in the Khabarovsk city.

Conclusion. The incidence of chronic hepatitis B and C in the Khabarovsk krai during the 11-year follow-up
period had a pronounced tendency to decrease. Results of the research complement existing data on circulation
of HBV and HCV genetic variants in territories of the Russian Federation.

Keywords: Khabarovsk krai, hepatitis C virus, hepatitis B virus, genotype, subtype, chronic hepatitis, phylogenetic
analysis
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3aboneBaemMoCTb XpOHNUYECKMMU BUPYCHbIMW Frenatutamm
N aHanu3 reHeTNYecKoro pasHoobpasuna BMpycoB
renatutoB B n C cpean HaceneHna XabapoBcka

KotoBa B.O.™, ba3bikuHa E.A.", banaxoHuesa J1.A.!, TpoueHko O.E.", KysHeuoBa A.B.2

XabapoBCKMI HayYHO-CCNIeA0BATENbCKUN HCTUTYT ANMNAEMMONIOTN 1 MUKpobuonorun, XabapoBsck, Poccus;
2 leHTp no npodunakTrke n 6opbbe co CMNNMI n nHdekumoHHbIMU 3aboneBaHmAMM, XabapoBck, Poccna

AHHOMauus

BBepneHue. N3yueHune reHOTUNMYECKOro pasHoobpa3ns BUPYCOB renatntoB MMeeT BonbLUoe 3Ha4YeHne npu npo-
BEJEHUN aHann3a anuaeMmonornyeckon o6CTaHOBKM Ha KOHKPETHOW TEPPUTOPUK, NMO3BOMASA OTCINEXMBATbL BO3-
MOXHbIE NyTW NepeaaYn NHQEKUMmn, NOSBNEHNE U pacnpoCcTpaHeHe HOBbIX BApMaHTOB BUPYCOB.

Llenb — oueHnTb gnHamuky 3abonesaemocTn XpoHNYeckumm popmamum BupycHoix renatntos B (XMB) n C (XI'C)
Ha Tepputopumn Xabaposckoro kpast 3a 2013-2023 rr., NpoBeCTV aHanu3 reHeTu4eckoro pasHoobpasusa BMpycoB
renatutoB B (HBV) n C (HCV), umpkynupytowmx B XabapoBcke.

Martepuanbl u meToAbl. PeTpocnekTuBHbIN aHanma 3abonesaemocty XI'B n XI'C no XaGapoBckomy Kpato npo-
BeaéH 3a 11 neT no gaHHbIM OTY4ETOB YnpasneHus PocnoTpebHaasopa no XabapoBckoMy kpato. BeinonHeH cepo-
JIOTMYECKUIA U MONEKYNSAPHO-TeHEeTUYECKMI aHanm3 112 o6pa3uoB NnasMbl KPOBY MNALMEHTOB C AMArHO30M «XpPO-
HWYECKUI BUPYCHBIN renaTtuT», NPoXuBaoLwmnx Ha Tepputopun Xabaposcka.

PesynbraTbl. B Xabaposckom kpae ¢ 2013 no 2023 r. 3aboneBaemocTb XI'C cHuannack ¢ 50,0 go 44,6 cnydyasa
Ha 100 TbiCc. HaceneHus, a XI'B — ¢ 10,2 po 8,2. AHK HBV o6Hapy>eHa B 21 n3 36 o6pasLoB nna3mbl KPOBK Na-
LIMEHTOB C BbISIBNEHHLIMW cepornoruyeckummn mapkepamu HBV. Cpeaun 17 nccnepgosaHHbix 06pasuos reHotun D
HBV o6HapyxeH B 15 cnyyasx, npegctaBneHHbIi cybreHotunamm D1 n D2, cy6tnn A2 — B 2 obpasuax. My-
TaLun NeKapCTBEHHOM YCTOMYMBOCTU He obHapyxxeHo. PHK HCV BbisiBneHa B 54 n3 78 npo6 nnasmbl KpoBM
C MONOXMWTENbHBLIM pesynbTatoM MMMYHOMEPMEHTHOTO aHanu3da Ha Hanuume antuten (IgG + IgM) k HCV.
Ha Tepputopumn Xabaposcka ycTaHoBneHa umpkynsuus cybtunos HCV — 1b, 1a, 3a, 2a, 2c ¢ npeobnagaHuem
cy6Ttuna 1b.

3akntoveHue. 3abonesaemoctb XI'C n XI'B B XabapoBckom kpae 3a 11-neTHuii nepuog HabnogeHns nMena
SIPKO BbIpaXXEHHY TeHAEHLUMI0 YObInu. Pe3ynbsraThl ccnenoBaHUs LOMOMHAIOT CYLLECTBYHOLLME NpeacTaBneHnst
0 umpkynsuum reHosapmaHtoB HBV n HCV Ha Tepputopumn Poccun.

KnroueBble cnoBa: Xabaposckull kpall, supyc eenamuma C, supyc eenamuma B, eeHomur, cyémur, XpoHu4e-
CKul eenamum, ¢huriozeHemuyecKkul aHanu3

Amuuyeckoe ymeepxdeHue. ViccrenoBaHue npoBoaniock Npyu 4o6poBoNbHOM MHEPOPMUPOBAHHOM COrflacumn naum-
€HTOB WUNW KX 3aKOHHbIX NpeacTasuTenen. MpoTokon nccnenoBaHus ogobpeH ATudeckum KomuTeToMm XabapoBckoro
HWW snngemnonorum n mukpobuonorum (npotokon Ne 9 ot 01.11.2022).

UcmoyHuk puHaHcuposaHus. ViccnegoBaHne NpoBeAeHO B paMKax OTPacneBon Hay4YHO-UCCneaoBaTerlbCkon npo-
rpammbl PocnotpebHaasopa Ha nepunog 2021-2025 rr. (HNOKTP Ne 121052600115-4).

KoHgbsiukm uHmepecoe. ABTOPbI AEKNapUpPYT OTCYTCTBUE SIBHBIX M MOTEHLMANbHbIX KOH(IIMKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumen HacTosILLEN cTaTbu.
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Introduction

The problem of parenteral viral hepatitis B and C
remains one of the priority objectives of global health
care due to the high frequency of chronic forms of the
disease and the possibility of unfavorable outcomes in
the form of liver cirrhosis and hepatocellular carcino-
ma. The World Health Organization (WHO) estimates
that 50 million people worldwide are affected by hepa-
titis C virus (HCV) and 254 million people are infected
with hepatitis B virus (HBV)'. In April 2016, the WHO
Assembly resolved to globally eliminate viral hepatitis
as a public health problem by 2030.?

The implementation of the “Health” national pro-
ject on hepatitis B vaccine prophylaxis in Russia has
contributed to a decrease in the incidence of acute form
of the infection. Over the past 10 years (from 2014 to
2023), the incidence of acute hepatitis B has decreased
4-fold — from 1.32 to 0.33 cases per 100,000 population.
Since 2014, there has been an annual decrease in the inci-
dence of acute hepatitis C in Russia. In 2023, it amount-
ed to 1393 patients or 0.95 cases per 100,000 population,
which is 27.5% lower than the global average, but at the
same time, compared to 2022, the incidence increased
by 26%. Along with a decrease in the incidence of acute
hepatitis B and C, high rates of new cases of chronic vi-
ral hepatitis continue to be registered in Russia. In total,
more than 58.9 thousand cases of chronic viral hepatitis
were registered in 2023 (43.3 thousand cases in 2022).
The incidence rates of chronic viral hepatitis vary dra-
matically across the constituent entities of the Russian
Federation (from 0.9 to 127.86 per 100,000 population),
which largely depends on the quality of diagnosis and
completeness of registration of this group of diseases’.
A similar trend can be observed in the Khabarovsk Ter-
ritory, which is part of the Far Eastern Federal District*.

Recently, much attention has been paid to the
study of genotypic variability of hepatitis viruses. Dis-
eases caused by different genotypes may differ signifi-
cantly in clinical course and outcomes [1-3].

Currently, 10 hepatitis B virus (HBV) genotypes
have been identified (designated by letters A to J). Geno-

' World Health Organization. Hepatitis B, Fact Sheet. URL: https://
www.who.int/news-room/fact-sheets/detail/hepatitis-b (data of
access: 07.05.2024); World Health Organization. Hepatitis C,
Fact Sheet. URL: https://www.who.int/news-room/fact-sheets/
detail/hepatitis-c (data of access: 07.05.2024).

2 World Health Organization. Sixty-ninth world health assembly

provisional agenda item 15.1. Draft global health sector strategies.

Viral hepatitis, 2016-2021.

URL: http://apps.who.int/gb/ebwha/pdf filessWHA69/A69 32-

en.pdf?ua=1 (data of access: 07.05.2024).

State report "On the state of sanitary and epidemiological welfare

of the population in the Russian Federation in 2022". Moscow;

2023. URL: https://clck.ru/3FcJ5X

Report of the Office of the Federal Service for Supervision of

Consumer Rights Protection and Human Welfare in the Khabarovsk

Territory "On the state of sanitary and epidemiological well-being

of the population in 2022". URL: https://clck.ru/3FcHrj

types A-D, F, H and I are divided into 35 sub-geno-
types (for other genotypes sub-genotypes have not been
established) [4, 5]. The genotypes differ in genome
length, size of the open reading frames and protein
translated, as well as mutations selected under the influ-
ence of therapy [6, 7]. Hepatitis C virus (HCV) isolates
are categorized into 8 genotypes [8] and 93 confirmed
subtypes. The modern classification of HCV includes
9 inter-genotype recombinant forms’. Each genotype is
characterized by a certain frequency of occurrence and
geographical area of distribution.

According to the results of molecular genetic stu-
dies conducted in different years in Russia, it was found
that 3 genotypes of HBV — D, A and C with the pre-
dominance of genotype D and 4 subtypes of HCV —
la, 1b, 2 and 3a, of which subtypes 1b and 3a are pre-
dominant, are circulating in the territory of the country
[9-12].

The study of genotypic diversity of viral hepatitis
is of great importance when analyzing the epidemio-
logical situation in each specific territory, allowing to
track possible routes of transmission, the emergence
and spread of new virus variants, identify imported cas-
es of infection. All this is an important aspect in the
timely planning of necessary sanitary and epidemiolo-
gic measures.

Modern molecular biological methods of research
allow not only to assess the genetic diversity of HBV
and HCV in separate territories, but also to determine
the nature of clinically significant mutations in the
P-gene of HBV DNA and NS3/NS5A/NS5B regions
of HCV associated with possible resistance to therapy
with direct antiviral drugs.

The aim of the study was to assess the dynamics
of chronic hepatitis B and C incidence in 2013-2023,
and to analyze the genetic diversity of HBV and HCV
circulating among Khabarovsk patients diagnosed with
chronic viral hepatitis.

Materials and methods

Retrospective analysis of the incidence of chronic
hepatitis B and C was performed using data provided
by the Khabarovsk krai Rospotrebnadzor regional of-
fice for the period from 2013 to 2023 (11 years). The
values of chronic viral hepatitis incidence in Russia
were taken from the State Report “On the state of sani-
tary and epidemiologic well-being of the population in
the Russian Federation in 2023

The average annual growth rate (AAGR) was cal-
culated using the least squares method, and the confi-
dence interval was calculated using the Fisher angular
transformation method. The obtained trend was regard-
ed as stable at AAGR =+ 1%, as weakly expressed —

5 International Committee on Taxonomy of Viruses (ICTV), 2022
URL: https://talk.ictvonline.org/ictv_wikis/flaviviridae/w/
sg_flavi/S6/hcv-classification (data of access: 15.05.2024).
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at AAGR = + 1.1-3.0%, as moderate — at AAGR = +
3.1-5.0%, as expressed — at AAGR = £ 5.1-7.0%, as
pronounced — at AAGR = +7% and above [13].

In order to study the genetic diversity of HBV
and HCV circulating among the population of the
Khabarovsk Krai, blood plasma samples from 112 pa-
tients diagnosed with chronic viral hepatitis collected
at the Center for Prevention and Control of AIDS and
Infectious Diseases (n = 50) and the laboratory of the
Khabarovsk Research Institute of Epidemiology and
Microbiology (n = 62) in 2022-2023 were studied. In-
formed consent of all patients to participate in the study
was obtained, as well as approval of the ethics committee
of Khabarovsk Research Institute of Epidemiology and
Microbiology (protocol No. 9 of 01.11.2022) to conduct
the research. The presence of markers of viral hepatitis
B and C was determined by enzyme immunoassay using
test systems produced by Vector-Best CJSC.

Nucleic acids were isolated from 100 pl of blood
plasma using the AmpliPrime RIBO-prep reagent kit
(Central Research Institute of Epidemiology of Rospo-
trebnadzor). Analysis for detection of HBV DNA,
HCV RNA, determination of viral load in positive
samples and HCV genotype was performed by poly-
merase chain reaction (PCR) with hybridization-fluo-
rescence detection in real time using commercial kits:
“AmpliSens HBV-FL, AmpliSens HBV-Monitor-Fl,
AmpliSens HCV-FL, AmpliSens HCV-Monitor-Fl,
AmpliSens-1/2/3 (Central Research Institute of Epide-
miology of Rospotrebnadzor) on a Rotor Gene Q de-
vice (Qiagen).

For HBV and HCV genotyping, we used two-step
PCR with specific primers (Syntol) for the conserved
region of the overlapping S and P genes, encoding the
surface protein and DNA polymerase of HBV, and for
the NS5B region of HCV [14, 15].

Additionally, the nucleotide sequence of the HCV
NS5 region was analyzed for a patient with HCV re-
ceiving direct antiviral drugs using the method de-
scribed by M. Rajhi et al. [16].

Sanger sequencing of amplified viral genome
fragments was performed using the BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems/Life
Technologies) on an ABI3500 DNA analyzer (Applied
Biosystems/Life Technologies).

Alignment of the obtained nucleotide sequences
was performed in the BioEdit v. 7.1.9 program.

Phylogenetic analysis was performed using the
MEGA v. 7.0 program by constructing phylogenetic
trees using the neighbor-joining method [17]. The dis-
tances between nucleotides were calculated using the
Kimura method. To assess the statistical reliability of
phylogenetic relationships, bootstrap analysis was used
for 1000 independent constructions of each phylogene-
tic tree.

As reference strains for phylogenetic analysis we
used sequences of the same genomic region of HBV
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and HCV from Russia and other countries of the world
presented in GenBank®.

The geno2pheno software’ was used to detect drug
resistance mutations.

14 obtained and analyzed nucleotide sequences of
HBYV genomic regions (accession numbers PP100729-
PP100742) and 44 HCV genomic regions (accession
numbers PP111728-PP111748, PP100743-PP100765)
were deposited in the international GenBank database.
10 HBV partial genomic sequences and 35 HCV partial
genomic sequences were deposited in Russian virus ge-
nome information aggregation platform VGARus.

Results

The conducted studies showed that the incidence
of chronic hepatitis C in the Khabarovsk Krai in 2013 to
2023 decreased from 50.0 (95% CI 46.2-54.0) to 44.6
(95% CI 41.0-48.3) per 100,000 population and had a
pronounced downward trend (AAGR = —6.5%). More
significant changes were registered in the Khabarovsk
Krai in terms of chronic hepatitis B incidence, which
had a pronounced downward trend (AAGR =-11.6%),
decreasing more than 2-fold — from 10.2 (95% CI 8.5—
12.0) cases per 100,000 population in 2013 to 4.5 (95%
CI 3.4-5.7) cases per 100,000 population in 2021.

In Khabarovsk, the incidence of both chronic
hepatitis B and C was higher than in the Khabarovsk
Krai throughout the entire observation period: in 2023
the incidence of chronic hepatitis C was 56.7 (95% CI
50.9-62.8) per 100,000 population (27.1% higher than
in the Khabarovsk Krai), and the incidence for chronic
hepatitis B was 13.3 (95% CI 10.6-16.3) per 100,000
population (62.2% higher than in the Khabarovsk
Krai). In multiyear dynamics, the incidence of chron-
ic hepatitis B and C in Khabarovsk had a more pro-
nounced downward trend compared to the regional one
(AAGR =-11.6% — for chronic hepatitis C incidence
and AAGR = -12.2% — for chronic hepatitis B inci-
dence) (Fig. 1).

The decline in chronic viral hepatitis incidence
after 2019 coincided with the start of the COVID-19
pandemic, during which restrictive measures were in-
troduced to reduce the spread of SARS-CoV-2 among
the population. In 2022 and 2023, when the restrictions
were gradually lifted, an increase in chronic hepatitis
C incidence of 20.5 and 45.7% in the Khabarovsk Krai
and 21.4 and 44.6% in Khabarovsk, respectively, be-
gan to be recorded. The incidence of chronic hepatitis
B in the Khabarovsk Krai and Khabarovsk increased
by 17.8 and 41.2% in 2022, respectively, and by 54.7
and 84.7% in 2023, which is probably due to an in-
crease in the number of patient visits to medical or-
ganizations, including laboratory testing that reached
levels of 2019.

¢ URL: https://www.ncbi.nlm.nih.gov/genbank
7 URL: http://hbv.geno2pheno.org/index.php
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Fig. 1. Long-term incidence of chronic viral hepatitis C and B in the Khabarovsk krai and Khabarovsk city.

Serologic and molecular genetic analysis was per-
formed for 112 blood plasma samples of the Khabarovsk
residents diagnosed with chronic viral hepatitis. The
age of the examined patients averaged 51 years. There
were 51 women (45.5%; 95% CI 36.9-55.2%) and
61 men (54.5%; 95% CI 45.8—64.1%) among the exam-
ined patients.

HBsAg was detected in 36 of 112 plasma sam-
ples (32.1%; 95% CI 23.7-40.9%). Antibodies to the
HCV were detected in 78 samples (69.6%; 95% CI
61.2-78.1). 2 (1.8%; 95% CI 0.2-5.4%) patients had
mixed-infection with HBV + HCV.

HBV DNA was detected in 21 (58.3%; 95% CI
41.7-73.4%) of 36 plasma samples from patients with
detectable markers of HBV. In all DNA-positive sam-
ples, viral load levels were determined. In 19 (90.5%;
95% CI 74.0-98.8%) patients it was low (less than
10* TU/mL), and in 2 (9.5%; 95% CI 1.2-26.0) it was
intermediate (10*-10° [U/mL).

During an examination of 78 patients from
Khabarovsk who were positive by enzyme-linked im-
munosorbent assay for antibodies (IgG + IgM) to HCV,
HCV RNA was detected in 54 (69.2%; 95% CI 42.9—
64.9%) blood plasma samples. In all RNA-positive
samples, viral load levels were determined. It was low
(less than 8 x 10° IU/mL) in 39 (72.2%; 95% CI 59.4—
83.1) patients and high (greater than 8 x 10° ITU/mL)
in 15 (27.8%; 95% CI 16.9-40.6) patients. Prelimi-
nary HCV genotyping using the AmpliSens -1/2/3 kit
showed that HCV genotype 1 was the most common
among the examined patients in Khabarovsk (57.4%;
95% CI 43.7-69.8%). HCV genotype 3 was detected
in 14 patients (25,9%; 95% CI 15,3-38,4%). Genotype

2 was detected in 8 cases (14.8%; 95% CI 6.8-25.6%),
and genotype could not be determined in 1 patient
(1.9%; 95% CI 0.1-7.2%).

To determine the genotype, to clarify the origin
and possible relatedness of HBV and HCV variants
with isolates from other regions of Russia and foreign
countries both nearby and far away, 17 nucleotide se-
quences of the HBV genomic region and 53 nucleotide
sequences of the NS5B region of HCV of satisfactory
quality were obtained, suitable for further analysis.

As a result of molecular genetic analysis of HBV,
genotype D was determined in 15 patients (88.2%; 95%
CI 68.9-98.7%) and genotype A in 2 patients (11.8%;
95% CI 1.3-31.1). Phylogenetic relationships between
the studied samples and reference sequences are pre-
sented in Fig. 2.

On the phylogram, the HBV genotype D strains
obtained by us and the nucleotide sequences retrieved
from GenBank fell into two distinct monophyletic
groups distinguished by sub-genotypes: D1 and D2,
which were identified in 7 (46.7%) and 8 (53.3%) sam-
ples, respectively.

The obtained nucleotide sequences (Nos. 442,
507, 90) grouped with genetically similar sequences of
sub-genotype D1 from Chile (FJ709467.1), Germany
(MZ0977440.1), as well as with a strain (KY660216.1)
that had already been recorded in the Khabarovsk Krai
in 2016. Four samples (Nos. 930, 673, 1021, 310)
formed separate clades with sub-genotype D1 strains
from Poland (GQ477513.1), India (MH272614.1), Tur-
key (AB674433.1) and Iran (KS339812.1).

The obtained nucleotide sequences of sub-geno-
type D2 were distributed between HBV strains of
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this sub-genotype detected in Russia (in Moscow —
OR956323. 1 and Khabarovsk — OR956250.1), and
strains from India (MK975842.1), Italy (JN226080.1),

Spain  (GQ486785.1), Albania  (JQ244817.1,
JQ244795.1), Iran  (KC339865.1),  Tajikistan
(AY738889).

Two strains isolated in Khabarovsk (samples No.
1125, 1877) grouped on the phylogenetic tree, forming
one common cluster with reference strains of sub-geno-
type A2. Sample No. 1877 had a high genetic similarity

1915
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with a strain of HBV sub-genotype A2, serotype adw?2
from Cuba (KM606811.1), and sample No. 1125 with a
strain from Poland (GQ477462.1).

The nucleotide sequences of the P-gene region of
HBYV obtained in the present study were tested for the
presence of key mutations associated with the emer-
gence of drug resistance. The analysis showed that all
17 HBV strains were sensitive to the following antivi-
ral drugs: lamivudine, adefovir, entecavir, telbivudine,
tenofovir, i.e. no resistance mutations were detected.
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Fig. 2. Results of phylogenetic analysis of partial genomic nucleotide sequences of HBV circulating among population
of the Khabarovsk city.
Phylogenetic tree was constructed using the neighbor-joining method. HBV sequences evaluated in current work are marked with triangles
HBV reference sequences are specified by their GenBank accession numbers. Bootstrap index values exceeding 70% are indicated.
Blue lines — sub-genotype D2; red lines — sub-genotype D1; green lines — sub-genotype A2.
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(EU255927.1), and the Netherlands (KU563369.1), but

Phylogenetic relationships between nucleotide
no closely related strains were identified for it.

sequences obtained by direct sequencing of the NS5B
region of the HCV genome and reference sequences are On the phylogenetic tree, 31 out of 54 strains un-
displayed in Fig. 3. der study were evenly distributed among the reference

Sample No. 57, for which no result was obtained  sequences of HCV subtype 1b presented in the interna-
during preliminary genotyping using AmpliSens -1/2/3  tional GenBank database (Greece, France, USA, Bel-
diagnostic test system, formed a single cluster with iso- ~ gium, Spain, Taiwan, Japan, Vietnam, Brazil, Indone-
lates belonging to subtype la and isolated in different  sia, Tunisia). Phylogenetic analysis of 13 specimens as-
years in the USA (KT734609. 1, OK392383), where  signed to genotype 3 by PCR-genotyping showed that
this genetic variant is endemic, as well as in Sweden  all nucleotide sequences obtained by us are clustered
(MH510449.1), Ukraine (0Q979420), Switzerland  on the same branch of the phylogenetic tree with previ-

o)
5>}
%
3
A o
*Q
2 g 5 g N
S % Q= N IS
Q- 2 . 8 &
= %z g2 < @ N
QA = 2 £ N S) I $§
9 L?z %, A% o gty &
% < S B 88 © © & N
= % % 7z e ESv+-=25 ~ N
R - BEENESS-g S & 5
= O:f,;) %ﬁ-,.A momg’(t\j,\o)%g,\@\ R 9
3y 16 7, 2 e > oW, = o BELI T I N S
P 1, o &S W C<dqgqEgo 5 ) \
0 e, B3 2ToZa A A A )
) : » 3
6\007 e 7«90‘9)4 7}7{/ d‘/é,,&\ ‘%? @O@O) (;AAj_/ '@ Jéb ’{o S,‘Jg;:\ . (b'\ @QQ/ O
Go 72,8, %, 7, %52, Ve & )
. 4 S Sl
&S$6S7 7%?7@0//@0’:00 ‘/ ~ {-y;\b‘z,b\'& '«\\ 066\'\0
3 U 76’6, OLAN oo s
Ry s, 69000 AN > )
207, %, 935 05)° zg@%\q o o
0, NG 52 A \°
795507 A 2 AT 00
~R, 20 85&3 94 >%'5'5()'5A \3\0“‘“
6 o
2 b °tiaA
3a.p 69. Sy re 7
2.2004 Fy 3w ‘53\,« ain (2016)
35570 EF603867 Sp o2 2014
035 ¥ k789871 BEEL o013
-.CN 93-3 \ 4 KX346775.1 Belgium
-CN.2010.MF9g6704 Kxae
3 /f;‘gozd'{ﬁig‘éggg KT872846.1 USA
e JIN120912.1 F
3a.RU.—.AJ507§73 A7oe rance (2003)
5164- b
76 11 Indones;
ey 8 HCag3 sia (2007
3a.RU.202 296-2 " $ g @ 4 86-1957 )
'{3‘2\2 & é 312*7
\ 5.
4 Fran® ge \’l()‘\“ 4KU93‘29§69 1
240 0 a2 an 840568, Ce
MGAS 20619 ST T hesl 7S 58515, Tunsy (200,
Nt RN 19075207 by 2 (200
?\0% e\g\\)‘(\%@ e RIS 54, P Usg; 00
227 AP ew\é@ 20 N O@O)ea 75" Viey (2078)
\9) © ©
N\e”@'b W N 6\%@“\ 5 X &0372’76’9
0 Q/ N Q) (/) 6’(9\ 05‘ ¢«
£ ‘3’%0?) S ’?’Q’Q/Q\ © @ 4-'4770‘97& & @Qq 76
e P oV o Y 07055 Sy,
W PRSI A Vo
W &'\\\@ RN @@\0 K o A vV, o, (/% Oy,
AN PN Sofvay $AS ALY DM & 7%
5 2 2D PR IS O L XA ~ )
K& SEE RPN IVS T I~ ap V' o ® (<)
S P o N S ESSZomoxzzP T, 12228, o,
& J ;LS eI ISHCRIBARZN Teaa " 5
* ~ SN § fo59998R%p837 25>
O% ~ SO~ L85 2R™ G >
T4 sSssESBNEE8EE o %
o SESITcarc=2 0 .
§ I58282G95cs50 7 %
& O SE-ELe2>E582: 3
£ oYL 7aRBRzZ2%
S QO T3 5S2°2R%¢g
¥ 88388288 3
X AN 23 ™
N N Q = o
N = -~ & =
N - N >
L S © S =

Fig. 3. Result of phylogenetic analysis of NS5B region nucleotide sequences of HCV circulating among population
of the Khabarovsk city.
Phylogenetic tree was constructed using the neighbor-joining method. HCV sequences evaluated in current work are marked with triangles.
HCV reference sequences are specified by their GenBank accession numbers. Bootstrap index values exceeding 70% are indicated.
Blue lines — subtype 3a; red lines — subtype 1b; green lines — subtype 2a; black lines — subtype 1a; violet lines — subtype 2c.
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ously obtained sequences of the same genomic region
of variants of subtype 3a isolated in different years in
different regions of Russia and the world.

Phylogenetic analysis of 8 specimens assigned
to genotype 2 based on the results of preliminary ge-
notyping revealed the formation of 2 clusters. One
sample (No. 81) with a high level of bootstrap support
(100%) formed a single cluster with isolates belong-
ing to subtype 2c, but no closely related strains were
identified for it. Seven strains grouped on the phylo-
genetic tree, forming one common cluster with HCV
subtype 2a isolates registered in GenBank, which were
isolated in Russia — in the Novosibirsk region in
2002 (GQ388000.1), Republic of Sakha (Yakutia) (KT
378626.1) in 2014, Leningrad region (AF388438.1) in
2014, and in France (MG453401.1) in 2014.

For sample #76 from a patient with HCV receiv-
ing direct antiviral drugs, the nucleotide sequence of the
HCV NS5A region was additionally analyzed for the
presence of mutations associated with the emergence of
drug resistance. As a result of the study, the Y93H muta-
tion was detected, which causes resistance of the virus
to the following drugs: Daclatasvir, which was included
in the patient's treatment regimen, as well as to Elbasvir,
Ledipasvir, Ombitasvir and Velpatasvir. When analyzing
the nucleotide sequence of the NS5B region, no drug
resistance mutations were detected in this sample.

Discussion

The current epidemiological situation on viral
hepatitis both in the Khabarovsk Krai and on average
in Russia is characterized by an increase in the total
number of patients with chronic forms among the pop-
ulation. In general, in the Khabarovsk Krai for 2013-
2023, the curves of chronic hepatitis B and C incidence
had unidirectional downward trends. Despite this, the
incidence rate of chronic hepatitis C in the Khabarovsk
Krai, which reached 44.6 cases per 100,000 population
in 2023, exceeded the national average of 31.6 cases
per 100,000 population. At the same time, the incidence
rate of chronic hepatitis B in the Khabarovsk Krai was
slightly lower than the Russian average — 8.2 and
8.4 cases per 100,000 population, respectively®.

It should be noted that the sharp decline in the in-
cidence of chronic hepatitis B and C, recorded in 2020,
including for chronic hepatitis C — 1.7-fold from 43.0
(95% CI 39.5-46.6) to 24.8 (95% CI 22.2-27.8) and
for chronic hepatitis B — almost 2-fold from 9.8 (95%
8.2-11.6) to 5.0 (95% CI 3.8-6.3) cases per 100,000
population, is partly explained by a decrease in the
number of people seeking medical care during the
COVID-19 pandemic.

8 Report of the Office of the Federal Service for Supervision of
Consumer Rights Protectionand Human Welfare in the Khabarovsk
Territory "On the state of sanitary and epidemiological well-being
of the population in 2022". URL: https://clck.ru/3FcHrj
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For many years, a significant contribution to the
development of the epidemic process of chronic viral
hepatitis in the region has been made by the largest
population center, Khabarovsk, which is the regional
capital, where 61.1% (95% CI 57.1-65.1) of patients
with chronic hepatitis C and 78.1% (95% CI 69.7-85.4)
of patients with chronic hepatitis B of all first-detected
cases in the constituent entity lived in 2023. The higher
incidence of chronic hepatitis C in the regional capital
can be partly attributed to the greater availability of lab-
oratory testing, in contrast to the northeastern territories
remote from the regional center, where registration of
chronic viral hepatitis incidence is absent or sporadic,
such as Polina Osipenko, Nikolaevsky, Okhotsk, Tu-
guro-Chumikansky and Ayano-Maysky districts.

A molecular genetic study established HBV and
HCV genotypes and sub-genotypes circulating among
patients with chronic forms of infection in Khabarovsk.

The results of phylogenetic analysis of D1 and D2
sub-genotypes from Khabarovsk and the GenBank da-
tabase showed the formation of several clusters, which
may indicate different origins and independent spread
of HBV strains circulating in the study area. The low
similarity of the strains from this study with strains
from Russia is possibly due to the low proportion of
Russian variants of the virus represented in the interna-
tional GenBank database.

The study revealed some differences in the distri-
bution of HBV and HCV genetic variants noted in this
paper among residents of Khabarovsk and the study
we conducted in 2017-2018 among the indigenous
population of Nanai district of the Khabarovsk Krai
[18, 19]. Thus, analysis of the frequency of occurrence
of HBV sub-genotypes D1, D2 and D3 showed that
among patients in the rural area, sub-genotype D3 was
slightly predominant (51.3%; 95% CI 35.8-66.7%),
and sub-genotypes D2 and D1 were identified in 46.1%
(95% CI 30.9-61.7%) and 2.6% of cases, respectively.
Should be noted that in the present study, no cases of
infection with sub-genotype D3 were identified among
urban patients, which refutes the results of previously
described studies, according to which the incidence of
sub-genotype D1 decreases from 45% in the European
part of Russia to 12% in the Far Eastern region [20].
This can be partly explained by the small sample size of
the study. This fact requires further investigation.

The results of the present study showed that HCV
subtype 1b was most prevalent among the examined
patients in Khabarovsk, detected by phylogenetic anal-
ysis in 58.5% of cases, while the prevalence of subtype
3a (45.0%) was recorded in the Nanai district of the
Khabarovsk Krai.

Phylogenetic analysis of the NS5B region of
HCV performed for 53 investigated blood samples of
Khabarovsk residents initially typed in PCR present-
ed the following ratio of subtypes: 1b — 31 (58.5%;
95% CI 45.2-71.4%), 3a — 13 (24.5%; 95% CI 14.0—
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37.0%), 2a — 7 (13.2%; CI 5.5-23.5%), with subtypes
la and 2c¢ (1.9%) identified in isolated cases. Accord-
ing to the results of the phylogenetic analysis, isolate
No. 57, untyped by conventional PCR, could be at-
tributed to subtype 1a.

In summary, the obtained data on the circulation
of HBV and HCV genetic variants among Khabarovsk
residents are consistent with the data of other research-
ers on the predominance of HBV genotype D and HCV
subtypes 1b and 3a in Russia.

It should be noted the importance of regular up-
dating of information on genotypes/subtypes of hep-
atitis viruses detected in the subjects of the Russian
Federation in the international (GenBank) and Russian
(VGARus) databases. This will significantly expand
the opportunities for molecular genetic monitoring for
circulating genetic variants of viruses in a particular
territory, as well as for analyzing the incidence of these
infections in Russia as a whole, which may ultimately
strengthen the effectiveness of epidemiologic surveil-
lance of viral hepatitis. Furthermore, thanks to the use
of modern molecular biological diagnostic methods and
phylogenetic analysis, it has become possible to predict
the development of unfavorable trends in the epidemio-
logical situation, as well as to confirm or deny the pres-
ence of an epidemiological link between the suspected
source of HCV or HBV and the diseased when investi-

gating the fact of intra-family infection, group diseases,
cases of nosocomial infection or occupational exposure
to viral hepatitis.

Conclusion

Despite the decrease in cases of detection of acute
forms of parenteral viral hepatitis in the Khabarovsk
Krai, the registration of chronic viral hepatitis re-
mains at a high level. The most unfavorable situation
with the incidence of chronic hepatitis B and C in the
Khabarovsk Krai is observed in Khabarovsk.

The study of genetic diversity of HBV and HCV
viruses in Khabarovsk revealed the circulation of two
HBYV genotypes: D and A. Among the samples studied,
HBYV genotype D was detected in 88.2% of cases and
is represented by sub-genotypes D1 and D2. Subtype
A accounted for 11.8%. Molecular genetic study of
HCYV circulating in Khabarovsk revealed circulation
of subtypes 1b, la, 3a, 2a, 2¢ with predominance of
subtype 1b.

When analyzing the nucleotide sequences of the
P-gene region of HBV, no major antiviral drug resis-
tance mutations were detected.

In general, the results of the molecular genetic
study conducted in Khabarovsk can significantly sup-
plement the existing ideas about the circulation of HBV
and HCV genetic variants on the territory of Russia.
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Ouaru nepcnHNo3oB KpbIMCKOro nonyocTpoBsa

bepHapckas E.B.*, AmutpeHko H.b., bepkoBunu H.A., pockypHuH P.B.

LleHTp rurveHsl n anugemuonoruu B Pecnybnuke Kpbim 1 ropoge defepanbHoro 3HaueHust Cepactonone, Cumdeponons,
Poccus

AHHOMauus

BeeaeHue. 3HaunTenbHbIN pocT 3ab60neBaeMoCTy, BbICOKUN YPOBEHb MHPULMPOBAHHOCTN MENKUX MIeKonuTa-
IOLLMX B PSiie PalioHOB ONpeAenuny OCNOXHEHWE AMMOEMUONOrMYECKON CUTYaLMN Mo NePCUHUNO3Y.

Llenb pabotbl — onpeaeneHne akTU4ecKMx rpaHuL, MPUPOAHbLIX U @aHTPOMYPruyecKMX O4aroB MEPCUHUO30B Ha
KpbiMckoM nonyocTpose.

Martepuanbi n metoabl. O6cnenoBaH 21 aaMUHUCTPATUBHBLIN parioH KpbiIMckoro nonyoctpoBa. [JocTaBneHHbIN
mMartepuvan nuccrnegosanu no yTBepXaEHHbIM METOANKaM.

PesynbraTtbl. B 2022 . 3 1005 otnoBneHHbIX Menkux mrnekonutawowmx 31 ocobb Gbina nonoXmntensHom Ha
KWLLIEYHBbIN nepcnHnos, 3 — Ha nceBnotybepkynés. LUtamm Yersinia enterocolitica O3 BblgeneH n3 28 npob 6 Bu-
OOB C Tepputopun 5 parioHoB ctenHoro KpbiMa, KepyeHcKoro nonyoctpoBa, NPeAropuii rMaBHON rpsifbl; LWTaMM
Y. enterocolitica O9 — 13 3 npob 2 BnaoB ¢ Tepputopumn 2 parioHos ctenHoro Kpeima; Y. pseudotuberculosis —
13 3 npob 2 BMOoB ¢ TeppuTopun 2 panoHoB ctenHoro Kpeima. B 2023 r. n3 857 menkmx MnekonutaroLmx
80 npo6 ObINN NONOXUTENbHBI HA KULLEYHbIA MEPCUMHNO3, 2 — Ha NceBAOTYyOepkynés. Y. enterocolitica O3 Bbigene-
Ha 13 79 npob 8 BMOOB C TeppuTopmmn 7 panoHoB ropHoro KpsiMa v npearopuin rnasHomM rpsabl, ctenHoro Kpeima,
r. CesacTonons, KepyeHckoro nonyoctpoBa; Y. enterocolitica O9 — n3 1 npobel 1 Buga c Tepputopum 1 parno-
Ha KepuyeHckoro nonyoctpoBa; Y. pseudotuberculosis — 13 2 npob 2 BuaoB ¢ Tepputopun crenHoro Kpbima u
r. Cesactonons.

O6cyxaeHue. Bce Buapbl, ob6pasytoLme ocHOBY hayHUCTUYECKOTO KOMMIeKca MENKnx mrnekonurarwmx Kpbim-
CKOTO MOMyOCTPOBA, ABMSIOTCA pe3epByapoM MepCuHWUiA. Npu 3TOM KONMUYECTBO MOMOXUTENbHbLIX HAXOA4OK He
3aBUCUT OT OBLLEN YMCNEHHOCTU, HO MPSMO NPONOPLUMOHANbHO MHAEKCY AOMUHUPOBAHUSA: CTENHas Mblllb —
OOMOBas Mblllb — 0bOLLECTBEHHAS NONEBKA.

BbiBoabl. Ha Ttepputopun 10 agMmHucTpaTMBHBLIX pavioHoB KpbiMckoro nonyoctpoBa ([xaHkonckoro, Kpac-
Horeapgemnckoro, benoropckoro, baxuncapaickoro, Cumdepononsckoro, Kuposckoro, Cakckoro, JleHnHckoro,
MepBomarickoro panoHoB, r. CeBacTonornsi) CyLecTBYHOT NPUPOAHbLIE O4arn nepcnH1Mo3a n nceegoTybepkynésa.
Bo3byautenun obHapyxeHbl y 9 BUOOB Menkmx mnekonutaowmx. Ha tepputopum CeBactonons, paHee cynTas-
LLUEeNCHA He 9H300TUYHOM MO rpynne MePCUHNO3HBIX MHpekumin, B 2023 T. BbISBNEH HOBbIN aHTPOMYPruyeckuii oyar.

KnroueBble cnoBa: uepcuHuo3, ncesdomybepkynés, Pecriybrniuka Kpbiv, Cegacmornorb, 31u300mono2udeckul
MOHUMOpPUHe, NPUPOOHbIE U aHMpOoypaudyeckue oyazu

Amuyeckoe ymeepxdeHue. ABTOpbl NOATBEPXAAIOT cobnoaeHne MHCTUTYLMOHAIbHBIX U HaLMOHanbHbIX cTaHaap-
TOB M0 MCMOMb30BaHNI0 TabopaTopHbIX XUBOTHBLIX B cOOTBETCTBUM € «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). NpoTokon nccneposaHus ogobpeH 3TM4eckum KoMuTeToM LieHTpa rurveHsl 1 anuaemuonorum B
Pecny6nvike Kpbim 1 ropofe depepanbHoro 3HaveHus Ceactonone (npotokon Ne 3 ot 06.05.2024).

UcmoyHuk pbuHaHcupoeaHusi. ABTOpPbI 3asBNsIIOT 06 OTCYTCTBUM BHELUHEro (DUHaHCMPOBaHWS NPU NPOBEAEHWUMN UC-
crnegoBaHus.

KoHgbniukm uHnmepecos. ABTOpbI AEKNapupyoT OTCYTCTBME SBHbIX M NOTEHLMArbHbIX KOH(UKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ansa yumupoeaHusi: begHapckaa E.B., AmutpeHko H.B., Bepkosny H.A., MNpockypHuH P.B. Ouyarn mepcuHnosos
Kpbimckoro nonyoctposa. XKypHan mukpobuonozauu, anudemuonoauu u ummyHobuonoauu. 2025;102(1):102—-111.
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Abstract

Introduction. A significant increase in morbidity and a high rates of infection among small mammals in a number
of areas have determined a significant worsening of the epidemiological situation with yersiniosis.

Objective. To determine the actual boundaries of natural and anthropurgical yersiniosis foci in the Crimean
Peninsula.

Materials and methods. 21 administrative districts of the Crimean Peninsula were surveyed. The study of
collected samples was carried out according to approved methods.

Results. In 2022, out of 1005 rodents captured, 31 were positive for enteric yersiniosis, 3 were positive for
pseudotuberculosis. Yersinia enterocolitica strain O3 was isolated from 28 samples obtained from 6 rodent
species from the territory of 5 districts of the Steppe Crimea, the Kerch Peninsula, and the foothills of the Main
Ridge. Y. enterocolitica strain O9 was isolated from 3 samples obtained from 2 rodent species from the territory
of 2 districts of the Steppe Crimea. Y. pseudotuberculosis was isolated from 3 samples obtained from 2 rodent
species from the territory of 2 districts of the Steppe Crimea. In 2023, out of 857 rodents captured, 80 samples
were positive for enteric yersiniosis and 2 were positive for pseudotuberculosis. Y. enterocolitica strain O3 was
isolated from 79 samples obtained from 8 rodent species from the territory of 7 districts of the Mountainous
Crimea and the foothills of the main ridge, Steppe Crimea, Sevastopol, Kerch Peninsula. Y. enterocolitica strain
09 was isolated from 1 sample obtained from 1 rodent species from the territory of the 1t district of the Kerch
Peninsula. Y. pseudotuberculosis was isolated from 2 samples obtained from 2 rodent species from the territory
of 2 districts: Steppe Crimea and Sevastopol.

Discussion. All species that form the basis of the faunal complex of small mammals of the Crimean Peninsula
are a reservoir of Yersinia. At the same time, the number of positive findings does not depend on the total number
of rodents, but is directly proportional to the dominance index: steppe mouse — house mouse — social vole.
Conclusion. On the territory of 10 administrative districts of the Crimean Peninsula (Dzhankoysky,
Krasnogvardeysky, Belogorsky, Bakhchisaraysky, Simferopolsky, Kirovsky, Saksky, Leninsky, Pervomaisky
districts, as well as Sevastopol) natural foci of yersiniosis and pseudotuberculosis were identified. Pathogens
have been found in rodents of 9 species. In the territory of Sevastopol that has been considered previously as
non-enzootic for the group of yersiniosis infections, a new anthropurgical foci was identified in 2023.

Keywords: yersiniosis, pseudotuberculosis, Crimean Republic, Sevastopol, epizootological monitoring, natural
and anthropurgical foci
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BeepeHue onucansl MHOTUMH aBropamu [13—17]. Ocobyro poib

TepMuH «WepcHMHUO3HbIE WHQEKUMW» dYamle B (GOPMUPOBAHUU AHTPOIYPrHUSCKUX OYaroB OTBOIST
oObequHsICT JBa MH(DEKIMOHHBIX 3a00JieBaHUS: KU-  NTUIAM: FoidyOsiM, cepeOpucThiM uaiikam [18-20].

meunblii nepcunno3 (KW; BosOyautens — Yersinia P aBTOPOB OTHOCAT MEPCUHMO3 K SMEPIKEHT-

enterocolitica) n ncesnoryoepkynés (I1Th; Bo3Oyau-
Tenb — Y. pseudotuberculosis) [1-3].

Hepcuano3 — canpo300HO3HOE WH(EKIMOHHOE
3a0oJieBaHue, BbI3bIBaeMoe Y. enterocolitica, mraMMmbl
O3 u O9 BBICOKOMATOTEHHBI U IHTEPOTOKCUYHBI [1].
KW BbI3BIBaCT TNOpaXEHHUE IKEITYJOYHO-KUIICYHOTO
TpaKTa, UMEET MOJIMOPraHHbIC KIMHUYCCKUE MPOsBIIC-
HUS, TOKCUKO-QJUIEPTUYECKYIO CUMIITOMATUKY [4—7].

Bo30ynutenu 300¢wibHBIX canpoHo3oB, [1TB,
HMEPCUHNO03a UMCIOT 0053aTeIIbHYIO CAPOPUTUICCKYIO
(hazy, HO XapaKTepU3yITCs 00JIee TECHBIMH U PEryIIsip-
HBIMH CBSI3SIMHU C YEJIOBEKOM HJIM KMBOTHBIMH [8—12].
BocnpuuMuuBOCTh KMBOTHBIX K HEPCHHHSM, a TakK-
K€ BO3HUKHOBECHUE SIU300TUH MPAKTUYECKU BO BCEX
IpyNmax JUKUX U CEIbCKOXO3SMCTBEHHBIX KHUBOTHBIX

© Bednarskaya E.V., Dmitrencko N.B., Berkovich N.A., Proskurnin R.V., 2025

HBIM MH(QEKLIUSIM C HHU3KOH akTyanbHOCThIO [21-23].
Jpyrue ke OTMEUaroT, YTO Ui SMEPIKEHTHBIX HH-
¢dexnuii (MepCcUHMO03a) XapaKTepHBI CHOPaJUYECKUE
BCIBIIIKH, CBS3aHHBIC C MEPCUCTEHIMEH BO3OYyAUTES,
CKPBITHIM BO3HHKHOBEHHEM U PaclpoOCTpaHECHHEM HH-
(ULMPOBaHHBIX JKUBOTHBIX [24-26].

ITo cpaBrenuto ¢ 2021 r.,, B 2022 1. KOMUYECTBO BBI-
sBreHHbIX cinydaeB KM Ha rore Poccun yBennuminocs B
1,5 pa3a [27]. B Kpeimy B 2022 1. 3aperucTpupoBaHsbl
3 cnyuas KU, B CeBacronone — 1. 3abosieBaeMOCTb
IITH ne peructpupoBanacs. B 2023 r. Ha Kpsimckom mo-
JYOCTpOBE 3aperrucTpUpoBaHo 15 ciryyaeB 3aboeBaHMs
KU: 3 — B Pecnyonuke KpbiM, 12 — B CeBacronorne),
3 ciyuas 3abonesanus [1Th B CeBactonone. 3abonenae-
MmocTh [ITh B Kpeimy B 2023 1. He perucTpupoBaiach.
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3HaYUTEIBHBIA POCT 3a00JICBACMOCTH, BBICOKUI
YpOBeHb WHQOUIMPOBAHHOCTU MEJIKUX MIICKOIIUTAIO-
mux (MM) B psiie paiioHOB ONIpeeTUIIN 3HAYUTEIBHOE
OCJIOKHEHHE dMUEMUOIOTHYeCcKoi cutyaruu mo K.

Ha KpbiMckoMm TOTyocTpoBe CyLIECTBYIOT Carpo-
Ho3Hble npupoaHbie ouarn KU u I[1Th. Bo3oyaurenu
Y. enterocolitica oonapyxenst y 10 Buos MM [28].

C 1982 mo 1985 r. cneunanucramMu KpeiMckoii
MPOTUBOYYMHON CTaHIUM, HCCICIOBABIIMMU MaTepH-
an ot 6omaee 10 Teic. MM, OBLIH BBIAEICHBI 252 HITAM-
Ma Y. enterocolitica, n3 kOoTOpbIX 13 MaTOreHHBI IS
yenopeka [29, 30].

BrepBoie 0T OONBHBIX JIIOAEH HA TEPPUTOPUH
Kpeima Beifienensl HenatoreHusle mramMmbl O5, O15,
aTaxxe Y. intermedia [29,30]. B 1984-2019 rr. nabopa-
TopHel otaena ocobo omacHbIX HHpeKui KpbiMckoi
pecnyOIIMKaHCKOW — CaHUTapPHO-3IUICMHOIOTUICCKON
cranuun (COC; B HacTosiiee BpeMsi — Jaboparopust
0co00 omnacHbIX HHPekuui LlenTpa rurueHsl u snumae-
muonoruu B Pecryonuke Kpeim u I'd3 CeBactonone)
0aKTEPUOJIOTMUESCKUMHU, CEPOJIOTHYCCKUMH METOJaMU
uccnenoBansl oonee 24 teic. MM: 909 ocobeit Hace-
KOMOSITHBIX ceMeicTBa 3emiiepoiikoBeix (Soricidae)
3 BunoB: Oeno3yoku Manas (Crocidura suaveolens;
n = 1706) u 6enodproxas (Cr. leucodon) (n = 153), Oy-
po3yOka manas (Sorex minutus; n = 50) u 22 341 ocobb
IphI3yHOB 8 BUIOB oTpsina Rodentia: 5 BUIIOB ceMeii-
ctBa Muridae — wmpim crennas (Sylvaemus witherbyi,
n = 8793), manas necHas (Syl. uralensis; n=2777), %én-
toropnast (Syl. flavicollis Melchior, = tauricus Pallas;
n = 918), nomoBast (Mus musculus; n = 4478) u Kyp-
ranunkoBas (Mus spicilegus; n = 534); 2 Buna cemeii-
ctBa Arvicolidae — monéBku OOBIKHOBEHHas (anTaid-
ckasi) (Microtus obscurus; n = 2579) u o0ecTBeHHast
(M. socialis; n = 1825); 1 Bug cemeiictea Cricetidae —
xoMstuok cepoiit (C. migratorius; n = 437).

Bo30yautens ooHapyxeH y 4,22% ocobeit M. so-
cialis, 2,06% Mus spicilegus, 1,96% Cr. leucodon,
1,85% Syl. flavicollis, 1,33% Syl. uralensis. Y octanb-
HBIX BHUJIOB 3TOT MoOKa3zareib konebaincs ot 0,92% y
Cr. migratorius no muauManbibix 0,41% y Syl. wither-
byi [28].

O0001mEHHBIC TaHHBIE 10 MaTepUaIaM MHOTOJICT-
HUX, ¢ 1985 ., aMHU300TONOTrHYECKUX, OAKTEPHOIOTH-
YECKUX, BUPYCOJOTHUECKHUX U CEPOJOTHUSCKHUX UCCIIe-
JIOBaHUH, TPOBOAUMBIX B CaHUTapPHO-3IUICMHOJIOT -
yeckoM otTpsne KpacHosnamennoro YepHOMOPCKOTo
¢utora, pecniyonukanckori COC, COC 1. CeBacromos,
a TaK)Ke JaHHBIC 10 300HO3HBIM WH(EKIIUSIM Ha TEPPH-
Topuu KpbhIMCKOTO OJIyOCTPOBA MTOKA3aJIH, YTO ITPH UC-
cirienoBanuu oosee 41 ThIC. MIIEKOIIUTAIOIINX 27 BUIOB
ObU10 BBIIENEHO 816 KyIbTYp Y. enterocolytica B psne
aJMHUHHCTpaTUBHBIX Tepputopuit Kprsima: Kpachome-
pexonckomM, IlepBomaiickoMm, Cynakckom, JIeHHHCKOM,
BaxuncapaiickoM palioHax, a Takxke B Cumdepomnone u
Slnrte, 4TO CBHIETEILCTBYET O 3HAUUTEIILHOM 3apaxke-
Huu Bo3OynuteneM KM Menkux rpbI3yHOB, OTJIOBIICH-

ORIGINAL RESEARCHES

HBIX B Pa3MYHBIX JanamadTHeIX 30HaX Kpeima [31].
B paznuuHbIX MecTax OOMTAaHUSX B UUPKYIALUHN BO3-
OynuTenst yuacTByroT MM (cepble KpBICHI, JOMOBBIE
CTEIIHbIE MBIIHY, OOBIKHOBEHHBIC MOJEBKHM) M 3alIbl,
JIOMAIITHUE KUBOTHBIE — KOPOBEI, JOMIAIM, OBIIBI [32] .

HecMoTpst Ha BBIpa)KEHHYIO HUPKYISALUIO BO30Y-
auTens, (paKTHYeCKUe TPaHUllbl 04aroB He ompeserne-
HBI, O0JIee TOro, YaCTh aBTOPOB cO00IIaIa 00 UX OTCYT-
crBuu [31, 32], apyrass — 00 OTCyTCTBUH BBIPAKCHHBIX
rpanwui [33].

B cBA3u ¢ BBIICHU3IIOKEHHBIM LEIbK JaHHOU
paboTel sBIIsIETCS omperesieHne (PakTHUECKUX Tpa-
HUII IPUPOAHBIX M aHTpomyprudeckux odaros KM nHa
KpbiMcKkoM monmyocTpoBe ¢ yu€ToM JaHHBIX 3TH300TO-
JIOTMYECKOTO MOHUTOPUHTA STIHIEMUYECKOH CUTYyaluu

B 20222023 rr.

Ma'replnan bl 1 mMeToAbl

Y4€TBl YUCIIEHHOCTH, MOHUTOPHHI OYaroB IIpU-
POAHO-04YaroBbIX HMH(EKUMH NPOBOAWICS B paMKax
€XKEroJJHOTO MU300TOJIOTHYECKOT0 MOHUTOPUHTA 300~
rpymnnoii LI'ndD Pocnorpebuanzopa.

O6cnenoBan 21 agMUHHACTpaTHBHBIN paiioH Kpbim-
CKOT'O TTOJIyOCTPOBA, OCYIIECTBIEHBI 40 MIaHOBBIX JKC-
MEIUIHOHHBIX BbIE310B, 21 BHEIUIAHOBBIA BBIE3A B
paMKax SHHIEMHOJIOTHYECKOTO pacCielOoBaHUs oOYa-
roB, BeicTaBieHo 14 000 moBymiek!, oOcIen0BaHbI BCe
JaHAAPTHO-IKOJIIOTHYECKUE 30HBI U TIOA30HBL: CTEIl-
Hasi, IpeIropHasi, TOpHasi, COJIOHYaKoBble cTenu Kep-
YEHCKOT0 [TOJyOCTPOBA, BCE TUIBI MPUPOAHBIX CTALMH.

Otnosneno 1862 ocoou MM (B 2022 r. — 1005
ocobeit, B 2023 . — 857). JlabopaTopHble uccieaoa-
HUS IOCTaBJICHHOTO MaTepuala MpoBOAMIM B Jabopa-
Topuu 0co6o onacHbx uHpekuil [[T'udD Pocrnorpeo-
Hamzopa B PK u '®3 Cepacromnone B COOTBETCTBUU
C JICHCTBYIOLIMMU METOIUYECKUMH YKa3aHHSIMU’.
ABTOpBI MOATBEPKIAIOT COONIOACHUE HWHCTHUTYIHO-
HAJbHBIX W HAIMOHAJIBHBIX CTaHJAPTOB IO HCIIOJb-
30BaHUIO J1a0OpPaTOPHBIX KUBOTHBIX B COOTBETCTBUU
¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). IIpoTrokon uccienoBaHusi 0J10-
OpeH OJTHYeCKMM KOMHUTETOM LleHTpa TUTHEHBl H
snuaemuonoruu B Pecriyonuke Kpeim u ropone dene-
pansHOTrO 3HaueHus Cepactomnoe (mpotokos Ne 3 ot
06.05.2024).

HccnenoBanue BKIIOYANO TPH dTaa:

* | sranm uccnenoBanus — mpoOONMOATOTOBKA U

MOCEB HATHBHOTO Marepuaia Ha cpelbl HaKo-
rieHus. [loctaHoBKa yCKOPEHHOTO METOJa UC-

! Meronnueckue pekomeraanuu «OTII0B, y4eT i MPOrHO3 YHUCIICH-

HOCTH MEJIKHX MJIEKOIHMTAIONIMX W IITHI] B IPHPOIHBIX OYarax
WHPEKIUOHHBIX OonesHei». MP 3.1.0211-20». M.; 2020. 5 c.
Meronuyeckue ykaszanusi «OpraHusaiusi ¥ IPOBEACHHE Jia-
OOpaTopHBIX HCCIIENOBAHWM HA HMEPCHHUO3BI HA TEPpPH-
TOPHUABHOM, pPErHOHANBHOM U  (heleparbHOM  YPOBHSIXY.
MVYK 4.2.3019-12. M.; 2012. 57 c. URL: https://gostrf.com/
normadata/1/4293784/4293784720.pdf



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIUI. 2025; 102(1) 105

DOI: https://doi.org/10.36233/0372-9311-540

OPUTVHANbHbBIE NCCJTIEAOBAHNA

CJIEZIOBaHUSI HATUBHOTO MaTepHasia — IOJINMe-
pasuoit nennoit peakuuu (I[1LP);

* II sran uccnemoBanus — BbICeBBI Ha Judde-
PEHIMATBHO-AUATHOCTUYECKUE CPEIbl, OTCEB
XapaKTEPHBIX 0 MOPOIOTHIECKUM CBOUCTBAM
kosnonuii uepcunuil. [locranoska 1P u3 cpen
HakoruieHus (2—3-U CyTKH «XOJI0J0BOrO obora-
LICHUSY);

* III aTan uccnenoBanusi — UACHTH(OUKALHA.

Hns BeisiBnenus [IHK uepcunuii ucnons30BaHbI
Habopsr ans ITLP.

Jns NOCTaHOBKM peakuuu HENpsMOM TIemar-
[JIIOTUHALUU HCIOJIb30BAHBI KOMMEPUYECKHE 3PUTPO-
LUTapHble AMAarHOCTHKYMBI K Y. pseudotuberculosis
I ceporuna u Y. enterocolitica ceporunos O:3 u O:9,
npeAcTaBIsone co00i monMcaxapuaHble aHTUTCHBI
HWEepCUHMHN, (PUKCHPOBAaHHBIE Ha MMOBEPXHOCTH (opma-
JUHU3UPOBAHHBIX OapaHbUX 3pUTPOLUUTOB. bakrepuo-
JIOTUYECKUMHU, MOJIEKYIISIPHO-TEHETUYECKUMHU, CEPOIIO-
TUYCCKUMH METO/IaMH UCCIeIoBaHbl 1862 mpookl.

Jlis aHanmm3a SMuAeMUYSCKON CUTYAIIUK OBUIH HC-
MOJIB30BaHbI CTaTUCTHYEeCKHE GPopMbl OTUETA 1O 3200-
neBaemoctu B Pecniyonuke Kpeim u 1. CeBacTonone 3a
2022 n 2023 rr.

Pe3ynbraTtbl

B 2022 r. u3 1005 otnoenennpix MM 31 Obutu
nonoxurensuel Ha KU, 3 — na IITB: Y. enterocolitica
O3 Boigenena u3 28 npod6 MM 6 BUIOB ¢ TEppUTOPUH
5 paitonoB crenHoro Kpsima, Kepuenckoro nomayoctpo-
Ba, IPEATrOpHiA aBHOU TpsiabL;, Y. enterocolitica 09 —
u3 3 mpo6 MM 2 BHIOB ¢ TeppUTOpUH 2 palilOHOB CTETI-
Horo Kpeima; Y. pseudotuberculosis — w3 3 npo6 MM
2 BUJIOB C TeppUTOpuu 2 paiioHOB crenmHoro Kpsima
(Tadn. 1). UccnenoBanus mMarepuaia NpoBoIwIn Oak-
TEPUOJIOTHYECKIUMH,  MOJIEKYJISIPHO-TCHETHUECKUMH,
CEPOJIOTHYECKUMHU METOAAMH, HO MOJIOKUTEIbHBIE pe-
3yJBTaThl MOJYYEHBI TOIBKO C UCIOIB30BaHUEM CEPO-
JIOTUYECKUX METO/IOB HCCIIEIOBaHMS.

B 2023 1. u3 857 otnoBnennsix MM 80 npo6 Obiiu
nonoxurensuel Ha KU, 2 — ma IITB. Y. enterocolitica
O3 Boigenena u3 79 npo6 8 BupoB MM c tepputopun
7 paiioHoB ropHoro KpeimMa u mpenropuil miiaBHOM
rpsiabl, crenHoro Kpeima, Ceacromons, Kepuen-
CKOro mojiyoctpoBa. Y. enterocolitica O9 BbeiencHa
u3 1 npoOrr 1 Buma MM c teppuropuu 1 paiiona Kep-
YEHCKOTO MONYoCTpoBa. Y. pseudotuberculosis Buinene-
Ha u3 2 npob 2 BupoB MM c Tepputopuu 2 paiioOHOB:
crenHoit Kprim u CeBactonons (Tadu. 2). C ucmnonb-
30BaHUEM CEpOJIOIMYECKUX METOJOB HCCIIEOBAaHU
MOJTy4eHbl 73 MONOKUTEIbHBIE TPOOBI; C UCTIOIB30Ba-
nuem [ILP — 8; ¢ ucnonp3oBaHueM MHUKpOOMOIOTHU-
YECKUX METOJOB HcCeloBaHMusl — 1 MOJOXKUTENbHAas
mpo0a, BbIICICHA KYJIBTypa.

Bcero B 2022-2023 rr. nonyueno 111 npo0, mo-
noxutensHblx Ha KU, ¢ tepputopuu 9 agmuuucTpa-
TUBHBIX paiioHoB Pecnyonuku Kpeim u CeBactomons;

5 npoO, nonoxutensubix Ha IITH, — c Teppuropun
3 paiioHoB. Y. enterocolitica n aHTUTENa K HEH BBISB-
JIeHbl y cieAylomux BuaoB MM: GenoOproxas Gerno-
3yoka — 3 (2,7%); manas 6enozyoka — 10 (9%); ce-
poiii xoMssuok — 2 (1,8%); OOBIKHOBEHHBIH XOMSIK —
1 (0,9%); obmiecTBenHas monéBka — 26 (23,4%); no-
MoBas Mk — 21 (18,9%); KypraHuynkoBas MbIIIb —
2 (1,8%); wé&nroropnas mbib — 11 (9,9%); crenHas
Mmpiib — 34 (30,6%). Takum obOpa3om, Kk Hambolee
WHQULIUPOBaHHBIM Y. enterocolitica BUIAM MOXHO
OTHECTH CTEMHYI0 MBbIlIb, OOLIECTBEHHYIO MOIEBKY
U JOMOBYIO MbIIb. [19Th MpoO, MOJOXKUTENBHBIX Ha
Y. pseudotuberculosis, Bko4anu Juib JBa BUAA: JO-
MoBast MbIlb — 3 (60%) u o0IecTBEHHAs TONEBKA —
2 (40%).

O6cyxaeHne

Bce Bub1, 00pasyroniue 0CHOBY (hayHUCTHUYECKO-
ro xommiaekca MM KpriMckoro mosyocTpoBa, sBIS-
I0TCsl pe3epByapoM uepcuHuil. IIpu 3T0M KOIMYECTBO
MOJIOKUTEIBHBIX HaXOOK HE 3aBUCHUT OT oOwIel umc-
JIEHHOCTH, Ha YTO YKa3bIBanu panee [13, 34], Ho nmpsMo
MIPONOPIMOHATIBHO UHJEKCY NOMHHHpOBaHusA. Heke
JOMHUHHUpOBaHMs Haubonee MHOUIMpPOBaHHBIX MM B
2023 r. coctaBwi: cTenHas Mbiuib — 31% (B 2022 . —
38%); momoast Mbltb — 19,8% (B 2022 . — 23,4%);
obmecTBenHas moyéska — 11,6% (8 2022 . — 12,4%).
OtMmeueHHast 3aKOHOMEPHOCTh IOATBEP)KIAeT BhbIpa-
JKCHHBbIE OMOLIEHOTHUYECKUE CBA3U Mexay MM dayHbl
KpriMckoro nomyocTpoBa u, Kak CleJICTBUE, IEPEKPHI-
BaHUE HKOJIOTUYECKUX HUII U3-32 CXOIHBIX HCTOYHUKOB
TPOQUKH, OrPAaHUICHHOTO MPOCTPAHCTBA JAJIS TPOXKH-
BaHUs.

Peskoe yBenuyeHue uymciaa WHQHUIUPOBAHHBIX
ocobeit B 2023 T. 1 3HaUMTENBHOE YBEJIUYCHHE 3a00-
JIEBAEMOCTHU TaKX€ CBSI3aHBl C KJIIMMaTHYECKUMHU OCO-
OCHHOCTSIMH YKa3aHHOIO MepHoja: OOMIIbHBIE OCAIKH,
aHOMAaJIbHO TEIUIbIE OCEHb M Ha4yajio 3UMbI MPUBEIN K
JUIMTENBHON BEreTaluy PaCTCHUN, YBEJIUYEHUIO CEMEH-
HOW MPOAYKIMH, 3HAUUTEIHHOMY YBEIHMUEHHIO CPOKOB
COXPaHHOCTH Ha3eMHBIX BET€TaTUBHBIX OPTaHOB pacTe-
HUMl. DTO, B CBOIO 0Yepe/b, CIOCOOCTBOBAJIO JTUTEIIb-
HOMY TOAZEP)KaHUIO LEMOYKH Mepenadn BO30yauTens:
noysa — pacreHue — MM. JlaHHbIN IIyTh Iepenaqyu
MOATBEPKAEH MHOTHMHU aBTopamu [ 13, 23, 25, 26]

OnucaHHble paHee TIOJOKUTEIbHBIE HaXOAKH
[28—32] TeppuUTOpUATBEHO COOTBETCTBYIOT pE3YJbTa-
TaM, nony4eHHbIM B 2022 u 2023 rr.

Takum oOpasoMm, Ha nporspkeHun 30 neT mon-
TBEpXkKAaeTcs WHPUUUPOBAHHOCTL Y. enterocolitica,
Y. pseudotuberculosis MM u3 TpUpOmHBIX CTalMK
8 aIMUHHMCTpaTHBHBIX paiioHOB PecmyOmuku KpbiM:
Jxankoiickoro, Kpacnorsapuerickoro, bemnoropckoro,
Baxuncapaiickoro, Cumdepononbckoro, Kuposcko-
ro, Cakckoro, Jlenunckoro, [lepBomaiickoro paitOHOB.
Ha Teppuropun Bcex nepeyucleHHBIX aJIMUHHUCTpa-
TUBHBIX pallOHOB pPETUCTPUPYETCS CIOpagndecKas
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BbisiBNeHbl aHTUTENa Bug MM PaiioH HacenéHHbin JTangwadptHas
K BO3OyauTensam Small mammal n Region NYHKT 30Ha
Identified antibodies to pathogens species 9 Locality Landscape area
” Manas 6enosy6ka Baxuncapavickuii KyapviHo lopHas
Y. enterocolitica O3 Cr. suaveolens 1 Bahchisarajskij Kudrino Mountain
" CrtenHas MblLlb KpacHorsapgewnckui Mwuponto6oBka CrenHas
e BRI O Syl. witherbyi ! Krasnogvardejskij Mirolyubovka Steppe
Y. enterocolitica O3 KyprquMKQBgﬂ MblLLb KpaCHorBapqu!CKy!M anomoﬁoBKa CrenHas
Mus spicilegus Krasnogvardejskij Mirolyubovka Steppe
Y enterocolitica O3 O6u.|,eCTBeHHa_;| nonéska 1 KpaCHorBapneV!CKy!m MI/!pOﬂIOGOBKa CrtenHas
M. socialis Krasnogvardejskij Mirolyubovka Steppe
Y enterocolitica O3 06LueCTBeHHa_ﬂ nonéska 2 KpaCHOFBapﬂeI/IlCKIl/!VI Fpm_rops:eBKa CrtenHas
M. socialis Krasnogvardejskij Grigor'evka Steppe
. O6LecTBeHHasi Monéeka KpacHorsappevickuin KpacHopapka CrenHas
v s e O M. socialis “ Krasnogvardejskij Krasnodarka Steppe
Y enterocolitica O3 CrenHas Mbilb 8 JleHnHckuni [Meco4yHoe CrenHas
’ Syl. witherbyi Leninskij Pesochnoe Steppe
" O6LiecTBeHHasi onéeka JleHuHckuin [Meco4yHoe CrenHas
Y. enterocolitica O3 T 1 S
M. socialis Leninskij Pesochnoe Steppe
Y enterocolitica O3 CTtenHas MblLLb 1 JleHnHckni PomaHoBo CrtenHas
’ Syl. witherbyi Leninskij Romanovo Steppe
Y enterocolitica O3 Cepbw_l XOMSAHOK 1 ﬂeHI/I.HCKl./I.I/I OCTaHI./IHO CrenHas
Cr. migratorius Leninskij Ostanino Steppe
" Cepblii XOMSAHOK [xaHKoMcKni MapTbiHOBKa CrenHas
Y. enterocolitica O3 Cr. migratorius 1 Dzhankojskij Martynovka Steppe
" [omoBasi Mbllb 1 [>xaHkoMCcKM [NpocTopHoe CrtenHas
e iz gellie O Mus musculus 1 Dzhankojskij Prostornoe Steppe
Y. enterocolitica O3 O6LIJ,ECTBeHHa.$| nonéaka 1 ﬂeHM.HCKl./!I/l Bareposo CrenHas
M. socialis 1 Leninskij Bagerovo Steppe
Y. enterocolitica O3 Manas 6enosy6bka 1 ﬂeHI/I.HCKl./I.I/I BarepoBso CrenHas
Cr. suaveolens 1 Leninskij Bagerovo Steppe
" O6LecTBeHHas Monéeka 2 Cakckui VBaHoBKa CrtenHas
Y. enterocolitica O3 M. socialis 2 Sakskij lvanovka Steppe
. CrenHas Mbillb 1 MepBomarickuin PosHoe CrenHas
v e O Syl. witherbyi 1 Pervomajskij Rovnoe Steppe
. O6LecTBeHHasn nonéeka 1 KpacHorsapaenckumi KpacHogapka CrenHas
e iz el O M. socialis 1 Krasnogvardejskij Krasnodarka Steppe
" [omoBasi Mblilb 1 [>xaHkoMCcKM MapTbIHOBKa CrenHas
Y. enterocolitica 09 Mus musculus 1 Dzhankojskij Martynovka Steppe
” [omoBas MbiLlb 1 [bxaHKoncKuni MpocTopHoe CrenHas
v mazeseililc U Mus musculus 1 Dzhankojskij Prostornoe Steppe
. O6LecTBeHHas Monéeka 1 Cakckui HatawwnHo CrtenHas
Y. pseudotuberculosis M. socialis 1 Sakskij Natashino Steppe
. [omoBasi MblLLb 1 [xaHkomnckmn MapTbiHOBKa CrenHas
v SRR B SE Mus musculus 1 Dzhankojskij Martynovka Steppe
Y pseudotuberculosis [omoBas mbiLb 1 [xaHkonckun CnaBsiHcKoe CrenHas
P Mus musculus 1 Dzhankojskij Slavyanskoe Steppe

3a0051€Ba€MOCTb HACEJICHHs], B OCHOBHOM B CEJIbCKOM
MECTHOCTH. DTO MO3BOJISAET CUNUTATh yYKa3aHHbIE paio-

HbI dH300THUHBEIME 110 KU 1 IITH.

BBuay TOro, 4To mOJ0XKUTENBHBIE HAXOIKHU CPEAU
MM u3 npUpOIHBIX CTALUI PETUCTPUPYIOTCS PETYILIP-
HO, a Copaandeckast 3a00J1€BaeMOCTb BO3ZHHKAET B OC-
HOBHOM B CE€JIbCKOM MECTHOCTH, O4aru Ha TEPPUTOPUH

I3TUX paﬁOHOB MOXHO CUUTATh NPUPOJAHBIMU.

C 1989 no 2014 r. 3a6051€Ba€MOCTb PErHCTPUPO-
Banack B Cumdepononsckom, KpacHorsapueiickom,
JleHuHCKOM paliOHax, TOPOACKOM Okpyre bomnbinas
Snra, ogHaKo, MO UMEIOIIUMCS JaHHBIM, HE PETUCTPH-
poBanack B CeBacTomoie M NPUIETAIOIIUX K HEMY
aJIMUHHCTPAaTUBHBIX oOpa3oBanusax. B 2022 r. 3aperu-
CTpUpOBaHbI 3 ciyuasi 3a0oneBanusi B Cumdeponosb-
CKOM paiioHe, 1 ciyuaii 3a0oneBanust B CeBacTomoue.
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Tabnuua 2. Pesynsratel nabopatopHbix nccnegosadnn MM Ha KW n MTHB B 2023 1.
Table 2. Results of laboratory studies of rodent mammals for yersiniosis and pseudotuberculosis in 2023

BbisiBneHbl BO36yanTenu Bug MM 3 . § 30na
N aHTUTENa K HUM ParioH HacenéHHbIn nyHKT
e Small mammal ) . Landscape
Identified pathogens species Region Locality area
and antibodies to them P
” Manas 6enosy6bka JleHuHckui LL|énknHo CrenHas
Y. enterocolitica O3 Cr. suaveolens Leninskij Shelkino Steppe
I CrenHas Mbilwb JeHnHckun LL|énknHo CrenHas
1 il B Syl. witherbyi Leninskij Shelkino Steppe
Y enterocolitica O3 Benobptoxasi 6enosybka ﬂeHI/I.HCKll/I.I/I KasaHTl_An CrenHas
Cr. leucodon Leninskij Kazantip Steppe
" CTtenHas Mbllb JleHuHcKkui KazaHTun CrenHas
el CF Syl. witherbyi Leninskij Kazantip Steppe
Y. enterocolitica O3 CrenHasi Mblillb JleHuHcKu KpacHoropka CTenHas
’ Syl. witherbyi Leninskij Krasnogorka Steppe
s O6LwecTBeHHasn nonéeka JleHnHckun Cemucotka CrtenHas
Y. enterocolitica O3 o S .
M. socialis Leninskij Semisotka Steppe
o CrtenHas Mblilb JleHnHcknin CemucoTtka CrtenHas
¥ enterocaiitica O3 Syl. witherbyi Leninskij Semisotka Steppe
Y enterocolitica O3 Manas 6enosy6ka ﬂeHI/I.HCKll/I.I/I CeMV_lcon(a CrtenHas
Cr. suaveolens Leninskij Semisotka Steppe
” Benobptoxasi 6enosybka TNeHunHcknin CemucoTka CrenHas
Y. enterocolitica O3 Cr. leucodon Leninskij Semisotka Steppe
Y. enterocolitica O3 Manas 6enosy6bka TNeHunHcknin KameHckoe CrenHas
’ Cr. suaveolens Leninskij Kamenskoe Steppe
" ObuwecTBeHHas nonéeka JIeHnHcKnin KameHckoe CtenHas
Y. enterocolitica O3 - i
M. socialis Leninskij Kamenskoe Steppe
. CTenHas Mbllb JleHnHcknin Mnbnyeso CrtenHas
1 il B0 Syl. witherbyi Leninskij Ilichevo Steppe
Y enterocolitica O3 Manas 6enosy6bka ﬂeHI/IlHCKl./I.I/I |/|J"llbI/IHeBO CrtenHas
Cr. suaveolens Leninskij II'ichevo Steppe
o [lomoBasi Mbillb J1IeHnHcKkun Mnbnyeso CrenHas
Y. enterocolftica O3 Mus musculus Leninskij II'ichevo Steppe
. O6LwecTBeHHas nonéeka KpacHorsapaenckumn [oxonHoe CrenHas
Y. enterocolitica O3 M. socialis Krasnogvardejskij Dohodnoe Steppe
" >KenTtoropnasi MblLlb KpacHorsapaenckumn [oxogHoe CrenHas
1 sl L8 Syl. flavicollis Krasnogvardejskij Dohodnoe Steppe
Y enterocolitica O3 OGUJ,eCTBeHHa'FI noreska Kpacmrsapaencmm LLlep6akoBo CrtenHas
M. socialis Krasnogvardejskij Sherbakovo Steppe
. >KenToropnas mbilb CeBacTtononb CHT «CanyH-ropa» lopHas
s € Syl. flavicollis Sevastopol SNT "Sapun-gora" Mountain
. >KenToropnas mbiwb CeBacrononb Benbbek lopHas
Y. enterocolitica O3 Syl. flavicollis Sevastopol Bel'bek Mountain
" JKenToropnas mbib CumMdbepononbekuii MwupHoe Mpearopbs
Ve DilREREs OF Syl. flavicollis Simferopol'skii Mirnoe Foothil
I [omoBas Mbilb CumMdepononbCkuii MwupHoe Mpearopbs
Y. enterocolitica O3 Mus musculus Simferopol'skij Mirnoe Foothill
- CTtenHas Mbllb CoBeTtckui YanaeBka CrtenHas
1 zeililen B0 Syl. witherbyi Sovetskij Chapaevka Steppe
o CrenHas mbillb CoseTckui HoBbin Mmp CrenHas
Y. enterocolitica O3 Syl. witherbyi Sovetskij Novyj Mir Steppe
" [omoBas mMbliwb Benoropckui KpvBuoBo lopHas
o oEenaies CF Mus musculus Belogorskij Krivcovo Mountain
" Manas 6enosy6bka Benoropckun KpvsuoBo lopHas
Y. enterocolitica O3 Cr. suaveolens Belogorskij Krivcovo Mountain
s >KenTtoropnasi MbliLlb Benoropckun KpvsLoBo lopHas
Ve izl OF Syl. flavicollis Belogorskij Krivcovo Mountain
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OxkoH4yaHwue Tabn. 2 | End of the Table 2

BbisiBneHbl BO3Oyantenm Bug MM 5 i 3 30ma
N aHTUTEena K HUM PavioH HacenéHHbI nyHKT
e Small mammal n . ) Landscape
Identified pathogens species Region Locality area
and antibodies to them P
- CrenHas Mbillb Benoropckui 3eneHoropckoe [opHas
Y. enterocolitica O3 Syl. witherbyi 6 Belogorskij Zelenogorskoe Mountain
” [omoBas Mbilb Benoropckui 3eneHoropckoe [opHas
v e O Mus musculus 2 Belogorskij Zelenogorskoe Mountain
" KypraHunkoBas MbiLLb Benoropckui 3eneHoropckoe [opHas
Y. enterocolitica O3 Mus spicilegus 1 Belogorskij Zelenogorskoe Mountain
Y. enterocolitica O3 OﬁLLl,eCTBeHHa'ﬂ nonéaka 2 Eenoropcm{l_m 3eneHoropckoe FopHagl
M. socialis Belogorskij Zelenogorskoe Mountain
” [omoBas MbiLlb KupoBsckuii Apkoe none [opHas
Y. enterocolitica O3 Mus musculus 4 Kirovskij Yarkoe Pole Mountain
Y enterocolitica O3 [omoBas MblilLb 4 CI/IMleepOI'IOJ'!bCIIfVIVI OpyxHoe I'Ipegropbﬂ
Mus musculus Simferopol'skij Druzhnoe Foothill
. [lomoBasi MblLLb Cumdpepononbckuii Cumdbepononb Mpepropbs
Y. enterocolitica O3 Mus musculus 1 Simferopol'skij Simferopol Foothill
" YXenToropnas Mbilb Knposckun Kypasku Mpearopbs
AU ISR Syl. flavicollis ! Kirovskij Zhuravki Foothil
» Kentoropnas mbllb CeBactonornb OcuneHko [opHas
Y. enterocolitica O3 Syl. flavicollis 3 Sevastopol Osipenko Mountain
” OO6bIKHOBEHHbIV XOMSIK CeBacTtononb CeBacTtononb [opHas
Y. enterocolitica O3 . 1 .
Cr. cricetus Sevastopol Sevastopol Mountain
Y enterocolitica 09 Benobptoxas 6eno3ybka 1 ﬂeHVI.HCKI{I.VI Cewcowa CrenHas
Cr. leucodon Leninskij Semisotka Steppe
. O6LecTBEHHas NoNEBka KpacHorsapgenckumin [oxogHoe CrenHas
L SSREEETEeSi M. socialis ! Krasnogvardejskij Dohodnoe Steppe
Y. pseudotuberculosis [lomoBasi MblLLb 1 CeBacTomnonb CeBacTonosnb [opHas
P Mus musculus Sevastopol Sevastopol Mountain

B 2023 . nokazarenu mo Pecnyonuke Kpbim ocranuce
Ha TIpeXXHEM YpOBHe, a 3aboneBaemocts KU B CeBacto-
1oJIe BO3pOCiia MHOTOKpaTHO. Panee 3a001eBaeMOCTb
KH B stoM paitone KpbeiMckoro momayocTpoBa HE OT-
Meyanach, TaKKe He OBbLIO MOJIOKUTEIBHBIX HAaXOIOK
3apaXEHHBIX NPUPOJHBIX U CUHAHTPOIIHBIX IPHI3yHOB.
OcnoxHEeHUE 3MUIAEMHOIOTHYECKON CUTyallud Haya-
nock B deBpainie 2023 r., K KOHILy MapTa ciay4au CTallu
PErUCTPHUPOBATHCS PEKE, BTOPOH MUK IIPUILEIICS HA HO-
0pb—1eKaOphb.

[pu aTom u3 12 cyuaes 3a6oneBanust K1 u 3 ciy-
yaeB 3a0oseBanus [1TH Tonpko 2 3aperucTpupoBaHbl
B CEJIbCKOM MECTHOCTH (AaYHbIE KOOIEPATUBBI BO3JE
c. Ocunenko), ocTanbHbIe MIPUXOIATCSA HA YEPTy TOpo-
na. Cpenu MHOUIMPOBAHHBIX TPHI3YHOB MPeoOIafaoT
JIOMOBAs MBIIIb, JKENTOrOpiast MBI, OOBIKHOBEHHBIN
xoMsK. MHbuUIMpoBaHHBIE )KUBOTHBIE OTJIABIMBAINCH
KaK HEMOCPEICTBEHHO B JOMax, Ie ObUIM Cilydau
3a00eBaHysl, TaK M Ha MPUIOMOBBIX TEPPUTOPHSIX,
B IIOZIBaJIaX, Ha CBaJKax, Ha IUIOIIAKaX MO MyCOPHBI-
MU KOHTEUHEpaMHU.

B 8 u3 15 ciyuaeB He BBISIBIIEHO HEMTOCPEACTBEH-
HBIX KOHTaKTOB C I'PhI3yHaMH M MPOAYKTAMHU HX KH3-
HENIeSITeIbHOCTH — O4Yaru He MOTYT OBbITh Kilaccuu-
LUPOBaHbI KaK JoMalHue. Taxke Helb3s yCTaHOBUTH
OOIINH, «CTapTOBBI» HCTOUYHHK PACHpPOCTPaHEHHUS

B030ynuTens, T. k. B CeBacTomnoje HET LEHTPaJIM30-
BaHHBIX OBoLIeXpaHwMil. B 3ToM ciydae oOcemene-
HUE UEPCUHMSIMU ITPOAYKTOB IIPOUCXOAUIIO HE3ABUCUMO
JIpyr OT Jpyra B pasHbIX palioHax ropoaa. Bemymryro
POIIb B 3TOM IIPOLIECCE UIPATIM AaHTUCAHUTAPHOE COCTOS-
HHUE HEKOTOPBIX TOPOACKUX PHIHKOB, HU3Kasi ddexTrs-
HOCTb IIPOBOJIUMBIX J€PATU3aLUOHHBIX MEPOIPUATHIA.

Hu B onHOM M3 ciydyaeB IEpPBUYHBINA JUArHo3
«UEPCUHHO3», «IICEBAOTYOCpKYNIE3» BBICTABICH HE
ObLI, a €ro U3MCHECHUE MPOUCXOAWIO Ha 3—7-€ CYyTKH
I10CJI€ TOCIUTANIN3ALUH, YTO CYIIECTBEHHO 3aTATUBaJIO
CPOKH HadaJla 3MUJAEMHUOIOTHYECKOTO PacCiIeOBAHMUS.

Ha wmamr B3msij], 3HaYUTEIBHBINA POCT 3a00eBac-
mocTH Hacenerus KU B CeBacTorosne BO3HMK 1O ABYM
rpynmnaM npuuvH. EctecTBeHHbIe IPUYHHBI CBSI3aHBI CO
CPEHUM XOJIOM TEMIIEpaTyp OCEHHErO U 3UMHErO IIe-
PHUOJIOB, 3HAYUTENIBHOM aKTHBHU3AIMEH BO30yIUTENCH B
MPUPOIHBIX oyarax OOJILIIMHCTBA aIMUHUCTPATHBHBIX
paiionoB KpbiMma, 1IUTETBHOCTBIO BEr€Tallul TPABSIHU-
CTOM PACTUTEJILHOCTH, BO3HUKHOBEHHEM 3IU300THH
cpea MM. AHTponoreHHsle MPUYUHBI OSBUIINCH U3-
33 3HAQUUTENBHOIO YBEJIMYEHUS IUIOLAAU 3aCTPOMKH
€CTECTBEHHBIX OMOTONOB M, KaK CJIEICTBUE, YBEINYC-
HMSI KOHTAKTa JIIOIEN ¢ BHEIIHEN cpenoi. Beimeunsio-
JKEHHOE — APKHUH IpUMeEp Hepexoja NPUPOIHOIo ova-
ra B aHTPOILyprU4eCKUM.
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BbiBOoabI

1. Ha tepputopun 10 aqMUHUCTPaTUBHBIX paiio-
HOB KpBIMCKOro 1oyocTpoBa CyIecTByIOT IPUPOTHBIE
ouarn KU u IITh. Uupkynsuus Bo30yauTenel BbIsBiIC-
Ha cpenu MM Ha Tepputopusix [xankoiickoro, Kpac-
HorBapzeiickoro, benoropckoro, baxuucapaiickoro,
Cumdpepononsckoro, Kuposckoro, Cakckoro, JleHuH-
ckoro, [IepBomaiickoro paitoHOB, a Takxe CeBacTomnos.

2. BozOyaurenu obHapyxeHsl y 9 BugoB MM:
OenobOproxas Oeno3yOka, Manas Oeno3zyOka, cepblid
XOMSIYOK, OOBIKHOBEHHBIM XOMSK, OOIIECTBEHHAS IIO-
JIEBKA, JIOMOBAasl MBI, KypraHYMKOBas MBbIIb, JKEI-
TOropjas MbIIb, CTeNHas Mblb. K Hanbonee nHpu-
LUPOBaHHBIM Y. enterocolitica BuIaM OTHECEHBI CTell-
Has Mbiib (30,6%), obiiecTBeHHas monéBka (23,4%),
nomoBasi MeIb (18,9%). IIpoObl, MONOKUTENBHBIE HA
Y. pseudotuberculosis, Bxaouanu nuinb 1Ba BUAA: J0-
MoBasi MbIllb — 3 (60%), oOmecTBeHHas MoJIEBKa —
2 (40%).

3. KonudecTBo MOMOXKHUTENBHBIX HaXOJOK HE 3a-
BUCHUT OT OOIIECH YMCIEHHOCTH, a MPSMO MPOIOPIHUO-
HAJIBHO MHJIEKCY TOMUHHUPOBAHMUSL.

4. B 20222023 rr. HaOIIOOAJIOCH 3HAYUTEIBHOE
yXYIIIEHHE 3MUACMUYECKOH CHTyallid BBUAY 3HAYH-
TENbHOW aKTUBU3ALMH BO3OYAUTENS B IPUPOAHBIX 04a-
rax, KOJIM4YECTBO MOJIOKUTENIbHEIX Haxonok B 2023 1.
B 3 pa3sa Oouiblie, yem B 2022 1.

5. Ha teppuropuu CeBacTomoisi, paHee CUUTaB-
ieiics He 3H300TUYHOM IO IPyMIe UEPCUHUO3HBIX UH-
¢exnuii, B 2023 1. BBISBICH HOBBIH aHTPOIYPrHYECKUH
oyar.
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Resistotypes as a characterization of microbial communities
associated with human health. Systematic Review

Alexander V. Pavlenko®, Ignat V. Sonets, Aleksandr |I. Manolov,
Elizaveta V. Starikova, Elena N. llina

Research Institute for Systems Biology and Medicine, Moscow, Russia

Abstract

The concept of resistotype represents a new characterization of bacterial communities distinct from their taxonomic
composition. The term “resistotype” is now commonly used to refer to specific clusters within a resistome that
possess a characteristic phenotypic profile, or set of antimicrobial resistance genes. In contrast to traditional
approaches that focus on individual resistance genes or phenotypic manifestations of resistance, resistome
analysis allows resistance to be considered at a more comprehensive level, integrating different genes and their
interactions within microbial populations or an entire microbial community.

The aims and objectives of the review are to analyze and summarize current data on how resistotypes of individual
microbial species and bacterial communities are identified and analyzed.

Literature sources devoted to the identification of resistotypes of individual bacterial species and bacterial
communities of humans and farm animals over the past 10 years were analyzed.

At the current moment, identification of microorganism resistotypes is not a common practice for studies related
to resistance analysis. Phenotypic research methods, rarely supplemented by genetic or genomic data, are
currently used to identify resistotypes of bacterial isolates. Metagenomic sequencing and bioinformatics analysis
methods are used to identify resistome and resistotypes of microbial communities.

Conclusion. Identification of resistotypes provides additional assessment of resistome in different microbial
populations. Resistotype analysis can be applied both in clinical practice, to select the most appropriate method
of therapy, and in agriculture, to improve the control of antibiotic resistance of microorganisms pathogenic to
animals.

Keywords: resistotype, resistome, bacteria, bacterial communities, systematic review
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Pe3ncroTnnbl Kak XapakTepucTyka cooouecTts MUKPOOpPraHM3MoB,
accoLMMPOBaHHbIX CO 340POBbeM YenioBeKa.
Cuncrematnyeckunm o63op

Maenexko A.B.”, CoHeu U.B., MaHonos A.U., CtapukoBa E.B., UnbuHa E.H.
HayuHo-nccnefoBaTenbCKuii MHCTATYT CUCTEMHOI Guonorum n meguunHbl PocnotpebHagsopa, Mocksa, Poccus

AHHOMayus

MoHsTne pesncTotnna npeacraenseT cobor HOBYIO XapaKTepUCTUKY BakTepmanbHbIX COOBLLECTB, OTNINYHYO OT
MX TakCcoHOMMUYecKoro coctaBa. Cenyac TEPMUHOM «PE3NCTOTMMN» NPUHATO obo3HavaTb crneuuduyeckmne kna-
CTepbl BHYTpY pe3ncTtoma, obrnagaroLlime xapaktepHblM heHOTUMMYECKUM Npodunem nnm Habopom reHoB pesu-
CTEHTHOCTU K aHTMMUKPOOHLIM NpenapaTtam. B otnnuune oT TpaauMLMOHHbBIX MOAXOA0B, KOTOPbIE POKYCUPYHOTCS
Ha OTAENbHbIX reHax Pe3NCTEHTHOCTU N PEHOTUNNYECKNX MPOSBIIEHNAX YCTONYMBOCTU, aHaNM3 pe3ncToTMmnoB
MO3BOMSET paccMaTpmBaTb YCTOMYMBOCTb Ha Bornee KOMMNMEKCHOM YpOBHE, O0beAVHSAS pasfnuyHbIe TeHbl U UX
B3aVMOAENCTBMSA B paMKax MUKPOBHbLIX NONYNSALUMA Mnu Lienoro MMKpo6Horo cooblecTsa.

Llenn n 3apgaumn ob3opa: npoaHanmavpoBaTb 1 0606LWMTb akTyanbHble AaHHbIe O cnocobax BbiSBNEHWS U aHa-
nv3a pesncToTUMNOB OTAENbHbIX BUAOB MUKPOOPraHM3MoB 1 GakTepuanbHbIX COOOLLECTB.

lMpoBeaéH aHann3 MCTOYHMKOB NMTEPATYpPbl, NOCBSILLEHHbBIX BbISIBNEHWIO PE3UCTOTMMNOB OTAEMbHbIX BUAOB bakTe-
pui 1 BakTepuanbHbIX COOBLLECTB YenoBeKa U CenbCKOXO3ANCTBEHHBIX XUBOTHbIX 3a npolleawne 10 nert.

Ha TekyLuMin MOMEHT BbISIBIIEHME PE3NCTOTMINOB MUKPOOPraHW3MOB He SBMAETCS PacnpoCTPaHEHHON NMPaKTUKON
NS uccnegoBaHWi, CBA3aHHbIX C aHaNM3oM pe3ucTeHTHOCTU. [Ans onpeaeneHns pesnucToTunoB M3onsaToB bakTe-
pvi ncnonb3yTca PeHoTUNNYeckne MeTodbl NCCNeaoBaHUs, PeaKo AONONHAEMbIe FeHETUYECKUMW UMW FeHOM-
HbIMW AaHHBIMW. [INa yCTaHOBMEHWS pe3ncToma 1 pesucToTUNoB COOBLLECTB MMKPOOPraHM3MOB UCMONb3YHTCA
MeToAbl MeTareHOMHOrO CEKBEHNPOBaHNs 1 BronHdopmaTuyeckoro aHanmaa.
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BNOTMKOYCTONUYNBOCTHI0O MUKPOOPTraHN3MOB, NAaTOrEHHbIX A5 XKUBOTHBbIX.
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Intensive use of antimicrobials leads to an in-
crease in the number of resistance genes both among
microorganisms associated with human body biotopes
and among microorganisms in the human environment.
The latter may include microorganisms inhabiting the
biotopes of farm and domestic animals, as well as those
in the soil or on the surfaces of objects surrounding
humans. According to the World Health Organization,
about 50% of antimicrobials used are not prescribed by
adoctor'. However, even if a person is not using antibac-
terial drugs, they may still be exposed to environmental
bacteria, which can lead to the spread of antimicrobial
resistance (AMR) genes in their own microflora. AMR
genes can be acquired not only by the commensal mi-
croflora of the human body, but also by pathogenic or
opportunistic microorganisms, which can significantly
complicate the treatment of infectious diseases.

The totality of all AMR genes in one biotope is
called the resistome. The resistome of human biotopes
is formed mainly by the commensal microflora, and re-
sistance genes of pathogenic microorganisms constitute
only a small part of it [1].

The use of full-genome metagenomic sequencing
makes it possible to identify the majority of AMR genes
that make up the resistome, including AMR genes in
the genomes of uncultivated microorganisms. This ap-
proach is currently used to objectively characterize the
resistome and subsequently identify resistotypes. The
term “resistotype” can be met more frequently in sci-
entific literature. Resistotypes are usually referred to as
specific clusters within a resistome that possess a char-
acteristic phenotypic profile or a set of antimicrobial
resistance genes [2, 3].

Identification of resistotypes is not yet a common
practice for microbiological studies related to resis-
tance analysis. Upon examination of the statistics in
the PubMed database, the query “resistotype*[text]”
shows 43 publications in the last 10 years in which this
term appears. For comparison, the query “antibiotic re-
sistance gene*[text]” found 8848 articles (query date:
06.08.2024). At the same time, studies in which resisto-
types are identified and characterized are predominant-
ly published in highly ranked journals [4-7].

The aims and objectives of this review are to an-
alyze and summarize current data on the methods of
identification and analysis of resistotypes of individual
microorganism species and bacterial communities.

Literature sources were searched using the
PubMed database using the query “resistotypes[text]
OR resistotype[text]” (query date 06.08.2024). Full-
text articles published between 2014 and 2024 were
reviewed. Relevant articles were also searched in the
Google Scholar database using the query “resistotype”

! The abuse of antibiotics leads to an increase in mortality from
infections. URL: https://news.un.org/ru/story/2019/11/1367331
(In Russ.)
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Number of publications found
in databases
(n=48)

v
Full-text articles included

Excluded full-text

in the analysis > articles
(n=46) (n=22)
v
Articles included in the analysis
(n=24)

Fig. 1. Scheme for selecting publications for review.

for the same period. Articles describing individual re-
sistotypes of bacteria or microbial communities were
included in the study. Papers for which it was not pos-
sible to obtain the full text of the article, as well as
articles written in languages other than English, were
excluded from the search results (no Russian-language
publications on this topic were found, including in the
eLIBRARY database). Forty-three articles were found
in the PubMed database for the above-mentioned que-
ry. Also, 5 articles were additionally included in the
review based on the search results in the Google Schol-
ar database (Fig. 1). Two publications in Turkish and
22 articles lacking descriptions of individual resisto-
types were excluded from the analysis.

A total of 24 publications were selected based on
the inclusion/exclusion criteria presented in this review.
All articles analyzed described resistotypes of individu-
al bacterial isolates or metagenomic communities from
both human and farm animals. All publications used
phenotypic research methods to determine resistotypes
of bacterial isolates, rarely supplemented by genetic
or genomic data. Metagenomic sequencing and bioin-
formatic analysis methods were used to determine the
resistome and resistotypes of microbial communities
(Table 1).

Resistotypes of selected bacterial species

Studies describing the resistotypes of individu-
al bacterial species are currently devoted either to the
analysis of clinical isolates isolated from samples of pa-
tients with various infectious diseases or to the analysis
of bacterial isolates isolated from samples of diseased
farm animals. Both the classical disc diffusion test for
determining phenotypic sensitivity to antibiotics and
methods of genetic testing and whole-genome sequenc-

Table 1. Distribution of publications by object of study
and methods used to determine resistotypes

Object
Type of research
human farm animals
Metagenomic studies 6 1
Phenotypic methods/isolates 11 6
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Table 2. Characteristics of resistotypes from the publication B. Pérez-Viso et al. [7]

Resistotype
designation in Features Antlpl_ot_lc An_tlblotlc As_socatlon w_|t_h Cohort size
the text of the sensitivity resistance carriers, if specified
publication
E. coli,
Wild-type - All tested - K. pneumoniae, 7101
E. cloacae
Presence of broad-spectrum .
BSBL resistotype beta-lactamases, absence Cir;?g)l(?ttizm’ Ampicillin E. coli 3653
of extended-spectrum B-lactamases
Presence of extended-spectrum ,
B-lactamases, absence E. col
ESBL resistotype . Cephalosporins K. pneumoniae, 1217
of B-lactamase ampC E. cloacae
and carbapenemase ’
Presence of ampC B-lactamase, Cephalosporins E. coli
AmpC resistotype absence of carbapenemase and P p . ’ 195

extended-spectrum B-lactamases

and clavulanic acid K. pneumoniae

ing are used to determine resistotypes in individual
bacterial species. The publications considered in this
section of the review can be conditionally divided into
two groups:

Studies describing resistotypes of bacteria clini-
cally relevant to humans [2—4, 7-20];

Studies describing the resistotypes of pathogens
of infectious diseases of farm animals [21-27].

Resistotypes of clinically relevant bacteria

The traditional approach to the determination of
resistotypes of individual microorganism species is
the use of phenotypic methods of antibiotic suscepti-
bility testing, with the vast majority of studies devoted
to the study of microorganisms belonging to the ES-
KAPE group of pathogens. In particular, a study by
B. Pérez-Viso et al. presented the results of identifica-
tion of resistotypes of bacterial isolates of Escherichia
coli (n=9,514), Klebsiella pneumoniae (n =2,137) and
Enterobacter cloacae (n =516) on the basis of disk-dif-
fusion sensitivity testing to ampicillin, cephalothin, ce-
foxitin, amoxicillin and clavulanic acid [8]. The study
revealed 5 resistance variants of bacterial isolates, of
which 4 variants were found in all 3 bacterial species
(Table 2).

Some of the isolates analyzed did not fall into any
of the described 4 groups. The resistance spectra of these
isolates were different for different bacterial species.

The relative prevalence of resistotypes within
the same species of bacterial isolates was different for
different species. If in E. coli isolates wild-type and
BSBL-type resistotypes were most common (49 and
37%, respectively), then in K. pneumoniae and E. cloa-
cae isolates the wild-type resistotype and a group of un-
classified resistotypes prevailed. At the same time, the
BSBL resistotype was identified only in E. coli isolates.
Although this publication provides a detailed character-
ization of the resistotypes of the isolates, a significant

drawback is the lack of an analysis comparing resis-
totypes with the metadata of the patients from whose
specimens the isolates were isolated [8].

Among other publications devoted to the analysis
of resistotypes of individual bacteria, there are works
similarly describing the resistotypes of K. pneumoniae
[12, 15-17], Pseudomonas aeruginosa [11, 18], Acine-
tobacter spp. [11, 13, 15, 17], as well as Enterococcus
spp., Staphylococcus aureus, Enterobacter spp. [15]
and Stenotrophomonas maltophilia [14]. In all the
above-mentioned publications, the establishment of
bacterial resistance was performed by testing their sen-
sitivity to antibiotics using the disk diffusion method or
E-tests.

Recently, a study demonstrating the variability of
resistance patterns of Burkholderia cenocepacia iso-
lates isolated from the sputum of a patient with cys-
tic fibrosis has been published [9]. Sputum samples
were collected from 1 patient for 63 months (more than
5 years), from which B. cenocepacia were isolated. The
obtained isolates were tested for sensitivity to ceftazi-
dime, meropenem, minocycline, and trimethoprim-sul-
famethoxazole. A total of 11 isolates were analyzed,
each with a unique resistotype (Fig. 2). In this article,
the term “resistotype” was used to refer to a specific
AMR profile characteristic of an isolate, and resisto-
types can change over time. While an isolate isolated at
the beginning of the study was sensitive to all 4 antibio-
tics, the resistance profile of isolates isolated in subse-
quent months changed, and the observed changes were
not always associated with an increase in resistance. An
isolate resistant to all 4 antibiotics was obtained only at
the 18" month of the study and was not detected in the
following months.

The most characteristic study describing the estab-
lishment of bacterial resistance by combining pheno-
typic and genetic testing is the publication [7] devoted
to the study of microbiological and clinical characteris-
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Fig. 2. Description of 11 resistotypes of B. cenocepacia isolates from adult cystic fibrosis patient samples
over a period of 63 months.
Resistotype profiles were based on the sensitivity of the isolates to 4 antibiotics (ceftazidime, meropenem, minocycline, and trimethoprim-
sulfamethoxazole). S, sensitive; |, intermediately resistant; R, resistant. CAZ, ceftazidime; COTRIM, trimethoprim-sulfamethoxazole; MERO,
meropenem; MINO, minocycline. Data are based on the publication [9].

tics of bacteria of the Serratia genus, which presents the
results of work conducted over 16 years (2005-2020).
Serratia are opportunistic pathogenic microorganisms
that cause purulent-inflammatory diseases of various
localizations in humans. The most studied species of
this genus is S. marcescens. This pathogen is the etio-
logic agent of diarrheal diseases, meningitis, arthritis,
sepsis and urinary tract infections. Species of the Serra-
tia genus are considered one of the main sources of bac-
teremia in perinatal centers. The Serratia spp. isolates
included in the cited study were isolated from clinical
samples of patients at the Ramon y Cojal University
Hospital (Madrid), whose ages ranged from 21 days
to 97 years. A total of 107 isolates were selected for
whole-genome sequencing and subsequent analysis of
Serratia spp. resistome.

As a result of bioinformatic analysis, 4 resisto-
types were identified among the analyzed sample of
isolates (Table 3).

Resistotype 1 (aac6-Ic, blaSST-1 and tet41 genes)
and resistotype 1l (aac6-Ic and blaSRT-1) were repre-
sented most frequently (58 and 34.6%, respectively).
Resistotype Il was detected in 6 isolates producing
carbapenemases (aac6-Ic, aadAl, blaSRT-1, blaVIM-1,
tet4l, sull, catAl, catB2, dfrBl, mphE, msrE), and
resistotype IV was represented by 2 strains produc-
ing blaSHV-12 BLRS (aac6-Ic, blaSRT-1, blaSHV-12,
blaLAP-2, and gnr-SI).

The bla SST-1 and bla SRT-1 genes encoding in-
ducible B-lactamase ampC genomes of S. marcescens
were detected in all isolates. Their phenotypic ex-
pression was observed in 89.7% of the tested isolates
susceptible to cefotaxime (87 out of 97 isolates). The
cited study provides a detailed description of the iden-
tified Serratia spp. resistotypes, but does not com-
pare the resistotypes with the metadata of the patients
from whose specimens the analyzed isolates were
isolated [7].

Table 3. Characteristics of Serratia spp. resistotypes from article [7]

Resistotype
) designation Major dr!ver genes Antibiotic resistance A_ssomat_lon Cohort size
in the text of the of resistotype with carriers
publication
Resistotype 1 aac6-l(;é&ljss7'-1, Aminoglycosides, -lactams, tetracycline 62
el IR, Aminoglycosides, B-lactams, carbapenems
Resistotype 2 blaSHV-12, blaVIM-1, cephalosporins, chloramphenicol 37
cmiB1
aac6-Ic, aadA1, S g’ i’:;iii?s’
blaSRT-1, blaVIM-1, , , diphila
Resistotype 3 tet41, sult, catAf, Am|noegCOS|des,I'B-Iactams, cl‘%rbapenems, s ufeil tica 6
catB2, dfrB1, mphE, tetracyclines, macrolides . y
msrE
ezgerls, Wl iRTE, Aminoglycosides, B-lactams, carbapenems
Resistotype 4 blaSHV-12, blaLAP-2, gy ; ' P : %

qnr-S1

fluoroquinolones
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Resistotypes of infectious agents of farm animals

Resistome of pathogens of infectious diseases of
animals is a subject of active study by researchers, in-
cluding due to close human contact with farm animals.
For example, S. Chhabra et al. described resistotypes of
Rhodococcus equi isolates from samples of foals with
respiratory diseases [21]. This pathogen is present in
soil as well as in the intestinal tract of cattle, horses,
sheep, pigs and several other animals. It can cause re-
spiratory disease in foals aged 1-4 months. R. equi is
considered a serious threat to the horse industry due
to the high morbidity and mortality in infected young
horses. In the study mentioned above, 28 clinical iso-
lates of R. equi obtained from samples of foals with re-
spiratory diseases from different parts of the states of
Haryana and Rajasthan in India were investigated. The
collected isolates were screened for resistance to 33 an-
tibiotics by disk diffusion method. All isolates showed
similar resistance results to 29 antibiotics. Differences
in resistance profiles were observed only in relation to
4 antimicrobials: amoxicillin, gentamicin, colistin and
streptomycin. Based on these differences, 10 resisto-
types (R1-R10) were identified. Resistotypes R1 (re-
sistance to amoxicillin, gentamicin, and streptomycin;
sensitivity to colistin) and R4 (resistance to gentamicin
and streptomycin; sensitivity to amoxicillin and colis-
tin) were the most frequent. The article emphasizes that
the study of resistotypes can help in determining the
source of infection and spread of disease, and can be
used to select effective therapy and control disease in a
particular geographic area or on a particular farm.

Similar work was carried out with Enterococcus
spp. isolates obtained from bird samples from 40 poul-
try farms in Serbia [22]. The sensitivity of the isolates
to antibiotics was also determined by disk diffusion
method. The study identified different species of the ge-
nus Enterococcus with different resistance profiles, in-
cluding E. faecalis, E. faecium, E. hirae, E. durans and
E. thialandicus. Meanwhile, E. faecalis and E. faecium
were most associated with multidrug resistance (MDR)
to antibiotics. In this study, 18 resistotypes associated
with resistance to different classes of antibiotics were
identified. For example, resistotypes characterized by
resistance to tetracycline and doxycycline alone were
identified, while other resistotypes were characterized
by MDR to several classes of antibiotics. The identified
MDR strains may pose a risk to both avian and human
health as they may contribute to the spread of antibiotic
resistance through the food chain.

A large study by J. Alvarez et al. analyzed the res-
istotypes of 3047 Salmonella isolates from the feces of
farm birds (laying hens, broiler chickens and turkeys)
in Spain [25]. Sensitivity to 9 antibiotics (ampicillin, ci-
profloxacin, nalidixic acid, chloramphenicol, gentami-
cin, sulfamethoxazole, tetracycline, trimethoprim and
colistin) was determined using serial dilution method.
The study identified 94 resistotypes, of which 33 were

found in all bird species, 19 were characteristic only for
broiler chickens, 22 for turkeys, and 3 for laying hens.

Similar studies describing the resistotypes of bac-
terial pathogens of farm animals were also conducted
on poultry farms in Zimbabwe (for Salmonella enter-
itidis isolates [23]) and Italy (for Campylobacter jejuni
isolates [24]). Also, a study by D. Cid et al. described
the resistotypes of Pasteurella multocida isolates from
pig and sheep samples [26].

Thus, in the reviewed publications, the term “res-
istotype” is understood as a certain phenotype of resis-
tance of microorganisms to a set of antibiotics, detect-
ed by disk diffusion method, serial dilution method or
E-test strip method.

Resistotypes of commensal microbial
communities

The microbiome associated with the host or-
ganism (human or animal) is a complex and dynam-
ic community of multiple species of microorganisms:
bacteria, archaea, viruses and fungi inhabiting different
biotopes, mainly skin, mucous membranes and gastro-
intestinal tract. The microbiome plays an important role
in maintaining the health of the host organism and may
be associated with a number of diseases [28]. Drugs af-
fecting the host also have an effect on the microbiome,
with the most pronounced effect observed for antimi-
crobials [29, 30].

Even a healthy person who does not take antibi-
otics is constantly in contact with antibiotic-resistant
microorganisms, which can be carried by other people
or pets. This leads to the possibility that AMR genes
may enter his or her own microbiota, becoming part of
the individual resistome. Such events are most likely to
occur in populations with a high frequency of antibiotic
consumption [31].

In determining resistomes and resistotypes of mi-
crobial communities, genetic testing methods are used
exclusively, in contrast to works on the study of res-
istotypes of individual bacterial species. Of the genet-
ic methods used for resistome analysis, metagenomic
sequencing followed by bioinformatic analysis is the
most informative.

The first mention of the term “resistotype” in rela-
tion to microbial communities associated with the hu-
man body dates back to a 2013 study [3]. In this study,
gut microbiota resistotypes were analyzed based on
metagenomic data from 275 healthy volunteers from
America, Denmark, Spain, France, Italy, Japan, China
and India. The analysis revealed the presence of po-
tential resistance genes to 53 different antibiotics. The
sample included adults without serious pathologies
(267 samples), children (4 samples) and infants (4 sam-
ples), allowing comparative analysis of resistotypes of
different age groups.

AMR gene prevalence data were obtained for
each metagenome. Genes occurring in less than 10%
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of metagenomes were excluded from the analysis. Be-
tween Class Analysis (a modification of Principal com-
ponent analysis, which is more robust to outliers and
data noise) was performed for the obtained represen-
tation profiles. The study identified 4 resistotypes by
cluster analysis (Table 4).

Resistotype 1 included most of the gut microbi-
ota samples studied. The authors categorized this res-
istotype into 3 subtypes: 1A, 1B and 1C. Resistotype
1A was the most common among European and Japa-
nese study participants. Resistotype 1B included sam-
ples from different regions; no pronounced geographic
specificity was observed for this subtype. Resistotype
1C included a significant number of samples from the
USA (about 60% of American microbiomes). This res-
istotype was characterized by higher resistance to fos-
midomycin and cephalosporins, which may be associ-
ated with the specifics of the use of these antibiotics in
the USA.

Resistotype 2 was specific to the Chinese popula-
tion (24 out of 30 Chinese samples) and was also char-
acterized by a high content of tetracycline, lincomycin
and macrolide resistance genes. This reflects the pecu-
liarities of antibiotic use in China, where there is a high-
er use of antibiotics compared to other countries [32].

The MetaHIT study found significant geographi-
cal differences in the number of identifiable AMR
genes [33]. In particular, a higher number of AMR
genes were found in the intestines of people from
Southern Europe compared to people from Northern
Europe and the USA. A higher number of AMR genes
was detected in children from Japan compared to chil-
dren from India, but a correction should be made for
the small sample size: there were only 2 pediatric sam-
ples from India and Japan each. It is worth noting that
infants from Japan (4 samples) had a high number of
AMR genes detected.

A study by E. Ruppé et al. was performed using
metagenomic data obtained within the MetaHIT con-
sortium [33], the DMM (Dirichlet-Multinomial Mix-
ture Models) method was used to identify resistotypes
using the Laplace criterion to determine the optimal
number of clusters [20]. We analyzed 663 metage-
nomic samples, which we were able to cluster into 6
resistotypes. Among them, the first 4 resistotypes were
the most common, each comprising about 20% of the
samples analyzed. The fifth and sixth resistotypes were
present in 8.7 and 7.5% of the samples, respectively.
Resistotype 1 was enriched in ANT aminoglycoside re-
sistance genes, while resistotype 3 was dominated by
tet(M) tetracycline resistance genes and class C B-lac-
tamase resistance genes. Resistotype 4 was enriched
with tet(X) tetracycline resistance genes and class A
B-lactamases, while resistotype 6 was enriched with
class B1 B-lactamases and su/ sulfonamide resistance
genes. Resistotypes 1 and 3 had a higher diversity of
AMR genes and were associated with the Clostridiales

REVIEWS

bacterial order. Resistotype 4 was associated with bac-
teria of the Bacteroides genus (they contain tet(X) and
B-lactamase class A genes), and resistotype 6 — with
bacteria of the Prevotella genus.

Over the past 2 years, several papers have ap-
peared in highly ranked journals developing the topic
of characterization of resistotypes of microbial com-
munities inhabiting natural human biotopes. Perhaps
such interest in the patterns of AMR gene distribution
is due to public concern about the consequences of the
COVID-19 pandemic associated with excessive con-
sumption of antibiotics’.

In particular, K. Lee et al. attempted to assess the
impact of antibiotics use on the human microbiome
at the population level [4]. The study included meta-
genomic data obtained for the microbiota of different
biotopes of the human body: oral cavity, skin, upper re-
spiratory tract, vagina, but the main array (n = 5372) of
samples consisted of metagenomes of the intestinal mi-
crobiota. Metagenomes from different countries were
included in the study: Austria, Canada, China, Den-
mark, Denmark, Spain, France, Germany, Israel, Italy,
Kazakhstan, Madagascar, Netherlands, Spain, Sweden
and USA. Metagenomes from healthy volunteers ac-
counted for 3,565 of the 8,972 samples analyzed. Using
this sample, the authors showed that the representation
of AMR genes correlates with the level of antibiotic
consumption per capita in the analyzed country, and
this correlation is primarily observed for AMR genes
adjacent to mobile genetic elements.

In analyzing the above-mentioned samples, 422
AMR gene families were identified using the CARD
(Comprehensive Antibiotic Resistance Database). The
resistome profiles obtained for the metagenomic sam-
ples were clustered by NMDS (non-metric multidimen-
sional scaling) using Bray-Curtis distances, resulting in
the identification of 2 resistome clusters. The separa-
tion into 2 resistotypes was confirmed using PAM (par-
titioning around medoids), UMAP (Uniform Manifold
Approximation and Projection) and k-means methods.

When analyzing the frequencies of occurrence
of resistotypes and the representation of AMR genes
in them, it was found that the resistotype with a lower
frequency of occurrence in the population is more than
10 times enriched with resistance genes to fluoroquino-
lones, fosfomycins, aminoglycosides and peptide anti-
biotics, as well as genes determining MDR, compared
to the other resistotype, which is found in a larger num-
ber of samples. The first, rarer resistotype was designat-
ed by the abbreviation FAMP, based on the first letters
of the names of the antibiotic groups whose resistance
genes are characteristic of this resistotype (Fluoroquino-

2 'WHO reports widespread overuse of antibiotics in patients
hospitalized with COVID-19. URL: https://www.who.int/
news/item/26-04-2024-who-reports-widespread-overuse-of-
antibiotics-in-patients--hospitalized-with-covid-19
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lones, Fosfomycins, Aminoglycosides, Multi-drug re-
sistance, Peptide antibiotics). The other resistotype was
labeled as background. Importantly, no association with
enterotypes was found for the identified resistotypes,
but associations with specific bacterial taxa were es-
tablished. Thus, the species associated with the FAMP
resistotype were predominantly from the Proteobacte-
ria phylum, in particular, from the Enterobacteriaceae
family. At the same time, the frequency of FAMP res-
istotype occurrence was correlated with patient groups
by health status: in healthy patients, the proportion of
FAMP samples was minimal, while FAMP resistotype
was most frequently found in groups of patients with
intestinal infections such as cholera (83.3%) and Shiga
toxin-producing Escherichia coli (79.4%) (Fig. 3).

Also, this study used longitudinal data from
12 healthy volunteers receiving a 4-day course of a mix-
ture of 3 broad-spectrum antibiotics: meropenem, gen-
tamicin and vancomycin [34]. By analyzing these data,
it was shown that antibiotic use leads to a transition to
FAMP-resistance for the majority of patients within
8 days after the end of the antibiotics course and is ac-
companied by an increase in the total number of AMR
genes. This effect partially persists 42 days after the end
of the course, but by day 180 after the end of the course
of antibiotic use, patients return to the original resisto-
type (background). The authors attribute the observed
effect to AMR genes associated with single Proteobac-
teria species.

The authors suggest that the use of antibiotics may
lead to the emergence of resistance primarily in patho-
genic and opportunistic gram-negative microorganisms
that may enter the human gut during intestinal infec-
tions, subsequently transferring resistance genes to
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commensal bacteria. The authors also suggest that this
process of sharing antibiotic resistance genes within the
gut microbial community may take a long time, and the
speed of this process may depend on the overall intensi-
ty of antibiotic use in the population. These hypotheses
help to explain the association of the FAMP resistotype
with intestinal infections and Proteobacteria as drivers
of this resistotype, as well as with the overall level of
antibiotic consumption in the population.

The topic of resistotype variability is raised by
A. Dhariwal et al., who studied the formation of the mi-
crobiome and nasopharyngeal resistome in premature
infants with the assessment of the influence of early
antibiotic use on this process [18]. The study included
66 premature infants whose nasopharyngeal aspirate
samples were collected during the first 6 months of life.
The total sample volume amounted to 181 samples.
According to the results of metagenomic analysis with
subsequent data processing, 3 main resistotypes were
identified in this sample, the characteristics of which
are shown in Table 4.

The authors showed that early antibiotic admin-
istration had a transient effect on resistome and distri-
bution of resistotypes [18]. Exposure to antibiotics led
to an increase in the diversity and number of antibi-
otic-resistance genes. However, this effect was short-
lived, and differences in resistotypes between groups
with and without antibiotic administration smoothed
out by 6 months of corrected age. The R2 resistotype
associated with Serratia bacteria persisted longest after
antibiotic administration.

B. Pérez-Viso et al. found an association between
the airway resistotype of patients with bronchiectasis
and their clinical outcomes [7]. Metagenomic sequenc-
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Fig. 3. Representation of FAMP (bottom of the columns) and background (top of the columns) resistotypes
in the gut microbiota of different categories of people [4].
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Table 4. Characteristics of human bacterial community resistotypes
Resistotype Resistotypes
Object designation in ind yP Antibiotic Associations | Cohort Resistotype Ref
of study the text of the ('.“a'” rivers, resistance with bacteria size properties elerence
o if specified)
publication
Naso- R1 patA, patB, Fluoroquinolones Streptococcus 66 One of the most (18]
pharyngeal rimA(Il) mitis/oralis, represented resistotypes
microbiome of Gemella in premature infants
preterm infants haemolysans/
sanguinis
R2 SST-1, AAC(6')- B-Lactams, S. marce- One of the most
Ic, tet(41), mexl aminoglycosides, scens/ represented resistotypes
tetracycline, nematodiphila in premature infants.
multidrug resistance It persists for a long time
(MDR)
R3 blaz B-Lactams S. aureus,
S. epidermidis
The airway RT1 hmnM, PatA, Fluoroquinolones, Haemophilus 280 RT1 is a more clinically (2]
microbiome in tetB(46), ErmX tetracyclines, influenzae, favorable resistome profile
bronchiectasis MDR Rothia showing less resistance
mucilaginosa, gene diversity
Streptococcus
spp.
RT2 mexM, basA, Aminoglycoside, P. aeruginosa, RT2 is associated with
PA_catB7, phenicol, K. pneumoniae more exacerbations, worse
ber_1, APH(3)"Ib bicyclomycin, lung function, and greater
MDR disease severity
The gut Resistotype Bacitracin, 267 Predominantly sampled (3]
microbiome 1A vancomycin, from Europe and Japan
of healthy tetracycline, F3H8F5
individuals (lincosamine,
streptogramin B
and macrolides)
Resistotype Vancomycin, Predominantly sampled
1B bacitracin, from Europe and the USA
tetracyclines,
cephalosporins
Resistotype Fosmidomycin, Predominantly sampled
1C cephalosporin from the US
Resistotype 2 Tetracycline, F3H8F5 Predominantly Chinese
(lincosamine, sample
streptogramin B
and macrolides),
cephalosporin,
lincomycin,
macrolide, J314
and trimethoprim
The gut Background Glycopeptides, Coprococcus 3034 Associated with non- 4
microbiome tetracyclines eutactus, pathogenic microorganisms
of healthy Eubacterium
individuals siraeum
FAMP Fluoroquinolones, E. coli, 2338 Associated with pathogenic
MDR, polypeptides, Proteus microorganisms. Occurs
fluoroquinolones, mirabilis in metagenomes of

fosfomycin,
aminoglycosides,
sulfonamide

patients with colorectal
cancer (51.9%), metabolic
diseases (58.2%), intestinal
infections associated with
Shiga toxin-producing
E. coli (79.4%), and cholera
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Resistotype .
Object designation in (}?ne;':frtﬁllze:ss Antibiotic Associations | Cohort Resistotype Reference
of study the text of the . e resistance with bacteria size properties
o if specified)
publication
Microbiota of Resistotype 1 High 179 Prevalent in all groups [19]
the oral cavity representation of people (predominantly
biofilm of mefA, in healthy individuals and
msrD, ermB, those with caries)
blaCSP(1). Low
representation
of tet32
and tetQ
Resistotype 2 High Present in all groups of
representation people (predominantly
of ermF and in healthy individuals
tet32, tetQ. Low and those with caries)
representation
of ermB and
blaCSP(1)
Resistotype 3 High Present only in samples
representation of people with periodontitis
of pgpB. Low
representation
of mefA, msrD,
ermF, ermB
Intestinal 6 resistotypes  Resistotype 1 Resistotypes 663 The first 4 resistotypes [20]
microbiota were is ANT, 1and 3 — were the most represented,
of healthy identified Resistotype bacterial order each comprising about
individuals 3 Tet(M) and Clostridiales. 20% of the samples
class C Resistotype studied. The fifth and sixth
B-lactamases. 4 — bacterial resistotypes represented
Resistotype 4 by genus 8.7 and 7.5%,
Tet(X) and class Bacteroides. respectively
A B-lactamases. Resistotype
Resistotype 6 by 6 — genus
B-lactamases of Prevotella

class B1, Sul

ing data of sputum samples were used to analyze the
resistome and identify resistotypes. A total of 280 in-
dividuals aged 59-73 years from the UK (Scotland),
Greece, Singapore, Malaysia and Italy were included
in the study. Resistotypes were determined using bioin-
formatic data analysis, which included spectral cluster-
ing based on Bray-Curtis distances and assessment of
cluster stability using maximization of the mean silhou-
ette coefficient. This method measures differences in
resistome gene profiles between different samples and
groups them into clusters based on similarity. Analysis
of the resistome profiles allowed us to identify 2 resis-
totypes (RT1 and RT2) and to perform an association
of the observed resistotypes with disease outcome. RT1
was associated with more favorable clinical outcomes
and contained an increased number of resistance genes
to tetracyclines, macrolides, and beta-lactam antibiot-
ics. RT2 was associated with unfavorable clinical out-
comes and was characterized by an increased number
of resistance genes to aminoglycosides, chloramphen-
icol, bicyclomycin, peptide antibiotics, as well as an
increased number of MDR determinant genes (Table 4).

In samples belonging to RT1, there was an in-
creased relative representation of bacteria of H. influ-
enzae and R. mucilaginosa species, as well as several
species of Streptococcus genus. In samples belonging
to the RT2 resistotype, an increased representation of
P aeruginosa and K. pneumoniae pathogens was ob-
served. Successful eradication of P. aeruginosa in pa-
tients led to a switch from RT2 to RT1, accompanied
by a decrease in resistance gene diversity and improved
clinical outcomes. The study highlights the importance
of resistome analysis in predicting clinical outcomes in
patients with bronchiectasis. The authors of the paper
believe that the identification of RT1 and RT2 opens
new opportunities for targeting therapy and improving
the clinical outcome of the disease.

A.C. Anderson et al. described the features of oral
biofilm resistome in healthy patients, as well as patients
with caries and periodontitis [19]. This study utilized
metagenomic data obtained from samples of 179 indi-
viduals. Using hierarchical clustering on the Jaccard
difference matrix, 3 resistotypes were identified. Res-
istotype 1 was characterized by high representation of
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mefA, msrD, ermB, and blaCSP(1) genes and low rep-
resentation of pgpB, tet32, and tetQ genes. Resistotype
2 had high representation of ermF’, tet32 and tetQ genes
and low representation of ermB and blaCSP(1) genes.
Resistotype 3 was characterized by high representation
of pgpB genes and low representation of mefA4, msrD,
ermF and ermB genes. Resistotype 3 was present on-
ly in the samples of patients with periodontitis, while
resistotypes 1 and 2 were present in all groups, but to
the greatest extent in the groups of healthy and caries
patients (Table 4).

The only study to date describing the resistotypes
of farm animal microbiota has analyzed the rumen mi-
crobiota resistome of cows and evaluated the relation-
ship between resistotypes and the nutritional value of
milk [27]. In this study, 49 samples of rumen micro-
biota (the initial stomach compartment of ruminants)
collected from cows from two different farms in China
were analyzed. The study was divided into two parts.
The first part, which included samples from 33 cows,
was to evaluate the effect of feed intake on animal resi-
stome and resistotypes. In the second part of the study,
the protein content in milk of cows was determined
depending on the rumen microbiota resistome. Six-
teen animals with high and low protein content in milk
were included. AMR genes were detected using full
genome metagenomic sequencing, bioinformatic data
processing was performed using the CARD database.
Resistotypes were identified using clustering with a
partitioning algorithm around the medoid. The study
identified 4 resistotypes associated with milk protein
production. The rumen microbiota of cows with low
milk protein levels was assigned to one resistotype
and characterized by a high content of AMR genes.
The most represented in this group were the mfd gene,
which determines resistance to fluoroquinolones, and
the savi866 gene associated with MDR. No relation-
ship was found between resistome and consumption of
different amounts of feed in the study. The authors con-
clude that the cow rumen microbiome and associated
antibiotic resistance profiles may influence the quality
of dairy products.

Discussion

The concept of resistotype represents a new char-
acterization of bacterial communities, distinct from
their taxonomic composition. In contrast to traditional
approaches that focus on individual resistance genes or
phenotypic manifestations of resistance, the analysis of
resistotypes allows us to consider resistance at a more
comprehensive level, integrating different genes and
their interactions within microbial populations or entire
microbial communities.

On our part, this is not the first reference to the
topic of defining the role of resistome in microbial com-
munities. Being the first scientific group in Russia to
describe the features of the gut microbiota of our coun-

REVIEWS

try’s inhabitants (healthy volunteers) [35], we also pro-
posed a tool for resistome analysis [36] and correlated
the resistome data of the gut microbiota of Russians
with the then available ideas about the phenomenon of
resistome of microbial communities [37].

Today we address the topic of resistotypes as a
taxonomy-independent characteristic of the microbi-
ome based on our own experience of detecting two
resistotypes of the gut microbiota in patients hospi-
talized with COVID-19. The two resistotypes we de-
tected differed in the number of AMR genes, with half
of the patients experiencing a change in resistotype
during therapy. It is worth noting that for the micro-
biota of the oropharyngeal tract of the same patients,
we observed a single resistotype characterized by re-
sistance genes to macrolides, fluoroquinolones, and
lincosamide [38].

Studies on resistotypes use different methodolog-
ical basis for their identification and characterization.
Studies devoted to the determination of resistotypes
of individual bacterial species are usually based on
phenotypic characterization of the sensitivity of these
microorganisms to different antibiotics and only rarely
use genetic testing. Resistotype analysis of microbi-
al communities, such as the human gut microbiome,
is realized through whole-genome metagenomic se-
quencing, which allows the detection of most of the
AMR genes in the resistome, including those in un-
cultured organisms. This method provides detailed
information on the genetic composition of microbial
communities and identifies specific clusters of AMR
genes that form resistotypes. Thus, different interpre-
tations of the concept of “resistotype” depending on
the object of study and the way of its characterization
can be found in the scientific press today. In the case
of the study of individual microorganism species, a re-
sistotype refers to a unique phenotypic susceptibility
profile, whereas in the case of metagenomic analysis
of microbial communities, a resistotype is the result of
clustering the identified AMR genes and selecting the
optimal number of clusters.

The importance of the resistotype as an indepen-
dent characteristic of the microbial community is yet
to be realized. In clinical practice, the identification of
resistotypes in the future may play a role in the selec-
tion of rational antimicrobial therapy. Knowledge of the
presence of a specific resistotype in the patient’s micro-
biota will allow physicians to choose the most effective
combinations of antibiotic drugs, minimizing the risk of
developing AMR. Thus, resistotyping can significantly
accelerate and improve the decision-making process in
the treatment of infectious diseases.

In the agricultural sector, the main objective of
the study of resistotypes is to identify the resistance
spectrum of microorganisms pathogenic to animals.
This is particularly relevant for determining the risks
of transferring resistance genes from animals to hu-
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mans through the food chain. For example, identifying
resistotypes in pathogens such as R. equi in horses or
Enterococcus spp. in birds helps to assess the potential
health consequences for both the animals themselves
and the humans who come into contact with these ani-
mals, as well as to develop effective methods for con-
trolling the spread of these pathogens.

Understanding the characteristics of animal mi-
crobiota resistotypes can help to improve agricultural
production performance. For example, in a study of the
relationship between rumen microbiota resistotypes and
the quality of dairy products, it was shown that certain
resistotypes can be associated with the protein content
of milk. Thus, monitoring and control of resistotypes
can be used to improve the efficiency of production and
ensure the safety of agricultural products.

Conclusion

Resistotypes represent a new characteristic of
bacterial communities, considered separately from
taxonomic composition. Identification of resistotypes
allows an additional assessment of resistomes in dif-
ferent microbial populations. Various factors may play
a role in the formation of resistotypes of the microbio-
ta of individuals: clinical, cultural, geographical, etc.,
which emphasizes the necessity to take into account
regional characteristics when developing strategies to
combat AMR. The identification of resistotypes holds
promise both in clinical practice, where it may facilitate
the selection of the most appropriate therapy, and in ag-
riculture, where this approach can be used to improve
the control of AMR of microorganisms pathogenic to
animals.
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IOBUITEN

IOBUNIEUN

50 neT nHHOBauui B 60pbbe c BUpycamm:
LleHTp «BekTOop» PocnoTpe6Haa3opa

OTMeTWN NoslyBeKoBOW 1o6unei

B 1974 r. na ocHoBanuu [loctanosnenus IlpaBu-
tenbetBa CCCP 0 pa3BuTum MOJEKyIApHOH Ononoruu
1 OMOTEeXHONIOTHH [ 1aBHOE yNpaBiIeHnEe MUKPOOUOIIO-
THYECKOHM mpombliieHHoCcTH pu CoBeTe MUHHUCTPOB
CCCP wuznano mpuka3 o co3ganuu Bcecoroznoro Ha-
YYHO-HCCIIEJ0BATENIbCKOTO MHCTUTYTa MOJIEKYISPHOM
OMONOTHH.

OcHoBHas 3ajaya, OCTaBJIEHHAs [Tepe]] UHCTUTY-
TOM B T€ TOJBI, COCTOSAJIA B U3Y4YECHHH (YyHAAMEHTAIb-
HBIX OCOOCHHOCTEH CTPYKTYPBI M (YHKIMH OHNACHBIX
BHPYCOB, a TaKXe pa3pabOTKe BaKIMHHBIX M TUArHO-
CTHUYECKHX TPErnaparoB ¢ UCIOJb30BaHUEM HOBEHIINX
JIOCTUYKEHU T€HHOW MHXKEHEPUH.

Mecto anst crpouTenbeTBa KopnycoB MHcTuTyTa
U TOPOAKAa MOJIEKYJISPHBIX OHMOJIOrOB OBLIO BBIOpPAHO
psinom ¢ HoBocubupckum Akagemropoakom. Brocnen-
CTBUM TOpPOAOK MOMy4yms HazBaHue KonbloBO B 4ecTh
BCEMHUPHO H3BecTHOro reHeTnka Hukonas Koncranrtu-
noBuya Konbosa, a B 2003 1. moxy4un cTaTyc HayKo-
rpana Poccuiickoit @enepanuu.

B 1979 r. UactutyT BO3IMIaBUA AOKTOp OMOIOTH-

yeckux Hayk, akageMuk AH CCCP Jle CrenanoBuu
CanpaxuueB. Ilon ero pyko-
BojicTBoM BrepBeie B CCCP
Obula BBIJCICHA TPAHCIOPT-
Has PHK, oprannzoBano nep-
Boe B Poccun mpousBoacTBo
peKoMOMHAHTHOTO UHTEep(de-
pOHa, BaKLMHBI POTUB Tema-
TATa A ¥ HaOOpOB s jaua-
raoctukn BUY-undexunu u
renarura B.

ITocne 3amycka xopmyca Ne 1 B 1984 1. Havanuch
paboThI ¢ 0c000 OMACHBIMU BUPYCaMH, a YK€ Yepe3 rofl
BHHWU MBb 6bu1 nepenmenoBan B Hayuno-npousBon-
cTBeHHOE oObeanHenue «Bektopy». braaromaps ycunu-
s JIpBa Cangaxuuena B 1994 r. «Bexropy» npucBoeH
craryc l'ocymapcTBeHHOro HaydyHoro ueHrpa Poccuii-
ckoit denepalniv, KOTOPbI COXpaHEH U HA CErOAHSII-
HUM JeHb.
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C 1997 1. Ha 6aze 'HL[ Bb «Bekrtop» ¢ynkumo-
HUpYyeT coTpyaHuuaronuii nentp BO3 no auarnocru-
K€ OPTOIOKCBUPYCHBIX MH(EKINH U My3el ITaMMOB U
JHK Bupyca HaTypaJlbHOM OCIBI.

B 2009 r. THII Bb «Bekrtop» 6bu1 pHUCcBOEH cTa-
Tyc pedepenc-nadoparopun BO3 mo rpunmy HS5-mox-
THIIA, KOTOpas SIBJISIETCS €IUHCTBEHHON B Pocculickoit
Oenepanuu. B 2021 . THI[ Bb «Bekrop» npucBoeH
cTaryc coTpynHuyamomero nearpa BO3 no usydyenuro
BHPYCOB T'PHIINA B TOUKAX NEPECEUEHUS SKOCUCTEM JIIO-
el ¥ )KUBOTHBIX.

B 2019 r. na 6a3e «Bekropa» coznan «lleHTp re-
HOMHBIX MCCIICAOBAaHUNA MUPOBOTO YPOBHS 10 oOecrie-
YEeHUIO OMOJIOTHUECKOH 0e30MacHOCTH W TEXHOJIOTH-
4YECKOM HE3aBHUCUMOCTH B paMkax denepasbHON Hayd-
HO-TE€XHUYECKOM NMPOrpaMMbl pa3BUTHUS T€HETHUYECKUX
TEXHOJIOTUI.

B 2020 . THIl Bb «Bekrop» Ha3zHaueH Bce-
MHUPHOM OpraHu3allMed 34paBOOXPAHEHUS B KaueCTBE
pedepenc-nadoparopuun BO3, obecrieunBatromieit mosu-
TBepxaaroniee rectupoBanue Ha COVID-19, skcniept-
HYIO OLICHKY OOIIeH CUTyalluH, MOJXOAOB U METONOB
nporuBoaetictBus nangemuun COVID-19, a B 2024 .
cran Pedepenc-nadoparopueii cetu BO3 no xopona-
Bupycam (CoViNet).

B 2020 1. B kparyaiimue cpoku «BexTop» pa3pabo-
Tan u 3apeructpuposan nepsbie B Poccuu IT1P-Habo-
po! 11 BeisgBineHust PHK koponaBupyca SARS-CoV-2,
o0ecreuny X BBITYCK U OCHALICHUE UMM JAUArHOCTH-
yeckux Jaboparopuii Bcex cyobektoB Poccuiickoii De-
JiepaLuu.

B nacrosmee Bpems 'HL[ Bb «Bekrop» Pocno-
TpeOHaa30pa NPOAOIKAET YCHEIIHO BBHIMOIHITE OJHY
13 CBOMX HanOoJjiee BaKHBIX 3a]a4: MOHUTOPHHT Orac-
HBIX BUPYCHBIX HH(EKIHH, o0ecreueHrne CBOeBpeMeH-
HOTO pearvpoBaHus U HEOMYLIIEHUE PacpOCTPAHEHHS
OonesHeit Ha Tepputopuu Poccuiickoit deneparyu.

Peoaxyuonnas xonnecus u pedaxyus «Kypnana
MUKPOOUONIO2UU, INUOEMUOTIOSUUY UMMYHOOUOTIOSULUY
nosopasnsem konnexmus ' HI| BE «Bexmopy c obune-
eM u Jicenaem npooyKmueHol meopueckoli pabomul HA
o1azo naweti Poounbi.
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