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Jleyxmecaunwlilt HAYYHO-NPAKMUYECKUILL HCYPHAT

Ocnoean 6 1924 2.

PeueHanpyembin «XXypHan Mykpobuonorum, anMaemMmonorum n UMMyHobruonormmn»
paccMaTpuvBaeT akTyarnbHble Npobnembl MMPOBON Hayku U obecrneynBaeT CUHTE3 HOBENMLLIMX
pe3ynsTaToB UccreoBaHuin B obnactu Mukpobuonorum, BUpyconorum, anuaeMmonorum,
BaKLMHOMOrMM, UMMYHOBMONOrMK, MPOUNAKTUKN U KOHTPONSt MHADEKLMOHHBIX 3a6oneBaHni.
MexancumnnmHapHbI Noaxoa AaeT BO3MOXHOCTb MHTErpauumn nepeaoBbiX HayYHbIX 3HAHWUM
CMEXHbIX CneLuanbHOCTEN, LUMPOKOro BUAEHUs npobnem pyHaamMmeHTansHon 1 NnpuknagHon
MHEKTONOMMM, a Takke KOMMMIEKCHOro noaxoAa K co3aaHunio 6uoMeanLIMHCKMX TEXHOMOMMA.
K nybnukauuv npMH1UMaroTca Hay4YHble Tpyabl POCCUNCKMX M 3apybeHbIX uccneaoBatenen,
neKuun, a Takke MeTogmyeckme matepuarnbsl U 3aKkOHOAATENbHbIE JOKYMEHTbI B 06nacTn
COXpaHeHust aNuaemMmnonornyeckoro érnarononyyms HaceneHums.

XKypHan BxoauT B 6a3y AaHHbIx SCOPUS u pekoMmeHaoBaHHbIN BAK «[MepeyeHb
peLeH3UPpYeMbIX Hay4YHbIX U3AaHWIA, B KOTOPbIX AOMKHbI ObITb ONy6rnmMKoBaHbl OCHOBHbIE

Hay4YHble pe3ynbTaThl AUCCepTauuin Ha COMCKaHNE YYeHOW CTeneHn KaHaMaaTa Hayk,
Ha COMCKaHWe yY4eHOW CTeNeHn [OKTopa Hayk» Nno crneumanbHOCTAM:
1.5.10. Bupyconorus (MeguumHckne n Guonornyeckme Haykm);
1.5.11. Mukpo6uonorusa (MeguumuHckue n bruonoruyeckne Haykm);
3.2.2. Snngemuonorns (MeguumHckne n Gruonormyeckne Haykm);
3.2.7. Annepronorus n UMMyHOnorus (MeauuuHCkue n bronornyeckne Haykm).
B cootBeTcTBUM C pekomeHaauusimm BAK (nncemo BAK ot 06.12.2022 Ne 02-1198),
XXypHan oTHocuTcs K kateropumn K1 kak nsgaHue, Bxogsiee B 6a3bl AaHHbIX SCOPUS n RSCI
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Production and characterization of chimeric Bst-like polymerases
and their application in isothermal amplification combined with
rapid RNA extraction methods using the example of the mumps virus
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Abstract

Introduction. Bst polymerase plays a key role in the rapid diagnosis of infectious diseases due to its unique
biochemical properties and potential application in loop-mediated isothermal amplification (LAMP). Several
analogs of Bst polymerase have been described in the literature; however, these enzymes have not been widely
used in molecular diagnostics.

The aim of the study is to obtain recombinant Bst and Btlv polymerases with the Sso7d domain and to test new
possibilities for their application.

Materials and methods. Expression constructs carrying the polymerase gene were obtained using standard
genetic engineering methods. The target enzyme was produced in Escherichia coli cells. Purification was carried
out using metal-affinity chromatography methods followed by dialysis and concentration. RNA-dependent DNA
polymerase (reverse transcriptase) and DNA polymerase activities of the enzymes were determined using non-
radioactive methods with fluorescent detection. The functional properties of the enzymes were assessed using
the Amplisens SARS-CoV-2-IT reagent kit and a method designed for the detection of mumps virus RNA in
biological material using the LAMP format combined with reverse transcription.

Results. In the E. coli-based expression system, the following recombinant chimeric enzymes with displacing
activity have been obtained: Bst_Sso7d, Bst_Sso7d_mut4 and Btlv_Sso7d. The developed cultivation and
purification protocols allow for the production of enzymes in soluble form with a yield of up to 25% of the collected
cell mass. Functional testing showed that in LAMP, the chimeric polymerases demonstrated similar activity to Bst
polymerase without the Sso7d domain. At the same time, the Btlv_Sso7d polymerase exhibited increased reverse
transcriptase activity and resistance to inhibitors.

Conclusion. The obtained chimeric polymerase Btlv_Sso7d, due to its improved properties, can be used in
reagent kits for the diagnosis of infectious diseases by the LAMP method when using nucleic acid extraction
methods.

Keywords: Bst polymerase, displacing activity, isothermal amplification, inhibitor resistance
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MonyyeHue n xapaktepucTnka xumepHbix Bst-nogo6HbIX nonumepas
N NX NpUMeHeHne B U3o0TepMnyeckon amnandpmrkauymm B coyeTaHnn

¢ a3Kcnpecc-metoaamu sbigeneHna PHK Ha npumepe Bupyca
ANNAEMNYECKOro napoTuta

3amortaeBa T.J1.%, leasesa E.A., Muxeesa 0.0., Mnka M.U., YepkawwuH E.A.,
YepkawwuHa A.C., AKUMKUH B.T.

LleHTpanbHbI Hay4YHO-NCCNIE[OBATENIbCKUN MHCTUTYT anvaemuonorumn PocnotpebHaasopa, Mockea, Poccusa

AHHOMauyusi

BBepneHue. Bst-nonumepasa vrpaet KiOYEBYHO pOrib B 3KCMPECC-AMArHOCTMKE MHMEKUNOHHBLIX 3aboneBaHui
6narofgapsi CBoMM yHUKarnbHbIM GMOXMMUYECKMM CBOMNCTBAM U BO3MOXHOCTU NPUMEHEHWS! B NETIIEBON M30TEPMU-
yeckor amnnudukaumm (LAMP). B nutepatype onmMcaHo HECKOMbKO aHanoroB Bst-nonnmepasbl, oaHako AaHHbIe
EepMEHTbI HE NOMYYMIM LLUMPOKOTO NPUMEHEHMS B MOMEKYNAPHON ANarHOCTUKE.

Llenb paboTbl — nony4eHne pekoMbuHaHTHbIx Bst- 1 Btlv-nonumepas ¢ Sso7d-goMeHoOM 1 TeCTUpOBaHME HOBbIX
BO3MOXHOCTEW AN X NPUMEHEHUS.

MaTtepunanbl 1 MeToAbl. AKCNPECCUOHHbIE KOHCTPYKLMM, HECYLLME TeH NonumMepasbl, Nonyyanu cTaHgapTHbIMU
MeToAaMMn reHeTu4ecKomn nHxeHepun. Llenesoi depmeHT Bbin HapaboTaH B kneTkax Escherichia coli. Ounctky
npoBoAunnM meTogamun metann-adpuHHON XxpomaTorpadum ¢ NOCNeayLMM ONanM3oM U KOHLEHTPUPOBAHMEM.
PHK-3aBucumyto JHK-nonumepasHyio (peseprtasHyto) n AHK-nonnvepasHyto akTMBHOCTM (bepMeHTOB onpeae-
NSANU C NOMOLLIbIO HEPaAMOAKTUBHBIX METOAUK C chryopecLIeHTHOW AeTekumen. PyHKLMoHanbeHble cBoMCTBa dep-
MEHTOB OLeHMBanu B Habope peareHToB «AMNNMCeHc SARS-CoV-2-IT» n B MeToanke, NpeaHa3Ha4YeHHom ans
onpegeneHus B buonornyeckom matepuane PHK Bupyca anugemuyeckoro napotuta B popmate LAMP, coBme-
LEHHOM ¢ obpaTHOWM TpaHCKpUNUMEN.

Pe3synbraThl. B cucteme akcnpeccumn Ha ocHoBe KNeTok E. coli nonyyeHbl pekoMOrHaHTHbIE XMMepHble dep-
MEHTbI C BblTECHSAOLLEN akTUBHOCTLIO: Bst_Sso7d, Bst_Sso7d_mut4 n Btlv_Sso7d. PaspaboTaHHble npoTOKOMbI
KyNETUBUPOBAHNSA M OYUCTKM MO3BOMSAIOT nonyvatb oepMeHTbl B pacTBOpPUMON chopme ¢ Bbixogom Ao 25% oT
cobpaHHol KneTo4Hon macchl. DyHKLMOHaNbLHOE TECTMPOBaHUe nokasano, 4to B LAMP xumepHble nonvmepasbl
AEMOHCTPUPOBanu CXO4HYK akTUBHOCTb C Bst-nonumepason 6e3 Sso7d-gomeHa. Bmecte ¢ Tem nonumepasa
Btlv_Sso7d nmena noBbilLeHHY0 peBepTa3Hy0 akTMBHOCTb U YCTOMYMBOCTb K MHIMOUTOPaM.

3akntoueHue. NonyyeHHan xumepHas nonvmepasa Btlv_Sso7d, 6narogapsi cBOMM yny4lleHHbIM CBOWCTBaM,
MOXET ObITb MCMONb30BaHa B Habopax peareHToB ANS AMArHOCTUKM MHAEKUMOHHbIX 3aboneBaHuin MeToaoM
LAMP npu ncnonb3oBaHMn METOOOB 3KCMPECC-3KCTPAKLMM HYKIENHOBBIX KUCIIOT.

KnroueBble cnoBa: Bst-nonumepasa, 8bimecHsIow,asi akmugHoCcmsb, usomepmudeckas amniughukayus, ycmodu-
yueocmb K UuHeubumopam

UcmoyHuk ¢huHaHcupoeaHusi. ViccrnieqoBaHve BbINOSHEHO 3a CYET rocyaapcTBEHHOro GlogkeTa (theaepasbHbli Npo-
eKT «CaHuUTapHbIN WWT CTpaHbl — 6e30MacHOCTb A8 300P0Bbs (MPenynpexaeHne, BoIIBNEHNE, pearnpoBaHue)»).

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

Ans yumupoearusi: 3amotaesa T.J1., lensesa E.A., Muxeesa 0O.0., NMuka M.W., YepkawuH E.A., YepkawmHa A.C.,
AxkumknH B.T. MonyyeHre n xapaktepucTvka XUMepHbIX Bst-nogoGHbIX nonvmepas v ux NpUMEHEHWE B U30TEPMU-
Yeckon amnnuduKkaumm B codeTaHMm ¢ aKcrpecc-metogamu BoigeneHns PHK Ha npumepe Bupyca anuaemMuyeckoro
napotuTa. XKypHan mukpobuomnoauu, anudemuonoauu u ummyHobuomnoauu. 2025;102(4):391-403.
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Introduction

Reducing the time of research with the help of rap-
id tests is one of the key trends in laboratory diagnos-
tics. This approach is particularly relevant for increas-
ing the throughput of the laboratory in the context of
mass screenings and allows medical personnel or epi-
demiologists to perform diagnostics in resource-limited
settings, which contributes to providing timely assis-
tance to patients, quickly identifying infected individ-
uals, promptly investigating infectious outbreaks, and
taking appropriate epidemiological measures, as well
as preventing the excessive prescription of preventive
and therapeutic measures. Such rapid tests must meet
certain requirements such as high accuracy and speed,
simplicity and accessibility, as well as high stability
during storage and transportation [1, 2].

The coronavirus pandemic has spurred the de-
velopment of isothermal amplification methods. The
loop-mediated isothermal amplification (LAMP) me-
thod [3-5] has high sensitivity and specificity, and an
important advantage is that the amplification reaction
occurs at a constant temperature (without thermal cy-
cling). This allows for research to be conducted both
in equipped clinical diagnostic laboratories and in field
conditions where specialized laboratory equipment is
not available. The key role in the further development
of reagent kits for the express diagnosis of infectious
diseases using the LAMP method belongs to Bst poly-
merase [6, 7] and its modifications. Bst polymerase is
a large fragment of DNA polymerase 1 (Bst-LF), iso-
lated from the Geobacillus stearothermophilus thermo-
philic bacterium (formerly known as Bacillus stearo-
thermophilus) [8] and having an optimal temperature
of 60-70°C. The enzyme was isolated by J. Stenesh et
al. in 1972 [9], four years before the discovery of Taq
polymerase [10, 11]. Subsequently, both for research
purposes and in production solutions, recombinant
enzymes, particularly Bst polymerase, cloned and ex-
pressed in Escherichia coli bacterial cells, have gener-
ally been used. The bacterial system based on E. coli
cells is characterized by simplicity and low cultivation
costs, high microbial growth rates, and a wide range
of different vectors for recombinant protein expression
have been developed for it. Approaches to cloning and
obtaining recombinant enzymes in a bacterial expres-
sion system based on E. coli cells have been described
for Bst polymerase and similar polymerases with dis-
placing activity from other organisms [12—-14]. Since
the specific catalytic activity of the enzyme is influ-
enced, among other factors, by the characteristics of the
nucleotide sequence of the gene, expression conditions,
as well as the extraction and purification protocol, all
these stages require optimization when obtaining any
enzyme.

The main approaches to modifying the physico-
chemical characteristics of an enzyme according to the
practical objectives of the user are directed mutagene-

sis and the addition of protein domains with specified
properties [15, 16]. Such modifications allow for an
increased yield of soluble enzyme during expression
in E. coli cells, simplify the purification process, and
also produce enzymes with improved properties such as
higher activity and thermostability, as well as resistance
to salts and inhibitors. The unmodified Bst polymerase
has insufficient processivity because, in the native or-
ganism, it is primarily involved in DNA repair [17]. The
modified enzyme exhibits much greater processivity,
which is due to the presence of auxiliary proteins in the
cells that enhance the stability of the polymerase-DNA
complex. The Sso7d protein belongs to the family of
DNA-binding proteins isolated from the Sulfolobus ge-
nus archaeon, and is stable over a wide range of tem-
peratures and pH. Several authors describe a strategy
of fusing polymerases with the Sso7d protein or similar
proteins (Sto7d, SSB, TBD, DBD) to obtain chimeric
enzymes with increased processivity, displacing activi-
ty, thermostability and tolerance to inhibitors, including
urea, whole blood and NaCl [18-22].

Thermophilic bacteria of related species can devel-
op different survival strategies, which are due, among
other things, to differences in the properties of their en-
zymes. In this regard, potentially interesting directions
include the cloning and obtaining of recombinant DNA
polymerases from new sources, such as a related organ-
ism and the closest homolog — the Geobacillus ther-
moleovorans thermophilic bacterium (formerly known
as Bacillus thermoleovorans) [23, 24].

The aim of this study was to obtain chimeric Bst-
like polymerases from G. stearothermophilus and to
compare them with the homolog Btlv polymerase from
G. thermoleovorans to evaluate their potential appli-
cation in isothermal amplification reactions combined
with rapid RNA extraction methods.

Materials and methods

Obtaining the Bst_Sso7d, Bst_Sso7d_mut4,
Btlv_Sso7d genes

The nucleotide sequence encoding the amino acid
sequence of Btlv polymerase from G. thermoleovorans
was obtained by the assembly method using long over-
lapping primers—the staircase method [25]. Restriction
sites were introduced at the ends of the nucleotide se-
quence: Ndel at the 5' end and Xhol at the 3' end for sub-
sequent re-cloning into the pET16b+ expression vector.
As aresult, the pET16-Btlv-Nhis expression vector was
obtained. The correctness of the nucleotide sequence of
the cloned gene was confirmed by sequencing.

As sources of the Bst and Bst mut4 genes, plas-
mids previously obtained in the laboratory were used:
pET16 Bstand pET16_Bst NHis m4, respectively [7,
26]. The template for amplifying the Sso7d gene was
also the previously obtained construct pPSS, which
contains the wild-type Sso7d gene.
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Table 1. Primer sequences used for gene cloning

SCIENCE AND PRACTICE

Matrix Name 5'-3’ sequence PCR2
Bst_Sso7d
pET16_Bst BstF gaaaggaggaggagctctaacatctgcggaaggcgaaaaaccg
BstR agtctcgagttatttcgcatcataccagg v
pPSS SsoF tcgtcatatggcgaccgtgaagttcaagtataaag v
SsoR agatgttagagctcctcctcctttcttctgtttttccag
Bst_Sso7d_mut4
pET16_Bst_NHis_m4 BstF gaaaggaggaggagctctaacatctgcggaaggcgaaaaaccg
BstR agtctcgagttatttcgcatcataccagg \Y
pPSS SsoF tcgtcatatggcgaccgtgaagttcaagtataaag v
SsoR agatgttagagctcctcctcctttcttctgtttttccag
Btlv_Sso7d
pET16-Btlv-Nhis BtlvF gaaaggaggaggagctctaacatctcegtctictgaggaagaaaagec
BtlvR aagtctcgagttatttcgcatcataccaagtagaaccgtagtg v
pPSS SsoF tcgtcatatggcgaccgtgaagttcaagtataaag v
SsoR agatgttagagctcctcctectttcttetgtttttccag

To obtain the genes of chimeric enzymes, amplifi-
cation of the target enzyme gene and the Sso7d gene of
the DNA-binding domain was carried out. The obtained
amplicons were extracted and purified from the gel and
ligated together using flanking primers (Table 1).

To obtain protruding A-ends, the purified amplicon
was incubated for 30 minutes at 72°C in the presence
of Taq polymerase and a mixture of deoxynucleotides
(dNTPs). The target product was then cloned into the
pGEM-T vector (Promega). The presence of the target
sequence and its accuracy were confirmed by Sanger
sequencing.

Obtaining expression plasmid vectors containing
the Bst-Sso7d, Bst-mut4-Sso7d, Btlv-Sso7d genes

Plasmid DNA containing the gene of the chimeric
enzyme was treated with the Ndel and Xhol restriction
endonucleases, and the resulting restriction product
was cloned into the pET16b+ plasmid vector, which
had been pre-treated with the same restriction endo-
nucleases. As a result, expression vectors containing
genes that encode the following hybrid proteins were
obtained: Bst Sso7d with a molecular weight of 75
kDa, Bst Sso7d_mut4 with a molecular weight of 75.2
kDa, and Btlv_Sso7d with a molecular weight of 75
kDa. The accuracy of the nucleotide sequence of the
cloned genes was confirmed by sequencing.

Selection of E. coli strains for the expression of the
Bst _Sso7d, Bst_Sso7d_mut4, and Btlv_Sso7d genes

As host strains for the constructed expression
vectors pET16-Bst Sso7d, pET16-Bst Sso7d mut4,
and pET16-Btlv_Sso7d, the E. coli strains ER2566,
BL21de3 pLys, and Rosetta De3 were used. Trans-
formed cells were plated on LB medium (1% Bac-

to-tryptone, 0.5% yeast extract, 1% NaCl) with agar
containing 100 pg/mL ampicillin for ER2566 cells
and 20 pg/mL chloramphenicol for BL21 (DE3) pLys
and Rosetta (DE3) cells, and incubated for 16 hours
at 37°C to obtain individual colonies. Then, 7-8 col-
onies were transferred to 100 mL of LB medium with
100 pg/mL ampicillin and incubated for 18 hours at
37°C on a shaker at 180 rpm to obtain an overnight cul-
ture. The obtained overnight cultures of E. coli producer
strains were transferred to LB medium with 100 pg/mL
of ampicillin in Erlenmeyer flasks (the inoculation per-
centage was 2%) and incubated at 37°C with shaking
at 160 rpm. When the optical density of the bacterial
culture reached 0.8 optical units, isopropyl-p-D1-thio-
galactopyranoside was added to a concentration of
0.4 mM, and the culture was incubated at 23°C and 37°C
for 4 and 24 hours. The optical density was measured
spectrophotometrically at a wavelength of 595 nm. Cell
biomass was obtained by centrifugation for 20 minutes
at 4°C and 4000 rpm on an Avanti JXN-30 (Beckman
Coulter) centrifuge.

Isolation of Bst_Sso7d, Bst Sso7d_mut4,
and Btlv_Sso7d

The cell biomass (2 g) of E. coli BL21 (DE3)pLys/
pET16-Bst_Sso7d, BL21 (DE3)pLys/pET16-Bst_
Sso7d_mut4, and BL21 (DE3)pLys/pET16-Btlv_Sso7d
producer strains was re-suspended in a buffer solution
of 50 mM Tris-HCI, 100 mM NaCl, pH 8.5 with 1 mM
PMSF at a ratio of 1:10 (w/v) and disrupted using a
Branson sonifier 250 ultrasonic disintegrator (Bran-
son Ultrasonics) for 20 minutes at 4°C (cycle — 0.5 s,
amplitude — 50%). Then centrifuged at 8000 rpm for
30 minutes in an Allegra X-30R centrifuge (Beckman
Coulter). After centrifugation, the supernatant was di-
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luted 2-fold with a buffer solution of 50 mM Tris-HCI,
100 mM NaCl pH 8.5 and applied to the IMAC FF
chromatographic sorbent, which had been pre-equili-
brated with a buffer solution of 50 mM Tris-HCI, 100
mM NaCl pH 8.5 (buffer solution A). The removal
of contaminating proteins was carried out with buffer
solution A. The target protein was eluted with a linear
gradient of buffer solution A with 500 mM imidazole.

After metal-chelate chromatography, the fractions
containing the target protein were dialyzed against a
buffer solution of 20 mM Tris, 100 mM NaCl, 0.5%
Tween-20, 0.1 mM EDTA, pH 8.3. After dialysis, glyc-
erol was added to the protein solution to a final concen-
tration of 50%.

Determination of enzyme activity

The RNA-dependent DNA polymerase (reverse
transcriptase) activity of the enzymes was determined
using a non-radioactive method with fluorescent de-
tection, based on the formation of a duplex of polya-
denylated RNA and the oligonucleotide primer dT18,
into which the GelStar intercalating dye (Lonza) was
incorporated. The DNA polymerase activity of the en-
zymes was determined using a non-radioactive method
[27]. An oligonucleotide containing a hairpin structure
at the 3' end was used as the template. In the presence
of Mg?* ions, polymerases catalyzed the incorporation
of deoxynucleotides, thereby extending the matrix. The
described non-radioactive methods allow for the deter-
mination of enzyme activities using amplifiers with an
optical module for real-time fluorescence detection.

The stability of the enzymes to temperature expo-
sure was assessed using differential scanning fluorime-
try in the range of 55-85°C at 1°C increments, with a
step duration of 50 seconds. The melting curves were
detected in the Fam channel on the CFX 96 device
(Bio-Rad Laboratories).

The optimal ion concentrations in the reaction
mixture were selected similarly to the analysis of poly-
merase activity using KCI concentrations in the range
of 50-500 mM.

Analytical methods

The protein concentration was determined using
the QuDye Protein kit (LLC LumiProbe RUS) on the
Qubit 4 fluorimeter (Thermo Scientific), and the protein
purity was assessed using SDS-PAGE electrophoresis
under denaturing conditions [28]. When performing
SDS-PAGE electrophoresis under denaturing condi-
tions, a protein length marker — a molecular weight
marker (ThermoScientific) — was used.

Loop-mediated isothermal amplification
combined with reverse transcription

To assess the potential use of the obtained chi-
meric enzymes in new reagent kits for the diagnosis
of infectious diseases, testing was conducted on the

AmpliSens SARS-CoV-2-IT reagent kit (RU No. FSS
2021/14599). As samples, a genetic construct repre-
senting the MS2 bacteriophage with a specific insertion
of the coronavirus ORFlab gene was used. The reac-
tion mixtures contained 0.8 pL of the tested enzymes
at a concentration of 0.288 U/uL or the same amount
of Bst polymerase without the Sso7d domain, as well
as Reverse Transcriptase (MMLvV). Each sample was
amplified in 3 replicates on the Rotor-Gene Q device
(Qiagen).

The functional properties of the enzymes were also
tested in a laboratory method designed for detecting the
RNA of the mumps virus in biological material using
the LAMP format with combined reverse transcription.
We amplified a fragment of the phosphoprotein gene
of the mumps virus (amplicon size 225 base pairs, GC
content 54%). Urine and oropharyngeal mucosal swabs
were used as samples, and the presence of mumps virus
RNA was confirmed by Sanger sequencing using the
BigDye Terminator v1.1 Cycle Sequencing Kit (Ther-
mo Fisher Scientific) on the 3500xL Genetic Analyzer
(Thermo Fisher Scientific).

Nucleic acid extraction was performed using the
EDEM express kit (RU No. 2010/07828), as well as a
lysis solution containing guanidine hydrochloride. As
a control extraction method, the RIBO-prep reagent
kit (RU No. FSS 2008/03147) was used. The reaction
mixtures contained oligonucleotides complementary to
the target amplification sites, as well as an intercalating
dye, which allowed for the registration of the accumula-
tion of the specific amplification product by measuring
the intensity of the fluorescent signal in real-time mode;
as well as a mixture of glycerin with thioglycerol, salts,
and surfactants (all additional reagents used were de-
veloped and produced at the Central Research Institute
of Epidemiology of Rospotrebnadzor). As a control
batch, the non-mutated form of Bst polymerase without
the Sso7d domain was used at a protein concentration
equal to that of the tested enzymes. The reaction was
conducted according to the program: 37°C for 5 min-
utes, 65°C for 30 seconds, 40 cycles with detection in
the FAM channel (total duration 25 minutes).

Assessment of enzyme stability to LAMP inhibitors

To assess the stability of LAMP enzymes against
inhibitors, mucin (Sigma-Aldrich) was used, as well as
pre-characterized residual samples of human biologi-
cal material (urine, pharyngeal mucosa swabs, plasma,
and whole blood). Swabs from the oropharyngeal mu-
cosa were stored in a transport medium for the stor-
age and transport of respiratory swabs (RU No. FSS
2009/05011; Central Research Institute of Epidemiolo-
gy of Rospotrebnadzor).

Inhibitors were added to the reaction mixture for
LAMP. The reaction was conducted according to the
program: 37°C for 5 minutes, 65°C for 30 seconds,
40 cycles with detection in the FAM channel (total
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duration 25 minutes). The results were evaluated
based on the presence/absence of the fluorescent signal
(detected/not detected) and the values of the threshold
cycles (Ct), which is sufficient for diagnostic systems
with qualitative determination.

Results

The Sso7d family includes small, numerous,
non-specific DNA-binding proteins, first discovered
in the Archaea sulfolobus hyperthermophilic bacteri-
um. They have a mass of 7-10 kDa and exhibit various
types of functional activity: stabilization of the double
helix, annealing of DNA at temperatures above its melt-
ing point, and prevention of protein aggregation. More-
over, such proteins alter the conformation of DNA,
causing the unwinding of the DNA double helix [29].

To obtain recombinant Bst mut4- and Btlv-poly-
merases, unique synthetic sequences were developed
with consideration of codon usage optimization for ex-
pression in E. coli. Next, the Sso7d gene was attached
to the Bst- and Btlv-polymerase genes, and these con-
structs were cloned into the pET16b+expression vector
for prokaryotic expression in E. coli cells. During the
selection of host strains for the expression of the genes
Bst Sso7d, Bst Sso7d mut4 and Btlv_Sso7d, the dy-
namics of enzyme accumulation were studied at differ-
ent temperatures (23 and 37°C) and induction times for
protein biosynthesis (4 and 24 hours). As a result, it was
shown that all enzymes were effectively accumulated
in a soluble form at 23°C for 24 hours in E. coli BL21
(DE3)pLys cells (Tables 2—4).

For the purification of enzymes from cellular pro-
teins, metal-affinity chromatography with a linear imid-
azole gradient was used (Fig. 1).

Fractions with a purity of over 90% were pooled
and dialyzed against a buffer solution of 20 mM Tris,
100 mM NacCl, 0.5% Tween-20, 0.1 mM EDTA pH 8.3,

Table 3. Selection of host strains for the expression of Bst_
Sso7d_mut4 genes

E-coli host Cultivation Protein Cell biomass
strain conditions content, % extraction, g/L
ER2566 23°C,4h 10 2,1
23°C, 24 h 11 2,5
37°C,4h 14 2,5
37°C, 24 h 16 1,7
Rosetta De3 23°C,4h 19 2,2
23°C, 24 h 21 24
37°C,4h 21 2,3
37°C,24h 22 2,5
BL21 De3 pLys 23°C,4h 21 21
23°C, 24 h 23 2,6
37°C,4h 21 2,5
37°C, 24 h 20 2,7

SCIENCE AND PRACTICE

Table 2. Selection of host strains for the expression of Bst_
Sso7d genes

E-coli host Cultivation Protein Cell biomass
strain conditions content, % extraction, g/L
ER2566 23°C,4h 10 2,1
23°C, 24 h 15 2,3
37°C,4h 12 2,3
37°C, 24 h 12 2,5
Rosetta De3 23°C,4h 23 2,4
23°C, 24 h 23 2,6
37°C,4h 21 2,5
37°C, 24 h 24 2,9
BL21 De3 pLys 23°C,4h 23 2,7
23°C, 24 h 25 3,14
37°C,4h 24 2,9
37°C, 24 h 21 3,2

followed by concentration. According to the electro-
phoretic analysis, the enzyme purity was at least 90%
(Fig. 2) with a concentration of at least 2 mg/mL.

It is worth noting that, despite the higher percent-
age of protein content from the total mass of wet cells:
in the case of Bst_Sso7d expression — 25% compared
to 23% for Bst Sso7d mut4 and Btlv_Sso7d, after pu-
rification, the latter two enzymes showed higher yields.
This is due to the fact that optimizing the codon com-
position of the coding sequence leads to an increase in
the yield of the protein in a soluble form.

Testing the polymerase activity of the isolated en-
zymes Bst Sso7d, Bst Sso7d mut4, and Btlv_Sso7d
was conducted on samples of MS2 bacteriophage
RNA with a specific insert containing a fragment of
the SARS-CoV-2 genome, using the reverse transcrip-

Table 4. Selection of host strains for the expression of Btlv_
Sso7d genes

E-coli host Cultivation Protein Cell biomass
strain conditions content, % extraction, g/L
ER2566 23°C,4h 18 2,0
23°C, 24 h 16 2,5
37°C,4h 16 2,4
37°C, 24 h 14 2,8
Rosetta De3 23°C,4 h 18 2,3
23°C, 24 h 17 24
37°C,4h 19 2,5
37°C, 24 h 19 2,7
BL21 De3 pLys 23°C,4h 21 2,4
23°C,24 h 23 2,5
37°C,4h 23 25

37°C, 24 h 21 2,7
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tion LAMP method with reagents from the AmpliSens
SARS-CoV-2-IT kit. The concentration of the template
was 10° copies per reaction. All new enzymes exhibit-
ed polymerase activity; however, the average threshold
cycle values differed from the control batch of Bst poly-
merase without the Sso7d domain, with an increase in
values by an average of 3.73 for Bst Sso7d, 3.42 for
Bst_Sso7d_mut4 and 2.88 for Btlv_Sso7d (Fig. 3),
which may indicate suboptimal reaction conditions for
the new enzymes.

All the studied enzymes showed comparable re-
sults in experiments assessing their resistance to tem-
perature exposure (Fig. 4).
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The isolated enzymes Bst Sso7d, Bst Sso7d
mut4, and the comparison enzyme exhibited weak
RNA-dependent DNA polymerase (reverse transcrip-
tase) activity both in the method [7] and when tested in
the AmpliSens SARS-CoV-2-IT kit without the reverse
transcriptase enzyme. At the same time, Btlv_Sso7d
polymerase exhibited reverse transcriptase activity
comparable to that of reverse transcriptase (MMLv),
but only in the presence of KCI and (NH,),SO,, which
allows the enzyme to be used not only for DNA/cD-
NA amplification but also for RNA reverse transcrip-
tion. Changing the composition of the reaction mixture
(mainly the addition of KCI) allowed for an increase
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Fig. 1. Electrophoregram of purified enzymes Bst_Sso7d (a), Bst_Sso7d_mut4 (b), and Btlv_Sso7d (c).

M — molecular weight marker; 1 — clarified cell lysate; 2 — wash with metal-chelating resin; subsequent — fractions after affinity
chromatography.
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Fig. 2. Electropherogram of the purification of enzymes
Bst_Sso7d_mut4, Bst_Sso7d, and Btlv_Sso7d.

M — molecular weight marker; 1, 3, 5 — clarified cell lysate of Bst_
Sso7d_mut4, Bst_ Sso7d, and Btlv_Sso7d respectively;
2, 4, 6 — final purified enzyme preparations of Bst_Sso7d_mut4,
Bst_ Sso7d, and Btlv_Sso7d respectively.

in the polymerase activity of all chimeric enzymes,
with the optimal concentration of KCI in the buffer for
LAMP being 200 mM (Fig. 5).

LAMP-based reagent kits allow for the reduction
of amplification time from 1.5-2.5 hours (PCR meth-
od) to 25-40 minutes, while maintaining high specific-
ity due to the use of 4-6 oligonucleotides. However,
the process of nucleic acid extraction from biological
material is still quite lengthy. The samples under inves-
tigation are treated with a lysis solution, resulting in the
destruction of bacterial cell walls and viral envelopes,
followed by the release of cellular components and
nucleic acids into the solution. The subsequent wash
steps in the extraction protocol allow for the removal of

SCIENCE AND PRACTICE

substances and cell components from the solution that
inhibit PCR. Express methods are characterized by the
absence of a washing step or the presence of only one
washing step: clinical material taken in a special trans-
port medium (for example, TS-EDEM) is subjected to
thermal treatment and centrifugation, resulting in the
precipitation of insoluble components, while the nucle-
ic acids remaining in the supernatant are used for PCR.
However, after disinfection without extraction or after
express extraction, RNA/DNA samples contain impuri-
ties that can act as PCR inhibitors, such as components
of transport media, lysis buffer, blood, swabs, urine and
other biomaterials.

The functional properties of the polymerases
obtained in the study were tested for resistance to the
most commonly encountered inhibitors (components of
whole blood, plasma, urine, mucin) in the LAMP reac-
tion in a model system using positive control samples.
Inhibitors were added to the reaction mixture contain-
ing primers from the AmpliSens SARS-CoV-2-IT re-
agent kit and isolated MS2 bacteriophage RNA with
a specific insert containing a fragment of the SARS-
CoV-2 genome. The results were evaluated based on
the presence/absence of the fluorescent signal (detect-
ed/not detected), which is sufficient for diagnostic sys-
tems with qualitative determination (Table 5).

Modified enzymes based on Bst polymerase, con-
taining the DNA-binding domain Sso7D: Bst_Sso7d and
Bst_Sso7d mut4, demonstrated reduced stability in the
presence of whole blood and urine in the reaction mix-
ture compared to the control enzyme. At the same time,
the Btlv_Sso7d enzyme is characterized by higher resis-
tance to the presence of whole blood (10 vol. %), plas-
ma (1 vol. %), and urine (10 vol. %). All enzymes retain
their activity in the presence of mucin up to 0.5 mg/ml.

Further experiments to determine the effect of in-
hibitors on the efficiency of the LAMP reaction were

Ct Fluorescence, rel. units
40 -
OBst (control) 0.8
35 1 OBst Sso7d
30 A mBst_Sso7d_mut4 0.6
25 B Btlv_Sso7d
20 A 0.4
= 1 = Bst (control)
15 - T » 2 ® Bst_Sso7d
10 - - 0.2 3 © Bst_Sso7d_mut4
‘ 4 = Btlv_Sso7d
13.48 1 0 Threslhold ‘j ‘f | | | . |
0 5 10 15 20 25 30 35 40
10° copies/reaction Cycle
Fig. 3. Evaluation of the activity of the obtained polymerases in the AmpliSens SARS-CoV-2-IT reagent kit (mean threshold

cycle

values).
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Fig. 4. Thermostability of chimeric polymerases.
a — thermal denaturation profiles; b — derivatives of fluorescence values with respect to temperature.

conducted only using the Btlv_Sso7d enzyme. The
resistance of the Btlv_Sso7d polymerase to inhibitors
from biological material (mucus from oropharyngeal
swabs, salts from urine), components of the transport
medium (transport medium for storing and transporting
respiratory swabs (RU No. FSS 2009/05011)), and the
lysis solution (1M guanidine hydrochloride) was also
tested on 12 clinical urine samples and 12 oropharyn-
geal mucosa swab samples containing mumps virus
RNA at a concentration of 10°-10% copies/mL, isolat-
ed by three different methods: a precipitation-based
method using the RIBO-prep kit; the EDEM express
method; treatment with a 1M guanidine hydrochloride
solution (for disinfecting the biological material) with-
out subsequent washes. All isolated samples were then
compared using the LAMP method without the addition
of reverse transcriptase (MMLYV) (Fig. 6).

When using Btlv_Sso7d polymerase, unlike the
control enzyme, the LAMP reaction maintains its effi-
ciency under all studied conditions, and all biological
samples containing mumps virus RNA used in the study
are identified as positive. There is also a less significant
increase in Ct values when analyzing samples after nu-
cleic acid extraction using the EDEM express method,
compared to the control enzyme. This confirms that the
Btlv_Sso7d polymerase possesses sufficient reverse tran-
scriptase activity and increased inhibitor tolerance for
the qualitative detection of mumps virus RNA (Fig. 6).

Due to its higher tolerance to inhibitors, the use of
the new Btlv_Sso7d polymerase in isothermal amplifi-
cation reactions based on the LAMP method, combined
with rapid nucleic acid extraction methods that include
only the lysis stage, will expedite molecular diagnostics
and make it possible to use LAMP-based tests in field
conditions or at the bedside of a patient.

Discussion

The LAMP method is a promising direction in the
molecular diagnosis of infectious diseases. The main
advantage of the method is the shorter analysis time:
the amplification stage takes only 25—40 minutes, while
the sensitivity and specificity of the method are com-
parable to that of PCR [1, 2]. The isothermal reaction
mode allows for the use of simpler equipment for con-
ducting the reaction: a thermostat with a fluorescence
detection module instead of an amplifier.

Besides the actual amplification stage, any anal-
ysis most often includes the nucleic acid extraction
stage. The extraction of nucleic acids is carried out to
eliminate the main amplification inhibitors that may
be present in biological samples. On average, depend-
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Fig. 5. Optimal KCI concentration for chimeric polymerases.
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Fig. 6. Detection of the mumps virus in biological samples using LAMP with various polymerases without the addition
of reverse transcriptase.

ing on the method used, the extraction stage can take
from 1 to 3 hours. Reducing this stage by using express
nucleic acid extraction methods (10-30 minutes) will
significantly decrease the overall research time. For the
successful implementation of such a strategy, the de-
velopment and application of enzymes resistant to the
main amplification inhibitors are necessary.

The Bst polymerases obtained in this study, con-
taining the DNA-binding domain Sso7d: Bst Sso7d

and Bst Sso7d mut4, demonstrated reduced stability
in the presence of whole blood and urine in the reaction
mixture compared to the control enzyme without addi-
tional domains. At the same time, the Btlv_Sso7d en-
zyme is characterized by higher resistance to the pres-
ence of whole blood (10 vol. %), plasma (1 vol. %),
and urine (10 vol. %). All enzymes retain their activ-
ity in the presence of mucin up to 0.5 mg/ml. These
data demonstrate that the addition of the DNA-binding

Table 5. Comparison of the effects of inhibitors on the detection of mumps virus RNA using the tested enzymes

Inhibitors Detection of mumps virus RNA
Name Concentration Bst-polymerase (control) Bst_Sso7d Bst_Sso7d_mut4 Btlv_Sso7d
0 + + + +
0,5 + + + +
Whole blood, vol. % 10 ¥ ¥ ¥ ¥
2,5 + - - +
5,0 + - - +
10,0 - - - +
Blood plasma, vol. % 0 * * * *
1 - — = +
0 + + + +
Mucin, mg/ml 0,2 + + + +
0,5 + + + +
0 + + + +
Urine, vol. % 5 + = = +
10 - - - +
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domain did not lead to increased resistance to the in-
hibitory effect of urine and whole blood in the case of
Bst polymerase. Similar studies have been published in
the literature, indicating the opposite effect when using
various Bst-like polymerases [17, 18, 30, 31]. Howev-
er, the related chimeric enzyme Btlv_Sso7d obtained in
this work demonstrates high resistance to the inhibitory
effect of whole blood, plasma and urine components on
the LAMP reaction. Such a difference in results may
be explained by the characteristics of the genetic en-
gineering constructs, the presence or absence of addi-
tional spacers between the DNA-binding domain and
the polymerase, the structure of these spacers, and the
conditions of cultivation and purification of recombi-
nant proteins. The obtained data demonstrate the need
for further detailed studies in this area to determine the
influence of DNA-binding domains on the properties of
chimeric enzymes in each specific case and to establish
the relationships between the structure and functions of
chimeric enzymes.

Conclusion

In a bacterial expression system based on E. coli
cells, recombinant chimeric enzymes with displacing
activity have been obtained: Bst Sso7d, Bst Sso7d
mut4 and Btlv_Sso7d. The developed protocols for ob-
taining and purifying the enzymes allow for the produc-
tion of soluble enzymes with a yield of up to 25% of the
total collected cell mass. In LAMP reactions, chimeric
polymerases demonstrated similar activity to Bst poly-
merase without the Sso7d domain. At the same time,
Btlv_Sso7d polymerase is characterized by increased
reverse transcriptase activity and resistance to inhibi-
tors, which allows it to be used in reagent kits for the
diagnosis of infectious diseases by the LAMP method
in combination with express nucleic acid extraction
through thermal inactivation or lysis in the presence of
guanidine chloride without subsequent washes from the
components of the biological material and lysis solu-
tion. This significantly reduced the required time for the
analysis.

As the demand for rapid and accurate diagnosis of
infectious diseases grows, the use of LAMP methods,
and consequently, Bst polymerase analogs with im-
proved properties, will only increase.
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in Primorsky Krai before and during the COVID-19 pandemic
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Abstract

Introduction. To date, among intestinal infections, salmonellosis is a pressing health problem worldwide,
including in the Russian Federation, causing acute infectious outbreaks of disease.

Objective of the study: to assess the impact of the COVID-19 pandemic on the epidemiological patterns and
molecular biological characteristics of salmonella infection in Primorsky Krai for 2019-2023.

Materials and methods. Aretrospective epidemiological analysis of salmonellosis incidence during the COVID-19
pandemic in the population of Primorsky Krai was conducted. Plasmid characteristics of non-typhoidal Salmonella
strains and their serotype were established using alkaline lysis and serological typing methods.

Results. During the COVID-19 pandemic, both in the Russian Federation and in Primorsky Krai, the registration
of salmonellosis was significantly lower than in the pre-pandemic period, and the seasonality of salmonellosis
shifted to the autumn months. An inverse relationship of medium strength was revealed between the monthly
incidence of salmonellosis and COVID-19. No significant changes in the plasmid spectrum and in the proportion
of registration by serogroups and serotypes of Salmonella were observed. It was shown that salmonellosis
infection in Primorsky Krai is mainly caused by S. enteritidis strains with a plasmid characteristic of 38 MDa,
38:1.4 MDa, 38:2.3 MDa, 38:4.4 MDa, rare variants of plasmid types were also detected, the influence of the
COVID-19 pandemic on the emergence of new plasmid types has not been established.

Conclusion. The presented results of the study on the molecular biological characteristics of Salmonella circulating
in Primorsky Krai during the COVID-19 pandemic will open up prospects for understanding the ecological and
epidemiological patterns of the development of the epidemic process of salmonella infection.

Keywords: salmonellosis, Salmonella, serogroup, serotype, plasmid type, COVID-19 pandemic, SARS-CoV-2 virus
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XapaktepucTnka Bo3byautenei caibMOHeNNE3OB, LNPKYINPYHOLNX
B [lpuMmopckom Kpae Ao n Bo Bpema naHgemum COVID-19
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AHHOMauus

BeeageHune. CanbmoHennésbl, ANA KOTOPbIX XapaKTepHbl OCTPble BCMbILK/A 3ab0neBaeMocT, ABNATCS aKTy-
anbHow Npobnemoi Ans 34paBooXpaHeHus!.

Llenb nccnenoBanusi: oueHUTb BnusHMe naHgemun COVID-19 Ha anuaemmonormyeckme 3akoHOMEPHOCTU U
MOMeKynsipHO-6uonornyeckme xapakTepucTukn canbMOHennésHoix uHdekuni B MNMpumopckom kpae 3a 2019—
2023 rr.

Matepuansi u meToAabl. [poBeEH PETPOCNEKTUBHBIN 3NMAEMMNONOrMYECKUA aHann3 3aboneBaemocTy Hacene-
Hus NpruMopckoro kpasi canbmoHennésamu B nepuog naHaemunm COVID-19. MeTogamu LwenoYyHoro nusmca u ce-
pOroOrMyYeckoro TUNMPOBaHUS YCTaHOBIEHbI NNAa3MUaHast XapakTepUCTMKa LUTaMMOB HeTudonaHbix Salmonella
W NX CepoTun.

Pesynbratbl. Bo Bpemsa naHaemun COVID-19 kak B Poccuu, Tak 1 B [pumopckom Kpae permctpauust canbmo-
HennésoB 6blna 3HAaYUTENBHO HUXE, YEM B AONaHAEMUYECKMIA NEPUOA, @ CE30HHOCTb CarbMOHENNE30B CABUHY-
nacb Ha oceHHue Mecsubl. BoisBneHa obpaTtHasa CBsi3b cpefHel curbl MEXAY AaHHbIMW NOMECHYHON 3abone-
BaemocTu canbmoHennésamm n COVID-19. Ocobbix n3MeHeHu B Na3sMMAHOM CMEKTpe 1 B JoNe perncrpauum
no ceporpynnam u cepotunam Salmonella He Habnoganock. MokasaHo, YTO carnbMOHENNé3sHble NHAEKLNUM B
MprMopckom Kpae B OCHOBHOM BbI3BaHbl WUTaMMamMu S. enteritidis ¢ nnasmuaHon xapaktepuctukon 38 MIa,
38:1,4 MIa, 38:2,3 Ma, 38:4,4 M[a, BbISABNANUCH TaKKe peakue BapuaHTbl NNasMuaHbIX TUMNoB. BrnivaHue naH-
gemun COVID-19 Ha nosiBneHne HOBbIX NNasMUAHbIX TUMOB HE YCTaHOBMEHO.

3aknwouyeHue. NMpeacraBneHHble pesynbraThl MCcrneaoBaHusa 06 annaeMMonormyeckon U MornekynspHo-6uorno-
rmyeckon xapakrepuctuke Salmonella, umpkynupytowen B NprmopckoM kpae B nepuod nangemuvmn COVID-19,
OTKPbIBAIOT NEPCNEeKTUBbLI AN MOHMMaHUSA 3KONMOro-anuMaeMmnornormyecknx 3aKOHOMEpPHOCTEW pasBUTUS anuae-
MUWYECKOro npouecca canbMOHeNNE3oB.

KnioueBble cnoBa: canbmoHennés, Salmonella, cepoepynna, cepomun, nAasMudHbIl mur, fMaHOemusi
COVID-19, supyc SARS-CoV-2
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Introduction

Salmonelloses are caused by various serotypes of
bacteria of the genus Salmonella, are classified as poly-
etiological infectious diseases in humans and animals,
and pose a significant public health problem world-
wide, contributing to an increased economic burden.
Depending on the health status of the host organism
and the serotype of Salmonella, as well as the bacteria's
resistance to antimicrobial agents, 11-20 million cases
of salmonellosis are registered worldwide annually, re-
sulting in up to 161,000 deaths [1].

Nowadays, salmonellosis is one of the most com-
mon bacterial intestinal infections, with a trend towards
increasing outbreaks of the disease. According to offi-
cial statistics, in recent years, the average incidence rate
in Russia was 13.61 per 100,000 population in 2021,
17.1in 2022, and 21.45 in 2023, with the rate in certain
territorial districts exceeding the national average.

In the Primorsky Krai over the past decade, against
the background of significant changes in the etiological
structure of intestinal infections towards an increase
in the share of rotavirus and norovirus infections and
a decrease in the proportion of diseases such as viral
hepatitis A and E and shigellosis, the percentage of sal-
monellosis has practically not changed and fluctuates
within 10% [2].

In 2020, an emergency situation arose due to the
development of the COVID-19 pandemic caused by the
SARS-CoV-2 virus, which significantly affected the inci-
dence of other infectious diseases with various transmis-
sion mechanisms [3-9]. The literature mainly presents
studies showing the impact of COVID-19 on acute respi-

"On the state of sanitary and epidemiological welfare of the
population in the Russian Federation in 2023: State Report.
Moscow; 2024. 368 p.
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ratory viral infections. Only a few publications address
the impact of the COVID-19 pandemic on the epidemio-
logical patterns and microbiological characteristics of in-
fections related to the intestinal group [4], while there is
virtually no data on its influence on the epidemiological
patterns of salmonellosis development in Russia.

The aim of the study is to assess the impact of the
COVID-19 pandemic on the epidemiological patterns
and molecular-biological characteristics of non-ty-
phoidal salmonellosis in the Primorsky Krai from 2019
to 2023.

Materials and methods

A retrospective epidemiological analysis of the
incidence of salmonellosis and COVID-19 among the
population of Primorsky Krai was conducted based on
data from the federal state statistical observation for
Primorsky Krai — "Information on Infectious and Par-
asitic Diseases" (Form No. 2) for the years 2009-2023.

The spectrum of plasmid types in salmonella
strains was determined by the alkaline lysis method
[10]. Known plasmid types RP4 (38 MDa), pBR322
(2.9 MDa), pVMS2 (82 MDa) were used as molecular
weight standards.

When performing the serological typing method,
diagnostic salmonellosis adsorbed dry sera for agglu-
tination reaction (Petsal) were used in accordance with
the Kaufmann—White antigenic scheme [11].

Statistical data processing was carried out using
the Microsoft Excel 2010 and Statistica v. 10 programs.
The critical significance level p for testing statistical
hypotheses was set at 0.05.

Results

The period from 2009 to 2012 in the Primorsky
Krai was characterized by an increase in the incidence

26.0

22.9 24.2

221 21.9 21.5
16.3

. 16.3
14.7 13.613.3

2009 2010 2011

Primorsky Krai

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Russian Federation

2022 2023

— Linear (Primorsky Krai)

Fig. 1. The dynamics of salmonellosis incidence in Primorsky Krai and the Russian Federation in 2009-2023.
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of salmonellosis, with a peak registered in 2012 at 71.8
per 100,000 population. In the following years, a trend
towards a decrease in morbidity was observed, and by
2022, its level had dropped to 13.3 per 100,000 popula-
tion (the growth rate was —4.2), whereas in Russia, the
incidence of salmonellosis was more stable (the growth
rate was —3.4). At the same time, the incidence rates in
Primorsky Krai exceeded the national data from 2009
to 2019, and starting from 2020, they almost leveled
off (Fig. 1). In 2023, an increase in morbidity was ob-
served both in Primorsky Krai and in Russia as a whole
(up to 21.6 per 100,000 population).

Before and during the COVID-19 pandemic, the
lowest incidence of salmonellosis infections in the Pri-
morsky Krai region was recorded in the municipal dis-

tricts of Terneisky, Kavalerovsky, Lazovsky, Olginsky,
Partizansky, and the city of Fokino (Fig. 2). It should be
noted that during the peak of the pandemic, S. enterica
strains were not isolated in these areas.

A high level of salmonellosis, both before and
during the COVID-19 pandemic, was recorded in the
cities of Vladivostok, Ussuriysk, Spassk-Dalny, and
in the Khorolsky and Khasansky districts. The peri-
od of maximum disease incidence occurred in 2019,
and in 2023, a gradual recovery to the usual level was
recorded.

In the monthly dynamics (Fig. 3), the incidence
of salmonellosis before and during the COVID-19 pan-
demic from 2018 to 2019 was predominantly recorded
in the summer-autumn period (June—October). At the

Svetlaya
Luchegorsk Vostok
Dalnerechensk
Novopokrovka
Lesozavodsk
Khanka lake
Gornye Kluchi
Kirovskiy Terney
Kamen-Rybolov
. Spassk-Dalniy Dalnegorsk
Pogranichnyy Khorol Yakovlevka
Chernigovka
Lipovtsy Chuguevka Kavalerovo
Pokrovka Mikhaylovka Ars.enyev
Ussuriysk Anuchino
Olga
Razdolnoye
Volno-Nadezhdinskoe Artem
Vladivostok Partizansk
Bolshoy Kamen
Slavyanka Nakhodka Preobrazheniye
Wrangel
Khasan

Fig. 2. Incidence of salmonellosis in the administrative territories of Primorsky Krai in 2019-2023 (per 100,000 population).
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Fig. 3. Monthly dynamics of salmonellosis incidence in Primorsky Krai from 2018 to 2023.

height of the COVID-19 pandemic, starting in 2020,
the seasonality shifted to the autumn months (Septem-
ber—October). In 2021, the highest peaks of salmonel-
losis incidence occurred in May and June, August and
September, as well as November. In 2023, the incidence
of salmonellosis in the Primorsky Krai region began to
recover, and its seasonality was observed in the sum-
mer-autumn period (June—October). Similar results are
reported by other authors as well [4].

Interesting data were obtained from the joint
analysis of monthly COVID-19 morbidity in the same
years. Thus, in the dynamics of COVID-19 and salmo-
nellosis incidence for the years 2021-2022 (Fig. 4),
four periods can be identified in the change of incidence
levels. From January to October 2021, there was a de-
cline in COVID-19 cases, while the incidence of sal-
monellosis increased. From November 2021 to March
2022, the incidence of COVID-19 increased, while the
incidence of salmonellosis decreased from December
2021 to February 2022 From March to July 2022, there
was a significant increase in the incidence of salmonel-
losis. From August to September 2022, there was an
increase in COVID-19 cases alongside a decrease in
reported salmonellosis cases. Correlation analysis of
the presented data using Spearman's method revealed

a moderate inverse relationship between the monthly
incidence data for both infections (» = 0.5; p < 0.05).

It has been established that in the Primorsky Krai,
as well as in most regions of the Russian Federation
and worldwide, Salmonella of serogroup D with the
dominant S. enteritidis serotype holds the leading posi-
tion, followed by serogroups C and B with insignificant
share values (serogroup B — 9.1 + 1.3%; serogroup
C — 9.7 £ 1.3%). The last place is occupied by sero-
group E, which was not registered in 2022. It should
be noted that the lowest incidence of disease caused by
other serogroups of S. enterica was recorded in 2022
(Fig. 5).

Nowadays, the main serotypes identified in salmo-
nellosis are S. enteritidis, S. typhimurium and S. infantis.
Since 1995 and up to the present, despite the diversity
of plasmid types in the leading serotype S. enteritidis,
the three main plasmid types — 38, 38:1.4, and 38:4.4
MDa—continue to hold prevalent significance (Table).
Other, less frequently isolated plasmid types (38:2.3,
38:2.3:1.4, 38:2.6:1.4, 38:2.6:14, 38:3.0:1.4, 38:30,
38:30:1.4, 38:30:2.3 MDa — epidemic pool) have al-
so retained their significance in shaping the epidemic
situation. The results of the study showed that the num-
ber of salmonellosis cases caused by S. enteritidis with

Dynamics of the number of plasmid types of S. enteritidis isolated in the Primorsky Krai from 2009 to 2023

PtI;);;nsid Year Tot_al Isolate
(MDa) | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | Strains | source
38 220 128 110 397 313 234 211 140 93 76 96 41 31 37 26 2153 v, fp,env.
38:1.4 297 323 299 343 538 349 309 154 186 138 66 17 17 12 17 3065 v, fp,env.
38:2.3 7 5 9 12 8 2 5 7 13 10 1 9 3 2 - 103 v, fp, env.

38:4.4 82 368 267 179 111 132 107 137 119 82 50 13 24 1 8 1760 v, fp

Note. v — patients; fp — food products; env. — environment.
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Fig. 4. Comparative analysis of the monthly dynamics of COVID-19 (a) and salmonellosis (b) incidence from 2021 to 2022.

plasmid types 38, 38:1.4, 38:2.3, and 38:4.4 MDa grad-
ually decreased until 2019, and since the beginning of
the COVID-19 pandemic, it has been reduced by half
(Table 1).

It is important to note that both before and during
the COVID-19 pandemic, rare plasmid type variants
of the S. enteritidis serovar were identified: 38:26:2.6,
3.2:2.0,38:3.8:3.0,5.6:3.8:3.2:2.0, 38:4.4:3.2 50:38:20,
38:5.0:3.8:3.0, and 50:8.0:4.0:3.5:1.4 MDa. The impact
of the epidemiological situation during the COVID-19
pandemic on the emergence of new plasmid types has
not been established by us.

The second most significant serotype in the etiolo-
gy of salmonellosis in the Primorsky Krai is S. typhi-
murium. From 2019 to 2023, more than 90 strains of
S. typhimurium isolated from various sources were
studied. All infections were of a foodborne nature, and
no hospital strains were isolated. The most frequent-

ly registered strains were those with a single plasmid
type — 60 MDa (14.3%), followed by the plasmid type
4.0:3.2 MDa (13.2%), which first appeared in 2015
(isolated from a patient in the city of Ussuriysk).

In the S. infantis serotype circulating in the Pri-
morsky Krai region, the 100 MDa plasmid type pre-
dominated (72%), isolated from food products. Strains
with other plasmid types were rarely isolated.

Discussion

Intestinal infections are a pressing issue world-
wide due to the extremely widespread nature of this
pathology, high morbidity rates, and, consequently, sig-
nificant economic damage [12].

Salmonella infections and COVID-19 have dif-
ferent modes of transmission, but in some cases, they
exhibit comparable symptoms [13, 14]. Moreover, the
immunological response triggered by the SARS-CoV-2
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Fig. 5. Dynamics of the incidence of the population with individual serogroups of Salmonella enterica in Primorsky Krai
from 2019 to 2023.

virus can influence the severity of bacterial infections,
including salmonellosis [15]. It was later established
that these factors have serious implications related to
the onset and treatment of salmonellosis [16—19]. Cases
of co-infection with Salmonella and COVID-19 have
been reported in 9 studies worldwide [20], some of
which were found in patients from Pakistan [21], Tur-
key [22] and Japan [23]. Patients with coinfection face
more severe consequences and increase the complexity
of therapeutic decisions necessary to address this issue.

In 2020, the development of the COVID-19 pan-
demic worldwide significantly affected the incidence
rates of other infections with different transmission
mechanisms. Thus, when comparing with the average
annual indicator from 2016 to 2023, the incidence of
infections with an aerosol transmission mechanism
from 2020 to 2023 in Primorsky Krai was higher than
the long-term average, while the incidence of intesti-
nal infections was significantly lower. The lowest rates
were recorded in 2020-2021, however, in the following
years, there is a trend towards an increase.

The incidence rates of vector-borne infections for
2020-2023 were also significantly lower than the multi-
year average. Similar data were obtained for the inci-
dence of infections transmitted due to person-to-person
contact.

It has been established that in all groups, ex-
cept for air-borne infections, the incidence during the
COVID-19 pandemic years, compared to the aver-
age indicators of previous years, has significantly
decreased.

Salmonelloses in the Primorsky Krai continue to
play an important role in shaping infectious morbidi-
ty, as evidenced by the increase in outbreaks and the
exceedance of the average morbidity rate compared to
Russia as a whole. It should be noted that during the
peak of the COVID-19 pandemic, there was a decrease

in the growth of salmonellosis cases. The lowest inci-
dence was registered in the Terneysky, Kavalerovsky,
Lazovsky, Olginsky, Partizansky districts and Foki-
no, however, in the cities of Vladivostok, Ussuriysk,
Spassk-Dalny, Khorolsky, and Khasansky districts, a
high level of salmonellosis was noted. During the pan-
demic, a divergent trend was observed in the monthly
dynamics of COVID-19 and salmonellosis incidence
compared to the pre-pandemic period. The decrease in
the registration of salmonellosis cases may be related
to the isolation of the population during the pandem-
ic, the transition to remote work formats, the quaran-
tine of multidisciplinary medical organizations due to
the detection of coronavirus infection cases, and the
re-profiling of clinical hospitals for the diagnosis and
specialized treatment of patients with confirmed diagno-
ses. Nevertheless, the influence of the biogeocenosis on
the self-regulation of various microorganisms as a result
of integrative-competitive relationships between them,
which is reflected in the changing trends in the dynamics
of morbidity from specific infections and the structure of
infectious pathology, cannot be excluded in the forma-
tion of the existing epidemiological situation [24, 25].

Despite the diversity of plasmid types in the lead-
ing serotype S. enteritidis, three main plasmid types —
38, 38:1.4, and 38:4.4 MDa — play a dominant role
in the development of salmonellosis, as confirmed by
the research results. It has been established that salmo-
nellosis infections in the Primorsky Krai, both in the
pre-pandemic period and at the height of the COVID-19
pandemic, were mainly caused by S. enteritidis strains
with plasmid characteristics of 38, 38:1.4, 38:2.3, and
38:4.4 MDa. Much like in the pre-pandemic period, ra-
re variants of plasmid types were also identified. The
impact of the epidemic situation during the COVID-19
pandemic on the emergence of new plasmid types has
not been established.
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Conclusion

The obtained data on the epidemiological and
molecular-biological characteristics of the pathogens
of salmonellosis circulating in the Primorsky Krai
during the pre-pandemic period and at the height of the
COVID-19 pandemic open up prospects for uncovering
the ecological and epidemiological patterns of the epi-
demic process, which will allow for making informed
managerial decisions for implementing control over
salmonellosis infection.
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Results of reconnaissance epizootiological monitoring for West Nile
fever in certain regions of European Russia and the Urals in 2024

Natalia V. Borodai®, Anna V. Nesgovorova, Aina K. Mendygalieva, Anna Yu. Koloskova,
Svetlana K. Udovichenko, Nikolay A. Zarubin, Stanislav A. Kargashin, Yevgeny A. Gusev,
Artem A. Baturin, Irina A. Khabarova, Elena V. Putintseva, Andrey V. Toporkov

Volgograd Plague Control Research Institute, Volgograd, Russia

Abstract

Introduction. Climate warming contributes to the intensification of epizootic and epidemic processes of West
Nile fever (WNF). In southern Russia, the activity of the epizootic process is recorded annually, but in the central
region of the European part of the country and in the Urals, the enzootic circulation of the West Nile virus (WNV)

has not been confirmed in the territory of 20 subjects.

The aim of the study is to investigate zoological and entomological material for WNV infection to confirm the

ongoing epizootic process in old WNV foci and in previously non-endemic areas.

Materials and methods. Field samples were collected in 2024 in 19 subjects in accordance with the methods
regulated in normative documents. The material was studied using the reverse transcription polymerase chain

reaction method.

Results. In total, during the 2024 field season, 5,419 samples of field samples were examined: 684 samples
of birds from 74 species, 455 samples of small mammals from 13 species, 45 samples of frogs from 1 species,
3,665 samples of blood-sucking mosquitoes from 33 species (93,438 specimens), and 570 samples of ixodid
ticks from 17 species (4,809 specimens). Markers of WNV in field samples were detected in 7 subjects from
3 federal districts. In the Kirov and Chelyabinsk regions and the Republic of Mordovia, evidence of the ongoing
epizootic process of WNF has been obtained for the first time. WNV RNA was detected in 6 (0.5%) out of 1184
tested samples of vertebrate animals and in 27 (0.6%) out of 4235 samples of arthropods. The level of individual

infection was 0.03% in blood-sucking mosquitoes, 0.06% in ixodid ticks, and 0.9% in birds.

Conclusion. The results of the studies confirm the enzootic circulation of WNV in the territories of the Southern,

Volga and Ural Federal Districts.

Keywords: West Nile fever, West Nile virus, epizootic process, infection, natural reservoir, vectors
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NTorn pekorHocLmpoBO4YHOro 3Nn300TONOrM4YeCcKoro MOHUTOPUHra
nuxopaakv 3anaaHoro Huna Ha oTaeNbHbIX TePPUTOPUAX
eBponenckon yactu Poccum n Ypana B 2024 rogy

bopoaain H.B.*, HecroBopoBa A.B., MeHabirannesa A.K., Konockosa A.l10.,
YnosunueHko C.K., 3apy6uH H.A., KaprawwnH C.A,, l'yceB E.A., BaTtypuH A.A,,
Xa6aposa U.A., MyTtnHuesa E.B., Tonopkos A.B.

Bonrorpaacknin Hay4Ho-uccnefoBaTeNIbCKUN NPOTUBOYYMHbIN MHCTUTYT PocnoTpebHaasopa, Bonrorpag, Poccua

AHHOMauusi

AxTyanbHocTb. [loTenneHue knumara cnoco6CTByeT MHTEHCUUKaLMM 3Nn300TUYECKOTO N ANNAEMUYECKOrO
npoueccoB nuxopagku 3anagHoro Huna (J13H). Ha tore Poccnm akTMBHOCTL 3MM300TUYECKOro npouecca peru-
CTPUPYIOT EXErOAHO, HO B LIEHTPANIbHOM PErnoHe eBPOMNENCKO YacTu CTpaHbl U Ha Yparne aH300ThYeckas Lmp-
Kynsuus supyca 3anagHoro Huna (B3H) He nogTBepxaeHa Ha Tepputopumn 20 cyObeKToB.

Llenb paboTbl — uccrneaoBaTb 300110r0-3HTOMOSOMMYECKUIA MaTepuarn Ha nHgmuupoBaHHocTb B3H ans nog-
TBEPXKOEHUSA TEYEHMS ANN300TUYECKOrO MpoLecca B «cTapbix» ovarax JISH 1 Ha paHee HE3HAEMUYHBIX Teppu-
TOpUSAX.

Martepuanbi u metoabl. [lonesow matepuan cobupanu B 2024 r. B 19 cyGbekTax B COOTBETCTBUM C pernameH-
TMPOBaHHLIMU B HOPMaTUBHbIX AOKYMEHTax meTogamu. ViccnegoBaHue martepuana npoBoaMnv MeToAoM Nomnu-
Mepa3HON LienHON peakuumn ¢ 06paTHON TpaHCKpUnuUmen.

PesynsraTbl. Becero B noneson cesoH 2024 r. uccneposaHo 5419 npo6 nonesoro matepuana: 684 npobbl ntuL
74 BnooB, 455 npob menkux mnekonutatowmx 13 BuaoB, 45 npob narywek 1 Buaa, 3665 npob kpoBocoCyLLMX KO-
mapoB 33 BnaoB (93 438 aksemnnspos), 570 npob nkconosbix knewen 17 sugos (4809 aksemnnapos). Mapkepbl
B3H B nonesom martepunane obHapyxeHbl B 7 cybbektax ns 3 denepanbHbix okpyros. B Kuposckon, Henabun-
cko obnactax u Pecnybnvke MopaoBus gokasatenbcTBa Te4eHus anu3ooTndeckoro npouecca JI3H nony4yeHsl
Brnepsble. PHK B3H BrisiBneHa B 6 (0,5%) 13 1184 nccnegoBaHHbix Npo6 MO3BOHOYHBIX XMBOTHBIX U B 27 (0,6%)
n3 4235 npo6 YNEeHWUCTOHOTNX. YpOBEHb MHAMBMAYaNbHOW 3apaXEHHOCTU KPOBOCOCYLUMX KOMapoB COCTaBWIl
0,03%, ukconosblx knetuen — 0,06%, ntuy — 0,9%.

BbiBoAgbl. PesynbraTthl MCCneqoBaHuin MoaTBEPXKAAT SH300TUYHYIO umnpkynauuio B3H Ha TeppuTopum KOxHoro,
MpuBoOMKCKOro 1 Ypanbckoro ceaeparnbHbIX OKPYroB.

KnroueBble cnoBa: siuxopadka 3anadHoz2o0 Huna, supyc 3anadHoz2o Huna, anusoomudeckuli npoyecc, UHuyu-
pO8aHHOCMb, MPUPOOHBIL pe3depsyap, NepeHOCHUKU

Amuyeckoe ymeepxdeHue. ABTOpbl NoATBEPXAAIOT cobnogeHne MHCTUTYLMOHAIBHBIX U HaLMOHanbHbIX cTaHaap-
TOB M0 MCMOMb30BaHNI0 TabopaTopHbIX XUBOTHBLIX B cOOTBETCTBUM € «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). NiccnegoBaHre onobpeHo koMmMTeToMm no 61oaTuke Bonrorpaackoro Hay4Ho-uccnenoBaTeribcko-
ro NpoTMBOYYMHOro MHCTUTYTa PocnoTpebHaasopa (mpotokon Ne 1 ot 14.01.2024).

BnazodapHocmb. ABTOpLI BblpaxatoT GnarogapHOCTb COTPYAHMKaM OpPraHoB U yypexaeHun PocnoTpebHaasopa B
cybbektax PP, npyHnmaBLLUMM yyacTne B opraHvM3auum paboT 1 cbope 300M10ro-3HTOMONOrM4eckoro matepumana.

UcmoyHuk puHaHcupoeaHusi. ABTOpPbI 3asBNsIIOT 06 OTCYTCTBUM BHELUHEro (DHaHCMPOBaHWS NPU NPOBEAEHWUMN UC-
crnenoBaHus.

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

Ansi yumupoeaHus: bopopan H.B., HecroBopoBa A.B., MengbiranveBa A.K., Konockosa A.1O., YooBuyeHko C.K.,
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Introduction

WestNile fever (WNF) is an enzootic, natural focal,
vector-borne infectious disease caused by the West Nile
virus (WNV) from the genus Orthoflavivirus. Certain
bird species are the reservoir host of the pathogen,
while the vectors are blood-sucking mosquitoes [1].

Climate warming over the past decades has
contributed to the transformation of many ecosystems
on the planet, leading to changes in the natural habitats
of various animal species, including reservoirs
and vectors of zoonotic infections. The increase in
temperature leads to an increase in the replication rate of
the pathogen, an extension of the stay of migratory birds
in nesting areas, as well as accelerated development,
extended activity periods, and the expansion of the
ranges of blood-sucking mosquito vectors [2, 3]. All
of the mentioned contributes to the intensification of
epizootic and epidemic processes of WNF in natural
focal areas and the spread of WNV.

Targeted monitoring for the infection rates in
reservoir and vector populations makes it possible
to identify signs of the activation of the epizootic
process, promptly carry out measures to reduce vector
populations, and inform the public about the necessity
to use individual and collective protection measures
against mosquito bites. Moreover, effective monitoring
allows for dynamic observations of the activity of
natural foci of zoonotic infections.

At the beginning of the study of WNF, it
was commonly accepted that the range of WNV
was limited to the territories of the equatorial,
subequatorial, tropical, subtropical and southern
parts of the temperate climate zones. On the territory
of the former USSR, it covered the southern part
of the European part of Russia, Belarus, Moldova,
Ukraine, Azerbaijan, Georgia, Tajikistan, Kyrgyzstan,
Kazakhstan and Turkmenistan. For the first time in the
USSR, the virus was isolated in 1963 from Hyalomma
plumbeum ixodid ticks (now Hyalomma marginatum)
in the Astrakhan region, as well as from a sandpiper
and a blackbird from Azerbaijan [4]. In the 1980s, the
pathogen was detected in regions located significantly
further north: in rooks and nidicolous birds from their
nests in the Omsk region, in nidicolous birds from the
Novosibirsk region, and in Aedes vexans mosquitoes
from the Republic of Tatarstan. During the WNF
outbreak in Moscow in 2021, the WNV RNA was
detected in 14.2% of samples from the total number
of examined blood-sucking mosquitoes, 68.0% of
dead birds, and 32.0% of live birds [7]. The obtained
data indicated a broader territorial spread of the WNF
pathogen than was previously accepted [8]. As of
early 2024, markers of WNF have been identified
in samples from carriers and vectors in 52 entities
across the territory of the Russian Federation. In
southern Russia, the activity of the epizootic process

is recorded annually. At the same time, the absence
of positive findings in certain regions of the central
part of European Russia and in the Urals draws
attention — endemic circulation of WNV has not
been confirmed in 10 entities of the Central Federal
District (CFD), 6 in the Volga Federal District (VFD)
and 4 in the Ural Federal District (UFD). In certain
non-endemic territories, local cases of human WNF
have been identified, indicating the presence of foci
of this arboviral infection. Therefore, conducting
active reconnaissance surveys aimed at clarifying the
nosoareal is relevant.

The aim of this study is to investigate the
zoological-entomological material for the presence of
WNF to confirm the ongoing epizootic process in old
foci of WNF and in previously non-endemic areas.

Materials and methods

The collection of field samples for research at the
Reference Center for monitoring the WNF pathogen in
the 2024 season was carried out from April to Novem-
ber in 19 entities of the Russian Federation (Figure)
by employees of the Volgograd Research Anti-Plague
Institute of Rospotrebnadzor, as well as by anti-plague
institutions and the Centers for Hygiene and Epidemi-
ology in the entities of the Russian Federation.

The capture of small mammals was carried out
with the help of snap traps. Birds were hunted by
employees of hunting farms through shooting, and
the collection of fallen individuals was carried out
by staff of zoological groups and researchers. Sam-
pling of blood-sucking mosquitoes in open biotopes
in household plots, along water bodies, in cemete-
ries, and in forests was carried out using automatic
traps such as BG-sentinel-2 (Biogents AG), LovKom
(ProTechnoSystems), Mosquito Magnet Executive
(Woodstream), Black Kill M3000 (Black Kill), and an
entomological net. Mosquitoes were captured in en-
closed biotopes (chicken coops, pigsties, basements
of multi-story buildings) with the help of battery-op-
erated vacuum cleaners (BLV 18-200, Karcher and
Tefal X-PERT 3.60 Versatile Handstick TY6975WO,
Tefal) and exhausters. The collection of ixodid ticks
was carried out using classical methods: in nature —
with an entomological flag on vegetation, in populat-
ed areas — from animals (small and large livestock,
dogs, cats).

The collected arthropods were delivered to the
laboratory in thermal containers with cold packs, iden-
tified using the Stemi 2000C (Karl Zeiss) and MSP-1
(LOMO) stereomicroscopes on a cooled surface to the
species level according to standard keys [9—12]. They
were placed in 2 mL cryotubes.

Field samples were transported on dry ice or in
car refrigerators at —20°C. For the analysis of climatic
factors, data from the Federal Service for Hydrometeo-
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an region

Entities where zoological and entomological material sampling was conducted in 2024, and points of positive WNV RNA
findings from birds and arthropods.

rology and Environmental Monitoring of the Russian
Federation were used'.

Field samples were examined using the reverse
transcription polymerase chain reaction method at the
stationary laboratory of the Volgograd Research Anti-
Plague Institute of Rospotrebnadzor. For the extraction
of WNV RNA, suspensions of blood-suckingarthropods,
as well as organs from birds, small mammals, and
frogs (in a pooled sample from each individual — brain,
kidneys, spleen) were prepared. The detection of WNV
RNA was carried out using the AmpliSens WNV-FL
reagent kit (Central Research Institute of Epidemiology

! Newsletter of the Federal Service for Hydrometeorology and
Environmental Monitoring: overview of the state and trends of
climate change in Russia 2024 (December 2023 — November
2024).  URL: http://downloads.igce.ru/climate_change 2/
monitoring-klimata/Russia/2024/2024.pdf (In Russ.)

of Rospotrebnadzor) according to the manufacturer's
instructions. The determination of the WNV lineage in
positive samples was carried out using the Ampligen-
WNV-genotype-1/2/4 reagent kit (Volgograd Research
Anti-Plague Institute of Rospotrebnadzor).

The infection rate of vertebrates was determined
by calculating the proportion of positive samples from
the total number of samples examined (%), and the
individual infection rate of arthropods was calculated
using the formula by V.N. Beklemishev [13]. Statistical
processing of the materials and calculations were
carried out using the Microsoft Excel program.

Results
A total of 5,419 field samples were examined
during the 2024 field season: 684 bird samples from 74
species, 455 small mammal samples from 13 species,
45 frog samples from 1 species, 3,665 blood-sucking
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Table 1. Amount of field samples collected in 2024

Enity (Spgirgzns) Sgi”eggrggz;ls | Mosquitos | Ixodid ticks
specimens samples specimens samples

Astrakhan region - - 7.231 254 559 81
Volgograd region 332 - 11.355 423 350 75
Rostov region - - 3.189 124 5 2
Republic of Kalmykia - - 598 25 -

Republic of Adygea 7 9 2.926 112 370 67
Krasnodar Krai 1 - 9.736 341 - -
Chelyabinsk region - - 2.430 97 - -
Orenburg region 20 35 8.855 312 230 23
Republic of Bashkortostan 5 30 4.102 158 400 40
Perm Krai 24 54 3.034 142 779 70
Kirov region - 75 7.067 276 200 21
Republic of Mordovia 44 60 5.252 254 109 24
Republic of Udmurt 23 73 2.995 120 222 20
Bryansk region 166 - 2.493 97 - -
Smolensk region 4 35 5.650 214 400 20
Orlov region 20 15 2.736 117 310 33
Moscow region 17 18 4.054 168 57 8
Kaluga region 21 16 3.941 180 403 43
Ryazan region 0 35 5.794 251 415 43
Total 684 455 93.438 3665 4809 570

mosquito samples from 33 species (93,438 specimens),
and 570 ixodid tick samples from 17 species (4,809
specimens). Table 1 presents the amount of birds, small
mammals, mosquitoes and ixodid ticks in each entity.
In the Volgograd region, 45 frogs were also collected
for the study.

The species composition, amount of samples and
results of the studies are presented in Table 2 and Ta-
ble 3.

Markers of the WNF pathogen were found in field
samples in 7 entities from 3 federal districts (figure),
including in 3 entities (Kirov, Chelyabinsk regions and
the Republic of Mordovia), where evidence of the epi-
zootic process of WNF was obtained for the first time.
In the specified territories, local cases of WNF were
registered in the Chelyabinsk region in 2010 and 2011
[14], however, from 2010 to 2023, WNV markers were
not detected in field samples.

WNV RNA was detected in 6 (0.5%) out of 1184
tested samples of vertebrate animals and in 27 (0.6%)
out 0f4235 samples of arthropods. In 1 sample, the RNA
was typed as lineage 1 (Rostov region), in 25 samples
as lineage 2 (Rostov, Volgograd, Kirov, Chelyabinsk,
Astrakhan regions, Republic of Mordovia, Krasnodar
Krai), and in 6 samples as lineage 4 (Volgograd region).

The overall level of individual infection rate (in-
fection of each individual) among blood-sucking mos-
quitoes was 0.03%, among ixodid ticks it was 0.06%,

and among birds it was 0.9%. When examining samples
from small mammals and frogs, no markers of WNV
were found.

From the CFD with negative results, 228 birds,
119 small mammals, 1,027 mosquito samples and 147
ixodid tick samples were examined.

The largest number of samples from the total num-
ber examined came from the Southern Federal District
(SFD) and the VFD. From the SFD, 340 birds, 9 small
mammals, 45 frogs, 1279 mosquito samples, and 225 ix-
odid tick samples were tested. WNV RNA was detected
in 20 samples of mosquitoes (individual infection rate
was 0.06%), 3 samples of ixodid ticks (0.24%), and 6
samples of birds (1.76%). Vertebrates from the VFD in
the studies were represented by 116 birds and 327 small
mammals. No positive findings from vertebrates were
detected. Out of 1,262 mosquito samples collected in
this district, WNV RNA was detected in 3 (individual
infection rate — 0.01%). The results of the studies on
198 samples of ixodid ticks are negative.

97 samples of mosquitoes were delivered from the
UFD for research. RNA markers of WNV were detect-
ed in 1 sample. The level of individual mosquito infec-
tion rate was 0.04%.

Discussion

One of the leading factors contributing to the ac-
tivation of the epizootic process of WNF is the high
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Table 2. Results of WNV RNA testing in vertebrate species in 2024

Species Amount . ”Amount .
of studied specimens of positive specimens
Birds
White stork — Ciconia ciconia Linnaeus, 1758 1 0
Gray partridge — Perdix perdix Linnaeus, 1758 4 0
Common pheasant — Phasianus colchicus Linnaeus, 1758 5 0
Black grouse — Lyrurus tetrix Linnaeus, 1758 1 0
Rock dove — Columba livia Gmelin, 1789 84 0
Wood pigeon — Columba palumbus Linnaeus, 1758 2 0
Mottled duck — Anas fulvigula Ridgway, 1874 2 0
Gadwall — Mareca strepera Linnaeus, 1758 4 0
Tufted duck — Aythya fuligula Linnaeus, 1758 1 0
Greater white-fronted goose — Anser albifrons Scopoli, 1769 12 0
Greylag goose — Anser anser Linnaeus, 1758 6 0
Garganey — Spatula querquedula Linnaeus, 1758 7 0
Eurasian teal — Anas crecca Linnaeus, 1758 12 0
Mallard — Anas platyrhynchos Linnaeus, 1758 157 0
Common pochard — Aythya ferina Linnaeus, 1758 3 0
Northern Shoveler — Spatula clypeata Linnaeus, 1758 2 0
Eurasian Wigeon — Mareca penelope Linnaeus, 1758 2 0
Common merganser — Mergus merganser Linnaeus, 1758 2 0
Ruddy shelduck — Tadorna ferruginea Pallas, 1764 1 0
Common goldeneye — Bucephala clangula Linnaeus, 1758 3 0
Eurasian woodcock — Scolopax rusticola Linnaeus, 1758 54 0
Common snipe — Gallinago gallinago Linnaeus, 1758 1 0
Black-headed gull — Chroicocephalus ridibundus Linnaeus, 1766 9 0
Common tern — Sterna hirundo Linnaeus, 1758 1 0
Little tern — Sternula albifrons Pallas, 1764 2 0
Caspian gull — Larus cachinnans Pallas, 1811 1 0
Northern Lapwing — Vanellus vanellus Linnaeus, 1758 1 0
Eurasian dotterel — Eudromias morinellus Linnaeus, 1758 1 0
Common sandpiper — Actitis hypoleucos Linnaeus, 1758 2 0
Corncrake — Crex crex Linnaeus, 1758 1 0
Eurasian coot — Fulica atra Linnaeus, 1758 17 0
Gray heron — Ardea cinerea Linnaeus, 1758 12 2
Black-crowned Night heron — Nycticorax nycticorax Linnaeus, 1758 2 0
Purple heron — Ardea purpurea Linnaeus, 1766 4 0
Glossy ibis — Plegadis falcinellus Linnaeus, 1766 1 0
Great cormorant — Phalacrocorax carbo Linnaeus, 1758 43 2
Hooded crow — Corvus cornix Linnaeus, 1758 50 1
Common raven — Corvus corax Linnaeus, 1758 1 0
Rook — Corvus frugilegus Linnaeus, 1758 79 0
Eurasian magpie — Pica pica Linnaeus, 1758 22 0
Western jackdaw — Coloeus monedula Linnaeus, 1758 2 0
Eurasian jay — Garrulus glandarius Linnaeus, 1758 6 0
Eurasian tree sparrow — Passer montanus Linnaeus, 1758 3 0
House sparrow — Passer domesticus Linnaeus, 1758 3 0
Great tit — Parus major Linnaeus, 1758 7 0
Red-backed shrike — Lanius collurio Linnaeus, 1758 1 0
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End of the Table 2

Species

Amount
of studied specimens

Amount
of positive specimens

Song thrush — Turdus philomelos Brehm, 1831

American robin — Turdus migratorius Linnaeus, 1766
Common blackbird — Turdus merula Linnaeus, 1758

Fieldfare — Turdus pilaris Linnaeus, 1758

Garden warbler — Sylvia borin Boddaert, 1783

Common redstart — Phoenicurus phoenicurus Linnaeus, 1758
European greenfinch — Chloris chloris Linnaeus, 1758
Bohemian waxwing — Bombyecilla garrulus Linnaeus, 1758
Barn swallow — Hirundo rustica Linnaeus, 1758
Yellowhammer — Emberiza citrinella Linnaeus, 1758
European robin — Erithacus rubecula Linnaeus, 1758
Eurasian chaffinch — Fringilla coelebs Linnaeus, 1758

Blyth’s reed warbler — Acrocephalus dumetorum Blyth, 1849
Arctic warbler — Phylloscopus borealis Blasius, 1858
Eurasian wren — Troglodytes troglodytes Linnaeus, 1758
Common grasshopper warbler — Locustella naevia Boddaert, 1783
Spotted flycatcher — Muscicapa striata Pallas, 1764

Barred warbler — Curruca nisoria Bechstein, 1795

Common swift — Apus apus Linnaeus, 1758

Black woodpecker — Dryocopus martius Linnaeus, 1758
Great spotted woodpecker — Dendrocopos major Linnaeus, 1758
European Nightjar — Caprimulgus europaeus Linnaeus, 1758
Ural owl — Strix uralensis Pallas, 1771

Tawny owl — Strix aluco Linnaeus, 1758

Red-footed falcon — Falco vespertinus Linnaeus, 1766
Western marsh harrier — Circus aeruginosus Linnaeus, 1758
Black kite — Milvus migrans Boddaert, 1783

Common buzzard — Buteo buteo Linnaeus, 1758
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O O O O O O O O 0O 0O O O o ~ 0O 0O O 0O OO0 Oo oo o o o o o

Total 684
Small mammals
Bank vole — Myodes glareolusu Schreber, 1780 186 0
East European vole — Microtus majori Satunin, 1907 1 0
Common vole — Microtus arvalis Pallas, 1779 40 0
Feldmause — Microtus Schrank, 1798, sp. 7 0
European water vole — Arvicola amphibius Linnaeus, 1758 1 0
House mouse — Mus musculus Linnaeus, 1758 8 0
Yellow-necked mouse — Apodemus flavicollis Melchior, 1834 9 0
Ural field mouse — Sylvaemus uralensis Pallas, 1811 134 0
Striped field mouse — Apodemus agrarius Pallas, 1771 35 0
Short-tailed field vole — Microtus agrestis Linnaeus, 1761 1 0
Brown rat — Rattus norvegicus Berkenhout, 1769 5 0
European mole — Talpa europaea Linnaeus, 1758 1 0
Common shrew — Sorex araneus Linnaeus, 1758 27 0
Total 455 0
Amphibians
Marsh frog — Pelophylax ridibundus Pallas, 1771 45 0
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Species

Amount
of specimens

Amount
of studied samples

Amount
of positive samples

Anopheles algeriensis Theobald, 1903
Anopheles claviger Meigen, 1804
Anopheles hyrcanus Pallas, 1771

k. Anopheles maculipennis Meigen, 1818
Anopheles plumbeus Stephens, 1828
Aedes albopictus Skuse, 1895

Aedes annulipes Meigen, 1830
Aedes behningi Martini, 1926

Aedes cantans Meigen, 1818

Aedes caspius Pallas, 1771

Aedes cataphylla Dyar, 1916

Aedes cinereus Meigen, 1818

Aedes communis De Geer, 1776
Aedes cyprius Ludlow, 1920

Aedes dorsalis Meigen, 1830

Aedes excrucians Walker, 1856
Aedes flavescens Muller, 1764

Aedes geniculatus Olivier, 1791
Aedes intrudens Dyar, 1919

Aedes nigrinus Eckstein, 1918

Aedes pulcritarsis Rondani, 1872
Aedes punctor Kirby, 1837

Aedes riparius Dyar et Knab, 1907
Aedes sticticus Meigen, 1838

Aedes subdiversus Martini, 1926
Aedes vexans Meigen, 1830

Culex modestus Ficalbi, 1890

Culex pipiens Linnaeus, 1758
Culiseta alaskaensis Ludlow, 1906
Culiseta annulata Schrank, 1776
Culiseta longiareolata Macquart, 1838
Coquillettidia richiardii Ficalbi, 1889
Uranotaenia unguiculata Edwards, 1913
Total

Dermacentor marginatus Sulzer, 1776

Dermacentor niveus Neumann, 1897

Dermacentor reticulatus Fabricius, 1794
Haemaphysalis punctata Canestrini and Fanzago, 1878
Hyalomma detritum Schulze, 1919

Hyalomma marginatum Koch, 1844

Hyalomma scupense Schulze, 1919

Ixodes persulcatus Schulze, 1930

Blood-sucking mosquitoes
172
695
4096

38292
8
30
111
201
4687
2865
204
2066
964

878
709
1014
214
380
15
83
132
63
3974
1
8344
5197
13428
322
480
59
3573
176
93 438

Ixodid ticks
96
33

1688

20
197
181
960

36
146
1577

11
164
109

80
36

34
25
52

11
14

146

3665

13

193

50

39
86
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End of the Table 3

Species

Amount
of specimens

Amount
of positive samples

Amount
of studied samples

Ixodes ricinus Linnaeus, 1758

Rhipicephalus annulatus Say, 1821

Rhipicephalus niveus Yamazaki (1919)

Rhipicephalus rossicus Yakimov et Kohl-Yakimova, 1911
Rhipicephalus sanguineus Latreille, 1806

Rhipicephalus turanicus Pomerantsev 1936
Rhipicephalus pumilio Schulze, 1935

Total

895 77 0
342 64 0
15 2 0
169 18 1
66 0
20 0
118 12 0
4809 570 3

air temperature readings. In 2024, averaged anom-
alies were significant across most of Russia in April,
throughout the summer months, and in September,
which contributed to an increase in the replication rate
of the pathogen, accelerated the development stages of
vectors, and prolonged the stay of migratory birds in
their breeding areas.

When examining the material from birds, all pos-
itive samples were found only in the Volgograd region.
Among them, there are sedentary birds (gray crow) and
migratory birds (common cricket, great cormorants,
gray herons). A fallen common cricket was discovered
by us in the area of high-rise buildings in the center of
Volgograd in mid-August during the period of maxi-
mum activity of the pathogen and Culex mosquitoes. At
the same time, over the many years of studying WNF
in southern Russia, official epizootics among birds with
fatal outcomes (in Volgograd and Astrakhan regions)
have not been recorded. This fact was explained by the
possible adaptation of local bird populations as a result
of long-term interaction with the pathogen population
[15]. Confirmation of the etiological role of the WNF
pathogen in the occurrence of fatal disease in birds in
the territory of the old disease focus in the 2024 sea-
son suggests that active monitoring for the morbidity of
wild and synanthropic birds, as well as targeted exam-
ination for the presence of WNV markers in deceased
individuals in accordance with regulatory documents,
is not being carried out?.

The remaining birds with detected WNV RNA
were captured in fish farming ponds and lakes of the
Volga-Akhtuba floodplain in the Volgograd region
from September 28 to November 3. Great cormorants
and gray herons use these biotopes as stops for rest
and feeding during the autumn migration to winter-
ing grounds, while resident gray crows are attracted to
these water bodies due to the constant presence of food
remnants from other birds on their shores.

2 Paragraphs 5.18, 5.5, 8.5.1 Epidemiological surveillance,
laboratory diagnostics and prevention of West Nile fever. MU
3.1/4.2.4063-24. Moscow; 2024. 46 p. (In Russ.)

Markers of WNV in Russia have been found in
mosquitoes of 19 species over the entire observation
period [16—18]. According to the results of our research
in 2024, mosquitoes of 6 species tested positive for the
presence of WNV RNA. Among the positive findings,
C. pipiens accounted for 45.8%, U. unguiculata for
25.0%, C. richiardii, Cx. modestus and A. maculipennis
mosquitoes for 8.3% each, and Ae. cinereus for 4.2%.

The level of individual infection rate in mosquitoes
feeding on birds and mammals, including humans, was
0.08% for C. pipiens, 0.06% for C. richiardii, 0.04%
each for Cx. modestus and Ae. cinereus, and 0.006%
for An. maculipennis. This indicator for Uranotaenia
unguiculata mosquitoes, whose main hosts are frogs —
carriers of the lineage 4 WNV — reached 6.3%. The
pathogenicity of lineage 4 WNV for humans remains
unproven.

All C. pipiens, An. maculipennis and C. richiar-
dii mosquitoes in which WNV markers were detected
were collected in populated areas. Ae. cinereus and Cx.
modestus mosquitoes were caught on the shores of wa-
ter bodies in areas where waterfowl concentrate. This
indicates a high risk of WNV infection for the popula-
tion in both urbanized and natural habitats.

Territorially, as expected, the maximum number
(20) of positive findings from mosquitoes was identi-
fied in the SFD: 8 in Astrakhan region, 10 in Volgo-
grad region, and 1 each in Rostov region and Krasnodar
Krai. In the VFD, WNV markers were found in mosqui-
toes: in 2 samples from the Republic of Mordovia and
1 from the Kirov region. Out of 97 samples collected in
the Southern UFD in the Chelyabinsk region, the patho-
gen was found in 1 sample from C. modestus thermo-
philic mosquitoes, which reach high numbers only in
the Southern UFD. In central Russia, however, they are
usually found in small numbers and not in all regions.
And although the average summer temperatures in the
Southern Urals are 2.0-3.5°C lower than in the CFD as a
whole, the presence of one of the main carriers of WNV
in Europe in this area and the detection of the pathogen
RNA from it indicate a sufficiently high risk of infection
for the population in the Chelyabinsk region.
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In the other surveyed regions, infected carriers
of WNV were not found, which does not rule out the
presence of WNV foci and requires conducting repeat-
ed studies with the selection of other biotopes for field
sample collection.

Positive samples for the presence of WNV RNA
from ixodid ticks were found only in the SFD: 2 from
H. marginatum in the Volgograd region and 1 from
Rhipicephalus rossicus in the Rostov region. Their in-
dividual infection rates were 1.0% and 1.8%, respec-
tively.

The detection of WNV RNA in mid-April from
ticks and in June from mosquitoes and ticks indicates
an early activation of the epizootic process in 2024.
Moreover, the April findings may also indicate the pres-
ervation of WNV in ticks during the winter period.

The established combined presence of lineages 1
and 2 WNYV in the Rostov region is of scientific interest.

Conclusion

In southern Russia, the enzootic circulation of
WNYV in 2024 has been confirmed in the territories of
Volgograd, Astrakhan, Rostov regions and Krasnodar
Krai. The beginning of the epizootic process of WNF
was registered in these territories (with the exception
of Astrakhan region) during the spring—early summer
period, which was a precursor to possible epidemiolog-
ical instability. The presence of positive findings in the
Republic of Mordovia, Kirov and Chelyabinsk regions
confirms the circulation of the pathogen in the territo-
ries of the VFD and the UFD. Information on the spread
of WNV in Russia has been supplemented with data
from three new regions, and the Kirov region was the
northernmost point where the pathogen RNA was de-
tected in field samples in our study.
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Abstract

Introduction. The characteristics of the HIV epidemic in Cuba are comparable to those of the HIV epidemic in
Russia. Migration between Cuba and Russia can affect HIV-1 genetic diversity and drug resistance in Russia.
The vulnerable group of men with risk sexual behavior including men who have sex with men (MSM) and
commercial sex workers (CSW) deserves special attention. The aim of our study was the analysis of HIV-1
genetic variants and HIV-1 drug resistance in blood plasma samples obtained from MSM migrants from Cuba
living in Moscow.

Materials and methods. A collection of blood plasma samples, epidemiological and clinical information was
collected from MSM patients — migrants from Cuba, nucleotide sequences of the HIV-1 genome were obtained.
HIV-1 genotyping, cluster analysis and analysis of drug resistance (DR) were carried out.

Results. Samples and epidemiological data obtained in 2022—2024 from 27 patients were analyzed. 24/27 pa-
tients (including 12/15 suspected of infection in Moscow and all 10 — in Cuba) harbored HIV-1 variants typical for
Cuba, not Russia. This indicates that 88.89% of patients were infected by their fellow citizen. DR was detected
in 9 patients (33.33%; 95% CI 15.55-51.11). The most common resistance was DR to efavirenz (EFV) and
nevirapine (NVP), which was associated with K103N, Y181C and P225H mutations.

Conclusion. The migration factor should be taken into account in HIV-1 prevention and control of HIV-spreading
programs in Russia, and the genetic characteristics of HIV-1 in migrants should be taken into account in effective
therapy selecting.

Keywords: HIV-1, MSM, migrants, viral variant, CRF, BG-recombinants, drug resistance, cluster
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AHanuns reHeTNYECKNX BapUaHTOB N JIeKapCTBEHHOWN YCTONUYMNBOCTH
BUY-1 cpean My>X4unH € puCKOBaHHbIM CeKCyalNibHbIM NOBeAeHnem,
rpaxxaaH Ky6bl, npoxunsawwmx B Mockse B 2022-2024 ropax

JNlanoBok U.A.™, Kupuuenko A.A.", LLnbikoBa A.B.", Kupees A.E.’,
MNonosa A.A." 2 MNokpoBckana A.B."3
'LleHTpanbHbI HAYYHO-UCCIeAoBaTENbCKUN MHCTUTYT anugemuonorun PocnoTtpebHagsopa, Mocksa, Poccus;

2Poccuiickas MeaULMHCKan akagemusa HenpepbiBHOMO npodeccuoHanbHoro obpasosaHms, Mocksa, Poccus;
3PoCCUCKUIA yHUBEPCUTET ApY»KObl HapofoB MMeHu MaTpurca Jlymym6bl, MockBa, Poccusa

AHHOMauyusi

BeepgeHue. Snugemusa BUY-nHdpekumm Ha Kybe nveet cBom 0CobeHHOCTM NO CpaBHEHMUIO € anuaemuneri B Poc-
cumn. MurpaumoHHble notoku mexay Ky6ow n Poccrein cnocoGHbl okasaTh BNMsiHAE Ha reHeTu4eckoe pa3Hoobpa-
31e 1 NeKkapcTBeHHYo ycTonumBocTb BUY-1 B Poccun. OTaenbHOro BHUMaHWA 3acnyXnBaeT yasBumas rpynna
MY>XYMH C PUCKOBAHHbIM CEKCYyarbHbIM NOBEAEHUEM, B YHACTHOCTM — MYXUMHbI, MPAKTUKYIOLLME CEKC C MY>XYNHA-
Mu (MCM), n paboTHUKM KOMMEPYECKOTO CEKCa.

Lenblo Halero nccrnenoBaHus Obin aHanms3 reHeTudeckmx BapuaHtoB BMY-1 1 nekapcTBEHHON YCTONYMBOCTH
BWY-1 B o6pasuax nna3mbl KpOBM, MONYyYEHHbIX OT MurpaHToB — MCM c¢ Ky6bl, npoxusatowmux B Mockse.
Martepuanbl n Metoabl. buina cobpaHa konnekums obpasLoB Nnas3mbl KPOBW, COMYTCTBYHOLLASA SNMUMOEMMOSIO-
rmyeckasl u KnmHmdeckas nHgopmaums ot naumeHtoB — MCM ¢ Ky6bl, nonyyeHbl HyKneoTuaHble nocrnenosa-
TenbHOCTU reHoma BMY-1. Bbinu npoBeaeHbl reHOTUNMYECKUA, KNacTepHbIN aHanu3 1 aHanu3 nekapcTBEHHOM
yctondmsoctu (J1Y) BUY-1.

Pe3ynbTaTbl. Bbinm npoaHanManpoBaHbl 06pasLbl U anuaaaHHbIe, NoNyyYeHHble OT 27 naumeHToB B 20222024 rr.
Bbino BbisiBNEHO, 4TO 24/27 naumeHToB (BkNtoyasa 12/15, npegnonaraowmux dakt nHhuumposaHus B Mockse,
n 10, npegnonaratoLwmx nHduumpoBaHne Ha Ky6e), 6binmn nHduumposaHsl BapuaHtamu BUY-1, TunnyHeiMm ans
Ky0bl, a He gns Poccumn. 31o roBoput 06 nHgpunumposaHmmn 88,89% naumeHToOB UX corpaxaaHuHom. J1Y 6bina Bbl-
asneHa y 9 (33,33%; 95% AN 15,55-51,11) nauueHToB. Hanbonee yacto oTme4anacb yCTOMYMBOCTb K 3dhaBu-
PEeH3y 1 HEBUpPanUHY, 4To GbIno cea3aHo ¢ MyTaumamm K103N, Y181C n P225H reHa ob6paTHOM TpaHCKpMnTasbl.
3akntoueHune. PakTop MUrpaunmn OOMKEH YYNTLIBATLCA B MPOrpaMmax npounakTuki U NpoTUBOAENCTBUS pac-
npoctpaHeHuto BUY-nHdbekummn B Poccun, a reHetnyeckme ocobeHHoctn BY-1 Heobxoanmo npMHUMaTh BO BHU-
MaHue npu nogbope adpeKkTMBHOM Tepann y MUrpaHToB.

KnroueBble cnoBa: BUY-1, MCM, muepaHmei, supycHbili eapuaHm, CRF, BG-pekombuHaHmMbI, nekapcmeeHHast
ycmou4usocms, Kriacmep

Amu4yeckoe ymeepxdeHue. VlccnegosBaHve npoBoAwnoCbL Npu [0O6POBONBHOM MHGOPMUPOBAHHOM COrMacum
nauueHToB. [MpoTtokon mnccrnenoBaHus opobpeH Atudeckum komutetom LIHUWA Snupgemuonorum (npotokon Ne 142
ot 25.04.2024).

HNcmoyHuk ¢uHaHcupoeaHusi. ABTOpbI 3asBNAOT 06 OTCYTCTBUM BHELUHEro (PMHAHCMPOBAHMSA NpW NPOBEAEHUU
nccnegoBaHus.

KoHgpbnukm unmepecoe. ABTOpbI AeKNapypyoT OTCYTCTBUE SIBHLIX U NOTEHUMANbHbLIX KOH(IMKTOB MHTEPECOB, CBSI-
3aHHbIX C NyOnukaumnen HacTosiLLen cTaTb.
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Introduction

The relationships between Cuba and Russia have
been significantly strengthened in recent years. In re-
cent years, cooperation between the two countries has
been based on the Declaration on Principles of Rela-
tions between the Russian Federation and the Republic
of Cuba', the Memorandum on Principles of Strategic
Cooperation® and the Joint Statement of the Presidents
of the two countries®, adopted in 1996, 2009 and 2018,
respectively.

The close relationships between Russia and Cu-
ba lead to increased migration processes between
the countries. Since the spread of HIV infection is a
problem in both countries, there is always a risk that
HIV-1 variants circulating in the one country could
be brought into the other country. The spread of these
variants within certain vulnerable groups can then
lead to an increase in infections, which can affect the
genetic landscape of HIV infection and the drug resis-
tance (DR) profile of a country. One such vulnerable
group is men with high-risk sexual behaviors, partic-
ularly men who have sex with men (MSM) as well as
commercial sex workers (CSW). Sexual contacts with
citizens of other countries are typical for members of
this group, which can affect the genetic diversity of
HIV-1 and lead to the generation of new recombinant
forms of the virus.

Cuba has seen an increase in the number of HIV
infections in recent years. According to the United Na-
tions Joint Program on HIV/AIDS (UNAIDS), the total
number of people living with HIV-1 in Cuba has con-
tinued to increase in the last decade, rising from 3,100
in 2000 to 14,000 in 2011 [1] and by 44,000 in 2023*.
Meanwhile, in recent years, Cuba has shown success
diagnostic and treatment of HIV infection. A total of
33,000 (75%) people knew their HIV status in 2023.
Of these, 28,000 (84.84%) were on antiretroviral ther-
apy (ART). Finally, 24,000 (85.72%) patients on ART
had virological success. Thus, Cuba is well on its way to
meeting the WHO’s 90-90-90 HIV strategy and has the
prospect of reaching the main targets of the 95-95-95
strategy by 2030 [2].

Electronic fund of legal and normative-technical documents.
Declaration on the principles of relations between the Russian
Federation and the Republic of Cuba. 1996.

URL: https://docs.cntd.ru/document/1902532?section=text
Electronic fund of legal and normative-technical documents.
Memorandum on the principles of strategic cooperation between
the Russian Federation and the Republic of Cuba. 2009.

URL: https://docs.cntd.ru/document/9021616467?section=text
Official website of the President of the Russian Federation.
Joint statement of the President of the Russian Federation V.V.
Putin and the Chairman of the State Council and the Council of
Ministers of the Republic of Cuba M. Diaz-Canel Bermudez on
common approaches to international affairs. 2018.

URL: http://www.kremlin.ru/supplement/5354

4 UNAIDS Country Fact Sheet. Cuba, 2023. URL: https://www.
unaids.org/en/regionscountries/countries/cuba

The genetic diversity of HIV-1 in Cuba is very
different from that of the Caribbean. While virus of
subtype B is dominated in most countries of the region
(which was associated with more than 90% of infec-
tions in the early 2000s) a large number of other HIV-1
genetic variants are actively circulating in Cuba, in-
cluding recombinant forms that are spreading only on
the island [3]. Thus, while back in the mid-1990s the
dominant virus variant in Cuba was subtype B [4],
a 2002 study showed that only 48% of patients were
infected with this genetic variant [5]. In 2017, the pro-
portion of subtype B in samples from patients over
18 years of age collected during the 1* half of 2017 was
only 26.9%, and infection with various recombinant
forms accounted for 59.5% of HIV infections [6].

With regard to subtype B prevalent in Cuba, it
should be mentioned that this variant is genetically si-
milar to the virus prevalent in the United States and
most Western European countries, but differs from vi-
ruses prevalent in other Caribbean countries [1, 7, 8].
Some researchers attribute this to the repeated unrelat-
ed importations of subtype B from the United States,
Canada and the European continent in the late 1970s
[7]. Others suggest that it arrived in Cuba in the early
1990s from the United States, when, against the back-
ground of the economic crisis caused by the collapse of
the USSR, the tourist business in Cuba began to devel-
op and migration flows shifted to the United States [1].

In addition to subtype B, a recombinant form
CRF19 cpx, whose genome is represented by frag-
ments of the HIV-1 genome of subtypes D, Al, and
G, is circulating in Cuba [3, 9]. CRF19 _cpx was first
described in Cuba in 1999. [10]. A detailed analysis re-
vealed that CRF19 cpx is a recombinant of two viral
variants: AG recombinant from Cameroon, later de-
scribed as CRF37_cpx recombinant, and a subtype D
virus from Gabon [9-11]. CRF19 cpx appears to have
emerged in the Cuban community in the Democratic
Republic of Congo (DRC) in 1966—1970, from where
it entered the province of Villa Clara, Cuba in the late
1970s, i.e., before the spread of HIV-1 into Western
European countries (in the late 1970s). Then there was
its spreading in Havana and other provinces of Cuba
[8, 10, 12]. By 2017, this genetic variant accounted
for 24.1% of new HIV infections among patients over
18 years of age [6].

Also another recombinant CRF18 cpx with a
complex, mosaic genome structure is widely distribu-
ted in Cuba. Apparently, it is also of African origin and
could have come from either the DRC or the Central
African Republic or the Republic of Cameroon or the
Republic of Angola [1, 12, 13]. The genome structure of
CRF18_cpx is more mosaic than that of CRF19_cpx and
is represented by regions identical to viruses of subtypes
A, F, G, H, K and U. In describing this genetic variant,
40 genetically related virus samples were identified,
including CRF04_cpx and CRF13_cpx viruses [13].
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The period from the mid-1980s to the mid-1990s
was marked in Cuba by the appearance of other recombi-
nant forms, including BG recombinants, among HIV-in-
fected people [1]. The BG recombinants circulating in
Cuba have Cuban origin [3], having resulted from the
recombination of HIV-1 variants of subtypes B and G
that had previously circulated on the island [1]. All Cu-
ban BG recombinants (CRF20, CRF23, CRF24) have
a common origin from subtype G from Central Afica,
circulating among heterosexuals, and subtype B (close to
the one prevalent in the USA), circulating among MSM
in Havana in the early 2000s. It is logical that BG recom-
binants were initially detected among MSM in Havana,
and by 2003 were responsible for more than 30% of
HIV infections in the Cuban capital [1, 8, 12].

This fact clearly illustrates the role of recombina-
tion as one of the drivers of HIV-1 genetic variabili-
ty and makes Cuba one of the HIV-1 recombination
hotspots along with Myanmar, South China, East Af-
rica, Argentina and Brazil [8]. Moreover, recombinants
generated in Cuba subsequently began to spread around
the world. Thus, Cuban CRF20_BG is found in Spain
and Greece [1].

Except for the recombinant forms mentioned
above, other HIV-1 variants circulate in Cuba: at least
2 subtype C lineages from East and South Africa [1].
HIV-1 subtype G, the progenitor of BG recombinants,
is likely has the Central African origin [1]. In addition,
active circulation of HIV-1 subtype H has been noted in
the province of Santiago de Cuba [12, 14]. Finally, some
cases of HIV infection caused by CRF05 DF, which
was previously reported in Belgium, DRC, Spain, and
Costa Rica, have been identified [14].

The role of the vulnerable MSM group in the HIV
epidemic in Cuba is crucial. While in 2002 just over
81% of HIV-infected men were MSM [5], in the first
half of 2017 this index reached to 94.31% [6]. This vul-
nerable group is currently the dominant group in Cuba.
The invasion of HIV-1 subtype B into the MSM group
at the end of the twentieth century led to the active
spreading and domination of this variant in Cuba [7].
The same factor became the basis for the increase in
genetic diversity in Cuba: already in the early 2000s,
Cuban BG-recombinant forms of HIV-1 began to
spread among MSM [1, 8, 12].

Full-scale ART implementation began in Cuba in
2001 through the use of primarily generic nucleoside
reverse transcriptase inhibitors (NRTIs) and non-nu-
cleoside reverse transcriptase inhibitors (NNRTIs) [6],
achieving virologic success in 83% of patients in 2017
and nearly 86% in 2023. [6]. However, the use of ART
has also led to an increase in DR in the country. In 2017,
the prevalence of DR in ART-naive patients to at least
one drug was 29.8%, which is higher than this index in
2007-2011 (12.5%) and 2009-2012 (20.2%) [6].

In 2017, the primary DR to NRTIs was 10.6%
and to NNRTIs was more than 23%. The prevalence of

ORIGINAL RESEARCHES

high-level DR to NNRTIs was associated with the fre-
quency of K103N, G190A, and Y181C mutations [6].
Moreover, DR was significantly more frequently de-
tected in people 1825 years old compared to groups
of older people.

There are significant differences between the ge-
netic diversity of HIV-1 in Cuba and Russia. In Russia,
since the late 1990s, HIV-1 sub-subtype A6 spread-
ing in Russia and the former Soviet Union through
injecting drug users has been dominant [15, 16]. The
second most common HIV-1 variant is recombinant
CRF63 02A1, which in recent years has been actively
spreading in Central Asian countries and the Siberian
region of Russia [15, 17].

In Russia, circulation of two variants of HIV-1
subtype B has been detected: Bwest, characteristic of
Western Europe and Cuba, and Bfsu (IDU-B), which
circulation was noted in the Russian Far East and which,
together with sub-subtype A6, became the progenitor of
CRF03_AB [15, 16, 18, 19]. The circulating of HIV-1
subtype C, CRF03 AB, and subtype G have also been
observed in Russia [15].

In recent years, unique and rare AG-recombinant
forms, probably imported from Central Asian countries,
have been frequently detected in Russia [15].

The problem of HIV infection among MSM in
Russia also has its own peculiarities, primarily due to
the insufficient study of this vulnerable group. MSM
were the main vulnerable group until the mid-1990s
But after HIV-1 invasion in community of injecting
drug users, these people became the main vulnera-
ble group, and the contribution of MSM to the HIV
epidemic in Russia became vanishingly low [15, 16,
18, 20]. This can be largely explained by the stigma-
tization of MSM and the lack of work on monitoring
this group in Russia [18, 20]. Meanwhile, there are
estimates of the probable prevalence of HIV-1 among
MSM in different regions of the country — 5-25%,
and UNAIDS in 2016 indicated the value of this index
in Russia at 6% [18].

In recent years, the share of MSM among new
HIV infections in Russia has been gradually increas-
ing. Thus, by the end of 2020, only 2.8% of HIV cases
in the country were associated with MSM. By the end
of 2021, this figure increased to 3%, and by the end of
2023 —to 4.1%°.

Bwest has historically dominated among Rus-
sian MSM, but in the recent past there has been a
trend towards an increase in the proportion of HIV-
1 sub-subtype A6 in this vulnerable group [15, 18],
which suggests that the boundaries of this vulnerable
group are blurring. In addition, the circulation in Rus-
sian MSM of BG recombinants genetically similar to
viruses circulating in Spain and Portugal, but not to

5 Federal Scientific and Methodological Center for the Prevention
and Control of AIDS. URL: http://www.hivrussia.info
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CRF20/23/24 viruses prevalent in Cuba, has been de-
tected among Russian MSM [21].

Regarding the problem of HIV-1 DR in Russia,
the most frequently detected resistance mutations were
KI103N/S, G190A/S in the same positions as for the Cu-
ban samples. Meanwhile, instead of Y181C, the KI10IE
substitution causing resistance to all NNRTIs is more
often detected in Russian samples [22].

Taking into account the above-mentioned features
of HIV infection in Cuba and Russia, as well as the role
of MSM in the HIV epidemic in both countries, the aim
of our study was to analyze HIV-1 genetic variants and
viral drug resistance in blood plasma samples obtained
from MSM migrants from Cuba living in Moscow, one
of the most economically developed centers of Russia,
where historically there is an extensive community of
MSM and migrants.

Materials and methods

The collection of 27 blood plasma samples ob-
tained from MSM Cuban citizens in period since March
2022 till June 2024 was studied. At the same time, cli-
nical and epidemiologic data were collected and pro-
cessed: age, dates of the last negative and first positive
HIV test, information on the likely place and time of
infection, number of sexual partners, experience with
ART, as well as the stage of HIV infection. Patients
were recruited for inclusion in the study in collabora-
tion with non-profit organizations: Steps Foundation®
and LaSky Center’.

HIV-1 RNA concentration (viral load, VL) and
CD4-lymphocyte count were determined in blood plas-
ma samples.

The nucleotide sequences of the pol region (posi-
tions 2253-3353 of the reference strain HXB-2, Gen-
Bank number K03455) encoding HIV-1 protease and
reverse transcriptase fragment in the studied samples
were obtained. Sequencing was performed using the
AmpliSens HIV-Resist-Seq reagent kit (Central Re-
search Institute of Epidemiology) and an Applied Bio-
systems genetic analyzer (Life Technologies).

A sequence analysis was performed, including
preliminary determination of the genetic variant using
the HIVBIlast online application®, phylogenetic analy-
sis in the MEGA 6.0 program [23], and cluster analysis
of nucleotide sequences using the ClusterPicker 1.2.3
program (genetic distance threshold of 4.5% with boot-
strap support of more than 90%)°.

Foundation for the Prevention of Socially Significant Diseases
“Steps”. URL: http://stepsfund.ru
Low-threshold center for the prevention of HIV infection and
support for people living with HIV in Moscow and the Moscow
region. URL: https://lasky.ru
8 Los Alamos National Laboratory. HIV BLAST.
URL: https://www.hiv.lanl.gov/content/sequence/BASIC
BLAST/basic_blast.html
® Leigh Brown HIV Research Group. Picking and Describing HIV

For phylogenetic and cluster analyses, the ob-
tained sample was supplemented with nucleotide se-
quences of Cuban patients (n = 430) from the inter-
national HIV-1 database of the Los Alamos Institute
(USA)'9, described in publications devoted to the anal-
ysis of HIV-1 samples isolated in Cuba in 2007-2017
[3, 6, 10]. For the phylogenetic analysis of genomes ge-
netically close to HIV-1 variants circulating in Russia,
we used a collection of reference sequences used earlier
in the analysis of HIV-1 variants circulating in Eastern
Europe and Central Asia in 2010-2019 [15].

HIV-1 DR was analyzed using the web service
HIVdb of the Stanford University database'' with the
determination of both resistance mutations and DR
level based on the Stanford Penalty Score calculation
[22, 24].

The nucleotide sequences obtained in this study
were uploaded to the Russian database of HIV resis-
tance to antiretroviral drugs, RuHIV (https://ruhiv.ru/)

under accession numbers RHD10698, RHD10712,
RHD10720, RHDI10721, RHDI10725, RHDI10727,
RHD10733-RHD10736, RHDI10739, RHDI16068,
RHDI16123, RHDI16132, RHD17497, RHDI17505,
RHD17513, RHDI17514, RHD20769, RHD20773,

RHD20782, RHD20783,
RHD20806, RHD20813.

RHD20796-RHD20798,

Results

The mean VL level was 5.33 (95% CI 5.19-5.44)
log copies/mL and the mean CD4-lymphocyte count
was 405 (95% CI 296.34-513.34) cells/uL. For 23
(85.19%) patients, stage 2a HIV infection was deter-
mined. Another 4 patients were at stage 3a. No signif-
icant associations were found between HIV infection
stage and VL value or CD4-lymphocyte count.

We analyzed the genetic variants of HIV-1 in the
samples based on a search for maximally genetically
similar reference sequences from the GenBank database
using the HIVBlast online application. The results of
the analysis are presented in the Table. 21/27 (77.78%)
samples were genetically close to HIV-1 reference se-
quences from Cuba. At the same time, 12 (57.14%) of
the 21 patients infected with these HIV-1 variants sug-
gested that their infection occurred in Moscow and not
in Cuba.

Two patients were infected with HIV-1 subtype
C, typical of Botswana. Another 2 patients had HIV-1
subtype B, which is close to the viruses isolated in Ger-
many: patient M151, infected with HIV-1 subtype B,
presumed to have been infected in Cuba, and patient
M80 — in Moscow.

Clusters in Phylogenetic Trees.
URL: https://hiv.bio.ed.ac.uk/software.html
10 Los Alamos National Laboratory. HIV databases.
URL.: https://www.hiv.lanl.gov
11 Stanford HIV Drug Resistance Database.
URL: https://hivdb.stanford.edu
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Results of preliminary genotyping of HIV-1 nucleotide sequences in the HIVBIlast online application

Presumed place

Reference sequence in HIVBlast

Sample

of infection GenBank number genetic variant country genetic similarity, %
M52 Moscow MZ004274 CRF19_cpx Cuba 98
M67 Moscow MZ004382 CRF19_cpx Cuba 95
M75 Moscow MK817409 CRF20_BG Cuba 98
M76 Moscow MK817388 CRF20_BG Cuba 96
M80 Moscow MH471360 Subtype B Germany 96
M82 Moscow MH667011 Subtype B Russia 98
M88 Moscow DQ113271 CRF19_cpx Cuba 95
M89 Moscow MZ004339 CRF19_cpx Cuba 96
M90 Unknown DQ113301 Subtype B Cuba 96
M91 Moscow JQ585469 Subtype B Cuba 97
M94 Moscow DQ113060 CRF19_cpx Cuba 96
M96 Moscow OL792340 Sub-subtype A6 Russia 97
M151 Cuba KJ770458 Subtype B Germany 96
M160 Moscow MZ004178 CRF19_cpx Cuba 97
M169 Moscow MK817435 CRF18_cpx Cuba 96
M177 Moscow AY900579 CRF24_BG Cuba 97
M185 Cuba KR860993 Subtype C Botswana 95
M186 Cuba KR860993 Subtype C Botswana 94
M195 Moscow JN000054 CRF20_BG Cuba 97
M199 Cuba JNO00009 Subtype B Cuba 97
M208 Cuba MK817498 CRF18_cpx Cuba 96
M209 Cuba MK817361 Subtype B Cuba 97
M222 Cuba JN000021 CRF24_BG Cuba 96
M223 Cuba MK817465 CRF18_cpx Cuba 96
M224 Unknown DQ020274 CRF20_BG Cuba 90
M232 Cuba MK817454 CRF18_cpx Cuba 98
M240 Cuba DQ113256 Subtype B Cuba 96

Only 2 patients yielded HIV-1 samples typical for
Russia: one patient was infected with a sub-subtype A6
virus and another with a virus genetically similar to sub-
type B references from the Czech Republic and Russia,
and the Russian A6 and B reference viruses were isolat-
ed from male patients with homosexual and heterosexual
transmission of HIV-1 in 2019 and 2015, respectively.

The preliminary genotyping results obtained
were mostly confirmed by phylogenetic analysis with
HIV-1 reference nucleotide sequences isolated from Cu-
ban patients between 2007 and 2017 (Fig. 1). The same
set of reference sequences and genomes under study
(n=457) were subjected to cluster analysis.

We identified 3 clusters formed by the samples
studied:

1) a cluster formed by 2 HIV-1 subtype C sam-
ples from epidemiologically related patients M185 and
M186;

2) a cluster formed by a sample from patient M222
and reference MK817363;

3) cluster formed by sample M160 and reference
sequences MZ004165 and MZ004178.

Patient M222 was CSW practicing sex under
chemical drugs. He was diagnosed with HIV infection
in 2013, and his presumed site of infection in the same
2013 was Cuba. Therefore, the formation of a cluster
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CRF19_cpx
Subtype B
SRF20
BG
CRF18_cpx
CRF20
BG CRF24
CRF20_BG BG
0,05 Sub-subtype A6
Subtype C

Fig. 1. Results of phylogenetic and cluster analysis
of the pol gene fragment (positions 2253—-3353) nucleotide
sequences of the studied HIV-1 samples’ collection (n = 27)
and the comparison group (n = 430) of Cuban HIV-1
samples.

Phylogenetic analysis was performed by the maximum likelihood
method using the GTR+G+l model of nucleotide substitutions
in 500 independent constructions. Cluster analysis was performed
with a genetic distance threshold of 4.5% and bootstrap support of
more than 90%. Sequences of the studied collection that formed
clusters are indicated by asterisks, those that did not are marked
with black circles.

between M222 and MK817363,a CRF20_BG virus iso-
lated in Cuba in 2017, is not unexpected. Interestingly,
this sample was initially identified in the HIVBIast pro-
gram as CRF24 BG (Table), since CRF20 and CRF24
are very close in terms of the genetic fragment studied.
Cluster analysis corrected these data by assigning the
investigated sample to CRF20.

At the same time, patient M160, whose sample
shared a common cluster with CRF19 cpx samples
MZ004165 and MZ004178 isolated in Havana in 2013
from a male and a female, respectively, was also a CSW
and a transgender person. The patient was diagnosed
with HIV infection in June 2023, and the estimated site
and date of infection was Moscow, January 2022,

Samples from patients M82 and M96, geneti-
cally similar to Russian subtype B and sub-subtype
A6 viruses, respectively, were subjected to addition-
al phylogenetic analysis with reference sequences of
HIV-1 genetic variants circulating in Russia (Fig. 2).
Sample M96, in 82% of possible constructs, formed a

common branch with the sub-subtype A6 AF413987
and AY500393 reference sequences. Sample M82, in
turn, with 78% reliability formed a common branch
with the Russian reference Bwest AY819715 and the
main world reference of the same lineage HXB-2
K03455.

No DR to protease inhibitors was detected in any
HIV-1 sample (Fig. 3). DR to at least one reverse tran-
scriptase inhibitor was detected in 9 (33.33%; 95% CI
15.55-51.11) samples, and 3 (11.11%; 95% CI1 0-22.97)
samples (one CRF19 cpx and two CRF20 BG) were
resistant to both NRTIs and NNRTIs. Typical Russian
viruses from the above-mentioned samples from pa-
tients M&82 and M96 did not contain DR, as well as sub-
type C viruses from patients M185 and M 186 and HIV-1
subtype B from patient M80. The most frequently we
detected DR (predominantly high level) to the NNRTIs
efavirenz and nevirapine (in 29.63% of samples;
95% CI 12.41-46.85), associated with K/03N, Y181C
and P225H mutations (Fig. 3). Resistance to rilpivir-
ine was also associated with the presence of YI81C,
KI101E and E138A4 mutations. Finally, high-level DR to
the NNRTIs emtricitabine and lamivudine in the virus
from 2 (7.41%; 95% CI 0—17.29) samples was associat-
ed with the presence of the M184V mutation.

Six of 9 patients infected with DR HIV-1 had no
experience with therapy and 3 had past experience.
Patient M222 with experience of taking efavirenz +
tenofovir disoproxil + lamivudine had a virus with high
level DR to efavirenz (and cross-DR to nevirapine) and
lamivudine due to a combination of MI184V, KI103N
and P225H mutations. Patient M208, with a history of
taking Truvada 2 years prior to the study, had HIV-1
with only the K/03N mutation causing high-level DR
to efavirenz and nevirapine. The same substitution was
detected in patient sample M223.

Discussion

The results of HIV-1 genetic analysis indicate
that the absolute majority of 21 patients (77.78%) were
infected with the virus variant typical of the patient’s
country of origin — Cuba. For 12 of the 15 patients
who indicated Moscow as the probable place of infec-
tion, there was either infection from a Cuban citizen or
a common sexual partner; or an incorrect assessment of
the place of probable infection had a place. The 2 cases
of infection with a typical Botswana subtype C virus
most likely occurred in Cuba, as the patients assumed,
bacause African variants of HIV-1 were detected in
Cuba in 2013 [1]. The same is real for patient M151,
who was found to have HIV infection with a subtype
B virus genetically similar to the virus circulating in
Germany, reflecting the link between the HIV epidemic
in Cuba and Western Europe [1, 7].

Two samples, M222 (CRF20_BG) and M160
(CRF19_cpx), formed two active (expanding) clusters
that also included samples isolated from Cubans in a
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Fig. 2. Results of phylogenetic analysis of the pol gene fragment (positions 2253—-3353) nucleotide sequences of HIV-1
samples from patients M82 and M96, presumably belonging to genetic variants circulating in Russia.

Phylogenetic analysis was performed using the maximum likelihood
support of 500. Sequences of M82 and M96 are indicated by black

method with the HKY+G model of nucleotide substitutions and bootstrap
circles. Sub-branches formed by viruses of sub-subtype A6 and genetic

variants Bwest and Bfsu are highlighted by frames.

different time period (a difference of 4 and 10 years,
respectively). This suggests continued circulation and
further spread of these viral genetic lineages world-
wide.

Thus, a total of 24 (88.88%) of the Cuban nation-
als MSM we studied living in Moscow were probably
infected either in their home country or from a fellow
citizen. Only 3 patients could have been infected in
Russia:

* M82 and M96 patients infected with HIV-1

typical for the territory of Russia;

* patient M80 infected with a subtype B virus
genetically close to the strain circulating
in Germany. Meanwhile, the circulation of
Western European variants of HIV-1 is typical
for the vulnerable MSM group in Russia [18,
20, 21].

Our data on the incidence of DR have low statisti-
cal reliability due to the small size of sample collection
(n = 27), which does not allow reliable comparison of
our results with published data on HIV-1 DR in Cu-
ba. However, we detected DR in 9 virus samples, 3 of
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Fig. 3. Results of the analysis of occurrence frequency for drug resistance (a) and drug resistance mutations to HIV-1
inhibitors of the NRTI and NNRTI classes (b).

ABC — abacavir; AZT — zidovudine; d4T — stavudine; ddl — didanosine; FTC — emtricitabine; 3TC — lamivudine;
TDF — tenofovir disoproxil; DOR — doravirine; EFV — efavirenz; ETR — etravirine; NVP — nevirapine; RPV — rilpivirine.
The analysis was carried out using the HIVdb online application, the degree of resistance was determined based on the calculation
of the Stanford Penalty Score.

which were obtained from patients with previous ther-
apy experience. The most frequently detected high-lev-
el DR to efavirenz and nevirapine is a trend in recent
years in Russia and low- and middle-income countries
[22, 24]. The presence of HIV-1 with DR in 6 (25%;
95% CI 8.67-41.33) of 24 patients, who probably re-
ceived HIV-1 from Cuban citizens, is a consequence of
the problem of DR spread in Cuba [6]. Moreover, the
use of effective therapeutic regimens may be the key to

virologic success even in the face of HIV-1 resistance
to efavirenz and nevirapine.

Conclusion

Our results suggest a contribution of migration
from Cuba to HIV-1 genetic diversity among MSM in
Moscow in recent years and its impact on the spread
of HIV-1 DR in this vulnerable group. However, reli-
able data on the extent of such influence can only be
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obtained by studying a wider collection of MSM group
patients. The HIV-1 DR profile in the studied collec-
tion was close to published data on DR in Cuba as a
whole. Thus, the migration factor should be taken into
account in programs aimong to prevent and counteract
the spread of HIV infection in Russia, and effective
treatment of patients with HIV-1 DR variants requires
the selection of an effective therapy regimen.
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Abstract

Introduction. Acute intestinal infections cause high morbidity and mortality, especially in Africa and Southeast
Asia, where millions of children under the age of five die every year. The Republic of Guinea urgently requires
large-scale research aimed at studying the causes of diarrheal diseases, necessary for the development of effec-
tive preventive measures to ensure the preservation of the health of its population.

Aim. To conduct a analysis of the etiological structure of acute intestinal infections in the Republic of Guinea.
Materials and methods. Stool samples (n = 724) from residents of the Republic of Guinea with diarrheal syn-
drome were studied by real-time PCR with two reagent kits: 1) AmpliSens OKI screen-FL for the detection of
DNA (RNA) of microorganisms Shigella spp./EIEC, Salmonella spp., Campylobacter spp., Adenovirus, Rotavirus,
Norovirus and Astrovirus; 2) AmpliSens Escherichiosis-FL for the detection of DNA of diarrheagenic Escherichia
coli (DEC) of five pathogroups: EPEC, EHEC, ETEC, EIEC, EAgEC.

Results. In the period 2019-2022, 66.2% of the examined children and adults revealed the presence of genetic
markers of acute intestinal infections, mainly of bacterial etiology (74.1%), among which diarrheagenic E. coli
dominated (62.4%). Genetic markers of viral pathogens were detected significantly less frequently by 25.9%,
p < 0.05. Young children are most vulnerable to infection caused by E. coli. Bacterial pathogens dominate both in
cases of monoinfections and in cases of mixed infection with two or more types of pathogens.

Conclusion. A study has shown that DEC is the main cause of intestinal infections in Guinea. The data obtained
will become the basis for the development of an effective program for the prevention and treatment of acute in-
testinal infections in the republic.
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dTuonornyeckas CTpyKTypa oCcTpbiX KMLWIEUYHbIX MH$eKumni
no pe3ynbTaTaM 3KCTePPUTOPUMANbHOro MOHUTOPUHIa

MakapoBa M.A."?*, banbg3 P.3, KadTbipeBa J1.A."2, MaTBeeBa 3.H.', )kam6opoBa C.X.'

'CaHkT-TNeTepbyprckmii HayYHO-UCCNEA0BATENBCKUN MHCTUTYT SNUAEMUONOMMN 1 MUKPOOMonorum nmenu Mactepa,

CaHkT-lMNeTepbypr, Poccus;

2CeBepo-3anagHas MeguumnHcKas akagemumsa nmenn V.M. MeuHrnkosa, CaHkT-lNeTepbypr, Poccus;

3HayuHo-nccnenoBaTenbCKunii MIHCTUTYT NpuKnagHon 6uonorum MBuHen, KuHana, Pecnybnuka lsuHes

AHHOMayus

BeeaeHue. OcTpble knwevHble nHdekummn (OKW) Bbi3biBatOT BbICOKYHO 3a60neBaemMoCcTb U CMEPTHOCTb, OCOBEH-
Ho B Adppuke u KOro-BocTouHon Asum, roe Kaxapli rog, yMMpatroT MUMIMOHbI AeTen mnagiwe 5 net. Pecny6nvka
BMHES OCTPO HyXXAaeTcs B NpOBEAEHUM LUMPOKOMAacLUTabHbIX UCCNeaoBaHniA, HanpaBeHHbIX Ha U3yYeHne npu-
YMH gnapenHbIx 3aboneBaHnii, HeobxoaMMbIx Ansa pa3paboTku 3eKTUBHBIX Mep NpodunakTuki, obecneumnsa-
OLLMX COXpaHEeHUEe 300PpOBbsi €€ HAaceneHus.

Llenb — npoBecTn aHanus atuonorunyeckon ctpyktypbl OKW B BuHelickon Pecnybnuke.

Matepuanbi n metoabl. [Tpobbl cnpaxHeHun (n =724 ) xutenen NBuHenckon Pecnybnunku ¢ gnapenHbiM CUHOPO-
Mom m3dy4danu metogom lMNLP B peansHomM BpemeHu ¢ ABymsi Habopamu peareHToB: 1) «AMnnnCeHc OKW ckpuH-
FL» ana seiseneHna OHK (PHK) mukpooprannamoB Shigella spp./EIEC, Salmonella spp., Campylobacter spp.,
Adenovirus, Rotavirus, Norovirus v Astrovirus; 2) « AMnnnCeHc Swepuxnosbl-FL» ans seiseneHnsa JHK anapee-
reHHbIx Escherichia coli (DEC) 5 natorpynn: EPEC, EHEC, ETEC, EIEC, EAgEC.

Pesynbratbl. B 2019-2022 rT. y 66,2% o6cnegoBaHHbIX AeTeln 1 B3pOCbIXx 06HapyXeHbl reHeTn4eckie aetep-
mMuHaHTbl OKW, npemmyLuecTBeHHO GakTepuansHom atnonorum (74,1%), cpean KoTopbiX 4JOMUHMPOBANW anapee-
reHHble E. coli (62,4%). leHeTn4Yeckue Mapkepbl BUPYCHbIX NaTOreHOB BbISIBMANNCH 3HAYUTENBLHO pexe — 25,9%
(p < 0,05). Oetn paHHero Bo3pacTta Haubonee ya3Bumbl nepeg nHdekumen, soisaBaHHon DEC. BaktepuanbHblie
BO3OyaNTENM OOMUHUPYIOT KaK B Cry4asix MOHOMHMEKLUMI, TaK 1 Npu COYETaHHOM 3apaXeHun AByMs u Gonee
BMAaMW NaTOreHoB.

3aknrouyeHue. Viccnegosarue nokasano, 4to DEC saensaoTca ocHoBHoM npuyunHon OKW B MBuHee. MNony4veHHble
[AaHHble CTaHyT OCHOBOW ANsi pa3paboTku adheKTMBHON NporpaMmMbl NpodunakTukm n nedeHnss OKW B pecny-
6nuike.

KnroueBble cnoBa: duapeliHbil CUHOPOM, OCMpbIe KUWEYHbIe UH(beKyuu, 2eHemu4deckue 0emepMuHaHmbl, ro-
numepasHas yenHas peakyusi, Agppuka, euHelickas Pecriybnuka

Amuyeckoe ymeepxdeHue. ViccnenosaHne npoBoaMIoch nNpn o6poBonbHOM MHPOPMUPOBaAHHOM COrmacum nauu-
€HTOB MNK UX 3aKOHHbIX NpeacTasuTenen. [Npotokon nccnegosaHns ofobpeH ATudeckum kommtetom CaHkT-lNeTtep-
6yprckoro HAW anugemuonorumn n mukpobuonorum um. Mactepa (npotokon Ne 27 ot 02.07.2019).

HUcmoyHuk ¢puHaHcupoeaHusi. ABTOpbI 3asiBMsIOT 06 OTCYTCTBUU BHELLUHETO (DMHAHCUPOBAHWUS NMPU NPOBEAEHUN UC-
crnepoBaHus.

KoHgbnnukm unmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHBLIX M MOTEHUMANbHbLIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukaunen HacTosILLEen CTaTbu.

Ans yumupoeaHusi: Makaposa M.A., banbaa P, KadTeipesa J1.A., MaTtBeeBa 3.H., XKamboposa C.X. 3tuonornye-
cKasi CTPYKTypa OCTPbIX KULLEYHbIX MH(EKLMIA MO pe3yrnbraTtaM 3KCTEPPUTOpUAnbHOrO MOHUTOPUHIa. XKypHan Mukpo-
buornoeuu, anudemuonoauu u ummyHobuonoauu. 2025;102(4):436—444.
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Introduction a significant global reduction in diarrhea mortality over

Acute intestinal infections are a global health
problem, leading to high morbidity and mortality rates
in many countries [1]. Approximately 1.6 million peo-
ple die from diarrhea worldwide each year, with the vast
majority of cases occurring in developing countries [2].
Diarrheal diseases are the cause of 15% of deaths in
young children, with approximately 80% occurring in
the regions of Africa and Southeast Asia [3, 4]. Despite

the past quarter-century, most African countries contin-
ue to face high prevalence rates of severe acute intes-
tinal infections [5]. Experts estimate that by 2030, 4.4
million children under the age of 5 will die annually
from infectious diseases, with 60% of cases occurring
in African countries [6, 7].

For the African continent, diarrheal diseases re-
main a pressing threat, particularly acute in conditions

© Makaposa M.A., banbas P, KadTeipesa J1.A., Mateeesa 3.H., >Kamboposa C.X., 2025
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of deep poverty [8—10]. Within the UN Millenium
Declaration adopted in 2000, important goals were set
aimed at combating poverty and malnutrition, ensuring
universal access to clean drinking water, and signifi-
cantly reducing child mortality'. However, current real-
ities show that many African countries will not be able
to achieve these targets on time, considering that only a
third of the population has regular access to clean water
[11-13]. This fact creates additional risks of diarrheal
diseases spreading among a significant portion of the
region's population?.

According to data from the international Global
Enterics Multi-Center Study (GEMES) project, diar-
rheagenic Escherichia coli (DEC) and Cryptosporidium
are recognized as the most dangerous pathogens caus-
ing deaths from diarrhea in children under 5 years old in
several African countries — Kenya, Mali, Mozambique
and Gambia. Research conducted in 18 African coun-
tries on the burden of diarrheal diseases of Escherichia
coli etiology showed that enteroaggregative E. coli
(EAgEC) are a more common DEC pathogenic group
(69% of cases) than enterotoxigenic E. coli (ETEC),
enteropathogenic E. coli (EPEC), Shiga toxin-producing
E. coli (STEC) and enteroinvasive E. coli (EIEC), with
prevalence ranging from 6.6% to 18.6% [2].

Unlike developed regions such as the United States
and Europe, which have well-organized systems for
monitoring intestinal infections, including DEC?, most
countries on the African continent face significant chal-
lenges in developing effective healthcare infrastructure
and comprehensive control of acute intestinal infections.

The etiology of acute intestinal infections is di-
verse, which leads to differences in the epidemic pro-
cess in countries with varying levels of economic
development. This is the reason why identifying the
key pathogens causing gastrointestinal infectious dis-
eases is crucial for organizing microbiological moni-
toring within the epidemiological surveillance system
and preventing infectious threats in African countries.
Nowadays, Guinea has a particular necessity for large-
scale research aimed at studying the etiology of acute
diarrhea to develop a regional strategy for preventing
diarrheal diseases, which is essential for preserving the
health of the Republic population.

The aim of the study is to conduct a systematic
analysis of the etiological structure of acute intestinal
infections in the Republic of Guinea.

! United Nations Millennium Declaration. URL: https://www.
un.org/ru/documents/decl _conv/declarations/summitdecl.shtml

2 'WHO. Diarrhoeal disease; 2024. URL: https://who.int/news-
room/fact-sheets/detail/diarrhoeal-disease

3 National Surveillance of Bacterial Foodborne Illness (Enteric
Diseases).
URL: https://www.cdc.gov/nationalsurveillance/index.html;
Surveillance and disease data for Escherichia coli.
URL: https://www.ecdc.europa.eu/en/escherichia-coli-ecoli/
surveillance-and-disease-data
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Materials and methods

The study included patients who sought medical
attention at healthcare facilities with symptoms of acute
intestinal infection (diarrhea, nausea, vomiting, abdom-
inal pain, symptoms of intoxication). The study proto-
col was approved by the Ethics Committee of the Pas-
teur St. Petersburg Research Institute of Epidemiology
and Microbiology (protocol No. 27 dated 02.07.2019).

Stool samples from 724 patients, including 73
children aged 1-5 years (10.1%), 130 aged 617 years
(18.0%) and 521 adults aged 18-76 years (72.0%),
were examined using polymerase chain reaction (PCR)
with hybridization-fluorescence detection with two re-
agent kits:

1. AmpliSens OKI screen-FL for the detection and
differentiation of DNA (RNA) of microorganisms of
the Shigella spp./EIEC, Salmonella spp., thermophilic
Campylobacter spp., Adenovirus (group F), Rotavirus
(group A), Norovirus (genotype 2) and Astrovirus;

2. AmpliSens Escherichiosis-FL for the detection
of diarrheagenic E. coli (DEC) of 5 pathogenic groups:
EPEC, EHEC, ETEC, EIEC, EAgEC (Russian Re-
search Institute of Epidemiology of Rospotrebnadzor,
Russia).

Total DNA/RNA was extracted using the RI-
BO-prep reagent kit (Russian Research Institute of Ep-
idemiology of Rospotrebnadzor, Russia). PCR was per-
formed using thermocycler with a real-time fluorescent
signal detection system (real-time PCR) CXT-1000
(Bio-Rad). All nucleic acid extraction and real-time
PCR procedures used in this study were performed
using appropriate positive, negative and internal con-
trol samples included in the diagnostic kits. The use of
controls at all stages allowed for confirmation of the
correctness and accuracy of the results obtained, elimi-
nating the possibility of false positive or false negative
conclusions.

Targeted screening for Shigella spp. and EIEC
strains was performed on stool samples that yielded a
fluorescent signal for the presence of Shigella spp./El-
EC (AmpliSens OKI screen-FL) and EIEC (AmpliSens
Escherichia coli-FL). E. coli were isolated using the
cultural method with selective media Endo and Hek-
toen agar (State Research Center for Applied Microbi-
ology and Biotechnology).

Fisher's exact test was used to assess the statistical
significance of differences in mean values. The signifi-
cance of the differences between the studied indicators
was determined using the Mann—Whitney test. Signi-
ficant differences were considered at a 95% confidence
interval (p < 0.05).

The studies were conducted in the laboratory of
the Russian-Guinean Research Center for Epidemiol-
ogy and Prevention of Infectious Diseases as part of
the research project "Study of the Etiological Structure
and Molecular-Genetic Characterization of Diarrheal
Pathogens in the Republic of Guinea”.
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Results

According to the combined data, between 2019
and 2022, genetic markers of viral and bacterial patho-
gens of acute intestinal infections were detected in
stool samples from 479 (66.2%) examined individ-
uals: in 238 (49.7%; 95% CI 45.2-54.2%) men and
241 (50.3%; 95% CI 45.9-54.8%) women (p > 0.05).
Determinants of the pathogens of interest were more
frequently detected in the age group of patients 18
years and older — 331 (69.1%; 95% CI 64.8-73.1%;
p <0.05). No significant differences were found in the
detection rate of DNA/RNA of pathogens causing acute
intestinal infections in samples from young children
(n=159; 12.3%, 95% CI 9.7-15.6%) and school-aged
children (n = 89; 18.6%; 95% CI 15.5-22.3%) (Mann—
Whitney test). No statistically significant differences (p
<0.05) were found in the detection frequency of genet-
ic markers of acute intestinal infections of established
etiology based on sex and age, both in the combined
data and separately by year (Fig. 1).

Genetic markers of the studied pathogens were
not detected in samples from 245 patients with diar-
rhea syndrome, thus infections of unknown etiology
accounted for 33.8% on average over the multi-year
period.

The results of the molecular study, by year and in
total, are presented in Table 1 and Table 2. Through-
out all years of observation, bacterial pathogens signifi-
cantly predominated over viral ones in the etiological
structure of acute intestinal infections (p < 0,05).

DNA of bacterial pathogens was detected in
355 (74.1%; 95% CI 70.1-77.8%) samples, of which
Campylobacter spp. accounted for 9.8% (95% CI 7.5—
12.9%), Salmonella spp. for 1.9% (95% CI 1.0-3.5%),
and DEC for 62.4% (95% CI 57.9-66.7%). Viral patho-
gens accounted for 25.1% (95% CI 22.2-30.0%), of
which Adenovirus accounted for 10.2% (95% CI 7.8—
13.3%), Rotavirus for 6.9% (95% CI 4.9-9.5%), Noro-
virus for 6.7% (95% CI 4.8-9.3%), and Astrovirus for
2.1% (95% CI 1.1-3.8%).

The leading pathogens throughout all years of
surveillance were DEC. In the age structure, they were

mviral-viral

mixed
infection
39.5%

Oviral-bacterial

Obacterial-bacterial

significantly more common in young children aged 0-5
years (91.7%; 95% CI 82.7-96.9%; p < 0.05) compared
to the group of school-aged children aged 617 years
(53.9%; 95% CI 44.9-62.8%) and adults (45.6%; 95%
CI 41.3-50.0%). According to the combined data, a
significant prevalence of the EAgEC pathogenic group
was identified both in the structure of escherichioses
(46.8%; 95% CI 41.2-52.5%) and in the overall struc-
ture of acute intestinal infections (29.3%; 95% CI 25.3—
33.5%; p < 0.05). In the multi-year structure of Esche-
richia coli infections, other DEC pathogenic groups:
EPEC, ETEC and EIEC accounted for 20.1%, 13.0%
and 13.7%, respectively. Findings of genetic determi-
nants of STEC were less frequent compared to other
DEC pathogenic groups, with their share being 6.4%
based on cumulative data.

Genetic markers of bacterial pathogens were de-
tected significantly more often compared to viral patho-
gens (p < 0.05) in all years of monitoring, as well as
cumulatively during the study period.

Monoinfections caused by a single type of enter-
ic pathogen prevailed over combined etiology enteric
infections in all years of surveillance (Fig. 2). In 290
(60.5%; 95% CI 56.1-64.8%) positive samples, ge-
netic markers of a single pathogen were detected, with
DEC being significantly more frequent at 45.9% (95%
CI 43.2-56.5%) compared to other bacterial pathogens
(Campylobacter spp. — 4.2%; 95% CI 0-6.5%; Sal-
monella spp. — 0.6%; 95% CI 0-1.6%) and viral na-
ture 47 (9.8%) (Adenovirus — 3.1%; 95% CI 0-9.8%;
Astrovirus — 0.6%; 95% CI 0-1.7%; Norovirus —
2.7%; 95% CI 1.6-3.4%; Rotavirus — 3.3%; 95% CI
0.5-8.5%). Analysis of molecular studies revealed the
presence of two or more genetic markers of the inves-
tigated acute intestinal infections in 189 (39.5%; 95%
CI 35.2-43.9%) samples, of which viral-bacterial were
found in 74 (39.2%), bacterial-bacterial in 112 (59.3%)
and viral-viral in 3 (1.6%).

Discussion

Diarrheal diseases in children and adults are a
pressing issue in the Republic of Guinea. It was estab-

E——

3.3%| ORotavirus

2.7%| oNorovirus
0.6%| mAstrovirus
3.1%

45.9%

OAdenovirus

oDEC

60.5%

0.6%| mSalmonella spp.

4.2%| o Campylobacter spp.

Fig. 1. Detection rates of genetic markers of acute intestinal infections in residents of the Republic of Guinea in 2019-2022.
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Table 1. Detection rates of genetic markers of enteropathogens in residents of the Republic of Guinea in 2019, 2020, 2021
and 2022

Total Monoinfection Combined infections
Year Pathogen
n % n % n %
Bacterial
Campylobacter spp. 6 7.3 5 6.1 1 1.2
Salmonella spp. 0 0.0 0 0.0 0 0.0
DEC 38 46.3 36 43.9 2 2.4
Total bacterial 44 53.7 41 50.0 3 3.7
2019 Viral
Adenovirus 30 36.6 8 9.8 22 26.8
Astrovirus 2 24 1 1.2 1 1.2
Norovirus 3 3.7 2 24 1 1.2
Rotavirus 3 3.7 2 2.4 1 1.2
Total viral 38 46.3 13 15.9 25 30.5
Total enteropathogens 82 100.0 54 65.9 28 34.1
Bacterial
Campylobacter spp. 6 5.1 1 0.8 5 4.2
Salmonella spp. 6 5.1 1 0.8 5 4.2
DEC 72 61.0 51 43.2 21 17.8
Total bacterial 84 71.2 53 44.9 31 26.3
2020 Viral
Adenovirus 0 0.0 0 0.0 0 0.0
Astrovirus 2 1.7 2 1.7 0 0.0
Norovirus 9 7.6 4 3.4 5 4.2
Rotavirus 23 19.5 10 8.5 13 11.0
Total viral 34 28.8 16 13.6 18 15.3
Total enteropathogens 118 100 69 58.5 49 41.5
Bacterial
Campylobacter spp. 32 14.7 14 6.5 18 8.3
Salmonella spp. 1 0.5 1 0.5 0 0
DEC 142 65.4 98 452 44 20.3
Total bacterial 175 80.6 113 52.1 62 28.6
2021 . Viral
Adenovirus 19 8.8 7 3.2 12 55
Astrovirus 2 0.9 0 0.0 2 0.9
Norovirus 19 8.8 6 28 13 6.0
Rotavirus 2 0.9 1 0.5 1 0.5
Total viral 42 194 14 6.5 28 12.9
Total enteropathogens 217 100 127 58.5 90 41.5
Bacterial
Campylobacter spp. 3 4.8 0 0.0 3 4.8
Salmonella spp. 2 3.2 1 1.6 1 1.6
DEC 47 75.8 35 56.5 12 194
Total bacterial 52 83.9 36 58.1 16 30.8
Viral
2022 Adenovirus 0 0.0 0 0.0 0 0.0
Astrovirus 4 6.5 0 0.0 4 6.5
Norovirus 1 1.6 1 1.6 0 0.0
Rotavirus 5 8.1 3 4.8 2 3.2
Total viral 10 16.1 4 6.5 6 9.7

Total enteropathogens 62 100.0 40 64.5 22 355
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Table 2. Detection rates of genetic markers of enteropathogens in residents of the Republic of Guinea with diarrheal
syndrome in 2019-2022

Total Monoinfection Combined infections
Pathogen
n % n % n %
Bacterial

Campylobacter spp. 47 9.8 20 4.2 27 5.6
Salmonella spp. 9 1.9 3 0.6 6 1.3
DEC: 299 62.4 220 45.9 79 16.5
EAgEC 140 46.8 83 27.8 57 19.1

EPEC 60 20.1 35 19.7 6 0.3

ETEC 39 13.0 32 10.7 7 23

EIEC 41 13.7 59 11.7 1 2.0

STEC 19 6.4 11 3.7 8 2.7

Total bacterial 355 741 243 50.7 112 234

Viral

Adenovirus 49 10.2 15 3.1 34 71
Astrovirus 10 21 3 0.6 7 1.5
Norovirus 32 6.7 13 2.7 19 4.0
Rotavirus 33 6.9 16 L 17 3.5
Total viral 124 25.9 47 9.8 77 16.1
Total enteropathogens 479 100.0 290 60.5 189 39.5

lished that the main pathogens of diarrheal diseases infections are more prevalent in developing countries
are representatives of anthroponotic infections — 363  compared to foodborne pathogens such as Salmonella,
(75.8%), of which viral (Addenovirus, Astrovirus, Nor-  Campylobacter and STEC in industrialized countries
ovirus, Rotavirus) accounts for 25.9% (95% CI 22.2—  [14-16]. Genetic markers for Salmonella were identi-
30.0%), and bacterial (EAgEC, EPEC, ETEC, EIEC) fied in 9 (1.9%) cases, for Campylobacter in 47 (9.8%),
accounts for 58.5% (95% CI 54.0-62.8%). The results  and for STEC in 19 (6.4%). This allows for the assump-
obtained confirm that the pathogens of anthroponotic  tion that meat and dairy products are insufficient in the
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Fig. 2. Characteristics of acute intestinal infections in the Republic of Guinea in 2019-2020.
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diet of the people of Guinea (children and adults), but
this issue requires further study.

In the study conducted, genetic markers of Rota-
virus were identified in only 33 (6.9%) patients, despite
this pathogen being the most common cause of severe
gastroenteritis in children in many economically de-
veloped countries, accounting for 30-72% of hospi-
talized patients and 4-24% of patients with mild acute
gastroenteritis not requiring hospitalization. The ab-
sence of this pathogen in the etiological structure of
acute intestinal infections may be related to rotavirus
vaccination [17].

Monitoring revealed that DEC were the main
cause of acute intestinal infections (62.4%). The use of
molecular methods allowed for the assessment of the
structure of E. coli infections and the identification of
all known DEC pathogenic groups within the territory
of the Republic of Guinea. According to the combined
data, strains of EAgEC predominated in the structure of
escherichioses in all years of surveillance, accounting
for 46.8%. Studies conducted in Latin America, Asia,
Africa and Eastern European countries have shown that
EAgEC are more frequent causes of diarrhea in chil-
dren than other bacterial pathogens [18-20]. Data ob-
tained in the USA, Europe and Israel also indicate that
EAgEC often cause diarrheal diseases in children [21].
In the United States, the incidence of E. coli infections
caused by EAgEC is higher in young children than that
of campylobacteriosis and salmonellosis [22].

Epidemiological studies in West African countries
(Mali, Gambia, Burkina Faso) have detected the pres-
ence of DEC in well drinking water and in packaged
sachets (water sachets, packaged water), indicating
the possibility of human infection with these microor-
ganisms. The results obtained are important for under-
standing the epidemiology of escherichiosis and are of
interest for studying similar problems in neighboring
African countries, including the Republic of Guinea
[19, 23].

Overall, 290 (60.5%) residents of the Republic of
Guinea were found to have genetic markers of a sin-
gle enteric pathogen, and monoinfection was identified
based on laboratory results. In 189 (39.5%) of the ex-
amined individuals, an association of enteropathogens
was established (combined acute intestinal infections).
A high prevalence of combined infections (25-53%)
has been described in developing countries [24, 25].
DEC predominated in all combined infections, which is
consistent with literature data [19, 20].

The use of a multiplex format in laboratory di-
agnostics of acute intestinal infections is currently the
only highly sensitive method that allows for the estab-
lishment of the etiology of acute intestinal infections
not only in the acute phase of the disease but also in as-
ymptomatic bacterial carriage. A large-scale study con-
ducted in Ethiopia using modern laboratory diagnos-
tic methods showed that in 56.3% of cases, diarrheal
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syndrome is caused by bacterial, viral and/or parasitic
pathogens, and importantly, it allowed for the identifi-
cation of mixed infections in 35% of cases [26-28].

The study confirmed the relevance of diarrheagen-
ic E. coli for the population of the Republic of Guinea,
as well as for other African countries [2, 3, 7, 9, 19].
Laboratory diagnosis of these pathogens is only possi-
ble using molecular methods [29].

Conclusion

The etiology of acute intestinal infections in the
Republic of Guinea includes bacterial and viral patho-
gens. The study showed that DEC were the cause of
diarrheal illness in almost every other patient, which
confirmed their relevance in the structure of acute intes-
tinal infections. To reduce the burden of diarrheal dis-
eases in Guinea, targeted epidemiological and micro-
biological studies are needed to identify DEC, investi-
gate environmental contamination, including water and
food, and determine risk factors. Given that diarrhea is
a polyetiological disease, it is necessary to implement
a comprehensive, rapid, reliable and accessible method
for identifying a wide range of pathogens.

The first detailed analysis of the etiological struc-
ture of acute intestinal infections in the Republic of
Guinea provides a basis for the development of evi-
dence-based policies for the prevention and treatment
of gastrointestinal infectious diseases. Such research
will allow us to respond to new threats, reduce morbid-
ity and use healthcare resources more effectively. Suc-
cessful prevention of diarrheal infections requires mea-
sures such as analyzing transmission pathways, ensur-
ing quality drinking water, increasing the population's
sanitation literacy and establishing an epidemiological
monitoring system. The incorporation of PCR diag-
nostics into routine medical practice in the Republic of
Guinea will be a significant contribution to improving
public health and reducing the incidence of gastrointes-
tinal infectious diseases.
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Abstract

Introduction. Monitoring the resistance of Streptococcus pneumoniae to antimicrobials is an important component
of epidemiological surveillance of pneumococcal infection, addressing the challenges of improving therapeutic
approaches and containing the spread of resistance at regional and national levels.

The aim of the study is to investigate pneumococcal antibiotic resistance in preschool children following
immunization with a 13-valent conjugated vaccine within the national immunization schedule.

Materials and methods. From 2016 to 2022, 1250 healthy children under the age of 6 from organized groups
were examined. Detection of nasopharyngeal carriage of pneumococcus was performed using the culture method,
and serotype was determined by polymerase chain reaction. Antimicrobial susceptibility was investigated using
the disk diffusion method, and the minimum inhibitory concentration of antibiotics in resistant isolates was
determined using E-tests.

Results. 265 isolates of S. pneumoniae were studied, and resistance to antimicrobials was found in 36.6%.
The proportion of resistant isolates was 33.8% in the early post-vaccination period (2016—-2018) and 45.3% in
the late period (2020—2022) (p = 0.097). Penicillin-resistant pneumococci were detected only in the early post-
vaccination period, with a frequency of 11.4% (p = 0.005). The prevalence of macrolide-resistant isolates in the
analyzed periods was 27.9% and 35.9% (p = 0.219), and those resistant to 3 or more classes of antibiotics were
23.4% and 17.2%, respectively (p = 0.297). The serotype composition of resistant S. pneumoniae has changed:
vaccine serotypes 19F, 6A, 6B, etc. (83.8%) have been replaced by non-vaccine serotypes — 15AF, 23A, etc.
The proportion of vaccine serotypes in the late post-vaccination period was only 10.3%.

Conclusion. Against the backdrop of child immunization against pneumococcal infection, there has been a
decrease in the prevalence of pneumococci with reduced susceptibility to B-lactams. S. pneumoniae resistance
to macrolides remains high (35.9%). Resistant pneumococcal isolates primarily belong to serogroup 15 (15AF)
and serotype 23A, which are not included in the 13-valent conjugate vaccine.

Keywords: Streptococcus pneumoniae, resistance, serotypes, asymptomatic carriers
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Pe31CTeHTHOCTb K aHTUMUKPOOGHbIM NpenapaTtam WTaMMOB
Streptococcus pneumoniae, BbieneHHbIX y AeTeil Ha poHe
MMMYHU3aLUK 13-BafleHTHON KOHDbIOMMPOBAHHO BaKLMHO
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AHHOMauus

BBegeHue. MoOHUTOPUHI pe3ncTeHTHOCTU Streptococcus pneumoniae K aHTUMUKPOOHBIM npenapatam (AMIT)
SIBNSIETCS BaXXHbIM KOMMOHEHTOM 3MMAEMUOSIOrMYECKOro Haa3opa 3a NHEBMOKOKKOBOW MHADEKLMEN, peLlatoLLmnm
3aa4u Nno CoBEpPLLUEHCTBOBAHMUIO TepaneBTUYECKMX NOOAXOO0B U CAEPXKUBAHUIO pacnpoCcTpaHeHNs Pe3NCTEHTHO-
CTW Ha pernoHanbHOM U HaLMoHaNbHOM YPOBHSIX.

Uenb paboTbl — nccnegoBaHne aHTMOMOTUKOPE3UCTEHTHOCTN MHEBMOKOKKOB Yy A€TeW AOLUKONbHOrO Bo3pacTa
Ha ooHe NpuMeHeHus1 13-BaneHTHO KOHBIOrMPOBaHHOM BakLMHbI B paMKax HauMoHanbHOro kaneHaaps npodu-
NaKTUYECKNX NMPUBUBOK.

Martepunansi un metogbl. B 2016—-2022 rr. o6cnegosaHo 1250 300poBbIX AeTEW B BO3pACTE A0 6 NET U3 OpraHnso-
BaHHbIX KOMMEKTMBOB. BbisiBneHne HasodapuHreansHOro HOCUTENbCTBA MHEBMOKOKKA NPOBOAUNN KynbTyparib-
HbIM METOZIOM, CEPOTMN ONpeaensany NocpeacTBOM NoNMMepasHon LenHon peakunn. YyecteuTensHoCTb kK AMI
nccneqoBany ANCKo-gudpy3MoHHbLIM METOAOM, MUHUMArbHYHO NMOAABMSOLLY KOHLEHTPaUuio aHTUOMOTHKOB
Y PE3UCTEHTHbIX U30MATOB ONpeaensnm ¢ NoMoLLbo E-TecTos.

Pesynbrathl. ViccnenosaHo 265 nsonstoB S. pneumoniae, pe3ncTteHTHocTb K AMIT obHapyxeHa y 36,6%. [Jona
PEe3NCTEHTHbIX M3onsaToB cocTtaBuna 33,8% B paHHeM NocTBakuMHanbHom nepuoge (2016—-2018 rr.) n 45,3% —
B nosgHem (2020-2022 rr.) (p = 0,097). NeHNUMNAMHPE3NCTEHTHbIE NMHEBMOKOKKW BbISIBIIEHbI TONbKO B paHHEM
nocteakuMHansHoM nepuoge c¢ vactoton 11,4% (p = 0,005). PacnpocTpaHEHHOCTb M30MATOB, YCTONYMBBLIX K
Makponugam, B aHanusmpyembix nepuogax cocrasuna 27,9 n 35,9% (p = 0,219), yCTOMYMBBLIX OA4HOBPEMEHHO
K 3 n 6onee knaccam AMI — 23,4 n 17,2% cootBeTcTBeHHO (p = 0,297). CepoTMMNOBOI COCTaB PE3UCTEHTHBIX
S. pneumoniae nameHnncs: BakumHHble cepoBapuaHTel 19F, 6A, 6B u ap. (83,8%) cmeHununce HeBaKUMHHLIMU —
15AF, 23A v gp. [lonsa BakUMHHbIX CEPOTUMNOB B NO34HEM MOCTBAKLMHANLHOM nepuoge coctasuna nuwb 10,3%.
3akntoueHue. Ha hoHe MMMyHM3aLuUm AeTei NPOTMB MHEBMOKOKKOBOW MHApeKLMM HabnogaeTcs yMeHbLUEHWE pac-
NPOCTPaHEHHOCTU MHEBMOKOKKOB CO CHVDKEHHON YYBCTBUTENBHOCTBIO K 3-nakTaMam. YCTOM4MBOCTb S. pneumoniae
K MaKpornvaam OCTaéTcs Ha BbICOKOM YPOBHE (35,9%). Pe3ncTeHTHbIe M30MnsATbl MHEBMOKOKKA B OCHOBHOM OTHOCHT-
cs1 k ceporpynne 15 (15AF) u cepotuny 23A, He BXxoAsLWMM B cocTaB 13-BaneHTHON KOHbIOMMPOBaHHON BaKLWHbI.

KnroueBble cnoBa: Streptococcus pneumoniae, pe3ucmeHmHocmsb, cepomuribsl, demu-6akmepuoHocumernu
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Introduction

Streptococcus pneumoniae is a conditionally
pathogenic microorganism that often colonizes the up-
per respiratory tract and is the pathogen of a wide range
of diseases, including otitis media, sinusitis, purulent
bacterial meningitis and community-acquired pneu-
monia. Over the past two decades, vaccination against
pneumococcal infection has been implemented in many
countries as part of national programs [1-4]. In Russia,
immunization of children and adults in risk groups for
infection has been carried out since 2014 in accordance
with the National Immunization Schedule [5]. In the
context of ongoing specific prevention of pneumococ-
cal infections, research interest is focused not only on
changes in the serotype and clonal landscapes of the
microbial population under the influence of conjugate
vaccines, but also on the dynamics of S. pneumoniae
resistance to antimicrobials.

Pneumococcal resistance to antibiotics is charac-
terized by a growing trend and is considered a serious
threat to public health and healthcare in many countries
[6]. Macrolide-resistant pneumococci are currently on
the World Health Organization's list of priority bacte-
rial pathogens (medium priority level)'. Previously, S.
pneumoniae non-susceptible to penicillin were includ-
ed in this list?.

The incorporation of pneumococcal conjugate
vaccines (PCV) into routine childhood immunization
programs has led to a decrease in the proportion of
infections caused by resistant pneumococci in many
countries. This occurred due to the partial or complete
elimination of S. pneumoniae serotypes belonging to
the vaccine variants [1, 4-6]. However, in the future,
against the backdrop of the ongoing serotype replace-
ment, an increase in the proportion of resistant pneumo-
cocci belonging to non-vaccine variants of the patho-
gen has been noted in a number of countries. The prev-
alence of isolates resistant to macrolides, tetracycline,
and in some countries, penicillin has sharply increased
[6-8]. The serotype landscape and the prevalence of re-
sistant S. pneumoniae serotypes vary significantly not
only between continents and countries, but also within
a single country, depending on vaccination rates, anti-
biotic consumption levels, and other factors [7]. In this
regard, dynamic assessment of the serotype landscape
and S. pneumoniae antimicrobial resistance, conducted
both in the early and late post-vaccination periods, is
one of the most important components of epidemiolo-

' WHO Bacterial Priority Pathogens List, 2024: bacterial patho-
gens of public health importance to guide research, development
and strategies to prevent and control antimicrobial resistance.
Geneva;2024.

URL: https://who.int/publications/i/item/9789240093461

WHO. Prioritization of pathogens to guide discovery, research
and development of new antibiotics for drug-resistant bacterial
infections, including tuberculosis. Geneva;2017.

URL: https://who.int/publications/i/item/WHO-EMP-IAU-2017.12

gical surveillance of pneumococcal infections, serving
as the basis for determining the strategy and tactics of
specific prevention and empirical therapy for pneumo-
coccal diseases [9]. Microbiological monitoring is par-
ticularly important in the preschool age group, where
S. pneumoniae carriage occurs with a frequency of
24.4-54.3% [10-12], and the level, structure of resis-
tance, as well as its molecular mechanisms are current-
ly insufficiently studied.

Based on the above, the aim of our study was a
comparative analysis of the structure and mechanisms
of pneumococcal resistance to antimicrobials in dynam-
ics — in the early (2016-2018) and late (2020-2022)
post-vaccination periods in preschool children.

Materials and methods

1250 healthy children from organized children's
groups in Krasnoyarsk were examined. The inclusion
criteria were the child's regular attendance at an orga-
nized children's group (kindergarten), age 0—6 years
inclusive, the presence of informed consent signed by
a parent or legal guardian, and the absence of signs
of infectious diseases at the time of the examination;
the exclusion criterion was the presence of signs of an
acute infectious disease at the time of the examination.
The vaccination status was assessed based on medical
documentation (form No. 112/u).

The average age of the examined children was 4.12
+ (.97 years. Among those surveyed in 2016-2018, on-
ly 1.9% of children completed the full course of im-
munization (three doses, according to the national im-
munization schedule), 33.9% were partially vaccinated
(received 1 or 2 doses of the vaccine), and 64.2% were
not vaccinated. Among those surveyed in 2020-2022,
those who received the full course of immunization al-
ready accounted for 68.8%, those who received 1 or 2
doses of the vaccine accounted for 26.4%, and those not
vaccinated against pneumococcal infections accounted
for 4.8%.

All children included in the study had nasopha-
ryngeal swabs taken once using flocked swabs with
the liquid Amies transport medium. In all cases, in-
formed consent was obtained from the parents or le-
gal guardians of the children included in the study.
S. pneumoniae was cultured on Columbia agar with
5% sheep blood, nalidixic acid and colistin (ready-
made agar produced by LLC Sredoff) under capno-
philic conditions using Campilogaz gas generator
sachets. Pneumococcal identification was performed
based on colony morphology, optochin and bile
tests, as well as PCR detection of the c¢ps4 and /ytA4
genes®. Serotyping was performed using multiplex

3 Laboratory diagnostics of community-acquired pneumonia of
pneumococcal etiology: Methodological recommendations MR
4.2.0114-16. Moscow; 2017. 64 p.
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PCR*. Cryopreservation of the isolated cultures was
performed using Cryoinstant mix colores (Deltalab),
stored at —80°C.

To determine the susceptibility of the isolates to
antimicrobials, the obtained S. pneumoniae cultures
were tested with 8 drugs: oxacillin (1 pg), erythromycin
(15 pg), clindamycin (2 pg), tetracycline (30 pg), nor-
floxacin (10 pg), vancomycin (5 pg), linezolid (10 pg),
and rifampicin (5 pg) using the disk diffusion method
on Mueller—Hinton 2 agar (bioMerieux) supplemented
with 5% defibrinated horse blood and 20 mg/L B-NAD.
Bio-Rad disks were used for this process. S. prneumo-
niae strain ATCC 49619 was used as a control. The in-
terpretation of the results was performed in accordance
with the Russian guidelines "Determination of the Sus-
ceptibility of Microorganisms to Antimicrobial Drugs"
(2025 version).

To exclude [-lactam resistance mechanisms,
screening with a 1 pg oxacillin disk was performed. If
a zone of growth inhibition around the oxacillin disk
was greater than 20 mm, the isolate was considered
susceptible to all B-lactams. If the zone diameter was
less than 20 mm, the isolate was considered resistant
to phenoxymethylpenicillin. The diameter of the zone,
9-19 mm, indicated susceptibility to ampicillin, amox-
icillin, piperacillin, cefepime, cefotaxime, ceftaroline,
ceftobiprole, ceftriaxone, imipenem and meropenem.
For inhibition zone diameters less than 9 mm, the mini-
mum inhibitory concentration (MIC) of all B-lactam an-
tibiotics was required. Accordingly, the MIC of benzyl-
penicillin was determined for all isolates with a zone di-
ameter of less than 20 mm, and for cultures with a zone
diameter of less than 9 mm, the MIC of amoxicillin,
ceftriaxone, and imipenem was also determined. E-tests
(bioMerieux) were used in this study®. Isolates with an
MIC greater than 1 mg/L for penicillin and amoxicillin,
and greater than 2 mg/L for ceftriaxone and imipenem
(according to criteria for infections other than endocar-
ditis and meningitis) were considered resistant.

An erythromycin disk (15 pg) was used to screen
for macrolide resistance: isolates susceptible to it were
considered susceptible to azithromycin, clarithromy-
cin, and roxithromycin. Erythromycin-resistant isolates
were considered macrolide-resistant. To detect induc-
ible resistance to clindamycin, erythromycin and clin-
damycin disks were placed 12—-16 mm apart, and the
result was considered positive if a D-shaped zone of
growth inhibition of the tested culture was present.

Centers for Disease Control and Prevention. Streptococcus
pneumoniae detection and serotyping using PCR. URL: https:/
www.cdc.gov/strep-lab/php/pneumococcus/serotyping-using-
per.html?CDC_AAref Val=https://www.cdc.gov/streplab/
pneumococcus/resources.html (zata o6paruenus 22.02.2025).
Biomérieux. Etest. TectupoBaHme aHTUMHKPOOHOWH YyBCTBU-
tenpHOCTH.  URL:  https://omb.ru/upload/iblock/4c4/e test
amoxicillinclavulanic_acid 21 x1 amoksitsillinklavulanovaya
kislota 256.pdf (nara obpamenns 22.02.2025).
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Pneumococci susceptible to tetracycline were con-
sidered susceptible to doxycycline and minocycline; if
tetracycline resistance was detected, they were consid-
ered resistant to these antibiotics.

A 10 pg norfloxacin disk diffusion test was used
to screen for resistance to fluoroquinolones. S. pneu-
moniae isolates susceptible to norfloxacin were con-
sidered susceptible to moxifloxacin and susceptible at
increased exposure to levofloxacin.

Upon identifying resistance to antimicrobials in
the isolate using phenotypic methods, resistance genes
were detected. Erythromycin-resistant pneumococcal
isolates were tested for the presence of the ermB and
mef genes, which are responsible for resistance to ma-
crolides, lincosamides, and streptogramin B, according
to the method described by R.R. Reinert et al. [13]. The
tetM gene was identified in tetracycline-resistant iso-
lates [14]. At a benzylpenicillin MIC level exceeding
0.064 mg/L, S. pneumoniae isolates were tested for
mutations in the genes encoding penicillin-binding pro-
teins (PBP): pbpla, pbp2x and pbp2b [15].

Statistical processing of the obtained results was
performed using the Statistica v. 10.0.1011 software
package. Qualitative characteristics were calculated as
proportions (%), and quantitative characteristics were
calculated as means and standard deviations. The dis-
tribution of the features was assessed using the Shap-
iro—Wilk test. If the normality of the distribution was
confirmed, the Student's t-test was used for group com-
parisons; if not, the Mann—Whitney test (for quantita-
tive traits) or y* (for qualitative traits) was used. The
level of statistical significance for the differences was
considered to be p < 0.05 in all cases.

Results

During the study, 265 pneumococcal isolates were
obtained. At the same time, between 2016 and 2018,
resistance to one or more antibiotics was detected in
33.8% of the S. pneumoniae isolates (in 68 out of 201),
while between 2020 and 2022, it was found in 45.3%
(in 29 out of 64). The proportion of resistant pneu-
mococci increased by 11.5% over 7 years (y*> = 2.76;
p=0.097).

Most of the resistant isolates obtained in the ear-
ly post-vaccination period were isolated from children
who had not been vaccinated against pneumococcal in-
fections, while in the late post-vaccination period, the
majority of S. pneumoniae cultures were isolated from
fully vaccinated children (Table 1).

Over the entire analyzed period (2016-2022), 83
isolates were obtained with a growth inhibition zone
diameter around the oxacillin disk of less than 20 mm,
of which 34.9% had a diameter of 9—19 mm. The MIC
range of benzylpenicillin for these pneumococci was
0.016-0.750 mg/L, with an MIC_ level of 0.064 mg/L
and an MIC, of 0.19 mg/L. For isolates with a growth
inhibition zone diameter of 0—8 mm (n = 54; 65.1%),
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the benzylpenicillin MIC, was 1 mg/L, the MIC,| was
2 mg/L, with an MIC range of 0.094-8 mg/L. Thus,
the proportion of penicillin-resistant isolates (accord-
ing to criteria for infections other than endocarditis and
meningitis) during the analyzed period was 8.7% (23
out of 265); and the proportion of those susceptible to
penicillin with increased exposure was 15.5% (41 out
of 265) (Figs. 1, 2).

When genotyping S. pneumoniae cultures resis-
tant and susceptible to increased penicillin exposure,
mutations in the genes encoding PBP were identified
in 100% of cases. Mutations in the PBP genes were de-
tected in 11.4% of penicillin-susceptible pneumococci
and were absent in 88.6%.

Erythromycin resistance was detected in 29.8%
(79 out of 265) of the isolates (Fig. 2), with macrolide
resistance genes present in 98.7%. In 41.8% of cases,
only the ermB gene, which encodes 23S rRNA methy-
lation, was detected, and in 20.3%, only the macrolide
efflux mef genes were found. The combination of these
genes was detected in 38% of the isolates. Macrolide

resistance genes were not detected in erythromycin-sus-
ceptible pneumococci.

S. pneumoniae resistant to clindamycin accounted
for 22.6% (60 out of 265), and 3 (1.1%) isolates exhi-
bited inducible resistance. In 61.7% of cases, the ermB
gene was found in clindamycin-resistant isolates, and
in 38.3%, a combination of the ermB and mef genes.

One-fifth — 20.8% (55 out of 265) of the S. pneu-
moniae isolates were found to be resistant to tetracy-
cline (Fig. 2). The ribosomal protection fetM gene was
present in 98.2% of these isolates and was not detected
in tetracycline-susceptible pneumococci.

S. pneumoniae resistant to 3 or more classes of an-
tibiotics were found in 21.9% of cases (Fig. 2).

Rifampicin resistance was detected in only 1 case.
All isolates tested were susceptible to fluoroquinolones,
vancomycin and linezolid.

Differences were identified in the susceptibility of
S. pneumoniae to B-lactams depending on the observa-
tion period. In the early post-vaccination period, 23 iso-
lates were penicillin-resistant, 37 were amoxicillin-re-

Table 1. The structure of resistant nasopharyngeal isolates of S. pneumoniae depending on the vaccination status of the

examined children

Isolates

Early post-vaccination period
(2016-2018; n = 68)

Late post-vaccination period
(2020-2022; n = 29)

Significance
of differences

From fully vaccinated children, n (%) 5(7.35) 22 (75.86) X2 = 47.50; p = 0.000
From partially vaccinated children, n (%) 10 (14.71) 4 (13.79) x2=0.01; p = 0.907
From unvaccinated children, n (%) 53 (77.94) 3(10.34) x? = 34.55; p =0.000
Number of isolates
60 -
Benzylpenicillin MIC, mg/L:
50 - — o8
=3
11 02
40 A
_— 15
00.094-1
30{| [ m< 0.064
20 -
27
10 +
2
1 1 1 2 2
0 R =R 4 A Kl
0 6 8 9 10 11 12 13 14 15 16 17 18 19
Oxacillin zone diameter, mm
Fig. 1. MIC of benzylpenicillin in S. pneumoniae isolates that screened positive with 1 pg of oxacillin (n = 83).
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MDR

Linezolid (R)
Vancomycin (R)
Norfloxacin (R)
Rifampicin (R)
Tetracycline (R)
Clindamycin (R)
Erythromycin (R)
Imipenem (R)
Ceftriaxone (l)
Ceftriaxone (R)
Amoxicillin (I)
Amoxicillin (R)
Benzylpenicillin (1)
Benzylpenicillin (R)

29.8

0 5 10 15 20 25 30 35
% of isolates
Fig. 2. Prevalence of antimicrobial resistant S. pneumoniae isolates.
Here and in Fig. 3: R — resistant; S — susceptible at normal dosing; | — susceptible at increased exposure.

MDR 172 23.4
Linezolid (R) | ¢
0 m2020-2022 (n = 64)
Vancomycin (R) 0
0 02016-2018 (n = 201)
Norfloxacin (R) | o
0
Rifampicin (R) 0o 0.5(n=1)

Tetracycline (R)
Clindamycin (R)

Erythromycin (R)

Imipenem (R) 0

Ceftriaxone (1) ’ ] 18.9*

Ceftriaxone (R) g 1,5 (n=3)

Amoxicillin (1) mr\:{;

Amoxicillin (R) g ] 18.4*
Benzylpenicillin (1) T 3 4
Benzylpenicillin (R) | 114>

0 1|0 2I0 3I0 4I0

% of isolates

Fig. 3. Prevalence of antimicrobial resistant S. pneumoniae isolates.

*Statistically significant differences.
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% 02016-2018 (n = 68)
m2020-2022 (n = 29)
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20 ~
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10 . 8.8

44
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34
1.5 1.5 1.5
23F 6AB 19F 18ABCF 14 9VA 19A

L )
T pcvi3, Pcvis

304+ 338

15BC

11AD 15AF  23A

34.5*

20.7*

10.3*

24ABF 34 39 23B 35B  H/T/NT
L J

) Non-vaccine type

! PCV20, PPCV23

Serotype/serogroup

Fig. 4. Dynamics of the prevalence of S. pneumoniae serotypes (serogroups) resistant to antimicrobials.

N/t (non-typed) — isolates whose serotype has not been determined (not included in the standard serotyping scheme).
PPSV23 is a 23-valent pneumococcal polysaccharide vaccine.*Statistically significant differences.

sistant, and 3 isolates were resistant to ceftriaxone (ac-
cording to criteria for infections other than endocarditis
and meningitis) (Fig. 3). The proportions of isolates
susceptible to penicillin, amoxicillin, and ceftriaxone
at increased exposure were 12.9%, 2.0% and 18.9%,
respectively.

In the late post-vaccination period, isolates resis-
tant to penicillin, amoxicillin and ceftriaxone were not
detected (x> =8.02; p =0.005; y>*=13.69, p = 0.000; and
> =0.97; p=0.326, respectively) (Fig. 2). The propor-
tions of isolates susceptible to penicillin, amoxicillin,
and ceftriaxone at increased exposure were 23.4% (3> =
4.09; p=0.044),4.7% (y*=1.37; p=0.242) and 0% (y*
=14.13; p = 0.000), respectively.

The prevalence of S. pneumoniae resistant to mac-
rolides, clindamycin, and tetracycline did not change
significantly during the periods presented (y* = 1.51;
p=0.219;%=0.26; p=0.610 and > = 0.21; p = 0.650,
respectively; Fig. 3). The proportion of pneumococci
with inducible resistance to clindamycin was 1% (2
isolates) in the early post-vaccination period and 1.6%
(1 isolate) in the late post-vaccination period.

The proportion of S. pneumoniae exhibiting re-
sistance to 3 or more classes of antimicrobials did not
differ during the observation periods (x> = 1.09; p =
0.297; Fig. 3). In the early post-vaccination period, the
majority of isolates showed simultaneous resistance to
B-lactams, macrolides, lincosamides and tetracyclines
(69.6%), while in the late period, the phenotype of all
pneumococci resistant to 3 or more classes of antimi-
crobials (100%) was characterized by simultaneous re-
sistance to macrolides, lincosamides and tetracyclines.

Significant differences were found in the serotype
landscape of resistant S. pneumoniae in the early and
late post-vaccination periods (Fig. 4). In 20162018,

serotypes belonging to the vaccine serotypes included
in the 13-valent conjugated vaccine used were predomi-
nant: 19F (3*=10.07; p=0.002), 6A and 6B (3>*=12.13;
p = 0.000). In 2020-2022, non-vaccine serotypes/se-
rogroups of pneumococcus predominated: 15AF (> =
22.04; p=0.000), 23A (x> = 11.22; p = 0.000), and 35B
(x*=7.25; p=0.008). During this period, S. pneumoni-
ae of serogroups 11 and 15 (15BC and 11 AD) were also
detected, which are additionally included in the 20- and
23-valent PCV.

The resistance phenotypes of S. pneumoniae of
different serotypes and serogroups varied: most sero-
group 19 pneumococci (19F and 19A) were found to
be resistant to 3 or more classes of antimicrobials, with
the high proportion of penicillin-resistant isolates being
noteworthy (Table 2). A lower prevalence of S. pneu-
moniae resistant to 3 or more classes of antimicrobials
was found among members of serogroup 6 — 6A and
6B. All serotype 23A pneumococci were also resistant
to 3 or more classes of antimicrobials, while penicillin
resistance has not been established in representatives of
this serotype.

Among pneumococci belonging to serogroup
15AF, macrolide-resistant isolates predominated. AllL S.
pneumoniae serotypes 23F, 34, and 35B showed sus-
ceptibility with increased exposure to penicillin. All
serotype 35B isolates were macrolide-resistant and had
mef genes (Table 2).

Discussion

This paper presents the results of an analysis of
a population of pneumococci isolated from the naso-
pharynx of healthy preschool children in 20162022,
against the backdrop of PCV13 use in accordance with
the Russian National Immunization Schedule. At the
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Table 2. Phenotypes and genetic mechanisms of resistance in pneumococci belonging to serotypes prevalent in the early and

late post-vaccination periods

Sero- Percentage of resistant isolates, % or absolute number Identified resistance mechanisms, % or absolute number
type / Amount when the amount of isolates is less than 10 when the amount of isolates is less than 10
of
Sr?)rLch- isolates | benzylpeni- | amoxi- | ceftri- | erythro- | clinda- | tetracy- mutations in PBP genes ermB mef tet gene
group cillin * cillin | axone | mycin | mycin | cline gene gene
Early post-vaccination period
R—0 pbpla + pbp2b — 2;
23F 3 |—3 0 0 0 0 0 pbp1a + pbp2b + pbp2x — 1 0 0 0
R —91% pbp1a + pbp2b + pbp2x —
6AB 22 |_91'90/° 9.1 0.0 95.5 90.1 59.1 22.7; 95.5 22.7 95.5
270 pbp2x + pbp2b — 68.2
R — 70.8% pbpia + pbp2b + pbp2x —
19F 24 |— 929 '20/ 95.8 8.3 100.0 83.3 54.2 95.8; 83.3 83.3 87.5
e pbp2x — 4.2
194 8 R=2 6 1 8 8 8  pbpla+pbp2b+pbp2x—8 8 8 8
R—0
34 5 I—5 4 0 0 0 0 pbpila + pbp2b+ pbp2x — 5 0 0 0
Late post-vaccination period
R —0.0% pbpia + pbp2b + pbp2x —
15AF 1 | — 36.4% 0.0 0.0 81.8 36.4 27.3 455 36.4 455 27.3
R—0
23A 7 |— 4 0 0 7 7 6 pbp2x + pbp2b — 6 7 0 6
R—0
39 2 |—2 1 0 0 0 0 pbpia + pbp2b + pbp2x — 2 0 0 0
R—0
35B 3 |—3 0 0 3 0 0 pbp1a + pbp2b + pbp2x — 3 0 3 0

Note. *For benzylpenicillin, the percentage of resistant isolates (R), as well as susceptible at increased exposure isolates (1), is indicated.

same time, resistant S. pneumoniae isolates obtained
in 20162018 (the early post-vaccination period) were
predominantly isolated from children who had not been
vaccinated against pneumococcal infection (77.9%),
while those obtained in 2020-2022 (the late post-vacci-
nation period) were mainly isolated from children who
had been fully vaccinated (three times), accounting for
75.9%. Accordingly, the proportion of fully vaccinated
children also increased over the past period, from 1.9%
to 68.8% (y*> = 691.47; p = 0.000), indicating a signifi-
cant increase in immunization coverage.

The dynamics of antimicrobial resistance in the
bacterial population depend on many factors, one of
which, in the case of S. pneumoniae, is vaccination. It
has been proven that the use of conjugate vaccines leads
to a decrease in the frequency and duration of pneumo-
coccal colonization of the upper respiratory tract — pri-
marily by the serotypes included in the vaccine [6-8].
However, data on changes in the serotype composition
and resistance of S. pneumoniae following population
immunization with conjugate vaccines are contradic-
tory [16-21]. For instance, the results of a study con-
ducted in Japan, along with the detection of changes
in the serotype landscape and new serotypes 15A and
35B, showed a significant increase in the resistance of
S. pneumoniae to B-lactam antibiotics — penicillin and
meropenem — following the use of PCV13 [16]. The

increase in resistance levels is also evidenced by a study
conducted in Portugal: following the immunization of
children within the national PCV13 program, the pro-
portion of penicillin- and macrolide-resistant pneumo-
cocci increased from 9.3% and 13.4% to 20% due to the
prevalence of non-vaccine serotypes 11A, 15BC, 24F,
15A and 21 [17].

The data in this study also indicate a change in
the serotype composition of the resistant pneumococ-
cal population: the serotypes that were predominant
in the early post-vaccination period — 19F, 6A and
6B — have been replaced by non-vaccine variants such
as 15AF, 23A and others. Accordingly, if 83.8% of re-
sistant pneumococci belonged to the vaccine serotypes
included in PCV 13 in the early post-vaccination period,
the proportion of such isolates was only 10.3% in the
late post-vaccination period (x> = 46.52; p = 0.000).

Data on the circulation of resistant S. pneumoniae
in Russia are mainly presented in the results of studies,
including multicenter ones, involving isolates obtained
from both adult and child carriers and patients with
various nosological forms of pneumococcal infections
[18-23].

For instance, in the study by Z.A. Alacheva et al.,
among isolates obtained from children in 2017-2022,
the resistance level to erythromycin was 33%, to tet-
racycline — 26%, to trimethoprim/sulfamethoxazole —
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25%, and to clindamycin — 19% [18]. Most isolates
were susceptible to penicillin, and 27% were suscep-
tible with increased exposure. Resistance to 3 or more
classes of antibiotics was detected in 24.2% of pneumo-
cocci, the majority of which belonged to serotype 19F
[18]. According to the multicenter SPECTRUM study,
which included S. pneumoniae isolates obtained from
adults, resistance to erythromycin in pneumococci iso-
lated from carriers was 23.2%, and to tetracycline was
25.5%. Strains susceptible to penicillin at increased ex-
posure were found in 16.3% of cases [19].

The results that were obtained in this study during
a similar period (2016-2022) are comparable to the data
presented above: the proportion of erythromycin-resis-
tant pneumococcal isolates was 29.8%, tetracycline-re-
sistant isolates was 20.8%, and clindamycin-resistant
isolates was 22.6%. Isolates susceptible to penicillin at
increased exposure accounted for 15.5%, while resistant
ones made up 8.7%. Pneumococci resistant to 3 or more
classes of antimicrobials were found in 21.9% of cases.
At the same time, all S. pneumoniae isolates showing
resistance, as well as susceptibility at increased expo-
sure to penicillin, were found to have altered genes en-
coding PBP. In macrolide-resistant pneumococcal iso-
lates, the ermB gene was detected in 41.8% of cases, the
mefmacrolide efflux genes in 20.3%, and a combination
of these genes in 38%. Resistance to clindamycin was
associated with the presence of the ermB gene in 61.7%
of cases, and with a combination of the ermB and mef
genes in 38.3%. Tetracycline-resistant S. pneumoniae
were found to have the tetM ribosomal protection gene
in 98.2% of cases.

A comparative analysis of the prevalence of resis-
tant S. pneumoniae in 20162018 and 2020-2022 re-
vealed the absence of isolates resistant to f-lactams —
penicillin (%* = 8.02; p = 0.005), amoxicillin (}* = 13.69;
p = 0.000), and ceftriaxone (y*> = 0.97; p = 0.326) —
in the late post-vaccination period, while in the early
post-vaccination period, the proportion of pneumococci
resistant to these drugs was 11.4%, 18.4%, and 1.5%,
respectively. Also, in the late post-vaccination period,
no isolates susceptible to ceftriaxone at increased expo-
sure were detected, and in 2016-2018, the proportion of
such isolates was 18.9% (y*> = 14.13; p =0.000). Similar
data were obtained in studies by H. Dabaja-Younis et al.
[21] and K. Andrejko et al. [22], which demonstrated a
significant decrease in the prevalence of penicillin-re-
sistant pneumococci in the pediatric population follow-
ing PCV vaccination.

The proportion of macrolide-resistant pneumo-
cocci remained high despite immunization and tended
to increase, rising from 27.9% to 35.9%. At the same
time, the proportion of S. pneumoniae resistant to clin-
damycin and tetracycline among the identified resistant
isolates significantly decreased — from 69.1% to 44.8%
(x> = 5.08; p = 0.025) and from 63.2% to 41.4% (y* =
3.96; p = 0.047), respectively. However, the decrease

was insignificant when calculated for the total pneu-
mococcal population. The prevalence of pneumococ-
ci resistant to 3 or more classes of antibiotics among
preschool children did not change significantly, being
23.4% and 17.2% in the early and late post-vaccination
periods, respectively. Throughout the analyzed period,
antibiotic resistance of vaccine serotypes of S. pneu-
moniae was generally higher than that of non-vaccine
serotypes, which correlates with data from the PEGAS
study (2015-2020) [23].

Conclusion

Following routine PCV13 immunization in chil-
dren, there has been a decrease in the prevalence of
pneumococci with reduced susceptibility to B-lactams:
amoxicillin by 14.2% (y*> = 7.50; p = 0.007) and cef-
triaxone by 20.4% (y*> = 15.44; p = 0.000), as well as
a trend toward a decrease in the prevalence of isolates
resistant to lincosamides and tetracyclines. S. preumo-
niae resistance to macrolides remains high in the late
post-vaccination period, at 35.9%.

Resistant S. pneumoniae isolates mainly belong to
serogroup 15 (15AF) and serotype 23A, which are not
included in the PCV13 used.
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Analysis of the gene structure of antiphage systems
of non-toxigenic strains of Vibrio cholerae O1 biovar El Tor
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Andrey V. Fedorov, Yaroslav M. Krasnov
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Abstract

Introduction. The presence and structure of antiphage systems that contribute to the resistance of cholera vibrios
to lytic phages in non-toxigenic strains of Vibrio cholerae O1 biovar El Tor isolated in the Russian Federation and
neighboring countries has not been studied.

The aim of the study is the detection and analysis of antiphage systems of non-toxigenic strains of V. cholerae
O1 biovar El Tor.

Materials and methods. The study involved 126 non-toxigenic (ctxAB-tcpA* and ctxAB-tcpA-) strains of
V. cholerae O1 El Tor isolated from 1972 to 2018. DNA sequencing was performed on the MGl DNBSEQ-G50
platform. For bioinformatics analysis, the following programs were used: fastp v. 0.23, unicycler v. 0.4.7, Blast
2.16.0, MEGA X, CRISPRCasty-per and CRISPRCasFinder.

Results. Phage-inducible islands of the PLE, BREX and DISARM systems were not detected in the genome of
the studied strains. It was found that 80% of ctxAB-tcpA* strains contain the type | restriction-modification system,
while this system was not detected in ctxAB-tcpA- isolates. The genes of the CBASS system were detected in
single strains of both groups. In the genome of 35 (32%) studied ctxAB-tcpA- strains isolated in different regions
of the Russian Federation and neighboring countries, the presence of the CRISPR—Cas system of class 1 types
| (subtypes I-E, I-F, I-C) and Il (subtype IlI-B) was established. The number of spacers in this system varied from
0 to 80 and their sequence was homologous to the protospacer regions of DNA of lytic and temperate phages,
transposons, plasmids of V. cholerae, representatives of the genus Vibrio and unrelated bacteria. The presence in
a number of strains of spacers homologous to the genetic material of the phage circulating in endemic territories
may indicate the imported nature of these strains.

Conclusion. The heterogeneity of the studied non-toxigenic strains of V. cholerae O1 El Tor in the presence of
antiphage systems was revealed, which expands the information on their genetic organization. In their genome,
restriction-modification systems of type | (ctxAB-tcpA*), CBASS (ctxAB-tcpA* and ctxAB-tcpA-) and CRISPR-Cas
class 1 types | (subtypes I-E, I-F, I-C) and Il (ctxAB-tcpA-) were identified. The detection of several types and
subtypes of the CRISPR—-Cas system in the genome of a number of ctxAB-tcpA strains may indicate its repeated
acquisition through horizontal transfer.

Keywords: non-toxigenic strains of Vibrio cholerae, antiphage systems, CRISPR-Cas system class 1
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AHanuns reHoB aHTU¢AroBbIX CUCTEM HETOKCUT€HHbIX
wtammos Vibrio cholerae O1 6uosapa Inb Top

3apHoBa C.MM., MnexaHoB H.A., CeprytuH [1.A.”, Yengbiwosa H.b.,
®epopos. A.B., KpacHos .M.

Poccuinckmin npoTrBoYyMHbI MHCTUTYT «MrKpob» PocnoTpebHaasopa, CapaTtos, Poccus

AHHOMauus

AKkTyanbHOCTb. Hanunuue n cTpyktypa aHTMdaroBblix CUCTEM, CMOCOBCTBYOLNX YCTONYMBOCTM XOMNEPHBLIX BU-
OpPMOHOB K NUTMYECKNM haram, y HETOKCUreHHbIX TammoB Vibrio cholerae O1 6uoBapa El Tor, BbigeneHHbIX Ha
Tepputopun Poccum 1 conpegenbHbIX CTpaH, He uayyeHa.

Llenb — BbiSiBNEeHWe 1 aHanu3 aHTUaroBbIX CUCTEM HETOKCUIreHHbIX LwtammoB V. cholerae O1 6uosapa El Tor.
Marepuansi u metoabl. B pabote ucnone3oBanu 126 HeTokcureHHbix (CtxAB-tcpA* n ctxAB-tcpA-) wTamMmmoB
V. cholerae O1 El Tor, nsonmposaHHbix ¢ 1972 no 2018 r. CekBennpoaHue [HK nposogunu Ha nnatdopme MGI
DNBSEQ-G50. [ins 6uonHdopmaTmyeckoro aHanmaa npumMeHsnu nporpammel fastp v. 0.23, unicycler v. 0.4.7,
Blast 2.16.0, MEGA X, CRISPRCastyper u CRISPRCasFinder.

Pesynbratbl. B reHomMe u3y4eHHbIX LUTAMMOB He BbisiBNeHbl harouHayumpyemslie octpoBa PLE, BREX wu
DISARM-cuctemsl. YctaHoBneHo, 4to 80% cixAB-tcpA*-luTaMMOB cogepxaT CMCTEMY pecTpukun—moaudmka-
uun | Tuna, y ctxAB-tcpA--n3onaToB faHHas cucteMa He obHapyxeHa. MeHbl CBASS-cucTeMbl BbISIBNEHbI Yy eau-
HMYHBIX WTamMmmoB 06eux rpynn. B reHome 35 (32%) naydeHHbix ctxAB-fcpA--LUTaMMOB, BbIOEMEHHbIX B Pa3HbIX
pernoHax P® n conpepenbHbix cTpaHax, yctaHoBneHo Hanvune CRISPR-Cas-cuctembl 1-ro knacca tvnoB |
(nogTunsl I-E, I-F, I-C) n Il (noatun 1lI-B). Konnyectso cneicepoB B AaHHoM cucteme Bapbuposarno ot 0 go 80,
UX nocrnenoBaTenbHOCTb Obina roMmonornyHa npotocnencepHeiM yyactkam JHK nutuyecknx n ymepeHHbix da-
roB, TPaHCMNo30HoB, nnasmug, V. cholerae, npegctasutenen poga Vibrio n HepoacTBeHHbIX 6akTepun. Hanmume y
psifa LUTaMMOB CNeNcepoB, FTOMOSIOrMYHbIX FEHETUYECKOMY MaTepuany dara, UMPKyNMpyroLweMy Ha SHOEMUYHbIX
TEPPUTOPUSIX, MOXET YKa3biBaTb Ha 3aBO3HOW XapakTep AaHHbIX LUITAMMOB.

3akntoyeHue. BoisBrneHa reTeporeHHOCTb M3YYeHHbIX HETOKCUreHHbIX wrammoB V. cholerae O1 El Tor no Ha-
nmMunio aHTUGAaroBbIX CUCTEM, YTO pacluMpsieT cBefdeHnst 06 UX reHeTUYeckon opraHusaumm. B nx reHome Bbi-
SIBNEHbI CUCTEMbI pecTpukumn—moandukaumm | tuna (ctxAB-tcpA*), CBASS (ctxABtcpA* v ctxABtcpA-) u
CRISPR-Cas 1-ro knacca tunos | (nogtunei I-E, I-F, I-C) n Il (ctxAB-tcpA-). BbisBneHne HecKOnbkux TUMOB 1
noatunos CRISPR—Cas-cuctembl B reHoMe psifa ctxAB-tcpA--lLUTaMMOB MOXET yKa3blBaTb Ha eé HeoaHoKpaT-
Hoe npuobpeTeHne NoCpPeaCcTBOM rOPM3OHTaNbLHOIO NepeHoca.

KnioueBble cnoBa: HemokcueeHHble wmammMbl Vibrio cholerae, aHmugbacoebie cucmemsbi, CRISPR-Cas-
cucmema 1-20 Knacca

HNcmoyHuk ¢puHaHcupoeaHusi. ABTOpbI 3asiBMSAOT 06 OTCYTCTBMU BHELUHETO (DMHAHCUPOBAHUS NPU NPOBEOEHUN UC-
crnefoBaHus.
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Introduction

Every year, during monitoring studies of Russian
water bodies for cholera, non-toxigenic strains of Vib-
rio cholerae O1 serogroup El Tor biovar are isolated,
lacking the ctxAB genes (ctxAB") that encode the bio-
synthesis of cholera toxin (the main virulence factor of
the cholera pathogen). Sometimes strains containing
the tcpA gene (ctxABtcpA™), which is responsible for
the production of the main subunit of toxin-coregulat-
ed pili of adhesion (colonization factor), are isolated.
Both ctxABtcpA~ and ctxAB tcpA™ strains do not cause
cholera, but they could be the cause of acute intestinal
infections. It has been established that non-toxigenic
strains of V. cholerae O1 El Tor can persist in environ-
mental objects in Russia for a long time, forming clonal
complexes, and are also imported from cholera-endem-
ic countries [1-7]. To identify the mechanisms of long-
term survival of non-toxigenic strains in the external
environment, as well as their ability to cause acute in-
testinal infections, the molecular genetic characteris-
tics of these strains are being actively studied, various
kinds of typing are being performed, and phylogenetic
analysis is being conducted. As a result, the presence
of genes encoding additional virulence and persistence
factors has been identified in the genomes of non-toxi-
genic strains, which can also act as toxic substances.
These include loci that provide motility, are responsible
for the biosynthesis of additional toxins, a thermolabile
hemolysin, proteases, neuraminidase, type 6 and type
3 secretion system proteins, mannose-sensitive adhe-
sion pili, as well as regulatory proteins that control the
transcription of virulence and persistence genes [3, 5,
8]. However, the reasons for the long-term survival of
non-toxigenic V. cholerae O1 El Tor strains in the exter-
nal environment are not fully understood.

It should be noted that when in the water of open
bodies of water, non-toxigenic V. cholerae O1 El Tor
vibrios can be attacked by bacteriophages (phages),
which are also present in this environment. It has been
shown that cholera phages play an important role in the
genetic diversity of V. cholerae strains [9]. The co-ex-
istence of V. cholerae and phages and the need for both
to survive drive the evolution of both V. cholerae and
phages [9, 10]. Bacteria acquire various mechanisms of
resistance to phages through horizontal gene transfer,
while phages, in turn, very quickly develop resistance
to many bacterial defense systems. It has been found
that genes encoding resistance to phages can make up
more than 10% of a bacterial genome [11].

A significant number of antiphage systems locat-
ed on mobile genetic elements have been identified in
toxigenic V. cholerae O1 El Tor strains. This includes a
gene cluster encoding a type I restriction-modification
system (vcl764—vcl769) located on the VPI-2 patho-
genicity island, whose action is based on the activity of
two enzymes: a restriction endonuclease (vcl765) and
a methyltransferase (vc1769) [12]. The VSP-I patho-
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genicity island contains the CBASS (cyclic-oligonu-
cleotide-based antiphage signaling system) antiphage
signaling system, which includes an operon of 4 genes:
dncV, capV, cap2, cap3 [13, 14]. The ICE SXT element
contains BREX (Bacteriophage exclusion) and DIS-
ARM (Defence Islands System Associated with Re-
striction-Modification) systems [10, 15, 16].

A significant role in protection against the most
common phage in the endemic area, ICP1, is played
by Phage inducible chromosomal island-like elements
(PLE), of which there are currently 10 types [17-19].
However, toxigenic El Tor vibrios lack the adaptive de-
fense system CRISPR—Cas, which was identified in the
genome of non-toxigenic V. cholerae O1 El Tor strains
circulating in endemic areas [20]. This system includes
clustered regularly interspaced short palindromic re-
peats (CRISPR), spacers (sequences of foreign origin),
and cas genes encoding proteins with various functions
[13]. Currently, the CRISPR—Cas system is classified
into 2 classes, 6 types and 33 subtypes based on its
mechanism of action, the structure of the CRISPR spac-
ers, and the presence of cas genes.

In a Class 1 system (types I, III, [V), a multi-com-
ponent complex consisting of several Cas proteins
bound to crRNA interacts with the target. Class 2 sys-
tems (types I, V, and VI) contain only one protein
(Cas9, Casl12, or Cas13) that performs all the functions
of a multi-protein effector complex.

The classification into types is based on the struc-
ture of the effector complexes, with systems of the
same type typically including a specific protein unique
to that type of system. The types, in turn, are divided
into subtypes, which differ in the structure of the CRIS-
PR locus and, in certain cases, in the presence of Cas
proteins. It is a fact that many Type I systems contain
the cas3 gene, which encodes the Cas3 helicase-nucle-
ase. Through its helicase activity, it unwinds the for-
eign DNA double helix, and with the involvement of
its nuclease domain, it fragments the foreign genetic
material. In type Il systems, the Cas10 protein exhibits
nuclease activity. All types include the Casl and Cas2
proteins, which form a complex and are responsible for
the adaptation stage, i.e., the insertion of a new spacer
into the CRISPR array [20, 21].

Despite active research on V. cholerae antiphage
systems, their presence in the genomes of non-toxigen-
ic V. cholerae O1 El Tor strains isolated in Russia and
neighboring countries has not been studied. Consider-
ing the above, the aim of the study was to identify and
analyze the antiphage systems of non-toxigenic strains
of V. cholerae O1 El Tor biovar.

Materials and methods

We studied the nucleotide sequences of the com-
plete genomes of 126 non-toxigenic V. cholerae O1 El
Tor strains isolated in Russia and neighboring countries
from 1972 to 2018. The nucleotide sequences of 30
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strains (12 ctxA tcpA* and 18 ctxAtcpA™) were obtained
from the NCBI GenBank database, and 96 strains (3
ctxAtepA™ and 93 ctxAtcpA™) were sequenced in this
study. For sequencing, the strains were obtained from
the State Collection of Pathogenic Bacteria of the Rus-
sian Anti-Plague Institute "Microbe" of Rospotreb-
nadzor, where they were stored in a lyophilized state.

Genomic DNA was prepared according to the man-
ufacturer's protocol from a sodium merthiolate-treated
bacterial suspension using the AxyPrep Bacterial Ge-
nomic DNA Miniprep Kit (Axygen Biosciences).

Sequencing was performed on the MGI
DNBSEQ-G50 platform (MGI). Libraries were pre-
pared according to a standard protocol using the
DNBSEQ-G50RS (FCLPE150) and MGI EasyFast-
PCR-FREEFS Library PrepSet (MGI) kits. Quality
control of the obtained reads was performed using the
fastpv.0.23 program, and contigs were assembled using
unicyclerv.0.4.7.

The Blast 2.16.0 algorithm (http://blast.ncbi) and
the MEGA X program (or BioEditV. 7.0.9.0) were used
for bioinformatics analysis. CRISPR—Cas systems and
spacers were identified using the CRISPRCastyper
(https://github.com/Russel88/CRISPRCasTyper) and

CRISPRCasFinder (https://github.com/dcouvin/CRIS-
PRCasFinder) programs.

Results

When studying the nucleotide sequences of com-
plete genomes of non-toxigenic strains, phage-induc-
ible PLE islands were not found in the genomes of
either ctxABtcpA~ or ctxAB tcpA™ strains. The BREX
and DISARM systems were also not detected, as these
strains lack the ICE SXT elements.

Analysis of type I restriction-modification system
genes (vel765, vel769) among 15 ctxABtcpA™ strains
revealed 12 isolates that matched the toxigenic V. chol-
erae N16961 O1 El Tor reference strain for these genes
(Table). In ctxAB tcpA™ strains, type I restriction-modi-
fication system genes were not detected.

The presence of CBASS system genes (dncV,
capV) was established in 4 strains. In the ctxABtcpA*
strain of V. cholerae 56, the gene data structure did
not differ from that of the V. cholerae N16961 O1 El
Tor reference strain. In ctxAB tcpA~ V. cholerae strains
P-18748, 102, and M-1457, the capV gene was intact,
and identical non-synonymous point mutations were
identified in the dncV gene, leading to amino acid sub-

Characteristics of certain non-toxigenic V. cholerae O1 El Tor strains and the structure of their anti-phage genes

Strain Location, year Source of isolation Gene structure CTRyI%ePg— Amount
vc1765/ | ve0179 (dncV)/ Cas systems of spacers
vc1769 | vc0178 (capV)

Non-toxigenic ctxAB-tcpA*-strains
M1395-@BY01 Russia, Astrakhan, 1981 Environment - - - -
R Ukraine, Mariupol, 1995 Infected patient int int - -
866MWRFO1 Ukraine, Yalta, 1996 Environment int - - -
S5REEN Ukraine, Berdyansk, 1999 Infected patient int - - -
P18778NFio1 Russia, Rostov-on-Don, 2005 Infected patient - - - -
M1434*, M1436* Russia, Kalmykia, 2006 Environment int - - -
M1501LRAE0T Russia, Kalmykia, 2011 Infected patient - - - -
M-1504VTLNot Russia, Kalmykia, 2011, 2012 Environment int — — -
M-1518Lazrot Russia, Kalmykia, 2011, 2012 Environment int - - -
M-152402801 "M 1528* Russia, Kalmykia, 2013 Environment int - - -
2613PYCA01 268 7PYCBO! Russia, Kalmykia, 2015 Environment int - - -
124Fepot Russia, Kalmykia, 2017 Environment int — - -
Non-toxigenic ctxAB-tcpA--strain
M-988LaBx01 Turkmenistan, 1972 Environment - - 1-F mini Undetermined
M-658* Russia, Ufa, 1976 Environment - - I-F mini 1
M-659* Russia, Salavat, 1976 Environment - - I-E 56
M-1114* Russia, Saransk, 1977 Infected patient - - e 5
M-1115* Russia, Saransk, 1977 Infected patient - - I-FI-nEwini 113
M-1394* Russia, Kaspiysk, 1979 Environment - - I-E 44
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Continuation of the Table
Gene structure
Strain Location. vear Source of isolation C-II-:{ylpsePclg\’f_ Amount
Y vc1765/ | ve0179 (dncV)/ c t of spacers
ve1769 | vc0178 (capV) | ~as Systems
M-1222* Russia, Astrakhan, 1985 Environment - - I-F mini 10
M-1320* Russia, Saratov, 1998 Environment - - 111-B 24
617NCTYo1 Ukraine, 1999 Infected patient - - I-F** 26
I-E 80
1-B 25
M1337NEEB01 Russia, Astrakhan, 2000 Infected patient - - I-E** 1
M-1388* Russia, Saratov, 2001 Environment - - I-E 13
I-F mini 1
M-1389* Russia, Saratov, 2001 Environment - - I-E 13
I-F mini 1
M-1411* Russia, Kalmykia, 2002 Infected patient - - I-F mini
M-1413* Russia, Kalmykia, 2002 Environment - - I-C 40
I-F mini 2
M-1426* Russia, Perm Krai, 2003 Environment - - I-F mini
M-1428* Russia, Astrakhan, 2003 Environment - - I-E 44
M-1431* Russia, Kalmykia, 2005 Environment - - I-E 60
P-18748NFHo1 Russia, Sochi, 2004 Infected patient - A1003G - -
(S335G) /int
102NPX001 Ukraine, 2006 Infected patient - A1003G I-F** 49
(S335G) /int
M-1441* Russia, Kalmykia, 2007 Environment - - I-E 48
M-1443* Russia, Kalmykia, 2007 Environment - - I-E 58
M-1444* Russia, Kalmykia, 2007 Environment - - I-E 76
M-1447* Russia, Kalmykia, 2009 Environment - - I-F 15
M-1450* Russia, Kalmykia, 2009 Environment - - I-F mini 1
M1457VTLHot Russia, Kalmykia, 2009 Environment - A1003G I-F 2
(S335G) /int
M-1460* Russia, Tatarstan, 2010 Environment - - I-E 14
I-F mini 1
240Q3NEDVO1 Ukraine, 2011 Infected patient - - I-E 12
I-F mini 0
M-1486* Russia, Tatarstan, 2011 Environment - - I-E 29
I-F mini 1
M-1487* Russia, Tatarstan, 2011 Environment - - I-E 15
I-F mini 0
M1516VT2Y01 Russia, Kalmykia, 2012 Environment - - I-F 58
I-C 54
M1517vTzzo1 Russia, Kalmykia, 2012 Environment - - I-E 23
M-1525*% Russia, Kalmykia, 2012 Environment - - I-F mini 10
M1526VUAA0T Russia, Kalmykia, 2012 Environment - - I-F 58
I-C 54
29VuABO1 Russia, Kalmykia, 2013 Environment - - I-E 7
M-1543* Russia, Kalmykia, 2017 Environment - - I-E 29
I-F mini 1
136VTLKo1 Russia, Kalmykia, 2018 Environment - - I-E 8
I-F mini 3
Note. The strain superscript indicates the NCBI GenBank accession code. *Strains sequenced in this study. "-" — gene(s) not detected;

int — the gene structure corresponds to the V. cholerae N16961 O1 EI Tor reference strain. **The presence of the CRISPR—Cas system was
previously established [20].
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a
Cas3 Cse2grll Cas7 Casl CRISPR: I-E
Cas8e Cas6 Cas5 Cas2

b

Cas8¢c Cas4 Cas2 CRISPR: I-C 7 9

Cas7 Casl 6 8 10

C

Cas3-Cas2 Cas5f Cas6f CRISPR

Casl Cas8f Cas7f
d
Cas6f Cas8f
Cas7f TniQ
e
Cmrlgr7 Cmr3gr5 Cmr5grll Csx23 CRISPR
Casl0 Cmr4 Cmr6 Cas6f

Structure of CRISPR—-Cas systems in the studied ctxAB-tcpA- V. cholerae O1 El Tor strains.

a — canonical subtype I-E, present in V. cholerae strain 29; b — subtype I-C of V. cholerae strain M1526; ¢ — subtype I-F of V. cholerae
strain 617; d — subtype I-F mini of V. cholerae strain M1426; e — subtype IlI-B of V. cholerae strain M1320. The spacers (CRISPR) are
marked by black vertical lines on the right.

stitutions whose impact on the functional role of the
DncV protein is unknown. In the genomes of other
strains, the system mentioned was absent (Table).

Next, the presence of the CRISPR—Cas system
was investigated. This system was not found in the
genomes of ctxABtcpA™ strains, while among the ctx-
ABtcpA- strains, 35 isolates were identified that have a
Class 1 Type 2 CRISPR—Cas system — Types I and I11.
Type I was represented by three subtypes: I-E, I-F, I-C,
while Type III was represented by one (I1I-B). The larg-
est number of strains (20 isolates) were found to have a
subtype I-E CRISPR—Cas system, of which 10 isolates
had only this subtype, while the others had addition-
al systems. Thus, strain V. cholerae 617, in addition to
I-E, had 2 more systems (Table). It should be noted that
the I-E system structure was canonical in all strains and
consisted of 8 cas genes (cas3, cas8e, cse2, casé, cas’,
cas$, casl, cas?) (Figure, a).

Three strains — V. cholerae M1413, M1516,
M1526 — belonged to subtype I-C (Table, Figure, b).
Five strains (V. cholerae 617, 102, M1457, M1516,
M1526) contained a complete subtype I-F CRISPR-—
Cas system with 6 cas genes (casli, cas3, cas8f, cas),
cas7, casof: Table, Figure, c). A truncated I-F system

(cas6f, cas7f, cas8f), consisting of 3 cas genes, which
we have designated I-F mini (Figure, d), was identi-
fied in a number of strains. It should be noted that this
system lacks the cas3 gene. Two strains, V. cholerae
M1320 and 617, were type III, subtype 1II-B (cmrl,
casl0, cmr3, cmrd, cmr5, cmro, csx23, cas6f, Table,
Figure, e)

Non-toxigenic ctxAtcpA~ strains with the CRIS-
PR—Cas system are quite widespread in Russia. These
strains were isolated in different years in the Republics
of Tatarstan, Dagestan, Bashkortostan, Mordovia, Kal-
mykia, as well as in the Astrakhan, Saratov regions and
the Perm Krai (Table).

The next stage of the study was dedicated to iden-
tifying spacers. They were present in almost all sys-
tems, with their number varying from 1 to 80, and the
largest number of spacers was found in system I-E. The
exception was 4 strains containing the I-F mini system,
in which spacers were absent (Table). Due to the poor
quality of the whole-genome nucleotide sequence pre-
sented in GenBank, it was not possible to reliably iden-
tify the spacers in strain M-988. The identified spacers
were homologous to the protospacer sequences of a
large number of lytic and temperate phages, as well as
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plasmids and the V. cholerae transposon (phages: 0395,
VPUSM 8, K139, K491, K571, K575, VcP032, Kappa,
Rostov 7, X29, phi 2, JSF1, JSF2, JSF4, JSF5, JSF6,
JSF13, JSF14, JSF17, VMIJ710, Rostov M3, CP-T1,
24, vB VchM-138, vB VchM VP-3213, Ch457,
E8498, fs1, fs2, Vb_VaM_Valpl, ICP1, VRU, VP24-
2 Ke, VMJ710, VcP032, VEJphi, VSK, VSKK, NDI1-
fs1, KSF-1phi, VGJphi, 1.178). O.J. L 286. 45. E12,
1.028. O.J. L 286. 45. B6, 1.159. O.J. L 261. 46. F12,
Martha 12B12, Jenny 12G5, vB_Vipa26, vB_VipalO,
vB Vipa4291, vB_ Vipa7l, vB_VpS PGO07, Zoerhi-
za.4 15, 13VVS501A, 6E35-1b, D481, D483, D485,
D491s, D527, VaK; plasmids: HDW18, pSA7GlI,
pSA7G2; transposon Tn7005). Furthermore, spacers
homologous to the nucleotide sequences of phages and
plasmids from Vibrio genus (V. alginolyticus, V. vul-
nificus, V. parahaemolyticus, V. fluvialis, V. furnissii,
V. nigripulchritudo, V. metschnikovii), as well as from
unrelated bacterial species (Klebsiella spp., Escherich-
ia spp., Salmonella spp., Shigella, Shewanella algae,
Xanthomonas, Stenotrophomonas) were identified. It is
worth noting the presence of spacers in certain strains
(V. cholerae 102, M1428, M1431, M1443, M1444,
M1457, M1460, M1486) that are identical to DNA
sequences of phage ICP1 (the most common bacterio-
phage in endemic areas), isolated in different years in
the Democratic Republic of Congo and Bangladesh.

Thus, the following antiphage systems were
identified in the genomes of the studied non-toxigenic
V. cholerae O1 El Tor strains: type I restriction-modifi-
cation (ctxAB tcpA*), CBASS (ctxABtcpA* and ctxAB~
tcpA™) and class 1 CRISPR—Cas (ctxAB tcpA).

Discussion

Given that non-toxigenic V. cholerae O1 El Tor
strains circulate in open water bodies, which are also
habitats for various cholera phages, it was expected that
a large number of antiphage systems would be found
in their genomes. However, these strains lack the PLE,
BREX, and DISARM antiphage islands of the system.
Type 1 restriction-modification systems, which were
found in the genome of ctxABtcpA™ strains, were not
detected in ctxAB tcpA~ strains. CBASS system genes
are present in a few strains from both groups. Mean-
while, 35 ctxABtcpA~ strains studied, isolated from
aquatic environments in various regions of Russia and
neighboring countries, contain a Class 1 CRISPR—Cas
system of types I and III, which is absent in ctx4Btc-
pA™ isolates. However, subtypes I-C and III-B were de-
tected in only a few strains, while 57% of the strains
have the canonical type of the type I-E system. Our
data confirm previously obtained information from the
analysis of strains circulating in the endemic area re-
garding the widespread distribution of the I-E system
among non-toxigenic V. cholerae strains [20]. A num-
ber of authors suggest that the stable maintenance of
the I-E system structure is due to its location on the
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GI-24 genomic island, and its transfer to other strains
occurs only as part of this mobile genetic element
[20, 22]. Certain strains also included a complete I-F
system, which is part of the newly discovered VPI-6
(Vibrio Pathogenicity Island), capable, similar to GI-
24, of being entirely excised from the chromosome and
transferred to other cells [23]. At the same time, most
strains had the I-F mini system, which has the tiQ gene
responsible for transposase production located next to
the cas gene loci. According to literature data, such
systems are associated with the Tn7 transposon [20].
Given the absence of the cas3 gene encoding a heli-
case-nuclease in this system, it can be assumed that I-F
mini is non-functional.

Since new spacers are primarily inserted into the
5' regions of the system, CRISPR represents a chrono-
logical record of the bacterium's interaction with mo-
bile genetic elements. In this regard, the presence of
spacers homologous to the genetic material of phage
ICP1 circulating in endemic areas may indicate the im-
ported nature of these strains. It is also evident that by
protecting V. cholerae from predation by cholera phag-
es, as well as phages of other bacteria, the CRISPR—Cas
system increases the survival of non-toxigenic strains
in the external environment. Perhaps its presence is
one of the mechanisms for the long-term circulation of
non-toxigenic strains in open water bodies.

Thus, the studied non-toxigenic ctxABtcpA* and
ctxABtcpA~ V. cholerae O1 El Tor strains isolated in
Russia and neighboring countries lack a number of mo-
bile genetic elements with anti-phage loci (PLE islands,
ICE SXT elements with BREX and DISARM systems).
At the same time, a type I restriction-modification
system was identified in the genome of ctxABtcpA*
strains, and a CBASS (ctxABtcpA* and ctxABtcpA™)
and a class 1 CRISPR—Cas system (ctxABtcpA~) were
identified in one strain.

Conclusion

The research conducted has established the het-
erogeneity of the studied non-toxigenic V. cholerae Ol
El Tor strains circulating in Russia and neighboring
countries in terms of the presence of antiphage systems
located on mobile genetic elements, which expands our
knowledge of their genetic organization. It was found
that 80% of the studied ctxAB tcpA* strains contain a
type I restriction—modification system, which was not
detected in ctxABtcpA~ strains. Single strains (1 ctxAB~
tepA™ and 3 ctxAB tcpA™) have a CBASS system, which
is intact in the ctxABtcpA™ isolate and corresponds to
the toxigenic reference strain V. cholerae N16961 O1
El Tor. A class 1 CRISPR—Cas system of type I (sub-
types I-E, I-F, I-F mini, I-C) and type III (subtype
I11-B), which is absent in ctxA B tcpA* strains, was iden-
tified in the genome of 32% of the ctxAB-tcpA- strains
studied. The most common (57%) is the canonical sys-
tem of subtype I-E. The presence of multiple types and
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subtypes of the CRISPR—Cas system in the genome of
several strains may indicate its repeated acquisition by
these isolates through horizontal transfer. Analysis of
spacers in the CRISPR cassette allows for the identi-
fication of non-toxigenic V. cholerae O1 El Tor strains
imported from cholera-endemic areas.
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Determinants of resistance to levofloxacin and metronidazole
in Russian clinical isolates of Helicobacter pylori based
on whole-genome sequencing data
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Abstract

Introduction. Helicobacter pylori infection, however, data on the mechanisms of metronidazole (MTZ) and
levofloxacin (LVX) resistance in Russia remain scarce. and levofloxacin (LVX) in Russia.

The aim of the study is to identify the determinants of resistance in clinical isolates of H. pylori to MTZ and LVX
using whole-genome sequencing data.

Materials and methods. A retrospective analysis of 43 H. pylori isolates obtained from adult patients (2014—
2022) was conducted. Susceptibility to antibiotics was determined using the bacteriological disk diffusion method.
Whole-genome sequencing of 43 H. pylori strains was performed using a DNBSEQ-G50 sequencer.

Results. The evaluation of the phenotypic drug susceptibility test results showed that 11 isolates were susceptible
to MTZ (MTZ-S), 31 were susceptible to LVX (LVX-S), while 32 isolates were resistant to MTZ (MTZ-R), and
12 were resistant to LVX (LVX-R). To identify the association between phenotypic and genotypic resistance,
an analysis of nucleotide substitutions in the gyrA, gyrB, rdxA, frxA, fdxB and fur genes was conducted. Of
all the mutations identified in the gyrA and gyrB genes, only D91/GNY in the gyrA gene was associated with
phenotypic resistance to LVX and was found in 4/12 (33.3%) of the isolates (p < 0.05). The combined mutation
D91G/N/Y+N87K in the gyrA gene was detected in 6/12 (50.0%) of LVX-R isolates (p < 0.001). Point mutations in
the rdxA gene were detected in 21.9% (7/32) of MTZ-R isolates, leading to a frameshift or premature termination of
protein synthesis. None of the mutations in the frxA, fur and fdxB genes were associated with H. pylori resistance
to MTZ.

Conclusion. Based on the results of whole-genome sequencing of Russian clinical isolates of H. pylori, the
detection of the combined mutation D91G/N/Y+N87K in the gyrA gene can serve as a predictor of the phenotypic
resistance of H. pylori to levofloxacin.

Keywords: Helicobacter pylori, whole-genome sequencing, antibiotic resistance, resistance determinants,
metronidazole, levofloxacin
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JleTepMnHaHTbI Pe3NCTEHTHOCTYU K JIeBOPNIOKCALIMIHY

N METPOHNAA30NY POCCUNCKNX KIMHNYECKNX N3ONIATOB
Helicobacter pylori no pesynbratam NOIHOreHOMHOIO
CeKBEHUPOBaHMA

CrapkoBa [.A."™, Tnagbiwes H.C.2, NMones A.E.", CantoBa A.T.",
MasyHoBa K.A.3, EropoBa C.A.", CBapBanb A.B.’

'CaHKT-lNeTepbyprcknin HayYHO-UCCNEROBATENBCKMIA MHCTUTYT SMMAEMUONONIN U MUKPOOronorim nmenm Mactepa,
CaHkT-TNeTepbypr, Poccnsn;

2HayuyHo-1ccnefoBaTenbCKUn MHCTUTYT MOPGONOrMn YesioBeKa MMeHM akagemuka A.M. ABUbIHa

Poccuinckoro HayyHoro LeHTpa xupyprum nmeHn akagemmka b.B. MNetposckoro, Mocksa, Poccus;
3CaHkT-MNeTepbyprckuin rocygapcTBeHHbIN yHuBepcuTeT, CaHKT-MNeTepbypr, Poccus

AHHOMauusi

BeepeHue. YCTONYMBOCTb K aHTMDaKTepuanbHbIM npenaparam sSiBNSeTCa OA4HOM M3 KoYeBbiX npobnem B ne-
yYeHumn Helicobacter pylori-nHdekummn, ogHako B Poccun npakTuyeckn oTCyTCTBYIOT AaHHbIE O MexaHu3Max pesu-
CTEHTHOCTM K MeTpoHuaasony (MTZ) un neBodpriokcauuny (LVX).

Llenb paboTbl — BbiSBMNEeHWE AETEPMUHAHT PE3UCTEHTHOCTU Y KIMUMHUYECKUX mndonatoB H. pylori k MTZ n LVX
C MCNOMNMb30BaHWEM AaHHbIX NMOSTHOrEHOMHOIO CEKBEHUPOBAHWS.

Matepunanbl n metoAabl. [poBeAEH PeTPOCNEKTUBHBIN aHanua 43 nsonsaTtoB H. pylori, BblAeNeHHbIX OT B3POCHIbIX
naumeHToB (2014-2022 rr.). YyBCTBUTENLHOCTL K aHTMOaKTepuanbHbIM Npenaparam onpegenanu 6akrepuono-
rMYyecknum AMcko-anddy3noHHbIM MeTogoM. [NonHoreHoMHoe cekBeHnpoBaHue 43 wtammoB H. pylori nposBogunu
C ncnonb3oBaHuem cekBeHaTopa «DNBSEQ-G50».

PesynbraTtbl. OueHka pesynbratoB TecTa (PeHOTUNUYECKOW NeKapCTBEHHOW YyBCTBMTEMNbHOCTM Mokasana,
4YTO 11 N3ONATOB ABMAANUCHL YyBCTBUTENBHLIMU K MTZ (MTZ-S), 31 — uyBcTBUTENBHBIMK K LVX (LVX-S), Torga
Kak 32 usonata nposensanm yctonumeocte k MTZ (MTZ-R), 12 — k LVX (LVX-R). [insa BbisiBNeHus accoumaumm
mMexay (OeHOTUNNYECKON N FreHOTUNNYECKON YCTONYMBOCTLIO MPOBEAEH aHanM3 HyKneoTUAHbIX 3aMeH B reHax
gyrA, gyrB, rdxA, frxA, fdxB, fur. 3 Bcex MyTauu, BblSIBIIEHHbIX B reHax gyrA v gyrB, Tonoko D91/GNY B reHe
gyrA 6bina accoumMmnpoBaHa ¢ PeHOTUMMYECKON YCTOMYMBOCTLIO Kk LVX 1 obHapyxeHa y 4/12 (33,3%) n3onatos
(p < 0,05). KombuHuposaHHasa myTtaumsa D91G/N/Y+N87K B reHe gyrA BeisineHa y 6/12 (50,0%) LVX-R-nsonstos
(p<0,001).Y21,9% (7/32) MTZ-R-130n5TOB B reHe rdxA BbIsiBNEeHbl TO4EYHblE MyTaLuun, NpUBOASILLME KCABUTY pam-
KV CHUTbIBAHWSA UIN NPEXAEBPEMEHHON TEpMUHaLMM CUHTe3a benka. Hu ogHa ns myTtauwmii B reHax frxA, fur v fdxB
He Bbina accoummpoBaHa ¢ ycTonumnsocTbio H. pylori k MTZ.

BbiBoabl. [0 pesynsratam NoOfIHOFrEHOMHOTO CEKBEHWPOBAHMS POCCUMINCKMX KIMHUYECKMX usonsatos H. pylori ne-
Tekunst KoOMOMHMpoBaHHoN MyTauun D9T1G/N/Y+N87K B reHe gyrA MOXET CIyXWUTb NPEANKTOPOM heHoTUNnYe-
ckon yctonumsoctn H. pylori k LVX.

KnroueBble crnoBa: Helicobacter pylori, nosiHo2eHOMHOe CeK8eHUpOo8aHuUe, ycmou4ueocme K aHmubakmepu-
anbHbIM nipenapamam, demepMuUHaHmMbl PE3UCMEHMHOCMU, MEeMPOHUAa30s1, 11e80I0KCaUUH

Amuyeckoe ymeepxdeHue. ViccnenoBaHue nNpoBedeHo ¢ cobniogeHneM CTPOrmx HOpM KOHMAEHUMANBHOCTU: BCe
[AaHHble NauWeHTOB AenepCcoHNMULMPOBaHbl U 3awndpoBaHbl. OT KaXaoro y4acTHUKa UCCNeaoBaHUs NMOMyYeHo WH-
opmupoBaHHoe cornacue. NpoTokon mccrnenoBaHust ofobpeH He3aBUCUMbIM NOKamnbHbIM 3TUYECKUM KOMUTETOM
HWW anngemnonorum n mukpobuonorum um. Mactepa (npotokon Ne 50/04—2019 ot 22.06.2020).

UcmoyHuk gpuHaHcupoeaHus. ABTOpPbI 3asiBNSAOT 06 OTCYTCTBUM BHELLHEro hMHaHCUPOBaHWS Npu NPOBeAEHUN UC-
criepoBaHus.

KoHgbriukm uHmepecoe. ABTOpbI AEKNapUpyOT OTCYTCTBME SBHbIX Y NOTEHLMArbHbLIX KOH(UKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.
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Introduction

Helicobacter pylori infection remains one of the
most common chronic bacterial infections worldwide
and is considered a major risk factor for the deve-
lopment of gastric cancer (approximately 90% of ca-
ses) [1]. According to the key principles of the Maas-
tricht VI/Florence Consensus, which underpin national
clinical guidelines, H. pylori infection (regardless of
symptoms or complications) invariably causes gastri-
tis, for which the only treatment is eradication therapy.
Furthermore, the first principle of the consensus rec-
ommends conducting drug susceptibility testing prior
to prescribing first-line therapy to ensure the rational
use of antibiotics [2, 3].

H. pylori resistance to antibiotics is currently re-
cognized as one of the most serious issues. Eradica-
tion therapy for H. pylori typically uses a combination
of 2-3 antibiotics (such as amoxicillin, clarithromy-
cin, metronidazole (MTZ), tetracycline, levofloxacin
(LVX), or rifabutin), a proton pump inhibitor, and, in
some regimens, a bismuth [2, 3]. However, the effica-
cy of H. pylori treatment has been steadily declining in
recent years, in parallel with the growth of antibiotic
resistance [4, 5]. Furthermore, the widespread use of
antibiotics and low patient compliance not only foster
resistance in H. pylori but also exert selective pressure
on the broader gastrointestinal microbiome. This pro-
motes the selection of resistance genes, enriches the re-
sistome, and facilitates the spread of these genes among
bacterial communities [6, 7].

The genetic mechanisms underlying the develop-
ment of antibiotic resistance (AR) in H. pylori are not
fully understood. It is generally believed that H. pylori
resistance to antibiotics is due to de novo mutations
in chromosomal DNA, which either alter the target
of the antibiotic or prevent its activation within cells
[6]. Nevertheless, a significant proportion of H. pylori
strains resistant to antibiotics lack known genetic de-
terminants of resistance. This indicates the complex
and multifactorial nature of resistance mechanisms,
which go beyond mutational activity and/or the ac-
tivation of individual genes in response to antibio-
tic use. Potential mechanisms of H. pylori resistance
include:

* increased expression of efflux system genes;

* synergistic interactions involving mutations,
horizontal gene transfer, and activation of
protective systems;

« cellular adaptation associated with the formation
of biofilms and antibiotic-resistant coccoid
forms;

Compensatory mutations that mitigate the fit-
ness cost of resistance through epistatic interactions
with resistance determinants;heteroresistance — a phe-
nomenon where subpopulations of cells with different
susceptibility to antibiotics are present simultaneously
within a bacterial population.

All the mechanisms listed above not only contrib-
ute to the formation of H. pylori antibiotic resistance
but also accelerate the development of multidrug resis-
tance, which significantly complicates the eradication
process and highlights the necessity for a thorough
evaluation and improvement of therapeutic approaches
[6-8].

The mechanism of action of MTZ, a first-line drug
for H. pylori eradication therapy, involves the reduction
of the nitro group under anaerobic conditions, leading
to the formation of cytotoxic nitroanions and free ra-
dicals that damage DNA and disrupt the functioning of
bacterial cells. H. pylori resistance to MTZ is due to a
complex interplay of genetic and biochemical processes
that are not yet fully understood. The main mechanism
of resistance to MTZ is mediated by the inactivation
of the reductase enzyme genes rdxA (which encodes
an oxygen-insensitive nitroreductase) and fixA4 (which
encodes flavin oxidoreductase), which reduces the abi-
lity of MTZ to be reduced to its active forms (NO, and
NO;") and, consequently, diminishes the drug's antimi-
crobial effect [9, 10]. Mutations in the fur gene, which
regulates iron uptake, and fdxB, which encodes ferre-
doxin, are also thought to contribute to the formation of
AR [7, 8, 10]. Increased levels of antioxidant enzymes
and the efflux system, as well as mutational activity in
genes responsible for repairing damaged DNA, act as
additional factors contributing to the development of
H. pylori resistance to MTZ [6].

Another antibiotic used as a reserve treatment for
Helicobacter pylori infection, LVX, exerts its antibac-
terial effect by inhibiting topoisomerase II (DNA gy-
rase) and topoisomerase IV — key enzymes involved
in DNA replication and recombination processes. The
most common mechanism of H. pylori resistance to flu-
oroquinolones is due to point mutations in the quino-
lone resistance-determining regions (QRDR ), partic-
ularly in codons 86, 87, 88, 91, 97 of the gyr4 gene
and codons 481, 484 and 463 of the gyrB gene [6, 7,
10]. However, the role of some of these mutations in
the development of H. pylori resistance to LVX has not
been proven.

The systematic and reliable data on the resistance
rates of H. pylori to LVX and MTZ in Russia are scarce.
Additionally, the genetic determinants of resistance to
these antibiotics remain largely uncharacterized, im-
peding the development of effective molecular diagnos-
tic tools for monitoring resistance in clinical practice.
The aim of our study was to identify the determinants
of resistance in H. pylori clinical isolates to MTZ and
LVX using whole-genome sequencing data.

Materials and methods
A retrospective analysis was conducted on 43 clin-
ical isolates of H. pylori obtained from adult patients
with gastrointestinal diseases (2014-2022) at the Pas-
teur Research Institute of Epidemiology and Microbio-
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logy in St. Petersburg. The average age of the patients
was 44.0 = 4.5 years (range 22—70 years).

Biopsies from the gastric antrum and body, were
placed in thioglycolate medium, homogenized and
subsequently cultured on selective medium based on
Columbia agar supplemented with 7% defibrinated
horse blood and 1% IsoVitalex solution at 37°C un-
der microaerophilic conditions (oxygen content ~5%)
using GasPak 100 gas-generating pouches (BBL
CampyPak Plus Microaerophilic System envelopes
with Palladium Catalyst, BD Biosciences). H. pylori
was identified using a set of biochemical tests (ure-
ase, catalase and oxidase) and a reagent kit for de-
tecting H. pylori DNA by polymerase chain reaction
(DNA-Technology).

To perform the antibiotic susceptibility test, the
H. pylori bacterial culture was suspended to a density of
2 on the McFarland scale (~ 6 x 10® CFU/mL), 0.1 mL
was applied to the surface of a Petri dish containing
Miiller—Hinton agar supplemented with 5% defibrinat-
ed horse blood, and evenly distributed across the sur-
face with a spatula. The susceptibility of H. pylori iso-
lates to MTZ and LVX was determined using the disk
diffusion method: immediately after inoculation onto
the agar surface, disks containing MTZ (5 pg/disk) and
LVX (5 mcg/disk) were aseptically applied and incu-
bated under microaerophilic conditions (5% O,, 10%
CO,, 85% N,) at 37°C for 72 hours. After incubation
was complete, the diameter of the zones of complete
growth inhibition around the antibiotic disk was mea-
sured in millimeters. The interpretation of the disk dif-
fusion method results was based on the threshold values
presented in the publication by Z. Zhong et al.: H. py-
lori strains were considered resistant to MTZ (MTZ-R)
when the inhibition zone diameter was < 16 mm, and
susceptible (MTZ-S) when the diameter was > 17 mm;
resistant to LVX (LVX-R) when the inhibition zone di-
ameter was < 17 mm, and susceptible (LVX-S) when
the diameter was > 18 mm [11].

Total DNA from pure cultures of H. pylori was
extracted using the QIAamp DNA Mini Kit (QIAGEN
GmbH) according to the manufacturer's instructions.
The DNA concentration of each sample was quantified
using a Qubit 4.0 fluorometer. Whole-genome sequenc-
ing was performed on a DNBSEQ-G50 sequencer
(MGI Tech Co. Ltd.).

The quality assessment of paired-end libraries,
adapter removal, and low-quality sequence trimming
(Q-score < 20) were performed using the FastQC v.
0.12.1 and Trim Galore! v. 0.6.7 programs. Bacterial
genomes were assembled de novo using the genomic
assembler SPAdes v. 3.13.1, and the results were eva-
luated using QUAST v. 5.2.0 [12, 13]. The obtained ge-
nomic sequences were aligned to the H. pylori 26695
reference strain (GenBank acc. no. AE000511.1). The
Snippy v.4.6.0 program was used to assess genetic vari-
ations between isolates and identify nucleotide substi-
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tutions'. Aligned nucleotide sequences were visually
analyzed using UGENE v. 38.1 [14]. All genome as-
semblies of clinical isolates of H. pylori were deposited
in the NCBI GenBank database under registration num-
ber PRINA1011037%

Statistical analysis was performed using the R pro-
gramming language v. 4.3.2. The agreement between
phenotypic and genotypic resistance profiles was evalu-
ated using the y test and Fisher's exact test. Differences
between groups were considered significant at p < 0.05.

Results

Phenotypic drug susceptibility testing of 43 clini-
cal H. pylori isolates showed that 12 isolates were resis-
tant to LVX (LVX-R), 32 to MTZ (MTZ-R); at the same
time, 31 isolates were susceptible to LVX (LVX-S),
and 11 to MTZ (MTZ-S). Among the resistant isolates,
9 were resistant to both antibiotics simultaneously
(Group A), while among the susceptible isolates, 8 were
susceptible to both LVX and MTZ (Group B: Fig. 1).

To identify the determinants of resistance to LVX
and MTZ and their association with phenotypic re-
sistance, all 43 isolates underwent whole-genome se-
quencing, followed by an analysis of nucleotide sub-
stitutions in the gyrd, gyrB, rdxA, fixA, fdxB and fur
genes.

Of all the mutations in the gyr4 gene, only D9IN/
Y/G was associated with phenotypic drug resistance
and was detected in 33.3% (4/12) of LVX-R isolates
(» <0.05) (Table). The missense mutation N87K in the
gyrA gene was detected in 16.7% (2/12) of LVX-R iso-
lates and was not found in combination with D9IN/Y/G
and A88P mutations, while the 488P mutation was
identified in only 1 (8.3%) resistant strain in combina-
tion with the D91 N mutation. Given the absence of these
mutations in LVX-S isolates, the combined D9IN/Y/
G+N87K mutation is significantly associated with re-
sistance in clinical isolates and was detected in 50.0%

Fig. 1. Venn diagram showing the combinations
of phenotypic drug susceptibility statuses of clinical isolates
of H. pylori to MTZ and LVX

! URL: https://github.com/tseemann/snippy
2 URL: https://www.ncbi.nlm.nih.gov/bioproject/PRINA1011037
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(6/12) of LVX-R isolates (p < 0.001). It should be noted
that the D9IN/Y/G, N87K and A88P mutations in the
gyrd gene were found exclusively in group A isolates
and were absent in monoresistant isolates. All muta-
tions in the gyrB gene were present in H. pylori isolates
regardless of their phenotypic resistance (p > 0.05).
Mutations at positions 86 and 97 of the gyr4 gene and
463 of the gyrB gene, which are presumably associated
with H. pylori resistance to LVX, were not found in our
sample.

In total, 56 point mutations in the rdx4 gene
were identified. Among these, 4 (H97fs, S43fs, 1182fs,
M120fs) were frameshift mutations, 2 (Q50%stop,

W52*stop) were nonsense mutations leading to prema-
ture termination of the reading frame, and Ter2lIR_
ext* mutation resulted in the loss of stop codon, and
fusion of rdxA gene with the adjacent HP_0953 gene.
Two mutations (S/084/P, L62V) identified for the first
time in MTZ-R isolates, showed no association with
phenotypic resistance (p > 0.05). The R131K, T31E and
D59N mutations were found in H. pylori isolates from
both phenotypic groups and were not associated with
phenotypic resistance to MTZ.

We identified 7 frameshift mutations in the fix4
gene, 4 of which (Y19fs, R23fs, 144fs, A70fs) were de-
tected only in MTZ-R isolates, while 3 (K18fs, R106fs,

Mutations in LVX and MTZ resistance genes in H. pylori clinical isolates of compared to the H. pylori 26695 reference

genome, n (%)

Gene (locus) Amino acid substitution (,I;V=X;I;) (b\éxé?) (l\,;IEZ:;ZR) ('nzz{ 18) p
DI91N/Y/G 4 (33.3) 0 0.0040
gyrA (HP_0701) N87K 2(16.7) 0 0.0730
A88P 1(8.3) 0 0.2790
D481E 3(25.0) 8 (25.8) ~1.0000
gyrB (HP_0501)
R484K 3 (25.0) 8 (25.8) ~1.0000
S108A/P 7(21.9) 0 0.1628
R16C 7(21.9) 0 0.1628
L62V 6 (18.7) 0 0.3122
Ter211R_ext* stop lost & splice region 1(3.1) 0 ~1.0000
Q50*stop 1(3.1) 0 ~1.0000
W52*stop 1(3.1) 0 ~1.0000
rdxA (HP_0954) H97fs 1(3.1) 0 ~1.0000
S43fs 1(3.1) 0 ~1.0000
1182fs 1(3.1) 0 ~1.0000
M120fs 1(3.1) 0 ~1.0000
R131K 12 (37.5) 1(9.1) 0.1290
T31E 13 (40.6) 5 (45.4) 0.7794
D59N 30 (93.7) 9(81.8) 0.2665
K18fs 17 (53.1) 5 (45.4) 0.6606
Y19fs 1(3.1) 0 ~1.0000
Q27*stop 1(3.1) 0 ~1.0000
R23fs 1(3.1) 0 ~1.0000
144fs 1(3.1) 0 ~1.0000
frxA (HP_0642)
A70fs 1(3.1) 0 ~ 1.0000
R106fs 1(3.1) 1(9.1) 0.4507
W137*stop 1(3.1) 0 ~1.0000
Q141*stop 1(3.1) 0 ~1.0000
V215fs 10 (31.2) 6 (54.5) 0.1679
N424fs 1(3.1) 1(9.1) 0.4507
fdxB (HP_1508)
K426fs 1(3.1) 1(9.1) 0.4507
Cc150Y 3(9.4) 2(18.2) 0.5890
fur (HP_1027)
N118Q 7(21.9) 3(27.3) 0.6982
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V215fs) were found in isolates from both phenotypic
groups. At the same time, 3 nonsense mutations leading
to premature protein termination were found exclusive-
ly in MTZ-R strains (Table). In the fdxB gene, 2 muta-
tions (N424fs, K426fs) were harbored by both MTZ-R
and MTZ-S isolates. None of the missense mutations in
the fix4 and fdxB genes were associated with resistant
phenotype.

A total of 12 missense mutations were identified
in the fur gene, of which C150Y and N11/8Q predomi-
nated, however, none of mutations were associated with
MTZ-R phenotype . Furthermore, no frameshift or non-
sense mutations were detected in the fur gene among
the studied isolates.

Discussion

The steady increase in H. pylori antibiotic resis-
tance worldwide significantly impacts the effectiveness
of eradication therapy regimens. Meta-analysis data
from Russia (2011-2020) indicate that the most signifi-
cant rise in H. pylori resistance was observed for MTZ
(33.95%) and LVX (20.0%) [15]. However, subsequent
studies from 2015-2019 and 2020-2024 revealed a
slight decrease in LVX resistance from 18.3% to 17.1%
[15, 16]. Nevertheless, it must be acknowledged that
data on the levels and prevalence of antibiotic resis-
tance are still lacking for most Russian regions [2].

Our study, which included 43 H. pylori clinical
isolates from St. Petersburg (2014-2022), demonstrat-
ed a high level of MTZ resistance — 74.4%. This find-
ing underscores the necessity for a full-scale survey of
H. pylori resistance in this region and calls into ques-
tion the efficacy of MTZ in local eradication regimens.
In contrast, resistance to LVX (a second- and third-line
drug) was lower in our sample, at 27.9%. Notably,
among the LVX-R isolates, only 15.0% were monore-
sistant.

[17]. Summarizing the previously presented data
on clarithromycin resistance, 20.9% of H. pylori iso-
lates are multidrug-resistant, exhibiting simultaneous
resistance to three antibiotics: LVX, MTZ, and clari-
thromycin [17]. It is well known, that multidrug-re-
sistant H. pylori strains represent a major obstacle to
successful eradication therapy and pose a significant
challenge to global gastroenterological health. Treat-
ment failure rates can reach 30% with single antibio-
tic resistance and exceed 70% with dual resistance [18,
19]. Since the choice of eradication regimen is empiri-
cal, the data obtained highlight the necessity for global,
regional, and local monitoring of H. pylori antibiotic
resistance in our country. They also emphasize the need
to adapt treatment strategies in each region based on
these data and to implement a rational antibiotic use
program in eradication therapy regimens [20].

Given that whole-genome sequencing is the most
accurate, reliable, rapid and efficient method for iden-
tifying known resistance patterns, as well as searching
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for new ones, this method was used in the study to iden-
tify LVX and MTZ resistance determinants and their
association with the phenotypic drug resistance of the
Russian H. pylori population.

Analysis of the obtained data showed that among
all mutations in the gyr4 and gyrB genes, only D91Y/
N/G in the gyrA4 gene was significantly associated with
phenotypic resistance of H. pylori to LVX (p < 0.05).
Another mutation associated with the development of
resistance to fluoroquinolones, N87K, was detected in
only 16.7% of resistant isolates in our study (p > 0.05).
Nevertheless, considering the low detection frequency
of the D91Y/N/G mutation, as well as the absence of
D91 and N87 mutations in LVX-S isolates, the com-
bined detection of D9/Y/N/G and N&§7K mutations
should be considered a more reliable predictor of H. py-
lori resistance to LVX. On the other hand, given that
50.0% of LVX-resistant strains lack resistance markers
in their genome, genotyping the gyr4 gene alone may
be insufficient to detect phenotypic resistance to LVX,
which in turn casts doubt on the rationality of using the
D91+N87 gyrd genotype as the sole targets when de-
veloping PCR tests for determining H. pylori antibiotic
resistance in clinical practice. It should be noted that
mutations D9/ and N§7 were present in the genome of
only multidrug-resistant isolates, while these mutations
were not detected among LVZ-monoresistant isolates.
This could indicate both the existence of other, unstu-
died resistance mechanisms and the involvement of
phenotypic resistance mechanisms, such as changes in
the expression levels of efflux systems, biofilm forma-
tion and others.Moreover, multidrug-resistant strains
may emerge under the selective pressure of combina-
tion antibiotic therapy, which promotes the accumula-
tion of mutations, including in the gyr4 gene, which
is associated with resistance to fluoroquinolones. The
obtained data require further investigation using an ex-
panded sample of H. pylori isolates resistant and sus-
ceptible to LVX.

Given the high heterogeneity of H. pylori strains,
elucidating the mechanisms of MTZ resistance re-
mains a complex challenge. It is generally accepted
that H. pylori resistance to MTZ is primarily due to the
inactivation of the rdxA4 and frxA genes, which encode
the reduced form of nicotinamide adenine dinucleotide
phosphate (NAD(P)H) nitroreductase and flavin nit-
roreductase, respectively, which catalyze the reduction
of MTZ levels within the cell [21]. Numerous inter-
national studies have demonstrated that most MTZ-R
H. pylori strains carry multiple nonsense and/or frame-
shift mutations, leading to the loss of nitroreductase
functional binding sites.

In the current study, mutations causing stop codon
loss, premature termination or frameshifts in the rdxA4
gene were found in 21.9% of MTZ-R isolates and were
absent in the MTZ-S group. This finding suggests a po-
tential role of this gene in the development of antibiotic
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resistance in the Russian H. pylori population. Accord-
ing to E.G. Chua et al., the R/6H/C mutation in the
rdxA gene is associated with phenotypic resistance of
H. pylori isolates to MTZ [22]. Our results showed that
the R16C mutation, as well as the S1084/P and L62V
mutations in the rdx4 gene, were found only in MTZ-R
isolates, with frequencies of 21.9%, 21.9% and 18.7%,
respectively. However, due to the uneven distribution
of MTZ-R and MTZ-S isolates in our sample (74.4%
and 25.6%), the impact of these mutations on the de-
velopment of phenotypic resistance to MTZ remains to
be elucidated.

Similarly, loss-of-function mutations in the fixA4
and fdxB genes have been proposed as potential pre-
dictors of H. pylori phenotypic resistance to MTZ.
However, in our study, frameshift mutations in these
genes were found in isolates from both resistant and
susceptible phenotypic groups. Furthermore, no mu-
tations associated with phenotypic resistance to MTZ
were detected in the fur gene. These results suggest that
fixA, fdxB, and fur genes are unlikely to play a primary
role in the development of H. pylori resistance to MTZ.
Nevertheless, for a more precise understanding of the
resistance mechanisms, further research is necessary,
including a comprehensive analysis of other potential
genetic factors in conjunction with possible synergistic
or epistatic interactions.

Research limitations. This study has several
limitations. The sample size was limited both numer-
ically and geographically, preventing a comprehensive
analysis of H. pylori resistance patterns across Russia.
Furthermore, an uneven distribution of resistant and
susceptible isolates was observed, which significantly
complicates the interpretation of the data and reduces
the statistical reliability of the results. However, despite
these limitations, this study provides important infor-
mation about the resistance patterns of Russian H. pylo-
ri clinical isolates and also highlights the necessity for a
systematic, nationwide antibiotic resistance monitoring
in our country.

Conclusion

Based on whole-genome sequencing data, this
study presents the first comprehensive analysis of phe-
notypic and genotypic resistance to LVX and MTZ in
Russian H. pylori clinical isolates. Our results have
demonstrated a high prevalence of resistance to both
MTZ and LVX, alongside a high frequency of poly-
resistant isolates resistant to three antibiotics (LVX +
MTZ + clarithromycin). Despite the limited sample
size, we were able to confirm the key role of D9/ and
N87 mutations in the gyr4 gene in the development of
H. pylori resistance to LVX. However, the high fre-
quency of resistant isolates that do not carry known
resistance determinants calls into question the effec-
tiveness of current and emerging molecular diagnostic
tests for determining H. pylori susceptibility and dic-

tates the necessity for larger-scale studies to elucidate
the full spectrum of antibiotic resistance mechanisms
in H. pylori .

Our findings emphasize the exceptional impor-
tance of issues related to the continuous monitoring for
H. pylori antibiotic resistance in our country, as well as
tracking genome dynamics and resistance development
mechanisms. Such efforts could become a prerequisite
for optimizing eradication therapy regimens and im-
proving treatment effectiveness for H. pylori infections
across different regions of Russia. .
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Stabilization of tigecycline solutions during susceptibility testing
of microorganisms by broth microdilution method

Irina S. Kosilova™, Lyubov V. Domotenko, Mikhail V. Khramov
State Research Center for Applied Microbiology and Biotechnology, Obolensk, Moscow Region, Russia

Abstract

Introduction. Tigecycline is widely used in the treatment of infections, leading to the emergence of resistant
bacteria. Determining susceptibility by broth microdilution method is recommended to be conducted using freshly
prepared Mueller—Hinton broth (MHB) or MHB with antioxidant additives, due to the oxidation of the antibiotic. At
the same time, there is no information on the possibility of storing and further using antibiotic solutions.

The aim of the study is to determine the feasibility of stabilizing and rationally using tigecycline solutions to
achieve acceptable values of minimum inhibitory concentrations (MIC) when testing control strains by the
reference method.

Materials and methods. In the study, the MIC of tigecycline for Escherichia coli ATCC 25922, Staphylococcus
aureus ATCC 29213, Enterococcus faecalis ATCC 29212, and Streptococcus pneumoniae ATCC 49619 was
determined using the microdilution method in MHB, which was pre-prepared and stored for 24—48 hours prior to the
study. For the study, a tigecycline stock solution was prepared in water with the addition of various concentrations
of Oxyrase, which were stored at 2-6°C and —70°C, and then testing was conducted in accordance with GOST
R I1SO 20776-1-2022.

Results. The stability of the tigecycline stock solutions does not exceed 5 hours at 2-6°C, but with the addition of
5.0-8.0% Oxyrase, it increases to 16 days, allowing for the determination of MIC values for all test strains within
the acceptable range. Changing the storage temperature to —70°C increases the stability of the solutions to 43
days, and with the addition of 5.0-8.0% Oxyrase, to at least 48 weeks

Conclusion. The possibility of stabilizing tigecycline solutions stored at negative temperatures (with and without
the addition of Oxyrase) has been determined to obtain acceptable MIC values when determining the susceptibility
of control strains to antimicrobial agents. The use of these solutions allowed for a reduction in testing costs
through the rational use of the antibiotic.

Keywords: tigecycline, susceptibility testing, broth microdilution method, Oxyrase, Mueller—Hinton broth
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Crabunusaumns pacTBOpoB TUreUnKanHa Npyu TeCTUPOBaHUN
4YyBCTBUTENIbHOCT MUKPOOPraHN3MOB METOL40M
MUKpopa3BeaeHuin B 6ynboHe

Kocunosa U.C.¥, DomoTeHKo J1.B., XpamoB M.B.
focynapcTBEHHbIV HAYUHbI LLEHTP NpUKIagHoN MMKpobuonorum n 6notexHonorum, O6oneHck, MockoBcKasi 0651acTb,

Poccus

AHHOMauusi
BeegeHue. TUreLMKNMH LLMPOKO UCMONb3YeTCHa NPW NeYeHN MHEKUMIA, YTO NPUBOAMUT K NOSBIEHMWIO YCTONYM-
BbIX K Hemy BakTepuii. OnpegeneHue 4yBCTBUTENBHOCTU METOAOM MUKpoOpasBedeHuin B BynboHe pekomeHdo-

© Kosilova I.S., Domotenko L.V., Khramov M.V., 2025
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BaHO NPOBOAUTbL, UCMOMb3Ys CBEXENPUroToBneHHbIn BynboH Mionnepa—XuHtoH (MXB) unn MXB ¢ aHTMoken-
OaHTHbIMK fo6aBkamu, YTO 06YCNOBNEHO OKUCNEHNEM aHTUBMOTMKa. BmecTe ¢ TeM oTcyTCTBYET MHbopMaLms o
BO3MOXXHOCTU XpPaHEHUS 1 AanbHENLLEro NCMonb30BaHNs pacTBOPOB aHTUBMOTUKA.

Llenb nccnegosaHusa — onpegenntb BO3MOXHOCTb CTabunm3aumm n paumoHarnbHOro UCnonb30BaHnsi pacTBOPOB
TUreumKnmMHa ang nonyvyeHns AonycTUMbIX 3HaYEeHUA MUHMMAarbHbIX nodaBnsowmx koHueHTpauun (MIK) npu
TECTUPOBAHMUN KOHTPOMbHbIX LUTAMMOB pedepeHTHbIM METOAOM.

Martepuanbl n metoabl. B paborte onpegenanu MIK TureuuknuHa ana Escherichia coli ATCC 25922,
Staphylococcus aureus ATCC 29213, Enterococcus faecalis ATCC 29212, Streptococcus pneumoniae ATCC
49619 metogom mukpopassegeHun B MXb, 3apaHee npuroToBlneHHOM U XpaHuBLlemcs 24—48 4 0o uccnegosa-
Hus. [ina nccnegoBaHus rotoBmnv 6a3oBbIv pacTBOP TUTELIMKITMHA B BOAE M C Ao0OaBNeHneM pasnmnyHbIX KOHLEH-
Tpaumn okcmpasbl, Kotopble XpaHunu npu 2-6°C n —70°C n 3atem npoBOAMAN TECTUPOBAHNE B COOTBETCTBMM
¢ MOCT P UCO 20776-1-2022.

Pe3ynbraTtbl. B xoge vccnenoBaHusa yctaHoBreHo, 4to npu 2—6°C ctabunbHOCTe 6a30BbIX pacTBOPOB TUre-
UMKNUHa coxpaHsieTcs He Gonee 5 4, a ¢ gobasneHvem 5,0-8,0% okcupasbl yBenuumBaetca o 16 cyT, 4Tto
noseonsieT nony4atb 3HayeHnsa MIK gnsa Bcex TecT-lWITaMMOB B AONYyCTMMOM AuanasoHe. MameHeHve Temne-
paTypbl xpaHeHuns o —70°C yeenuumsaeT cTabunbHOCTbL pacteBopoB A0 43 cyT, a ¢ gobasneHnem 5,0-8,0%
oKkcupasbl — MUHUMYM A0 48 Hef.

3aknwoyeHune. OnpeaeneHa BO3MOXHOCTb CTabunusauum pacTBOPOB TUrELMKITMHA, XPaHVBLUMXCS NPy oTpuLa-
TenbHbIX Temnepatypax (c gobaBneHnem okcupasbl U 6e3 He€) onsa nonyyYyeHus JonycTumblX 3HadeHni MIK
npu onpeneneHnm YyBCTBUTENMBHOCTU KOHTPOSbHBIX LITaMMOB K aHTUMWKPOOHbLIM npenapaTtam. NMpumeHeHue
[aHHbIX pacTBOPOB MO3BOMUIIO CHW3UTb 3aTpaTtbl HA TECTUPOBaHWE 3a CYET PaLMOHANBHOMO MCMNONb30BaHWSA
aHTNbMoTHKAa.

KnroueBble cnoBa: mueeyukriuH, orpedersieHue 4yecmeumesibHocmu, Memod MukKpopaseedeHuli 8 byriboHe,

oKcupa3sa, 6ynboH Mronnepa—XuHmoH.

HNcmoyHuk huHaHcuposaHusi. PaboTta BbinonHeHa B pamkax oTpacnesoi nporpamMmmbl PocnotpebHagsopa.
KoHgbnnukm uHmepecos. ABTOPbI [eKNapupyoT OTCYTCTBUE SBHbIX M MOTEHUManbHbIX KOH(MMKTOB UHTEPECOB, CBS-

3aHHbIX C NyGnuKaumen HacTosILWEN cTaTby.

Ansi yumupoeaHusi: Kocunosa N.C., lomoTteHko J1.B., XpamoB M.B. CTabunusauusi pacTBOpoB TUreLMKInHa npu Te-
CTUPOBaHUM YYBCTBUTENBHOCTM MUKPOOPraHM3MOB METOAOM MUKpopa3BeaeHuin B BynboHe. XKypHan mukpobuonoauu,
anudemuornoauu u ummyHobuonoauu. 2025;102(4):474—481.

DOI: https://doi.org/10.36233/0372-9311-690
EDN: https://www.elibrary.ru/YNTISP

Introduction

Microorganisms resistant to antimicrobial agents
are one of the greatest threats to global health and food
product safety [1]. The rapid increase in the spread of
Gram-negative microorganisms, especially those be-
longing to Enterobacterales and Acinetobacter spp.,
which exhibit resistance to the first-line carbapenem
drugs, threatens to reduce their effectiveness. For the
treatment of infections caused by such strains of mi-
croorganisms, colistin and tigecycline are mainly used
[2, 3]. However, currently, in more than 40 countries,
including Russia, the global spread of resistance in the
studied strains to colistin, mediated by the mcr gene
(mobilized colistin resistance), has been recorded,
which significantly reduces its clinical effectiveness [4—
7]. Therefore, tigecycline is a critically important drug
for medicine', especially in the treatment of infections
caused by multidrug-resistant microorganisms [8].

Tigecycline is an antibiotic of the new class of
glycylcyclines, with a broad spectrum of activity, struc-
turally similar to tetracyclines, but more active against

' WHO. Critically important antimicrobials for human medicine
(6th revision ed.) URL: https://www.who.int/publications/i/
item/9789241515528 (data of access: 03.03.2025).

© Kocunosa W.C., omoteHko J1.B., Xpamos M.B., 2025

most gram-positive and gram-negative strains of micro-
organisms. However, certain bacteria, such as Morga-
nella spp., Proteus spp., Providencia spp. and Pseudo-
monas aeruginosa, exhibit natural resistance to tigecy-
cline [9]. Reduced susceptibility of 4. baumannii to the
antibiotic has also been described [10]. Acquired resis-
tance to tigecycline can develop in Klebsiella pneumo-
niae, E. aerogenes, E. cloacae and others, due to the
overexpression of the non-specific efflux gene ArcAB,
which confers resistance to many drugs [11].

For the selection and adjustment of antibacterial
therapy, it is recommended to conduct microbiological
diagnostics with the identification of the pathogen and
determination of its susceptibility to tigecycline.

The reference method for determining suscepti-
bility is the broth microdilution method, which allows
for the determination of the minimum inhibitory con-
centrations (MIC) of the tested antibiotics. During the
establishment of acceptable values for the MIC of tige-
cycline for control strains, discrepancies in MIC values
were identified, which were associated with the storage
period of the Mueller—Hinton broth (MHB). The results
of several studies showed that when testing tigecycline
in freshly prepared (less than 12 hours before testing)
MHB, it was 2—3 times more active against 3 control
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strains (E. coli ATCC 25922, S. aureus ATCC 29213,
and E. faecalis ATCC 29212) than in stored medium
(MIC 0.03-0.25 and 0.12-0.50 pg/mL, respectively)
[12—14]. In this regard, international standards CLSI?,
EUCAST? and Russian recommendations* for deter-
mining the MIC values of tigecycline using the broth
microdilution method recommend using only freshly
prepared MHB.

The instability of tigecycline in aqueous solutions
is related to its chemical structure, as it can be subjected
to two chemical processes that lead to the formation of
pharmacologically inactive products. On one hand, the
phenolic group of tigecycline makes it susceptibility to
oxidation, especially at pH values exceeding 7.0; on
the other hand, at lower pH values, tigecycline is more
prone to non-enzymatic epimerization’.

For therapeutic purposes, tigecycline is released in
the form of a lyophilized powder®, containing excipi-
ents such as lactose to stabilize the drug against epi-
merization, and hydrochloric acid or sodium hydroxide
to adjust the pH in the range of 4.5-5.5 and to prevent
oxidation [10, 15].

Since the pH of the MHB does not change over
time, the discrepancies in the MIC results are attributed
to the accelerated oxidative degradation of tigecycline
caused by the increased amount of dissolved oxygen
in the MHB during storage. To stabilize tigecycline,
various antioxidant additives in MHB were investigat-
ed, such as: ascorbic acid, sodium pyruvate, sodium
thioglycolate, L-cysteine, catalase, as well as anaerobic
storage conditions of MHB [12, 15, 16]. The addition
of ascorbic acid and pyruvate at concentrations of 0.3%
and 6%, respectively, contributed to the stabilization of
tigecycline for up to 7 days. However, the study [16]
showed that ascorbic acid causes rapid degradation of
tigecycline and leads to a loss of antibacterial activity.
In several publications, the possibility of using Oxy-
rase — an enzyme that helps reduce oxygen concentra-
tion in MHB—has been investigated [12, 14, 16]. The

Clinical and Laboratory Standards Institute. Performance
Standards for Antimicrobial Susceptibility Testing; Thirty-third
Informational Supplement. CLSI document M 100, 33rd Edition.
USA; 2022. 402 p.

European Committee for Antimicrobial Susceptibility Testing
(EUCAST). Breakpoint tables for interpretation of MICs and zone
diameters (Version 15.0). URL: https://www.eucast.org/fileadmin/
src/media/PDFs/EUCAST _files/Breakpoint_tables/v_15.0
Breakpoint Tables.pdf (data of access: 12.03.2025).

Russian recommendations "Determination of the sensitivity
of microorganisms to antimicrobial drugs" (version 2024-02).
URL: https://www.antibiotic.ru/files/334/ocmap2024.pdf

Fawzi M.B., Zhu T., Shah S.M. Tigecycline compositions and
methods of preparation (patent). United States US-8975242-B2.
2011.  URL: https://patentimages.storage.googleapis.com/
¢2/25/07/73a12f6c15cdfa/US8975242.pdf (data of access:
07.03.2025).

Directory of medicines. Tigacil. Instructions for use. 2024. (In
Russ.) URL: https://www.vidal.ru/drugs/tigacil 23094 (data of
access: 12.03.2025).
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results of the studies showed that tigecycline activity
was maintained in a 2% Oxyrase solution for up to 7
days at 4—6°C.

The study [12] describes the freezing of MHB con-
taining tigecycline and dispensed into 96-well plates at
—20°C. Testing the susceptibility of test strains after
thawing showed that the antibacterial activity was pre-
served for up to 6 weeks, and the test results matched
those obtained with freshly prepared MHB.

Analysis of publications showed that all manipu-
lations in the studies (antioxidant additives, storage in
frozen state, in anaerobic conditions) were carried out
with MHB, therefore, it seems important to study the
possibility of storing specifically aqueous solutions of
the antibiotic.

In accordance with the requirements of GOST
R ISO 20776-1-20227, which regulates the procedure
for performing the broth microdilution method, an-
tibiotic stock solutions are used for testing, a portion
of which, as a rule, remains unused. According to the
requirements of GOST R ISO 20776-1-2022, the stor-
age of stable antibiotic solutions is permitted, while the
storage of unstable ones, such as aqueous tigecycline
solutions, is not regulated in any way. It is only speci-
fied that if there is no information on the stability of the
solutions under certain storage conditions, a fresh stock
solution should be prepared for each batch being tested.

The aim of the study is to determine the possibil-
ity of stabilizing and rationally using tigecycline solu-
tions to achieve acceptable MIC values when testing
control strains by the reference method.

Materials and methods

In the study, the chemical substances tigecycline
(Sigma) and Oxyrase (Sigma) were used. Determina-
tion of the MIC values of tigecycline for the control
(test) strains E. coli ATCC 25922, S. aureus ATCC
29213, E. faecalis ATCC 29212, S. pneumoniae ATCC
49619 was conducted using the microdilution method
in MHB (SRCAMB), which was prepared in advance
and stored for 24—48 hours at room temperature before
the study. When working with the test strain S. pneumo-
niae ATCC 49619, 5% lysed horse blood and 20 mg/L
B-NAD (Sigma) were added to the broth. All strains
used in the study were obtained in lyophilized form
from the State Collection of Pathogenic Microorgan-
isms of SCPM-Obolensk.

Lysed horse blood was prepared from defibrinated
blood (ECOlab). In order to carry out the preparation,
sterile deionized water was added to the defibrinated

7 GOST R ISO 20776-1-2022 Study of the sensitivity of infectious
agents and evaluation of the functional characteristics of products
for the study of sensitivity to antimicrobial agents. Part 1.
A reference method of microdilution in broth for laboratory
investigation of the activity of antimicrobial agents against fast-
growing aerobic bacteria that cause infectious diseases. 2022.
20 p. (In Russ.)
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horse blood in a 1:1 ratio, and it was placed in a freezer
for 7-8 hours at —20°C. Then, the thawed blood at room
temperature was subjected to repeated freeze-thaw cy-
cles, repeating this process 4 times until the complete
lysis of the blood cells. After that, the lysed horse blood
was clarified by centrifugation at 7000 rpm for 30 mi-
nutes on an Eppendorf Centrifuge 5702 (Eppendorf).

Testing was conducted thrice in accordance with
the requirements of GOST R ISO 20776-1-2022. To
carry this process out, a stock solution of tigecycline
with a concentration of 512 mg/L was prepared in wa-
ter and in water with the addition of various concen-
trations of Oxyrase (2.0, 3.0, 5.0, and 8.0%), stored at
2-6°C in a household refrigerator and at —70°C in an
MDF-U33V low-temperature freezer (Sanyo). Every
hour, individual aliquots of the solution were removed
from the storage chamber, thawed at room temperature
for 20-30 minutes, prepared as working (twofold) di-
lutions in distilled water in the concentration range of
0.016-1.000 mg/L, and filled into a 96-well plate.

Inoculates of all test strains were prepared in a sa-
line solution with a concentration of 1-2 x 108 CFU/mL
and 0.1 mL was added to 9.9 mL of 2-fold concentrat-
ed MHB. Inoculates in MHB were added in a 1:1 ra-
tio to prepared plates, and were incubated at 35 + 1°C
for 18 £ 2 hours, with plates containing S. pneumoniae
ATCC 49619 incubated in an atmosphere of 4-6% CO,,.
The results were recorded according to the EUCAST
methodology.

The results were processed using the MS Excel
software package. The reliability of various averages
was assessed using the Student's t-test. The two-tailed
Fisher criterion was used for comparative analysis. Dif-
ferences were considered significant at p < 0.05.

Results

The MIC of tigecycline for all test strains using
stock solutions stored at 2—6°C for up to 3 hours
corresponded to the target values, and with further
storage up to 5 hours, they fell within the acceptable

range (Table 1). Further, with an increase in storage
time, the MIC values exceeded the acceptable range.

The MIC values of tigecycline for all test strains
using antibiotic stock solutions stored at -70°C for up
to 31 days corresponded to the target values, and with
further storage up to 43 days, it fell within acceptable
ranges (Table 2). Longer storage (> 44 days) resulted in
MIC values for all 4 test strains exceeding the accept-
able ranges.

The results obtained in the first stage of the study
showed that the activity of the stock solutions of
tigecycline was maintained for a longer period at —70°C
(up to 43 days) than at 2-6°C (no more than 5 hours),
which ensured the determination of the minimum
inhibitory concentration (MIC) of tigecycline for all
test strains within acceptable value ranges.

The second stage of the study is dedicated to
examining the effect of adding Oxyrase on the MIC of
tigecycline for4 test strains. Increasing the concentration
of Oxyrase contributed to the longer storage of
tigecycline stock solutions at —2—-6°C compared to
solutions without a stabilizer, as the obtained MIC
values for the tested strains corresponded to acceptable
values for a longer period (Figure, Table 3). The
addition of Oxyrase at concentrations of 5% and 8% to
the tigecycline stock solution increased its storage time
at 2—6°C from 4-5 hours to 16 days and ensured the
attainment of acceptable MIC values for 4 test strains.

The dependence of tigecycline MIC for E. coli
ATCC 25922 (a), S. aureus ATCC 29213 (b), E. faecalis
ATCC 29212 (¢), and S. preumoniae ATCC 49619 (d)
on the concentration of Oxyrase added to the antibiotic
stock solutions and their storage periods at 2—6°C.

The results of the tigecycline MIC measurements
for test strains, obtained using stabilized Oxyrase
antibiotic stock solutions during storage at —70°C,
are presented in Table 4. For convenience, the MIC
results are presented in arbitrary units: average MIC
values from 3 measurements within the acceptable
range were marked as C (Correct); average values from

Table 1. Effect of storage time at 2-6°C of the tigecycline stock solution on the MIC value, mg/L

Storage time of the tigecycline stock E. coli S. aureus E. faecalis S. pneumoniae
solution ATCC 25922 ATCC 29213 ATCC 29212 ATCC 49619
0 h (control) 0.06-0.12 0.06-0.12 0.03-0.06 0.03-0.06
1-2h 0.06-0.12 0.06-0.12 0.03-0.06 0.03-0.06
3h 0.06-0.12 0.06-0.12 0.03-0.06 0.03-0.06
4h 0.12-0.25 0.12-0.25 0.03-0.12 0.06-0.12
5h 0.12-0.25 0.12-0.25 0.06-0.12 0.06-0.12
6 h 0.5-1.0 0.5-1.0 0.5-1.0 0.5-1.0
7h 0.5-1.0 0.5-1.0 0.5-1.0 0.5-1.0
8-10h 21.0 21.0 21.0 21.0
Acceptable range, mg/L 0.03-0.25 0.03-0.25 0.03-0.12 0.016-0.12
Target values, mg/L 0.06-0.12 0.06-0.12 0.06 0.03-0.06
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Table 2. Effect of storage time at —70°C of tigecycline stock solutions on the MIC value, mg/L

Storage time of tigecycline solutions E. coli ATCC 25922

S. aureus ATCC 29213

E. faecalis ATCC 29212 | S- Pneumoniae ATCC

49619
1-18 days 0.06-0.12 0.06-0.12 0.03-0.06 0.03-0.06
19-31 days 0.06-0.12 0.06-0.12 0.03-0.06 0.03-0.06
32-43 days 0.12-0.25 0.12-0.25 0.06-0.12 0.06-0.12
44-56 days 0.5-1.0 0.5-1.0 0.25-0.50 0.25-0.50
57-68 days 0.5-1.0 0.5-1.0 0.25-0.50 0.25-0.50
69-80 days 0.5-1.0 0.5-1.0 0.5-1.0 0.5-1.0
2 81 days 21.0 21.0 21.0 21.0
Acceptable range, mg/L 0.03-0.25 0.03-0.25 0.03-0.12 0.016-0.120
Target values, mg/L 0.06-0.12 0.06-0.12 0.06 0.03-0.06

3 measurements exceeding the acceptable range were
marked as HE (High error).

As seen from Table 4, the use of Oxyrase as a
stabilizer for tigecycline stock solutions showed that
the stability of these solutions is maintained up to 18
weeks with the addition of 2% Oxyrase, up to 28 weeks
with the addition of 3% Oxyrase, and up to 48 weeks
with the addition of 5 or 8% Oxyrase, resulting in MIC
values for tigecycline for all tested strains corresponding
to acceptable levels (C).

Discussion

Currently, tigecycline is the drug of choice for
treating many severe infections caused by multidrug-
resistant microorganisms. Due to its broad-spectrum
antibacterial activity, tigecycline is often used

empirically, which leads to the emergence of resistant
bacteria [17].

Therefore, the treatment of infectious diseases,
including tigecycline, should be based on the results of
pathogen identification and antimicrobial susceptibility
testing.

Determining susceptibility to tigecycline using
broth microdilution methods is associated with the
problem of its instability in aqueous solutions. To obtain
reliable test results according to CLSI and EUCAST
standards, it is recommended to use freshly prepared
MHB.

This study examined the effect of various methods
for stabilizing basic aqueous solutions of tigecycline:
by altering storage temperature and using Oxyrase
stabilizer in different concentrations for 4 strains,

Table 3. Storage periods (days) of tigecycline stock solutions with different Oxyrase concentrations at 2—-6°C while maintaining

acceptable MIC values

Oxyrase concentration, %

Test strains Without Oxyrase
2 3 5 8
E. coli ATCC 25922 5y 7 9 16 16
S. aureus ATCC 29213 5y 7 8 16 16
E. faecalis ATCC 29212 4y 7 9 16 16
S. pneumoniae ATCC 49619 5y 6 8 16 16

Table 4. Conditional tigecycline MIC values for test strains Oxyrase concentration in antibiotic stock solutions and storage

duration at —=70°C

Storage time E. coli ATCC 25922

S. aureus ATCC 29213

E. faecalis ATCC 29212 S. pneumoniae ATCC 49619

of stock solutions,

weeks 2% | 3% | 5% | 8% | 2% | 3% | 5% | 8% | 2% | 3% | 5% | 8% 2% 3% 5% 8%
0 C C Cc C C C Cc C C Cc C C C Cc C C
12 C C Cc C C C C C C C C C C C C C
18 C C C C C C C C C C C C C Cc C C
28 HE C C C HE C C C HE C C C HE C C C
48 HE HE o C HE HE C C HE HE Cc C HE HE C C
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(c), and S. pneumoniae ATCC 49619 (d) on the concentration of oxyrase added to the antibiotic stock solutions and their
storage periods at 2—-6°C.
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including a fastidious strain S. pneumoniae ATCC
49619.

In the course of the study, pre-prepared MHB was
used and stored for 24—48 hours. It has been determined
that at 2—6°C, the stability of tigecycline stock solutions
without Oxyrase is maintained for no more than 5 hours,
while with 5% and 8% Oxyrase, it increases to 16 days.
When these solutions are stored without Oxyrase at
—70°C, their stability increases to 43 days, and with the
addition of 5% and 8% Oxyrase, it increases to at least
48 weeks. The obtained results correlate with published
data [12, 14, 16], which show that the activity of
tigecycline in MHB is maintained for up to 6 weeks (42
days) at —17-18°C, and at 4-6°C with the addition of
2% Oxyrase solutions, it is maintained for up to 7 days
(see Table 3).

In several publications, the authors note that Oxy-
rase and chemically pure tigecycline are quite expen-
sive products [12—14]. The cost calculations showed
that from 5 mg of chemically pure tigecycline (priced at
an average of 45,000 rubles/5 mg), more than 200 plates
can be prepared with a working concentration range
of tigecycline (0.06—4.00) mg/L. At the same time,
the cost of preparing one plates will be approximately
270 rubles (including the cost of the plates itself)®. The
broth microdilution method is a labor-intensive process,
so not every bacteriological laboratory can use such a
large number of plates in a single experiment. Unused
tigecycline stock solution can be aliquoted into cryo-
vials and stored at negative temperatures until the next
use, and the addition of Oxyrase will further extend the
storage time and the possibility of using MHB stored
for 24-48 hours. The cost of the same number of plates
with the addition of 5% Oxyrase increases slightly (on
average by 7-10%).

Conclusion

The possibility of stabilizing tigecycline solutions
stored at negative temperatures (with and without
the addition of Oxyrase) has been determined to
obtain acceptable MIC values when determining the
susceptibility of control strains to antimicrobial agents.
The use of these solutions made it possible to reduce
testing costs through the rational use of the antibiotic.
In the future, work will continue on studying the
possibility of using these tigecycline solutions in the
testing of clinical strains.
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Abstract

In recent years, significant progress has been made in the field of drug development, particularly due to the use
of computer modeling methods. One of the key stages in the development of new antiviral drugs is testing the
efficacy of promising candidates in in vitro experiments using target viruses. The application of new technologies
for conducting primary screening with pseudotyped viruses simplifies research, increases its efficiency and
ensures the biosafety of the conducted studies.

The aim of this review is to analyze previous studies that have demonstrated the successful use of pseudovirus
technology for the search of new chemotherapeutic agents against a range of RNA-containing viruses.

The analysis involved the literature presented in the PubMed, Scopus, Elsevier, and Google Scholar databases
as of March 1, 2025. For the search, the following keywords were used: pseudovirus, virus inhibition, antiviral
drugs, RNA viruses.

Pseudotyped viruses are recombinant viral particles that have the core proteins of one virus and the surface
proteins of another, studied virus. The advantages of pseudovirus technology are its safety, high level of
reproducibility of results, and the possibility of standardization. The lentivirus-based system was one of the first to
be developed and remains one of the most in-demand. Using pseudoviruses, candidate molecules for infections
caused by RNA-containing viruses, such as HIV-1, hepatitis C virus, tick-borne encephalitis virus, avian influenza
viruses, and SARS-CoV-2, have been selected and studied. Most of the selected drugs act at the initial stage
of the virus entry into the target cell. The examples provided illustrate the significant contribution of pseudovirus
technology in dealing with serious socially significant diseases caused by RNA-containing viruses.

Keywords: pseudoviruses, antiviral drugs, HIV-1, orthoflaviviruses, influenza virus, review
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Ucnonb3oBaHne meToga HeMTpanusauumn NceBAoBUpPYCOB
ANA NONCKa HOBbIX aHTUBUPYCHDIX NpenapaToB

Kapnenko J1.1.”, PygomeTtoBa H.b., Husoneunko J1.0., Jlokres B.b.
focynapcTBeHHbIV HayUHbI LIeHTp BUpYyconorum n buotexHonorum «<Bektop», p.n. Konbuoso, Hosocnbupckasa obnacts,

Poccusa

AHHOMauus

B nocnegHue rogel B obnacty pa3paboTku NekapCcTBEHHbIX NpenapaToB AOCTUMHYT GOMbLUOW Nporpecc, B YacT-
HOCTW, Grarogapsi MCMoONb30BaHNIO METOLAOB KOMMbIOTEPHOrO MoaenupoBaHus. OOHMM M3 KIOYEBbLIX 3TanoB
pa3paboTkn HOBbIX aHTUBUPYCHbLIX NpenapaToB ABMsSIeTCs NpoBepka 3PEKTUBHOCTU NEPCMNEKTUBHbBIX KaHAMAA-

© Karpenko L.I., Rudometova N.B., Nizolenko L.F., Loktev V.B., 2025
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TOB B 9KCMEpPUMEHTAaXx in Vitro ¢ NCNONb30BaHNEM BMPYCOB-MULLEHEN. Icnonb3oBaHWe HOBbLIX TEXHOMOrMM Ans
npoBeAeHUsi NEPBUYHOIO CKPUHUHIA C NPUMEHEHNEM MCEBAOTUMNMPOBAHHbIX BUPYCOB 0OecrnevmBaeT ynpoLeHme
uccnenoBaHnii, NoBbIeHne nx addeKkTMBHOCTM 1 cobritoaeHne GnobesonacHOCTU NPOBOAUMBIX MCCIEA0BaHNN.
Llenbto gaHHoM paboThl ABNSETCA aHanv3 nccrnegoBaHui, B KOTOPbIX MPOAEMOHCTPUPOBAHO YCrELIHOE UCMOonb-
30BaHWE NCEeBOOBMPYCHOWM TEXHOMOMMU Afsi MoMcKka HOBbIX XMMuUonpenapaToB npotuB psina PHK-cogepxalumx
BMPYCOB.

Mpv nogrotoBke 0630pa GbiN NpoBeAEH aHaNM3 NUTepaTypsbl, npeacTaesneHHorn B 6azax PubMed, Scopus, Elsevier,
Google Scholar no coctosiHuio Ha 01.03.2025. 1ns nomncka ucnonb3oBanu knioyesble crosa: pseudovirus, virus
inhibition, antiviral drugs, RNA viruses, nceBgoBupyc, MHIMOMpPOBaHNE BUpYyca, NPOTMBOBUPYCHbIE Npenaparbl,
PHK-copepxalume Bmpychbl.

MceBpoTMNMPOBaHHbLIE BUPYChI NPeACTaBNsAOT COO0N peKOMOMHAHTHBLIE BUPYCHbIE YaCTuLbl, KOTOPbIE UMEIDT KO-
poBble 6ernkn 0AHOro BUpYca, a NOBEPXHOCTHbIe B6enkn — Apyroro, nccneayemoro supyca. [JocTonHcTeamm nces-
OOBMPYCHOWN TEXHOMNOMMn ABNSAOTCA €€ 6e30MacHOCTb, BbICOKMI YPOBEHb BOCMPOU3BOAMMOCTU pe3ynbraToB U
BO3MOXHOCTb CTaHAapTusauun. Cuctema, OCHOBaHHas Ha NeHTUBMpYcax, 6bina paspaboTaHa ogHOM U3 NePBbIX
1 No-NpexXHeMy ABMSeTCs ogHOM U3 Hanbonee BocTpeboBaHHbIX. C MOMOLLBI NCEBAOBMPYCOB Obinv 0To6paHbI 1
nccnenoBaHbl MOMeKynbl-kaHanAaThbl 4na uHdekuni, BoidbiBaeMbix PHK-cogepxxalummm Bupycamu, Takumm Kak
BWY-1, Bupyc renatuta C, BupycC KknewieBoro aHuedanuta, supycbl rpunna ntuy, SARS-CoV-2. BonbWMHCTBO
13 oTobpaHHbIX NpenapaToB AENCTBYIOT Ha HaYarnbHOM 3Tane NPOHUKHOBEHMWS BMpYyCa B KNETKy-MuLeHb. [NprBe-
OEHHble NpMMepbl UINMIOCTPUPYIOT CYLLECTBEHHBIN BKNad TEXHOMOrMW NCeBAoOBMPYCOB B 60pbby C cepbE3HbIMM
coumanbHO 3Ha4YnMMbIMK 3aboneBaHnsaMK, Bbi3biBaeMbiMu PHK-cogepxalummmu Bupycamu.

KnroueBble cnoBa: ricegdosupychkl, aHmusupycHble rnpenapamsl, BUY-1, opmognasusupycsl, supyc epunna,

0630p

HUcmoyHuk ghuHaHcupoeaHus. PaboTa BbiNonHeHa 3a cHET cpeacTs MocyaapcteeHHoro 3agaHus MHL BB «Bektop»

PocnoTtpe6Haasopa.

Komjmu:(m uHmepecos. ABTOPbI OEKNapupyT OTCYTCTBME ABHbIX U NOTEHUWaNbHbIX KOHPIMKTOB MHTEPECOB, CBSA-

3aHHbIX C Nybnukaunen HacTosLLEen CTaTbu.

Ana yumupoeaHus: Kapnetxko J1.W., PygometoBa H.B., Husonexko J1.®., IlokteB B.B. Vicnonb3oBaHve meTtoga Hel-
Tpanusauum NceBooBMPYCOB Arsi MOMCKa HOBbIX aHTUBMUPYCHBIX NpenapaToB. XKypHan Mukpobuonoauu, 3nudemuorno-
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Introduction

The search and development of new drugs for the
prevention and treatment of viral infections is one of
the most important objectives in medical chemistry, bi-
ology and medicine due to the widespread prevalence
of various socially dangerous viral infections and the
constant emergence of new viral diseases [1, 2].

Progress in the development of pharmaceuticals
in recent years has largely been made possible by the
application of computer modeling methods to predict
the structure of target molecules and their interactions
with candidate drug compounds [3]. The awarding of
the Nobel Prize in 2024 for the development of meth-
ods for computer-aided protein design and prediction
of protein quaternary structure vividly illustrates the
significance of scientific achievements in this field of
knowledge. In a short period, more than 200 million
protein structures were deciphered (predicted) using the
AlphaFold2 program, involving approximately 2 mil-
lion researchers from 190 countries'. Recent advance-
ments in artificial intelligence also create fundamental-
ly new opportunities for designing new drugs based on

! MLA style: Press release. NobelPrize.org. Nobel Prize Outreach
2025. https://www.nobelprize.org/prizes/chemistry/2024/press-
release/ (data of access: 02.04.2025).

© Kapnenko J1.M., Pygomertosa H.B., Husonenko J1.®., lloktes B.B., 2025

computer-aided design of candidate drug compounds
and target proteins [3].

At the same time, the promising candidates for fu-
ture antiviral drugs selected using computer technologies
need to be tested in real in vitro experiments, followed by
in vivo testing of the selected active molecules. Among
socially significant infectious diseases, it is important to
note infections caused by various viral agents such as
HIV-1, hepatitis C, various pathogenic orthoflaviviruses,
influenza viruses, SARS-CoV-2, as well as many other
dangerous and particularly dangerous infections. Ex-
perimental work with these pathogens requires special
working conditions to meet strict biosafety requirements
and is characterized by the complexity of conducting
laboratory experiments, the lack of simple and safe lab-
oratory methods for working with infectious agents, and
the inability to cultivate multiple viruses in the laborato-
ry, which makes conducting experiments complicated or
even impossible. A fundamentally important alternative
for primary screening is the use of pseudotyped viruses
[4]. The use of replication-deficient pseudoviruses carry-
ing viral envelope proteins is a safe and useful method
widely employed by virologists for studying, screening
and developing new antiviral chemotherapeutics.

The aim of the review is to analyze studies that
have demonstrated the successful use of pseudovirus



484

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(4)

DOI: https://doi.org/10.36233/0372-9311-684

technology for the search of new chemotherapeutic
agents against a range of RNA-containing viruses.

The analysis included literature presented in the
scientific databases PubMed, Scopus, Elsevier, and
Google Scholar as of March 1, 2025. For the search,
the following keywords were used: pseudovirus, virus
inhibition, antiviral drugs, RNA viruses, ncesmnoBupyc,
MHrUOUpOBaHNE BHpPYCa, NPOTHBOBUPYCHBIC Mpema-
patsl, PHK-conepskamue Bupycsi.

In the PubMed scientific electronic database, a
search using a combination of keywords found 293
sources, of which 228 had full text available in open
access. Similarly, the search was also conducted using
the Scopus, Elsevier and Google Scholar scientific da-
tabases, but for these, the publication date of the articles
was limited to 2023-2024 in order not to overlook the
most relevant research. Overall, during the literature
search in the listed databases in Russian and English,
conducted with consideration of selection criteria such
as publication year and availability of publications for
reading, approximately 1700 sources relevant to the
topic were analyzed. Due to the volume limitation for
the study, 68 of those sources were selected.

Pseudoviruses

Pseudoviruses are artificially created viruses with
defective genomes that, due to similar conformational
structures of surface glycoproteins, are capable of en-
tering susceptible cells just like natural viruses do [5—
7]. Unlike viruses, pseudoviruses can usually replicate
only during a single replication cycle [7, 8]. The rep-
lication limitation makes conducting experiments with
them safe and provides new opportunities for studying
highly pathogenic RNA viruses. It is important to note
that the use of pseudoviruses allows for research even
in cases where natural viruses are impossible or very
difficult to cultivate in laboratory conditions [9].

Once again, it is important to emphasize that, un-
like infectious viruses, working with pseudoviruses is
safe because changes (mutations) have been incorpo-
rated into the coding regions of the genome, limiting
the virus's development to just one replication cycle.
Therefore, pseudoviruses are often referred to as sin-
gle-cycle infection viruses. As a rule, pseudotyped vi-
ruses carry marker genes (such as luciferase or GFP),
which allows for easier and more accurate quantitative
assessment in experiments with them.

Thus, the advantages of pseudovirus technology
are safety, a high level of reproducibility of results, the
possibilities of standardization and the generation of
new pseudovirus variants for further research devel-
opment. This predetermines the widespread use of this
technology by researchers to study the characteristics
of virus entry into target cells, determine the presence
of virus-neutralizing antibodies, as well as search for
and develop new antiviral drugs.

REVIEWS

Features of pseudovirus construction

Most commonly, pseudoviruses are divided in-
to three main types: those with a lentiviral genome
(HIV-1), those with a vesicular stomatitis virus genome
and those with a mouse leukemia virus genome [10].
The system based on lentiviruses, particularly HIV-1
Env-pseudoviruses, was one of the first developed for
analyzing the immune response to HIV-1 vaccines and
searching for antiviral drugs [11]. It remains one of the
most sought-after and frequently used in research.

Env-pseudoviruses of HIV-1 are recombinant viral
particles obtained by transfecting eukaryotic cells with
two plasmids: a core plasmid and an envelope plasmid.
The core plasmid contains the genes of structural, reg-
ulatory, and accessory proteins of HIV-1 necessary for
the assembly of viral particles, as well as sequences re-
quired for packaging the viral RNA (V); the envelope
plasmid, in turn, carries the gene of the surface glyco-
protein (env) of a specific subtype of HIV-1. As a result
of transfection, viral particles with a defective genome
are formed, which are unable to ensure the assembly
of infectious progeny virions upon infection [12, 13].
When working with HIV-1 Env-pseudoviruses, the ge-
netically modified TZM-bl cell line, a derivative of the
HeLa cell line, is used. This cell line expresses CD4
receptors and the CCR5 and CXCR4 co-receptors on its
surface, which HIV-1 uses to enter target cells. An im-
portant feature of the TZM-bl cell line is the presence
of integrated reporter genes for firefly luciferase and
Escherichia coli B-galactosidase under the transcrip-
tional control of the long terminal repeat of HIV-1, the
protein products of which are used to detect the entry
of HIV-1 Env-pseudoviruses into target cells. Thus, up-
on the entry of the pseudovirus into the TZM-bl target
cell, the expression of reporter genes is initiated in re-
sponse to the synthesis of the viral protein Tat, which,
for example, for the luciferase gene, is detected using a
luminometer. In this case, a high intensity of lumines-
cence corresponds to the entry of pseudovirus particles
into target cells, while a suppression of luminescence,
on the contrary, indicates the neutralization of HIV-1
Env pseudoviruses [14, 15]. The Figure illustrates the
general principle of operation of HIV-1 Env-pseudovi-
ruses.

By replacing the env gene in the lentiviral system
with the envelope protein coding genes of other viruses,
it is possible to obtain lentiviral particles that display
the corresponding viral proteins on their surface. Using
this technology, pseudoviruses of enveloped RNA vi-
ruses such as influenza viruses [16], coronaviruses [3],
retroviruses [17], flaviviruses [18] and others have been
obtained, which are successfully used in research.

The pseudovirus platform can equally be useful
for studying the entry of viruses that rapidly accumu-
late mutations due to adaptation in culture, due to the
absence of selective pressure such as host immune re-
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sponses that exist in vivo. For example, in vitro studies
using live HIV-1 led to mutations in the Env glycopro-
tein due to the error-prone nature of reverse transcrip-
tase, which facilitated adaptation to tissue culture and
resulted in phenotypic changes. As a result, the entry of
tissue culture-adapted HIV-1 strains into cells did not
correspond to what occurs during natural infection in
humans and, thus, did not provide a clinically relevant
model [20].

It should be noted that, despite the aforementioned
advantages, the pseudovirus system has a number of
limitations that should be considered when conduct-
ing any research. This system is primarily designed to
simulate the process of viral agent entry into a cell in
vitro; however, the process of proliferation and release
of viral particles cannot be modeled. The distribution,

conformation, and density of heterologous viral glyco-
proteins on pseudoviruses do not always reflect their
natural state on the surface of native viral particles [13].

Therefore, the results of analyses using pseudo-
typed viruses do not always align with data obtained
through analyses using native viruses [13]. Finally, the
use of pseudoviruses is effective in studying enveloped
viruses. For viruses such as rotavirus and poliovirus,
the pseudovirus system functions unsatisfactorily [7].
To address the latter issue, a self-organizing pseudovi-
rus system was developed, but it will not be considered
here.

This review will analyze and summarize the re-
sults of using pseudovirus technology to search for
drugs against HIV-1, orthoflaviviruses and avian influ-
enza viruses.

Production of HIV-1 Env-pseudoviruses

pHIVAenv

pEnv

TRANSFECTION

HEK293

BUDGING AND ASSEMBLY
OF PSEUDOVIRAL PARTICLES

Use of HIV-1 Env-pseudoviruses in neutralization assays

SCREENING OF COMPAUNDS

Okcnpeccust
reHa luc

TZM-bl

CD4

CCR5/CXCR4

The general principle of operation of HIV-1 Env-pseudoviruses [29, with added changes].

Practical work with HIV-1 Env-pseudoviruses includes two main stages: Stage 1 — assembly of viral particles using transfection
of the HEK293 cell line with two plasmids: core (pHIVAenv) and envelope (pEnv); Stage 2 — neutralization assay using chemotherapeutic
agents to determine their ability to block the entry of pseudoviruses into the target cell.
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Pseudoviruses and antiviral drugs

Antiviral drugs that inhibit HIV entry (Riboviria,
Pararnavirae, Artverviricota, Revtraviricetes,
Ortervirales, Retroviridae, Orthoretrovirinae, Lentivirus)

Currently, the basis of therapy for patients with
HIV infection is antiretroviral therapy (ART) — a com-
bination of several antiviral drugs that suppress the
replication of the virus by targeting different stages of
its life cycle, thereby preserving the immune functions
of the body and reducing the risk of virus transmission
[21]. However, the spread of HIV resistance to ART re-
duces the effectiveness of treatment and increases mor-
tality from HIV/AIDS [22].

Targeting the initial stage of the virus's entry in-
to the target cell offers several advantages compared to
other stages of the HIV-1 life cycle [23]. Firstly, the
viral genetic material cannot integrate into the host
cell's genome. Secondly, entry inhibitors do not need to
cross the cell membrane, unlike reverse transcriptase,
integrase, or protease inhibitors. Thirdly, since the vi-
rus entry consists of separate stages, there are several
targets for entry inhibitors, which guarantees protection
against cross-resistance [24].

An important point in the search for such drugs
is that HIV-1 requires co-receptors to enter the cell,
which expands the list of targets for antiviral drugs
[25]. Among the first effective inhibitors of HIV-1 entry
was the drug maraviroc [26]. The drug binds to CCRS,
thereby blocking the subsequent stages of viral and cel-

REVIEWS

lular membrane fusion and, consequently, the virus's
entry into target cells. In this case, HIV-1 cannot en-
ter human macrophages and T-lymphocytes. However,
maraviroc can cause serious, life-threatening side ef-
fects. This fact once again underscores the necessity for
the development of new HIV-1 entry inhibitors.

The pseudovirus technology is widely used to
study drugs that block the binding of the virus to mem-
brane receptors and its entry into target cells. The list of
such drugs is provided in Table 1.

Enfuvirtide (T20), which for a long time remained
the only viral fusion inhibitor used in combination ther-
apy for HIV infection, is a peptide drug, but it has rela-
tively low antiviral activity and easily induces drug re-
sistance. The activity of lipopetide inhibitors developed
based on T20 is significantly higher. Their development,
structural analysis, function, and comparison of activity
in suppressing the entry of HIV-1 and pseudovirus into
cells are the focus of the research [27].

Another example could be the artificial peptide
HNG-105, created by click conjugation of the linear
peptide 12pl (RINNIPWSEAMM). HNG-105 was
studied using surface plasmon resonance spectrosco-
py and pseudovirus inhibition assays. The results show
that the HNG-105 molecule may be effective against
HIV-1 subtypes and highlight its potential as a lead for
the development of therapeutic and microbicidal agents
to help combat the spread of AIDS [28].

HIV entry inhibitors have also been developed
based on nucleic acids. Thus, 23 clones of RNA aptam-

Table 1. Antiviral drugs against HIV-1, obtained and/or studied using pseudovirus technology

Substance Mechanism of action Reference

Lipopeptides based on T20 (enfuvirtide) Fusion inhibitor [27]
HNG-105 — modification of the linear peptide 12p1 Inhibition of gp120 by interacting W|th a site distinct from the CD4

or coreceptor binding site, resulting in a sharp decrease [28]
(RINNIPWSEAMM) : , > .

in gp120's affinity for either
Binding to glycoproteins gp120 or gp41 and other viral surface
RNA aptamers molecules [29]
. . . N Interaction with the primary pocket in the repeat of N-heptad
DNA triplexes with hydrophobic modifications of glycoprotein 41 (gp41) [30]
Thiolated derivatives of pyrimidine Selective inhibition dependent on th_e co-receptor preference [31]
of the pseudovirus
Small molecules NBD-14009 and NBD-14010 are
analogs of N-phenyl-N'-(2,2,6,6-tetramethylpiperidin- Inhibition of cell fusion and HIV-1 transmission from cell to cell [32]
4-yl)oxalamide
. . Inhibition of HIV-1 replication in TZM-BL cells infected with
g/l(;eitrgggallate from the edible mushroom Pholiota a pseudovirus, blocking both the virus entry process and the activity [36]
P of key enzymes necessary for its life cycle

DAVEI is a recombinant peptide chimera of -
cyanovirin-N (CVN) lectin and HIV-1 gp41 i) @ e Iz sl ele] [40]
Catechin from Peltophorum africanum Not described [37]
Methanol extract of Elaeodendron transvaalense root Not described [37]
Percolation extract of Spatholobus suberectus Dunn Interaction with the viral envelope glycoprotein gp160 [38]
Glycyrrhizin — mixture of derivatives of nicotinic and Prevents the virus from entering the target cell (34]

glycyrrhizic acids
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ers against the pseudotyped virus HIV-1CAP45, which
belongs to subtype C viruses endemic to countries in
sub-Saharan Africa and responsible for the majority of
HIV-1 infections worldwide, were isolated and studied.
Aptamers inhibited the infection of target cells by bind-
ing to both different glycoprotein molecules (gp120 or
gp41) and other viral surface molecules necessary for
infection. Thus, they can be used as analytical tools to
study the mechanisms of HIV-1 entry and as inhibitors
of this process [29]. Another category of HIV-1 inhibi-
tors may consist of complexes based on DNA triplexes
with hydrophobic modifications, interacting with the
primary pocket in the N-heptad repeat of glycopro-
tein 41 (gp41). Using Env-pseudoviruses, it has been
demonstrated that triplexes are inhibitors of virus-cell
fusion [30].

As potential inhibitors of HIV-1 entry, synthetic
chemical compounds were also investigated. Thiolat-
ed pyrimidine derivatives were synthesized and their
antiretroviral effect against human immunodeficiency
virus type 1 (HIV-111IB) and chimeric HIV-1 pseudovi-
rions was quantitatively determined in viral infectivity
assays, including syncytium inhibition assays, as well
as single-cycle viral infection assays on HelLaCD4-
LTR/B-gal cells. The inhibition was selective and de-
pended on the co-receptor preference of the pseudovi-
rus [31].

Through targeted screening of commercial li-
braries in 2005, small molecules, analogs of N-phe-
nyl-N'-(2,2,6,6-tetramethylpiperidin-4-yl)-oxalamide,
were identified as a new class of HIV-1 entry inhibitors
that blocked the gp120-CD4 interaction [32]. However,
they had a number of significant drawbacks. The fol-
lowing decade, this group of scientists systematically
studied and modified these substances, ultimately re-
sulting in the small molecules NBD-14009 and NBD-
14010, which were tested against a panel of 51 HIV-1
Env-pseudoviruses representing various subtypes of
clinical isolates. These compounds exhibited antiviral
activity in the nanomolar range (IC, = 150 nM). They
also inhibited cell fusion and the transmission of HIV-1
from cell to cell [33].

Studies dedicated to natural compounds targeting
the stage of HIV-1 entry into target cells are of partic-
ular interest. The drug Glycyvir — a multi-component
mixture containing mono-, di-, tri- and tetranicotinates
of glycyrrhizic acid — exhibited pronounced inhibi-
tory activity against HIV-1 pseudoviruses of subtypes
B, A6, and the recombinant form CRF63 02A (IC,,
range 3.9-27.5 uM). Analysis of the inhibitory activity
of Glycyvir depending on the timing of its addition to
HIV-1 Env-pseudoviruses and TZM-bl cells suggested
that this drug acts at the stage of virus entry into the
target cell [34]. Later, a modified synthesis method for
the glycyrrhizin preparation was developed, which al-
lowed for the replacement of the initial reagents with
less toxic and cheaper ones, resulting in a glycyrrhizin

preparation with biological activity similar to the orig-
inal Glycyvir [35].

In the study [36], the antiviral activity of meth-
yl gallate from the edible mushroom Pholiota adiposa
was demonstrated. Methyl gallate inhibited the entry
of Env-pseudovirus into TZM-bl cells, while exhibit-
ing low toxicity towards the cell cultures used [36]. To
identify inhibitory substances from plants, an HIV-1
subtype C pseudovirus (HIV-1-C) was created, and
as controls, wild-type HIV-1 subtype B pseudovirus-
es (HIV-1-B) and mutants resistant to nucleoside and
non-nucleoside reverse transcriptase inhibitors were
used. Thus, catechin obtained from Peltophorum afii-
canum inhibited the entry of HIV-1-C and HIV-1-B
pseudoviruses with selectivity indices of 6304 uM
(IC,: 0.49 uM, CC,: 3089 uM) and 1343 uM (IC,:
2.3 uM, CC,: 3089 uM), respectively [37]. The per-
colation extract of Spatholobus suberectus Dunn (SSP)
possesses a broad spectrum of antiviral activity against
the entry of SARS-CoV, H5N1 1AV, and HIV-1. In par-
ticular, in the case of HIV-1, SSP interacted with the vi-
ral envelope glycoprotein gp160, which is responsible
for the virus's entry into the host target cells [38].

New antiviral drugs capable of inactivating the
infectious activity of viral particles have been named
inactivators. Unlike fusion inhibitors and receptor an-
tagonists, they can actively inactivate virions in the
blood by interacting with one or more sites on the viral
envelope glycoproteins. It is suggested that a number
of developing protein- and peptide-based virus inacti-
vators may be safe for use in human treatment [39]. For
example, a recombinant chimera designated as DAV-
El (dual-acting virucidal entry inhibitor), consisting
of cyanovirin-N (CVN) lectin and a peptide from the
conserved membrane-proximal external region of HIV-
1 gp41 envelope protein (MPER), could effectively in-
activate HIV-1 Bal.01 pseudovirus with an EC, value
of 28.3 nM. Irreversible inactivation of HIV-1 virions
occurred through dual interaction with gp120 and gp41.
At the same time, the original CVN or MPER mole-
cules themselves are not capable of inactivating HIV-1
virions [40].

Antiviral drugs that inhibit orthoflaviviruses

Another family of RNA-containing viruses with
immense medical significance is the viruses belonging
to the family Flaviviridae (Riboviria, Orthornavirae,
Kitrinoviricota, Flasuviricetes, Amarillovirale, Flavi-
viridae). Today, the family Flaviviridae includes more
than 90 species of viruses and many new, yet unclassi-
fied viruses. It is important to note that currently, ortho-
flaviviruses are almost globally distributed, and hun-
dreds of millions of people encounter them annually,
many become ill, and some even die. It is customary
to distinguish the so-called major flavivirus infections,
which are caused by the dengue, Japanese encephalitis,
West Nile, yellow fever and Zika viruses.
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The hepatitis C virus (HCV), which also belongs
to a separate genus within the family Flaviviridae, is re-
sponsible for approximately 170 million human infec-
tions. The disease often progresses in a chronic form,
ending tragically, and the hepatitis C virus has quite
rightly earned the unofficial title of silent killer [41].
This is the only representative of orthoflaviviruses for
which officially registered highly effective drugs exist,
leading to the cure of patients in most cases. These in-
clude the HCV protease inhibitors boceprevir and tela-
previr [42], as well as daclatasvir, sofosbuvir and sime-
previr, which target viral enzymes — NS5 polymerase
or NS3 protease. They provide highly effective antiviral
therapy for the overwhelming majority of patients [43].
However, in certain cases, such therapy is accompanied
by adverse side effects [44]. Therefore, the search for
drugs against the hepatitis C virus remains a relevant
issue. Thus, a number of studies have been dedicated
to substances targeting the hepatitis C virus. It has been
demonstrated that harzianic acids A and B, isolated
from the Trichoderma harzianum fungus, can affect
the HCV envelope protein E1/E2 as well as the host
cell CD81, inhibiting the entry of pseudoviruses into
cells and exhibiting low cytotoxicity [45]. In the same
HCVpp model, it was shown that the plant alkaloid
berberine exhibits antiviral activity by interacting with
the HCV envelope glycoproteins E1 and E2 [46]. Using
pseudotyped HCV virus, it was found that LUMS1 —
a modified form of the microvirin lectin, known as an
HIV-1 entry inhibitor — can equally effectively inhibit
the entry of HCVpp into host target cells [47]. Pange-
notypic entry of HCV pseudoparticles into human Huh7
hepatoma cells was inhibited by derivatives of schisan-
drin acid, a triterpenoid from the Schisandra sphenan-
ther fruits, preventing the fusion of the virion and the
cell membrane without exhibiting significant cytotoxici-
ty. These compounds also demonstrated strong antitumor
activity against the Bel7404 and SMMC7721 cell lines
[48]. Several flavonoid derivatives, in which triazole
groups were combined with a pyranoflavonoid scaffold,
inhibited the infection of Huh7 cells by the hepatitis C
virus. Additional studies on the mechanism of action us-
ing pseudoviruses confirmed that the most effective of
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these compounds inhibited the virus's entry into the cell
[49]. It is important to note that the hepatitis C virus is
not actually cultivated in laboratory conditions on cell
cultures. The successes in the development of antiviral
drugs against HCV have largely been predetermined by
the development and use of pseudovirus technologies for
assessing the antiviral activity of candidate compounds.

Pseudotyped particles have also been created for
other viruses of this family, predominantly using a len-
tiviral system, namely: infectious pseudotyped hepati-
tis C virus HCVpp carrying unmodified HCV El and
E2 glycoproteins [50], pseudotyped Japanese enceph-
alitis viruses [51, 52], pseudotyped dengue viruses
D2(HIVluc) [53] and Zika — ZikaEnv/HIV-1 [54].

Pseudotyped viruses have been widely used to
study receptor interactions between the surface pro-
teins of orthoflaviviruses and host cells, as well as to
search for and investigate the mechanism of action of
antiviral drugs [55]. The list of such drugs is provided
in Table 2.

T. Pan et al. showed that several non-steroidal
anti-inflammatory drugs (NSAID), including aspirin,
ibuprofen, naproxen, acetaminophen, and lornoxicam,
effectively suppress the entry of pseudotyped Zika Env/
HIV-1 viruses, as well as Zika virus replication in cell
lines and in primary human fetal endothelial cells [54].
Interestingly, the NSAID-inhibitory effect was mediat-
ed by the effective reduction of the expression of the
AXL cellular protein, a cofactor for Zika virus entry.
Thus, a new mechanism of action for antiviral com-
pounds has been described, which involves blocking
the entry of the Zika virus by degrading the cofactor
that facilitates the virus's entry into the cell. The au-
thors concluded that NSAID could be used in practice
to prevent Zika virus infection in pregnant women, as
some NSAID, including ibuprofen and acetaminophen,
are considered clinically safe.

Antiviral drugs that inhibit influenza virus entry

Influenza viruses are highly contagious respi-
ratory pathogens of humans, belonging to the family
Orthomyxoviridae (Riboviria, Orthornavirae, Negar-
naviricota, Polyploviricotina, Insthoviricetes, Articu-

Table 2. Antiviral drugs against flaviviruses, obtained and/or studied using pseudovirus technology

Mechanism of action Reference

Substance Infection
NSAID (aspirin, ibuprofen, naproxen, acetaminophen, Zika
lornoxicam)
Garcianic acids A and B from Trichoderma harzianum Hepatitis C*
Berberine (plant alkaloid) Hepatitis C
LUMS1 — a modified form of microvirin (lectin) Hepatitis C
Derivatives of schisandronic acid (triterpenoid from Hepatitis C

the Schisandra sphenanthera fruits)

Reduction of cellular AXL protein expression,

a cofactor for ZIKV entry [54]

Impact on the E1/E2 viral envelope protein,
as well as CD81 of host cells [45]
Interaction with glycoproteins E1 and E2 [46]
Interaction with glycoproteins E1 and E2 [47]
Prevent the fusion of the virion and the cell 48]

membrane

Note. * The pseudovirus is assembled based on the genome of the vesicular stomatitis virus. All other pseudoviruses are constructed based

on the HIV-1 genome.
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lavirales, Orthomyxoviridae). The family contains four
genera of segmented RNA viruses: Alphainfluenzavi-
rus, Betainfluenzavirus, Deltainfluenzavirus, and Gam-
mainfluenzavirus. In fact, each genus includes one virus
species: influenza A virus (A/phainfluenzavirus influen-
za), influenza B virus (Betainfluenzavirus influenza),
influenza C virus (Gammainfluenzavirus influenzae),
and influenza D virus (Deltainfluenzavirus influenza).
Human diseases are mainly associated with influenza
viruses A, B and C, although the family Orthomyxovir-
idae includes 5 more genera of viruses.

On the lipid envelope of influenza viruses, two
main membrane glycoproteins dominate: hemagglu-
tinin (HA) and neuraminidase (NA). The surface gly-
coprotein HA is responsible for the attachment of the
virus and its entry into host cells through sialic acid
receptors, while NA, through its enzymatic activity,
ensures the release of viral progeny from the infected
cell. Subtypes (serotypes) of the influenza A virus are
commonly classified in combinations of 18 HA types
and 11 NA types [56].

In addition to vaccination, antiviral drugs are used
for the treatment and prevention of influenza A virus
(IAV) infections. The search for such drugs and the
study of their mechanisms of action using pseudoviral
particles are the subjects of a number of studies. The list
of such drugs is provided in Table 3.

Lentiviral pseudovirus systems have been devel-
oped for SARS-CoV, SARS-CoV-2, and avian influen-
za H5 [57]. However, two other platforms — the vesic-
ular stomatitis virus genome and the mouse leukemia
virus genome — are also used in research [58].

A. Antanasijevic et al., analyzing the entry of a
pseudovirus based on HIV-1, found that the small mol-

ecule tert-butylhydroquinone (TBHQ) inhibits the entry
of influenza virus into cells mediated by H7-type HA, as
well as H3 HA. Using nuclear magnetic resonance, the
authors showed that the aromatic ring of TBHQ has ex-
tensive contact with the stem loop region of H7 HA [59].

Pseudovirus-based screening allowed the iden-
tification of two super-short membrane-active lipo-
peptides (C12-KKWK and C12-OOWO) as effective
anti-[AV agents against the influenza strains A/Puerto
Rico/8/34 and A/Aichi/2/68. Inhibition of virus entry
occurred through the interaction of these compounds
with the HA2 subunit [60].

T.C. Hung et al. conducted a screening of a num-
ber of compounds and found that quercetin (vitamin
P) inhibits the entry of pseudoviruses expressing HA
of the H5N1 virus into cells [49]. Studies have shown
that quercetin interacts with the HA2 subunit at an early
stage of influenza infection, making it a potential candi-
date for the development of effective, safe, and afford-
able natural products for the treatment and prevention
of influenza A [61].

A series of oligothiophene compounds targeting
the influenza virus's HA were synthesized as specific
inhibitors against the H5 subtype through a series of al-
kylation, azidation, amination, and amidation reactions.
The inhibitory activity of these compounds was tested
at the cellular level against the HSN1 influenza pseudo-
virus. The structural analysis of these compounds
showed that the size of oligothiophene compounds is
very important for their level of inhibitory activity [62].

The anti-influenza activity of pyrazolo[3,4-b]pyri-
dinones derivatives, synthesized using an original pro-
tocol with water as a solvent, was evaluated. The proto-
col allowed for the synthesis of modified variants of the

Table 3. Antiviral drugs against influenza A viruses, developed and/or studied using pseudovirus technology

Substance Influenza strain Mechanism of action Reference
H7 A/Netherlands/219/2003, The aromatic ring of TBHQ has extensive
Small molecule TBHQ H3 A/Brisbane/10/2007 contact with the HA stem loop region [59]
Cl2-KKWicand C1 s(;ggmwe Qare AlPuerto Rico/8/34, A/Aichi/2/68 Interaction with the HA2 subunit [60]
. - Interaction with the HA2 subunit of the
A/Anhui/1/2005A, A/Xinjiang/1/2006, A/ . ) . .
Hong Kong/156/1997 A/g)ingghai/59/2005 influenza A (H5N1) virus, which mediates
Quercetin (vitamin P) A/Thailand/Kar’1353/2004 Al *  the fusion of the viral envelope with the [61]
- ’ endosomal membrane at the early stage
VietNam/1194/2004 of infection
Oligothiophene compounds H5NA1 Binding to HA [62]
5;231ﬁ2‘é?§n‘;fspyraz°'°[3'4'b] H5N1-A/Thailand/ Kan353/2004 Binding to HA [63]
Pentacyclic triterpene saponins C-28 A/Duck/Guangdong/99 Binding to HA [64]
MpsiMoe cBsi3blBaHWE MMUKONPOTENHOB
Percolation extract of Spatholobus H5N1 BMPYCHOW 000MOYKM [38]
suberectus Dunn Turkey Direct binding of viral envelope
glycoproteins
Griffithsin from red algae H1N1: Puerto Rico/8/1934,
) California/07/2009, Shanghai/37T/2009, Binding to HA at the stage of virus entry [65]

and its modification GL25E

WSN/1933. H3N2: Guizhou/54/1989
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compounds within 1 hour. The results of the screening
of the obtained compounds identified two derivatives
that exhibited strong inhibitory activity against the
pseudovirus A/Thailand/Kan353/2004. The speed and
environmental friendliness of the synthesis of these
derivatives open up new prospects in the field of drug
development [63].

A series of modified C-28 pentacyclic triterpenoid
saponins were synthesized through conjugation with
amide derivatives, and their antiviral activity against
the A/Duck/Guangdong/99 influenza virus in MDCK
cells was evaluated. The study of mechanisms of action
showed that these triterpenoids can strongly bind to the
HA of the viral envelope, blocking the attachment of
the HSN1 pseudovirus to target cells [64].

After the onset of the COVID-19 pandemic, drugs
that inhibit the entry of influenza viruses were almost al-
ways studied in conjunction with drugs against SARS-
CoV-2. Particularly close attention has been paid to
natural compounds rather than chemically synthesized
ones, as natural antiviral agents have been recognized
as safe and effective.

For example, the aforementioned percolation
extract of Spatholobus suberectus Dunn (SSP) is a
broad-spectrum virus entry inhibitor against SARS-
CoV-1/2 and other enveloped viruses. The inhibitory
activity of SSP against viruses was evaluated using
pseudotyped SARS-CoV-1 and 2, HIV-1ADA and
HXB2, as well as H5N1.

In vivo studies have shown that even with pro-
longed treatment, the drug did not exhibit toxicity to
the test rats compared to the control group animals. The
obtained data demonstrate the potential of SSP as a can-
didate drug for the prevention and treatment of infec-
tions caused by enveloped viruses [37].

Griffithsin, a carbohydrate-binding protein isolat-
ed from red algae, as well as a bivalent entry inhibitor
based on it (GL25E), a recombinant protein consisting
of griffithsin, a 25-amino acid linker, and EK1 — a
broad-spectrum coronavirus inhibitor — can effective-
ly inhibit mono-infection with influenza A virus and
SARS-CoV-2 and their co-infection by blocking HA
of TAV and the spike protein of SARS-CoV-2. GL25E
is more effective than griffithsin because GL25E can
also interact with the HR1 domain in the S protein
of SARS-CoV-2 [65].

It should be noted that the largest number of studies
related to the search for antiviral drugs using pseudovi-
rus technology is associated with the COVID-19 pan-
demic caused by the SARS-CoV-2 coronavirus, which
has generated a real boom in virological research.
A number of review publications have been published

REVIEWS

on the potential use of pseudoviruses in the study of
coronavirus infections [8, 9, 65, 66]. These publications
emphasize the significance of using pseudoviruses to
study the interaction of SARS-CoV-2 with permissive
cells, quantitatively determine neutralizing antibod-
ies, explore new possibilities for vaccine construction,
search for new antiviral drugs based on the evaluation
of the activity of chemically synthesized compounds,
and investigate the behavior of pseudovirus particles
in the whole organism and their interaction with vari-
ous organs and the immune system. The main limita-
tions of using this technology are associated with the
restricted presence of coronavirus proteins on the sur-
face of the pseudovirus particle and the inability to use
this technology to study the non-structural proteins of
SARS-CoV-2. Overall, the number of publications on
pseudoviruses and SARS-CoV-2 is simply enormous
and requires separate consideration.

Conclusion

An analysis was conducted on the use of pseudo-
viruses for the development of new diagnostic, pre-
ventive, and therapeutic tools for a number of seri-
ous socially significant infectious diseases caused by
RNA-containing viruses, based on data published in re-
cent years. Currently, technologies using pseudoviruses
are widely and successfully employed for research on
HIV-1, hepatitis C virus, tick-borne encephalitis virus,
avian influenza viruses, and SARS-CoV-2, as well as
for particularly dangerous infection viruses, such as
Marburg and Ebola viruses [67, 68].

The success of using pseudoviruses is determined
by the fundamentally new capabilities of this techno-
logy:

+ allows conducting research on the initial stage

of virus entry into the cell;

* allows conducting research under conditions
that ensure a high level of biosafety, especially
when working with pseudoviruses that model
highly pathogenic viral agents;

* principally simplifies the conduct of research
and makes it possible, especially for poorly
cultivable or uncultivated viruses;

» expands the experimental capabilities of
researchers;

* successfully combines with modern methods of
synthetic biology and bioinformatics.

The collection of presented data illustrates the
fundamentally new contribution of pseudovirus tech-
nology to the search and creation of a new generation
of drugs to combat serious socially significant diseases
caused by RNA-containing viruses.



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTUI. 2025; 102(4)

DOI: https://doi.org/10.36233/0372-9311-684

491

OB30PbI

L.

10.

11.

12.

13.

14.

15.

CIIMCOK UCTOYHHUKOB | REFERENCES

Sagaya Jansi R., Khusro A., Agastian P., et al. Emerging
paradigms of viral diseases and paramount role of natural
resources as antiviral agents. Sci. Total. Environ. 2021;759:
143539. DOI: https://doi.org/10.1016/j.scitotenv.2020.143539

. Sharma K., Singh M., Sharma S.C. Revolutionizing antiviral

therapeutics: in silico approaches for emerging and neglected
RNA viruses. Curr. Pharm. Des. 2024;30(41):3276-90.
DOI: https://doi.org/10.2174/0113816128322226240815063730

. Singh S., Kaur N., Gehlot A. Application of artificial intelligence

in drug design: A review. Comput. Biol. Med. 2024;179:108810.
DOI: https://doi.org/10.1016/j.compbiomed.2024.108810

. Pynomerosa H.b., lllep6akoB JI.H., Pynometor A.I1. u np. Mo-

JIeNTbHBIE CHCTEMBI BUPYCauMMyHoepunuTadenoseka(BUY-1),
UCIIONB3yeMble JIsi OLEHKH 3(P(EKTHBHOCTH KaHIMIATHBIX
BaKIUH U JEKapCTBEHHBIX NpenaparoB npotus BUY-1 in vitro.
Basunosckuii scyprnan eememuxu u cenexyuu. 2022;26(2):
214-21. Rudometova N.B., Shcherbakov D.N., Rudometov A.P.,
et al. Model systems of human immunodeficiency virus
(HIV-1) for in vitro efficacy assessment of candidate vaccines
and drugs against HIV-1. Vavilov Journal of Genetics and
Breeding. 2022;26(2):214-21.

DOI: https://doi.org/10.18699/VIGB-22-26

EDN: https://elibrary.ru/clbskg

. Welch S.R., Guerrero L.W., Chakrabarti A.K., et al. Lassa

and Ebola virus inhibitors identified using minigenome and
recombinant virus reporter systems. Antiviral. Res.2016;136:9—
18. DOI: https://doi.org/10.1016/j.antiviral.2016.10.007

. Chen M., Zhang X.E. Construction and applications of

SARS-CoV-2 pseudoviruses: a mini review. Int. J. Biol. Sci.
2021;17(6):1574-80. DOI: https://doi.org/10.7150/ijbs.59184

. Xiang Q., Li L., Wu J., et al. Application of pseudovirus system

in the development of vaccine, antiviral-drugs, and neutralizing
antibodies. Microbiol. Res. 2022;258:126993.
DOI: https://doi.org/10.1016/j.micres.2022.126993

. Ory D.S., Neugeboren B.A., Mulligan R.C. A stable human-

derived packaging cell line for production of high titer
retrovirus/vesicular stomatitis virus G pseudotypes. Proc. Natl.
Acad. Sci. USA. 1996;93(21):11400-6.

DOIL: https://doi.org/10.1073/pnas.93.21.11400

. Nie J.,, Wu X., Wang Y. Assays based on pseudotyped viruses.

Adv. Exp. Med. Biol. 2023;1407:29-44.

DOI: https://doi.org/10.1007/978-981-99-0113-5 2

Wang Y., ed. Pseudotyped Viruses. Springer Singapore;2023.
DOI: https://doi.org/10.1007/978-981-99-0113-5

Montefiori D.C., Mascola J.R. Neutralizing antibodies against
HIV-1: can we elicit them with vaccines and how much do we
need? Curr. Opin. HIV AIDS. 2009;4(5):347-51.

DOI: https://doi.org/10.1097/COH.0b013e32832f4a4d

Li M., Gao F., Mascola J.R., et al. Human immunodeficiency
virus type 1 env clones from acute and early subtype B infections
for standardized assessments of vaccine-elicited neutralizing
antibodies. J. Virol. 200;79(16):10108-25.

DOI: https://doi.org/10.1128/JV1.79.16.10108-10125.2005
LiQ., LiuQ., Huang W, et al. Current status on the development
of pseudoviruses for enveloped viruses. Rev. Med. Virol.
2018;28(1):e1963. DOL: https://doi.org/10.1002/rmv.1963

Platt E.J., Wehrly K., Kuhmann S.E., et al. Effects of CCR5
and CD4 cell surface concentrations on infections by
macrophagetropic isolates of human immunodeficiency virus
type 1. J. Virol. 1998;72(4):2855-64.

DOI: https://doi.org/10.1128/JV1.72.4.2855-2864.1998

Wei X., Decker J.M., Liu H., et al. Emergence of resistant human
immunodeficiency virus type 1 in patients receiving fusion
inhibitor (T-20) monotherapy. Antimicrob. Agents Chemother.
2002;46(6):1896-905.

DOI: https://doi.org/10.1128/AAC.46.6.1896-1905.2002

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Guo Y., Rumschlag-Booms E., Wang J., et al. Analysis of hemag-
glutinin-mediated entry tropism of H5N1 avian influenza. Virol.
J.2009;6:39. DOL: https://doi.org/10.1186/1743-422X-6-39
Wang W., Nie J., Prochnow C., et al. A systematic study
of the N-glycosylation sites of HIV-1 envelope protein on
infectivity and antibody-mediated neutralization. Retrovirology.
2013;10:14. DOI: https://doi.org/10.1186/1742-4690-10-14
Kretschmer M., Kadlubowska P., Hoffmann D., et al. Zikavirus
prME envelope pseudotyped human immunodeficiency virus
type-1 as a novel tool for glioblastoma-directed virotherapy.
Cancers (Basel). 2020;12(4):1000.

DOIL: https://doi.org/10.3390/cancers12041000

Wrin T., Loh T.P., Vennari J.C., et al. Adaptation to persistent
growth in the H9 cell line renders a primary isolate of human
immunodeficiency virus type 1 sensitive to neutralization by
vaccine sera. J. Virol. 1995;69(1):39—48.

DOI: https://doi.org/10.1128/JV1.69.1.39-48.1995

Phanuphak N., Gulick R.M. HIV treatment and prevention 2019:
current standards of care. Curr. Opin. HIV AIDS. 2020;15(1):4—
12. DOI: https://doi.org/10.1097/COH.0000000000000588
Arts E.J., Hazuda D.J. HIV-1 antiretroviral drug therapy. Cold
Spring Harb. Perspect. Med. 2012;2(4):a007161.

DOI: https://doi.org/10.1101/cshperspect.a007161

Lobritz M.A., Ratcliff A.N., Arts E.J. HIV-1 entry, inhibitors,
and resistance. Viruses. 2010;2(5):1069-105.

DOI: https://doi.org/10.3390/v2051069

Xiao T., Cai Y., Chen B. HIV-1 entry and membrane fusion
inhibitors. Viruses. 2021;13(5):735.

DOI: https://doi.org/10.3390/v13050735

Solomon M., Liang C. Pseudotyped viruses for retroviruses.
Adv. Exp. Med. Biol. 2023;1407:61-84.

DOI: https://doi.org/10.1007/978-981-99-0113-5_4

Westby M., van der Ryst E. CCRS antagonists: host-targeted
antivirals for the treatment of HIV infection. Antivir. Chem.
Chemother. 2005;16(6):339-54.

DOI: https://doi.org/10.1177/095632020501600601

Ding X., Zhang X., Chong H., et al. Enfuvirtide (T20)-based
lipopeptide is a potent HIV-1 cell fusion inhibitor: implications
for viral entry and inhibition. J. Virol. 2017;91(18):¢00831-17.
DOI: https://doi.org/10.1128/JV1.00831-17

Cocklin S., Gopi H., Querido B., et al. Broad-spectrum anti-
human immunodeficiency virus (HIV) potential of a peptide
HIV type 1 entry inhibitor. J. Virol. 2007;81(7):3645-8.

DOI: https://doi.org/10.1128/JV1.01778-06

London G.M., Mayosi B.M., Khati M. Isolation and charac-
terization of 2'-F-RNA aptamers against whole HIV-1
subtype C envelope pseudovirus. Biochem. Biophys. Res.
Commun. 2015;456(1):428-33.

DOI: https://doi.org/10.1016/j.bbrc.2014.11.101

Xu L., Zhang T., Xu X., et al. DNA triplex-based complexes
display anti-HIV-1-Cell fusion activity. Nucleic Acid Ther.
2015;25(4):219-25.

DOI: https://doi.org/10.1089/nat.2015.0535

Kanizsai S., Ongradi J., Aradi J., Nagy K. New approach
for inhibition of HIV entry: modifying CD4 binding sites
by thiolated pyrimidine derivatives. Pathol. Oncol. Res.
2016;22(3):617-23.

DOI: https://doi.org/10.1007/s12253-016-0044-y

Zhao Q., Ma L., Jiang S., et al. Identification of N-phenyl-N'-
(2,2,6,6-tetramethyl-piperidin-4-yl)-oxalamides as a new class
of HIV-1 entry inhibitors that prevent gp120 binding to CDA4.
Virology. 2005;339(2):213-25.

DOIL: https://doi.org/10.1016/j.virol.2005.06.008

Curreli F.,, Belov D.S., Ramesh R.R., et al. Design, synthesis and
evaluation of small molecule CD4-mimics as entry inhibitors
possessing broad spectrum anti-HIV-1 activity. Bioorg. Med.
Chem. 2016;24(22):5988-6003.

DOI: https://doi.org/10.1016/j.bmc.2016.09.057



492 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(4)
DOI: https://doi.org/10.36233/0372-9311-684

REVIEWS

33. Fomenko V.V., Rudometova N.B., Yarovaya O.l, et al 45. Hung T.C., Jassey A., Liu C.H., et al. Berberine inhibits

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Synthesis and in vitro study of antiviral activity of glycyrrhizin
nicotinate derivatives against HIV-1 pseudoviruses and SARS-
CoV-2 viruses. Molecules. 2022;27(1):295.

DOT: https://doi.org/10.3390/molecules27010295

®anno A.A., Pomenxko B.B., Pynomérosa H.b. u np. Monudu-
Kalys METOAMKH CHHTE3a TIMIMBHPA U MCCICI0BaHHE aHTUBH-
PYCHO# aKTMBHOCTH HOJYYCHHBIX B XOJ€ CHHTE3a IPEnapaTtoB
B orHomeHun ENV-ncesnosupycoB BUY-1. Xumus pacmu-
menvrozo cuipws. 2023;(4):387-95. Fando A.A., Fomenko V.V.,
Rudometova N.B., et al. Synthesis of glycivir derivatives using
modification of synthesis procedure studying their antiviral
activity against ENV-pseudovirouses HIV-1. Chemistry of Plant
Raw Material. 2023;(4):387-95.

DOI: https://doi.org/10.14258/jcprm.20230413841

EDN: https://elibrary.ru/uzjyqg

Wang C.R., Zhou R., Ng T.B., et al. First report on isolation of
methyl gallate with antioxidant, anti-HIV-1 and HIV-1 enzyme
inhibitory activities from a mushroom (Pholiota adiposa).
Environ. Toxicol. Pharmacol. 2014;37(2):626-37.

DOI: https://doi.org/10.1016/j.etap.2014.01.023

Mavhandu L.G., Cheng H., Bor Y.C., et al. Development of a
pseudovirus assay and evaluation to screen natural products
for inhibition of HIV-1 subtype C reverse transcriptase.
J. Ethnopharmacol. 2020;258:112931.

DOT: https://doi.org/10.1016/j.jep.2020.112931

Liu Q., Kwan K\Y., Cao T., et al. Broad-spectrum antiviral
activity of Spatholobus suberectus Dunn against SARS-CoV-2,
SARS-CoV-1, HS5N1, and other enveloped viruses. Phytother.
Res. 2022;36(8):3232-47.

DOI: https://doi.org/10.1002/ptr. 7452

Su X., Wang Q., Wen Y., et al. Protein- and peptide-based virus
inactivators: inactivating viruses before their entry into cells.
Front. Microbiol. 2020;11:1063.

DOT: https://doi.org/10.3389/fmicb.2020.01063

Parajuli B., Acharya K., Bach H.C., et al. Restricted HIV-1
Env glycan engagement by lectin-reengineered DAVEI protein
chimera is sufficient for lytic inactivation of the virus. Biochem.
J.2018;475(5):931-57.

DOI: https://doi.org/10.1042/BCJ20170662

Becennosa H.H., 3anopoxer T.C., Epmakosa C.I1., u ap. [Ipu-
POJIHBIC COCHHEHHS — MOTCHIHANBHAS OCHOBA CPECTB MPOhH-
JaKTUKH ¥ Tepanuu renaruta C. Anmubuomuxu u xumuomepa-
nust. 2023;68(11-12):75-90. Besednova N.N., Zaporozhets T.S.,
Ermakova S.P., et al. Natural compounds as potential basis for
the prevention and treatment of hepatitis C. Antibiotics and
Chemotherapy. 2023;68(11-12):75-90.

DOI: https://doi.org/10.37489/0235-2990-2023-68-11-12-75-90
EDN: https://elibrary.ru/besoof

Heps6un ILI. I'enatut C: coBpeMeHHOE COCTOSHHE U MEPCIIEK-
TUBBL Bonpocwl supyconozuu. 2012;(S1):91-103. Deryabin P.G.
Hepatitis C: current state and prospects. Problems of Virology.
2012;(S1):91-103. EDN: https://elibrary.ru/osnmkg
Chowdhury P., Sahuc M.E., Rouill¢ Y., et al. Theaflavins,
polyphenols of black tea, inhibit entry of hepatitis C virus in
cell culture. PLoS One. 2018;13(11):¢0198226.

DOI: https://doi.org/10.1371/journal.pone.0198226

Nafisi S., Roy S., Gish R., et al. Defining the possibilities: is
short duration treatment of chronic hepatitis C genotype 1 with
sofosbuvir-containing regimens likely to be as effective as
current regimens? Expert. Rev. Anti. Infect. Ther. 2016;14(1):
41-56.

DOI: https://doi.org/10.1586/14787210.2016.1114883

Li B, Li L., Peng Z., et al. Harzianoic acids A and B, new
natural scaffolds with inhibitory effects against hepatitis C
virus. Bioorg. Med. Chem. 2019;27(3):560-7.

DOI: https://doi.org/10.1016/j.bmc.2018.12.038

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

hepatitis C virus entry by targeting the viral E2 glycoprotein.
Phytomedicine. 2019;53:62-9.

DOI: https://doi.org/10.1016/j.phymed.2018.09.025

Shahid M., Qadir A., Yang J., et al. An engineered microvirin
variant with identical structural domains potently inhibits
human immunodeficiency virus and hepatitis C virus cellular
entry. Viruses. 2020;12(2):199.

DOI: https://doi.org/10.3390/v12020199

Zhang K.X., Qian X.J., Zheng W., et al. Synthesis and in vitro
anti-HCV and antitumor evaluation of schisandronic acid
derivatives. Med. Chem. 2021;17(9):974-82.

DOI: https://doi.org/10.2174/1573406416999200818150053
Zhang H., Zheng X., Li J., et al. Flavonoid-triazolyl hybrids as
potential anti-hepatitis C virus agents: synthesis and biological
evaluation. Eur. J. Med. Chem. 2021;218:113395.

DOT: https://doi.org/10.1016/j.ejmech.2021.113395

Bartosch B., Dubuisson J., Cosset F.L. Infectious hepatitis C
virus pseudo-particles containing functional E1-E2 envelope
protein complexes. J. Exp. Med. 2003;197(5):633-42.

DOI: https://doi.org/10.1084/jem.20021756

Kambara H., Tani H., Mori Y., et al. Involvement of cyclophilin B
in the replication of Japanese encephalitis virus. Virology. 2011,
412(1):211-9. DOI: https://doi.org/10.1016/j.virol.2011.01.011
Liu H., Wu R,, Yuan L., et al. Introducing a cleavable signal
peptide enhances the packaging efficiency of lentiviral vectors
pseudotyped with Japanese encephalitis virus envelope proteins.
Virus Res. 2017;229:9-16.

DOT: https://doi.org/10.1016/j.virusres.2016.12.007

Hu H.P, Hsieh S.C., King C.C., Wang W.K. Characterization of
retrovirus-based reporter viruses pseudotyped with the precursor
membrane and envelope glycoproteins of four serotypes of
dengue viruses. Virology. 2007;368(2):376-87.

DOI: https://doi.org/10.1016/].virol.2007.06.026

Pan T., Peng Z., Tan L., et al. Nonsteroidal anti-inflammatory
drugs potently inhibit the replication of Zika viruses by inducing
the degradation of AXL. J. Virol. 2018;92(20):e01018-18.
DOTI: https://doi.org/10.1128/JV1.01018-18

Zhang L., Wang X., Ming A., Tan W. Pseudotyped virus for
Flaviviridae. Adv. Exp. Med. Biol. 2023;1407:313-27.

DOTI: https://doi.org/10.1007/978-981-99-0113-5 17

Del Rosario JM.M., da Costa K.A.S., Temperton N.J.
Pseudotyped viruses for influenza. Adv. Exp. Med. Biol.
2023;1407:153-73.

DOTI: https://doi.org/10.1007/978-981-99-0113-5 8

Huang S.W., Tai C.H., Hsu Y.M,, et al. Assessing the application
of a pseudovirus system for emerging SARS-CoV-2 and
re-emerging avian influenza virus HS subtypes in vaccine
development. Biomed. J. 2020;43(4):375-87.

DOT: https://doi.org/10.1016/j.bj.2020.06.003

Carnell G.W., Ferrara F., Grehan K., et al. Pseudotype-based
neutralization assays for influenza: a systematic analysis. Front.
Immunol. 2015;6:161.

DOIL: https://doi.org/10.3389/fimmu.2015.00161

Antanasijevic A., Cheng H, Wardrop D.J., et al. Inhibition
of influenza H7 hemagglutinin-mediated entry. PLoS One.
2013;8(10):e76363.

DOI: https://doi.org/10.1371/journal.pone.0076363

Wu W., Wang J., Lin D., et al. Super short membrane-active
lipopeptides inhibiting the entry of influenza A virus. Biochim.
Biophys. Acta. 2015a;1848(10 Pt. A):2344-50.

DOTI: https://doi.org/10.1016/j.bbamem.2015.06.015

Wu W, Li R, Li X., et al. Quercetin as an antiviral agent
inhibits influenza A virus (IAV) entry. Viruses. 2015;8(1):6.
DOI: https://doi.org/10.3390/v8010006

ZhuZ.,Yao Z., Shen X., et al. Oligothiophene compounds inhibit
the membrane fusion between H5N1 avian influenza virus and



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTUI. 2025; 102(4)

DOI: https://doi.org/10.36233/0372-9311-684

493

OB30PbI

62.

63.

64.

the endosome of host cell. Eur. J. Med. Chem. 2017;130:185—
94. DOL: https://doi.org/10.1016/j.ejmech.2017.02

Zeng LY., Liu T., Yang J., et al. "On-water" facile synthesis
of novel Pyrazolo[3,4-b]pyridinones possessing anti-influenza
virus activity. ACS Comb. Sci. 2017;19(7):437-46.

DOI: https://doi.org/10.1021/acscombsci.7b00016

Liao Y., Chen L., Li S., et al. Structure-aided optimization
of 3-O-B-chacotriosyl ursolic acid as novel H5N1 entry
inhibitors with high selective index. Bioorg. Med. Chem.
2019;27(18):4048-58.

DOI: https://doi.org/10.1016/j.bmc.2019.07.028

Cao N., Cai Y., Huang X., et al. Inhibition of influenza
A virus and SARS-CoV-2 infection or co-infection by
griffithsin and griffithsin-based bivalent entry inhibitor. mBio.
2024;15(5):¢0074124.

DOI: https://doi.org/10.1128/mbio.00741-24

65.

66.

67.

68.

Tan C., Wang N., Deng S., et al. The development and application
of pseudoviruses: assessment of SARS-CoV-2 pseudoviruses.
PeerJ.2023;11:e16234. DOI: https://doi.org/10.7717/peerj. 16234
Trischitta P., Tamburello M.P., Venuti A., et al. Pseudovirus-
based systems for screening natural antiviral agents: a
comprehensive review. Int. J. Mol. Sci. 2024;25(10):5188.
DOI: https://doi.org/10.3390/ijms25105188

Kononova A.A., Sokolova A.S., Cheresiz S.V.,, et al
N-heterocyclic borneol derivatives as inhibitors of Marburg
virus  glycoprotein-mediated VSIV  pseudotype entry.
Medchemcomm. 2017;8(12):2233-7.

DOIL: https://doi.org/10.1039/c7md00424a

Liu Q., Fan C, Li Q., et al. Antibody-dependent-cellular-
cytotoxicity-inducing antibodies significantly affect the
post-exposure treatment of Ebola virus infection. Sci. Rep.
2017;7:45552. DOLI: https://doi.org/10.1038/srep45552



494

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(4)

DOI: https://doi.org/10.36233/0372-9311-684

Information about the authors

Larisa I. Karpenko™ — D. Sci. (Biol.), Head, Laboratory of recombi-
nant vaccines, leading researcher, Bioengineering department, State
Scientific Center of Virology and Biotechnology “Vector”, Koltsovo,
Russia, Ikarpenko1@ya.ru, https://orcid.org/0000-0003-4365-8809

Nadezhda B. Rudometova — Cand. Sci. (Biol.), senior researcher,
Bioengineering department, State Research Center of Virology and
Biotechnology “Vector”, Koltsovo, Russia, nadenkaand100@mail.ru,
https://orcid.org/0000-0002-1684-9071

Lily F. Nizolenko — Cand. Sci. (Biol.), senior researcher, Bioengineer-
ing department, State Scientific Center of Virology and Biotechnology
“Vector”, Koltsovo, Russia, nizolenko@inbox.ru,
https://orcid.org/0000-0002-9647-4969

Valery B. Loktev — Dr. Sci. (Biol.), Professor, chief researcher, Head,
Department of molecular virology for flaviviruses and viral hepati-
tis, State Research Center of Virology and Biotechnology “Vector”,
Koltsovo, Russia, valeryloktev@gmail.com, loktev@vector.nsc.ru,
https://orcid.org/0000-0002-0229-321X

Authors’ contribution: Karpenko L.I. — idea and design of the re-
search; writing and editing the manuscript; Rudometova N.B. — writ-
ing and editing the manuscript; illustration creation and design; Nizo-
lenko L.F. — collection and processing of material; writing and editing
the manuscript; Loktev V.B. — conceptualization of the study, editing
the manuscript. 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 09.04.2025;
accepted for publication 18.06.2025;
published 28.08.2025

REVIEWS

UHpopmayusi 06 aesmopax

Kapnetko Ilapuca WeaHosHa™ — p-p 6uon. Hayk, 3as. nab. pekom-
OGUHAHTHBIX BakUMWH, B. H. C. otaena buounHxeHepun MHL, BB «Bek-
Top», KonbLoBo, Poccus, Ikarpenko1@ya.ru,
https://orcid.org/0000-0003-4365-8809

Pydomemosa Hadexda bopucosHa — kaHh. Ouon. Hayk, C. H. C.
otaena 6uounHxeHepun HLL BB «Bektop», Kombuoso, Poccusi,
nadenkaand100@mail.ru, https://orcid.org/0000-0002-1684-9071

Hu3sonenko Jlunus @ununnosHa — kaHa. 6uon. Hayk, C. H. C. oTAena
6uonrxeHepum ML BB «Bektop», KonbuoBo, Poccus,
nizolenko@inbox.ru, https://orcid.org/0000-0002-9647-4969

Jlokmee Baneputi bopucosuy — a-p 6uon. Hayk, npodeccop, 3aB.
OTAENOM MOMEKYNSAPHOW BMPYCONOrnn hrnaBUBUPYCOB U BUPYCHbIX
renatutoB HL, «BekTop», Konbuoso, Poccus,
valeryloktev@gmail.com, loktev@vector.nsc.ru,
https://orcid.org/0000-0002-0229-321X

Yyacmue aemopoe: KapreHko J1./l. — voes v au3aiiH uccrnegosa-
HWS; HanNUcaHve 1 pegakTupoBaHue pykonucu; Pydomemosa H.b. —
HanucaHve, pefakTMpoBaHue pyKOnucu, cosgaHve U ogopMrieHne
pucyHkoB; Hu3oneHko J/1.®@. — cbop n obpaboTka maTepuana; Ha-
nucaHve v pepakTupoBaHue pykonucu; Jlokmes B.5. — KoHuenTy-
anu3aumsa nccrnefoBaHus; pegakTuposaHue pykonucu. Bee aBTopebl
NOATBEPXAAT COOTBETCTBUE CBOErO aBTOPCTBA kputepusam Mexay-
HapoAHOro KoMUTETa pPeaakTopoB MeOULMHCKUX XypHarnos, BHECNU
CYLLECTBEHHbIN BKNazg B NpoOBeAEeHME NMOVMCKOBO-aHaNMTUYECKon pa-
60Tbl M NOATOTOBKY CTaTbW, MPOYNN U 0AobpunM drHanbHy BEPCUI0
0o nyénukaumm.
Cratbs noctynuna B pegakuuio 09.04.2025;
npuHsaTa K nyénukauum 18.06.2025;
ony6nukoeaHa 28.08.2025



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTUI. 2025; 102(4)
DOI: https://doi.org/10.36233/0372-9311-696

495

OB30PbI

Review
https://doi.org/10.36233/0372-9311-696

Bioconjugation as a promising method for vaccine development
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Abstract

Introduction. Bioconjugation, or protein glycan coupling technology, PGCT, is a method for creating carbohy-
drate-protein composites based on the ability of certain bacteria to perform eukaryotic-type glycosylation. This
method allows for the production of glycoproteins directly in the cells of producer bacteria, most often Escherichia
coli, bypassing the stage of chemical conjugation. This significantly simplifies the creation and production of
conjugated vaccines, consisting of polysaccharide antigens combined with a protein carrier that performs the

functions of a T-cell antigen and an adjuvant.

The aim of the review is to analyze and summarize current data on both the bioconjugation method itself and the

underlying biochemical processes, as well as on the vaccines being developed using this method.

The preparation of the review involved studies presented in the PubMed, Scopus, Google Scholar, eLIBRARY.
RU databases as of February 2025. The following keywords were used for the search: bioconjugation, vaccines,

PGCT, conjugated vaccines, bacterial glycosylation.

An analysis of literature sources dedicated to the study of bacterial N-glycosylation, on the basis of which the
bioconjugation technology was developed, as well as similar processes occurring in certain bacterial species,
was conducted. Reports on the development of new vaccines and the improvement of existing vaccines against
the most relevant pathogens have been analyzed. At present, vaccination appears to be the most effective way
to combat infectious diseases, including efforts to counter the spread of antibiotic-resistant microorganisms. The
diversity of pathogens encountered by the human population compels the search for multiple approaches of
creating effective and safe vaccines. Simplifying and reducing the cost of producing new drugs allows for a more
confident response to the threat of new epidemics. Bioconjugation helps create new vaccines and improve exist-

ing vaccines, although there are certain limitations.

Conclusion. Modern vaccine production is characterized by a variety of approaches united by a single goal — to
effectively counter the threats of new epidemics. Bioconjugation is one of the new, yet quite promising methods
through which several vaccine candidates are already being developed. The analysis of the current state of these
projects may be useful in choosing an approach for developing subsequent preventive immunological drugs.

Keywords: review, vaccines, bacterial glycosylation, bioconjugation, recombinant proteins
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BroKOHDbIOrauuA Kak nepcnekTUBHbIN MeToA CO3AaHNA BaKLUH

LibiraHoBa M.1."™, Hosukos [.B.’, HoBukos B.B.", Kapaynos A.B.2

"HuKkeropoackunii HayYHo-1CCefoBaTeNbCKUN UHCTUTYT SNUAEMUONIONN 1 MUKPOOGUOIOTUN UMEHU aKaileM1Ka
W.H. bnoxmnHon, HmxHnn Hosropog, Poccus;

[MepBblt MOCKOBCKIMIA FOCYAApPCTBEHHbIN MEAVLVMHCKII YHUBepcuTeT nmern V.M. CeueHoBa

(CeyeHoBcknI YHnBepcuteT), MockBa, Poccus

AHHOMauus

BsepneHue. BrokoHbloraums, unv TexHonorns pekoMouMHaHTHOro B6akTepuanbHOro rMUMKO3MNMpoBaHus (protein
glycan coupling technology, PGCT), — 3aTo MeTog co3fgaHus yrneBoaHO-6eMKoBbIX KOMMO3UTOB, OCHOBAaHHbIN Ha
CnocobHOCTW HEKOTOPbIX BakTepuin OCYLLECTBNSATL MMMKO3UNMPOBAHME MO TUMY 3YKapuoT 1 NO3BONSAOLLMIA MONy-
YaTb MMUKOMPOTENHBI HEMOCPEACTBEHHO B KINeTkax GakTepui-npoayLeHToB, Yallue Bcero Escherichia coli, MuHys
CTafMio XMMNYECKOW KOHBbIOrauum. 3To 3HaUMTENbHO YNpOLLAeT co3haHne 1 Npou3BOACTBO KOHBIOrMPOBAHHbIX
BaKLMH, COCTOSILLMX U3 NonmcaxapugHbiX aHTUreHoB, 00beANHEHHbIX C BEnKOBbIM HOCMTENEM, BbIMOMHSAOLWLUM
PyHKUMM T-KNETOYHOro aHTUreHa 1 agbloBaHTa.

Llenb o63opa: npoaHanusnposaTtb 1 0606LWUTb akTyanbHble AaHHbIE Kak O CaMOM MeTode GMOKOHBblorauum, Tak
1 0 BUOXMMMYECKMX MpoLeccax, Nexallmx B ero OCHOBe, a Takke O pa3pabaTbiBaeMbIX C €r0 UCMOMb30BaHNEM
BaKLMHaXx.

Mpu noagrotoBke 0630pa GbINM paccMoTpeHbl paboTkl, NpeacTaBneHHble B 6asax PubMed, Scopus, Google
Scholar, eLIBRARY.RU no coctosiHuio Ha deBpanb 2025 r. [1nst noucka Mcnonb3oBanu cnegyloLmne KroyeBble
cnoBa: bioconjugation, vaccines, PGCT, 6uoKoHbloraLmusi, KOHbIOrMpoBaHHbIE BaKUMHbI, HakTepuanbHoe rmnko-
3UnMpoBaHmne.

MpoBenéH aHanM3 UCTOYHMKOB NUTEPATypPbl, MOCBAWEHHBIX M3ydYeHuto GakTepranbHOro N-rmmMko3vnMpoBaHus,
Ha 6a3e koToporo Obina co3gaHa TeXHONorMs BUOKOHbBIOraLMK, a Takke CXOAHbIX C HUM NPOLECCoB, NPOTEKato-
LWMX B oTAenbHbIX Buaax baktepui. MNpoaHanmanposaHbl coobLleHnst 0 pa3paboTke HOBbIX U YCOBEPLUEHCTBO-
BaHWM yXXe NMMEILLMXCA BakUMH NPOTMB Havbonee akTyanbHbIX NaToreHoB. B HacToALWMIN MOMEHT BakuMHaums
npeactaensieTcs Hanbonee apekTUBHBIM cnocobom 6opbbbl ¢ MHAEKLMOHHLIMK 3aboneBaHNAMU, BKIoYas
TaKkKe NPOTMBOAENCTBME PACMPOCTPaHEHNIO aHTUBNOTMKOPE3NCTEHTHBIX MUKpOOpraHM3moB. Pa3Hoobpasve na-
TOreHOB, C KOTOPbIMU CTanK1BaeTCs YENOBEYECTBO, BbIHYXXAAET UCKaTb MHOXECTBEHHbIE MOAXOAbI A1 CO30aHUA
3 PEKTMBHBIX 1 He30NacHbIX BakLMH. YNpoLLeHne 1 CHkeHne cebecToMmocTy Npon3BoaCcTBa HOBbLIX Npenapa-
TOB AaéT BO3MOXHOCTb 6oree yBepeHHO MPOTUBOCTONATh Yrpo3e HOBbIX anuaemuii. buokoHbloraums nomoraet
co34aBaTb HOBbIE€ BaKLMHbI U COBEPLUEHCTBOBATL yXXe MMeloLwmnecs, XoTa 1 obnagaeT onpeaenéHHbIMN OrpaHu-
YeHnAMM.

3akntovyeHune. CoBpeMeHHOe NPOM3BOACTBO BaKLMH XapaKTepusyeTcs pasHoobpasnem nogxoaos, 0ObeanHEH-
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Introduction tality caused by antibiotic-resistant strains. According

In November 2024, the World Health Organiza- to WHO estimates, vaccination against 23 pathogens

tion (WHO) updated the list of priority endemic patho-
gens for which there is the greatest need for vaccines
[1], noting that vaccination not only reduces morbidity
but also decreases antibiotic use, thereby lowering mor-

© UbiraHosa M.U., Hosukos [.B., HosukoB B.B., Kapaynos A.B., 2025

could reduce the need for antibiotics by 22% [2]. More-
over, the widespread use of existing vaccines against
pneumococcus, Haemophilus influenzae type b, and
typhoid fever could potentially prevent up to 106,000
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deaths annually caused by the spread of antimicrobi-
al resistance. The development and global implemen-
tation of new vaccines against Mycobacterium tuber-
culosis and Klebsiella pneumoniae could potentially
prevent more than 500,000 deaths annually caused by
antimicrobial resistance. To create the most effective
vaccines, a variety of approaches are currently being
used. One of them is bioconjugation or protein glycan
coupling technology (PGCT).

The aim of this review is to analyze and summa-
rize current data on both the bioconjugation method it-
self and the biochemical processes underlying it, as well
as on the vaccines being developed using this method.

In preparing the review, an analysis was conducted
of both English- and Russian-language literature avail-
able in the scientific databases PubMed, Scopus, Goo-
gle Scholar, and eLIBRARY.RU as of February 2025.
The following keywords were used for the search:
bioconjugation, vaccines, PGCT, bioconjugation, con-
jugated vaccines, bacterial glycosylation. At the first
stage, when searching for "bioconjugation” from 1968
to 2025, more than 6000 sources were found, which
were reduced to 250 by combining queries. Initially,
studies from 2010 to 2025 were selected, reducing the
number to 178, after which a number of relevant ar-
ticles without time restrictions were added for a more
comprehensive coverage of the research issue. Due to
the article's length limitation, 59 of the most relevant
sources were selected. Also, studies for which it was
impossible to obtain the full text of the article, sources
not in English, as well as those Russian-language arti-
cles in which the issue was mentioned but not discussed
in detail, limiting themselves to references to already
used foreign sources in the review, were excluded from
the selection.

Key features of bioconjugation

PGCT was created based on the ability of the mi-
croorganism Campylobacter jejuni to perform N-glyco-
sylation of proteins using the oligosaccharyltransferase
(OST) PgIB, which is expressed along with other en-
zymes in a cluster called pgl (protein glycosylation),
as described in 1999 [3]. PgIB is a membrane enzyme
with an active site facing the periplasmic space. It is
capable of attaching an oligosaccharide, primarily com-
posed of N-acetylgalactosamine (GalNac) monomers,
to the asparagine residue located at the center of the
so-called acceptor sequence [4]. The acceptor sequence
of PglB is as follows: Asp/Glu — Y — Asn — X —
Ser/Thr, where X and Y are any amino acids except pro-
line [5]. The attachment of the oligosaccharide occurs
through the amide group of asparagine and is classified
as N-glycosylation. The pgl cluster has been success-
fully cloned into E. coli and has demonstrated the abil-
ity to express the entire set of enzymes necessary for
glycosylation, as well as perform the glycosylation it-
self when proteins with the required acceptor sequence

are present [6]. Thus, it became possible to obtain gly-
cosylated proteins directly in E. coli. This process was
named bioconjugation, or PGCT technology (Figure).

Historically, in the production of polysaccha-
ride-based vaccines, carbohydrates are chemically co-
valently attached to a carrier protein, which serves the
functions of a T-cell antigen and partially an adjuvant.
The discovery of bacterial N-glycosylation and the pos-
sibility of its functional transfer to E. coli allowed for
the development of products in which both the produc-
tion of antigens and their conjugation occur directly in
the producing organism, simplifying and reducing the
cost of the process.

The first attempts to create a vaccine using PGCT
technologies appeared in 2010 [7]. J. Ihssen et al. pub-
lished a report on the successful production of con-
jugates in E. coli, consisting of the O-antigen of Shi-
gella dysenteriae serotype 1 and the AcrA proteins of
C. jejuni and exotoxin A of Pseudomonas aeruginosa
(EPA), respectively. After this report, news about the
development of new vaccines against various patho-
gens based on PGCT began to arrive regularly. Howev-
er, difficulties immediately arose, primarily due to the
fact that PglIB is capable of transferring only oligosac-
charides with a reducing terminal residue, catalyzing
the formation of a bond through the acetamido group at
the 2-position, which sharply limits the number of car-
bohydrate antigens that can be used. To overcome these
limitations, researchers began using O-glycosylating
bacterial OST, which were found in species such as
P. aeruginosa, Neisseria meningitides, Francisella tu-
larensis and Acinetobacter baylyi.

In the case of P. aeruginosa, the function of OST is
performed by the PilO enzyme, which transfers glycans
to the PilA protein (type IV pilin) [8]. N. meningitides
expresses the PglL protein, encoded by the pglL gene,
which also glycosylates pili [9]. F tularensis contains
the enzyme PglA, which attaches pentasaccharides to
the PilA protein [10]. The PglS enzyme from 4. baylyi
is an O-glycosyltransferase that transfers carbohydrate
residues to the pilin-like protein ComP [11]. All the
listed proteins, when cloned in E. coli, demonstrated
the ability to glycosylate their native substrates [12]. In
this case, PilO transferred only short oligosaccharides,
whereas PglIL performed glycosylation with long oligo-
saccharides and, additionally, interacted with glycans
that were inaccessible to PgIB, such as the O4 O-anti-
gen of Salmonella typhimurium. Regarding PglS, it was
found that it is capable of transferring oligosaccharides
with glucose as the reducing terminal sugar, which dis-
tinguishes it favorably from other bacterial OST [13].
Using these enzymes, researchers were able to develop
and obtain bioconjugates capable of eliciting immune
responses in both laboratory animals and humans. At
present, potential bioconjugate vaccines against Shigel-
la, pathogenic E. coli, Klebsiella, Streptococcus pneu-
moniae, Brucella, Staphylococcus aureus and other
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Proteins coded
by pgl cluster

Acceptor
Carbohydrates protein
Proteins coded
by pgl cluster Carbohydrates
Acceptor E. coli
protein
Acceptor sequence
(glyco-tag) E. coli
Outer membrane
Acceptor protein with glyco-tag
Periplasm
Glycosylated protein
OST
Flippase Waal Inner membrane
Carbohydrates
WecA

General scheme of PGCT in E. coli cells [18, with added changes].

a — the stage of transforming bacteria with plasmids containing nucleotide sequences that encode, respectively, a carrier protein
with an acceptor sequence specific to the used OST, a set of carbohydrates necessary for its glycosylation, and a cluster containing
the enzymes required for glycosylation; b — the process of glycosylation itself, occurring on the inner membrane of E. coli cells modified
for more efficient bioconjugate synthesis.
Waal is the O-antigen ligase of E. coli, competing with recombinant OST for oligosaccharides; WecA is the enzyme that catalyzes the
biosynthesis of native glycans in the producing bacterium; flippase is the enzyme that transfers the carbohydrate sequence to the periplasm.

pathogens posing the greatest threat to public health are
at various stages of development [2].

Bioconjugate vaccines against Shigella

Shigellosis or bacterial dysentery is caused by mi-
crobes of the genus Shigella. These are gram-negative
bacteria from the family Enterobacteriaceae that pene-
trate the gastrointestinal tract, infect the mucous mem-
brane of the large intestine, and cause inflammation.
Shigellosis is one of the leading causes of diarrhea-re-

lated deaths worldwide. Children under the age of 5 in
low- and middle-income countries suffer the most [14].
Currently, four species of Shigella are known: S. flex-
neri, S. sonnei, S. dysenteriae, and S. boydii. The great-
est threat is posed by the species S. flexneri. There are
15 known serotypes of S. flexneri, the most common
of which is S. flexneri 2a, followed by S. flexneri 3a
and S. flexneri 6. S. sonnei is the prevalent species of
Shigella in industrialized countries, and one serotype
is known for it. Despite the large number of develop-
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ments that have reached the clinical trial stage [15]
(Table), there is currently no licensed international vac-
cine against shigellosis.

The first bioconjugated vaccine tested in humans
was a candidate vaccine against S. dysenteriae [16].
In its development, the O-antigen polysaccharide of
S. dysenteriae type Ol was bioconjugated in E. coli
with a recombinant version of EPA and the PgIB clus-
ter, named GVXN SD133, and underwent Phase I clini-
cal trials [17]. The results showed that regardless of the
method of administration, the drug was well tolerated
and had an acceptable level of safety. In the blood of
the vaccinated, a statistically significant increase in the
levels of IgG and IgA class antibodies against the O1
polysaccharide was detected [16].

Then, another monovalent vaccine against Shigel-
la based on the O-antigen of S. flexneri 2a was devel-
oped, also based on PgIB. The same rEPA was chosen

as the protein carrier. The bioconjugate was named
Flexyn 2a. The safety and immunogenicity of this
vaccine prototype have been confirmed. Similarly, to
the results obtained in the study of the vaccine against
S. dysenteriae, immunization with the Flexyn 2a drug
revealed a significant increase in the titers of IgG
and IgA antibodies against LPS of S. flexneri 2a [18].
A randomized double-blind placebo-controlled phase
2b study [19] demonstrated an adequate level of safety
and immunogenicity of the vaccine. The efficacy of the
Flexyn 2a bioconjugate was further confirmed by oth-
er methods, including the assessment of the severity of
shigellosis. It was shown that this indicator was lower
in the vaccinated individuals than in the patients receiv-
ing the placebo [20].

Promising results demonstrated during the de-
velopment and testing of Flexyn 2a contributed to the
development of a polyvalent vaccine. S4V is a quadri-

Bioconjugated vaccines against various pathogens currently under development

Pathogen Drug name/Bioconjugate characteristics Stage Reference
GVXN SD133 Phase | clinical trials [17]
Shigella spp. Flexyn 2a Phase 2b clinical trials [19]
sS4V Phase 1/2 clinical trials ~ NC 104056117 —

ClinicalTrials.gov

Pathogenic E. coli
(E. coli O 157)

Extraintestinal
pathogenic E. coli

Hypervirulent type
K. pneumoniae
(hvKp)

K. pneumoniae

K. pneumoniae O1

S. pneumonia

S. agalactiae

B. abortus

S. aureus

F. tularensis

Conjugate of O-antigen and E. coli 0157 MBP, OST — PgIB

Conjugate of O-antigen and Citrobacter sedlakii CmeA protein

Preclinical trials on mice [23]

NRC6070, OST — PgIB Laboratory experiments [25]
. ) NCT04899336 —
ExPEC9V Phase Il clinical trials ClinicalTrials.gov
Phase | and Il clinical N 104306302,
ExPEC10V 3 NCT03819049 —
trials - ;
ClinicalTrials.gov
Conjugate of O25B-antigen EXPEC and EPA, OST — PgIB Laboratory experiments [32]
Conjugate of capsular polysaccharides of serotypes K1 and K2 - S
with the EPA-ComP protein, OST — PgIS FEEITER L I FE e
Conjugate of O-antigens of lipopolysaccharide and protein EPA, Preclinical trials in mice [36]
OST — PgIS
KPO1-VLP Preclinical trials in mice [37]
Conjugate of serotype 4 capsular polysaccharide and AcrA protein, Preclinical trials in mice 139]
OST — PgIB
Conjugates of the ST4 capsular polysaccharide - S
and the NanA, Sp-148, PiuA proteins, OST — PglB L L T e [43]
CPS8-EPAiCTe Preclinical trials in mice [44]
Conjugate of polysaccharides of serotypes la, Ib and IlI - S
with the EPA-ComP protein, OST — PglS FIERITER LS 0 [47]
Conjugate of Yersinia enterocolitica O-polysaccharides - e
and cholera toxin B, OST — PglL Preclinical trials in mice [52]
Conjugate of Brucella O-polysaccharides and Nano-B5 nanoparticles, Preclinical trials in mice 54]
OST — PglL
CP5-EPA, CP8-EPA and CP5-Hla Preclinical trials in mice [56]
Conjugate of the O-antigen of F. tularensis and EPA Preclinical trials in mice [58]
Conjugate of the O-antigen of F. tularensis and the CmeA protein Laboratory experiments [25]

of Citrobacter sedlakii NRC6070, OST — PgIB
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valent bioconjugated vaccine that contains O-antigens
of S. flexneri serotypes 2a, 3a, 6, as well as S. sonnei,
conjugated to the carrier protein EPA. Currently, a dou-
ble-blind S4V study is being conducted in Kenya to
determine the appropriate dose and age group (adults,
children, infants). The data collected during this study
will be an important step in the development of a vac-
cine against Shigella [21].

Bioconjugated vaccines against pathogenic
strains of E. coli

Pathogenic strains of E. coli are divided into two
groups: extraintestinal pathogenic E. coli (ExPEC) and
intestinal pathogenic E. coli (InPEC). EXPEC strains
are primarily associated with neonatal meningitis and
urinary tract infections in adults (UTIs). InPEC strains
cause various diarrheal diseases and are divided into 6
pathotypes, including enter hemorrhagic E. coli strains.
One of the most common representatives of the EHEC
group is enterohemorrhagic Escherichia coli O157:H7
(E. coli O157), which causes diarrhea, hemorrhagic
colitis and hemolytic-uremic syndrome [22]. The need
for vaccines to prevent E. coli O157 is very high. Their
development has been ongoing for quite some time,
and several drugs are undergoing preclinical and clini-
cal trials, including a bioconjugated vaccine [23]. As a
carrier protein, the authors chose the maltose-binding
protein because recent studies have shown that it is a
TLR4 agonist and induces the activation of the NF-«xB
signaling pathway, as well as the secretion of a number
of pro-inflammatory cytokines [24]. Conjugation was
carried out using PgIB, attaching the O-antigen of E.
coli O157 to the protein, with the producer organism
being the E. coli W3110 strain. The resulting biocon-
jugate induced the activation of both the humoral and
cellular immune responses [23].

Another prototype of a bioconjugated vaccine
against E. coli O157 was created using the experimen-
tal MAGIC technology (Mobile-element Assisted Gly-
coconjugation by Insertion on Chromosome) [25]. The
essence of the method lies in the use of mobile genetic
elements, specifically the tn5 transposon, to integrate
constructed genetic sequences into the E. coli chro-
mosome. The developers of MAGIC claim that such a
construct significantly alleviates the metabolic burden
and directly promotes the increase in producer biomass
and the yield of the bioconjugate. To achieve this re-
sult, they used the tn5 transposon, into which segments
encoding PglIB, the C. jejuni AcrA carrier protein, and
enzymes involved in polysaccharide biosynthesis [26]
were integrated into the nucleotide sequence. The bio-
conjugated prototype of the MAGIC vaccine was ob-
tained in the non-pathogenic bacterium Citrobacter
sedlakii NRC6070. The carrier protein used to create
the preparation was CmeA 6xHis, the polysaccharide
component was the O-antigen of C. sedlakii, which is
similar to that of E. coli O157, and PgIB was used as
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the OST. In terms of its biochemical parameters, the
bioconjugate met the stated requirements. Unfortunate-
ly, there is currently no data on any clinical trials of the
obtained drug.

Extraintestinal strains of pathogenic E. coli
(ExPEC) are also quite dangerous, as they are capable
of causing various types of diseases. ExXPEC strains are
classified into three main pathotypes: uropathogenic
E. coli (UPEC), sepsis-causing E. coli (SEPEC), and
E. coli associated with neonatal meningitis [27]. Unfor-
tunately, UTIs caused by EXPEC are extremely difficult
to treat. The creation of effective vaccines that prevent
such developments is an extremely important task.
To address this, along with other approaches, PGCT
methods were also applied. The study began with the
creation of a quadrivalent prototype, which included 4
EPA-conjugated variants of the O-antigen. High tolera-
bility of the prototype and a significant increase in IgG
antibody levels against all antigens, as well as a reduc-
tion in the number of reported UTI cases among trial
participants, have been demonstrated [28, 29]. Based
on the 4-valent prototype, a 9-valent vaccine ExXPECOV
has been developed, containing a conjugated polysac-
charide and currently undergoing phase III clinical tri-
als (NCT04899336).

The safety and immunogenicity of the 10-valent
ExPEC10V vaccine among elderly individuals aged
60-85 years are still being studied (Phases 1 and II,
NCT04306302, NCT03819049). Like the quadrivalent
prototype, this drug is well tolerated and induces the
production of antigen-specific antibodies in the majori-
ty of participants, despite their advanced age [30].

A similar approach was used in the development
of the O25B antigen EXPEC vaccine prototype. Al-
though the O-antigen of E. coli has more than 180 se-
rotypes, a significant number of isolates obtained from
UTI carriers belong to the O25B serotype [31]. There-
fore, a group of researchers attempted to create a vac-
cine based specifically on this antigen. The O-antigen
cluster was integrated into the £. coli W3110 genome,
after which the expressed polysaccharide was enzyma-
tically conjugated with the EPA enzyme PglB. Detailed
characterization of the O25B-EPA conjugate using
physicochemical methods, including nuclear magnetic
resonance and gas chromatography-mass spectrometry,
confirmed its correspondence to the O25B structure,
thereby opening up the possibility for the development
of a polyvalent conjugate vaccine against ExPEC [32].

Bioconjugated vaccines against
Klebsiella pneumoniae
The Gram-negative bacterium Klebsiella pneumo-
niae is the second most common opportunistic patho-
gen after E. coli. It causes neonatal sepsis, UTI and
nosocomial pneumonias that are poorly treatable due to
antimicrobial resistance — the bacteria acquire resis-
tance factors such as extended-spectrum B-lactamases
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and K. pneumoniae carbapenemases. The WHO has as-
signed the highest danger levels to isolates containing
these factors [33], confirming the urgent need for the
development of an effective and safe vaccine.

Using PGCT technology, several vaccine formula-
tions are being developed. M.F. Feldman and co-authors
focused on developing a vaccine against hypervirulent
K. pneumoniae (hvKp) because this particular strain of
the pathogen is the most dangerous. If other serotypes
generally cause diseases in hospitalized patients, the
elderly, infants, or people with various types of immu-
nodeficiencies, hvKp pose a threat even to healthy in-
dividuals [34]. The mechanisms of hypervirulence are
not fully understood, but it is suggested that the main
reason is the excess of capsular polysaccharide, which
hinders the elimination of the pathogen from the body.
As the main O-antigen synthase, the researchers chose
PglS from A. baylyi, and as the carrier protein, they used
EPA fused with the ComP protein. As the carbohydrate
component, the capsular polysaccharides of the most
common serotypes K1 and K2 were used, the synthe-
sis clusters of which were cloned into E. coli producer
cells with partially blocked natural glycosyltransferas-
es. The obtained glycoproteins, when administered to
mice, demonstrated the ability to induce the synthesis
of protective IgG1 antibodies, significantly increasing
the survival rate of mice upon subsequent infection.

Another vaccine is being developed against the
classical serotypes of K. pneumonia. As a carbohydrate
component, O-antigens of bacterial lipopolysaccharides
are used. Unlike capsular polysaccharides, only 11 se-
rotypes of O-antigens expressed by K. pneumoniae are
currently known [35]. Based on the 7 most common
O-antigen serotypes, a heptavalent bioconjugate vac-
cine was constructed. The PglS enzyme was chosen as
the OST, and the carrier protein was recombinant EPA
with an inserted acceptor sequence for PglS. The E. coli
CLM24 strain was used as the producer. After isolation
and purification, glycoproteins of all 7 types were used
for mouse immunization, which was accompanied by
the production of a high level of IgG antibodies to all
glycoproteins. However, the bactericidal activity of the
antibodies against various strains of K. pneumoniae was
low, indicating the need for further development of the
vaccine. In this regard, the authors suggest incorporat-
ing capsular antigens into the vaccine composition [36].

Another vaccine against K. pneumoniae using
PGCT is being developed based on Pgll.. As an ac-
ceptor protein, a universal recombinant protein Spy-
Catcher4573 and a specially modified strain of E. coli,
in which both key components SC4573 and PglL are
integrated into the genome, were used. Glycoproteins
obtained in this way can spontaneously bind to protein
nanocarriers in vitro using the SpyTag system, forming
conjugated nanovaccines. To enhance the efficiency of
glycoprotein expression, the yfdGHI gene cluster was
removed. The obtained conjugated nanovaccine against

K. pneumoniae O1 (KPO1-VLP) demonstrated its ef-
fectiveness in experiments, where high antibody titers
and 100% protection against infection with a virulent
strain were observed after three immunizations [37].

Bioconjugated vaccines against
Streptococcus pneumoniae

S. pneumoniae, pneumococcus, is one of the most
common and harmful causative agents of bacterial
pneumonia, meningitis, and sepsis. Despite the avail-
ability of vaccines, S. preumoniae still causes over 1
million deaths annually, primarily among children under
5 years old in low- and middle-income countries [38].
Since most of the capsular polysaccharides of S. pneu-
moniae contain a terminal sugar that is not transferred
by PglB, the initial attempts to create a bioconjugated
vaccine focused on serotype 4, where the terminal resi-
due was the recognizable GalNac. The acceptor chosen
was the native C. jejuni AcrA protein, and PgIB, cloned
into the chromosome of E. coli W3110, was used as
the OST. The obtained preparation protected mice up-
on subsequent infection with S. preumoniae serotype
4139].

The next variant of the bioconjugated vaccine was
developed based on native S. pneumoniae proteins. It
was assumed that this would create heterologous pro-
tection against vaccine-uncovered serotypes and en-
hance mucosal immune protection by stimulating Th17
activation. The authors tested the efficacy of a trivalent
bioconjugate in mouse models, which included the ST4
capsular polysaccharide and three protein antigens of
S. pneumoniae: the N-terminal fragment NanA, a vir-
ulence factor that promotes growth and survival in the
nasopharyngeal tract, invasion of brain endothelial
cells [40], the Th17-stimulating antigen Sp0148 [41],
and the ABC transporter lipoprotein PiuA [42]. The
bioconjugates obtained using PgIB in E. coli induced
the synthesis of anti-capsular antibodies in mice at a
level comparable to existing vaccines, and also elicited
strong responses to protein antigens, which extended
to other, heterologous serotypes. The authors also not-
ed that the expression of several serotypes of capsular
polysaccharides in E. coli opens up new possibilities
for designing vaccines against S. pneumoniae. For
example, glycosylated outer membrane vesicles (gly-
OMYV) can be used as a platform [43].

Another prototype, this time polyvalent, was cre-
ated using the PglIS enzyme from A. baylyi as the main
OST, capable of transferring the glucose terminal resi-
due. As a protein acceptor, the natural substrate of PglS,
the pilin-like protein ComP, was used, which in E. co-
li was glycosylated with the capsule polysaccharides
S. pneumoniae CPS8, CPS9V and CPS14. The obtained
vaccine showed immunogenicity in preliminary tests
comparable to the immunogenicity of the Prevnarl3
vaccine. Moreover, the sera of mice immunized with the
obtained vaccine exhibited bactericidal activity against
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S. pneumoniae serotypes 14 and 8. Developing the idea
further, the authors constructed a bioconjugate based on
the protein carrier EPA, modifying its C-terminus by
attaching to it an acceptor sequence of 23 amino acids
from the ComP protein, and the pneumococcal poly-
saccharide CPSS8. The obtained bioconjugate induced
the active formation of IgG antibodies in mice and ex-
hibited protective effects [13]. In 2022, it was shown
that the bioconjugate obtained by the authors, named
CPS8-EPAiGTcc, possesses high immunogenicity, in-
duces the formation of IgM and IgG antibodies speci-
fic to serotype CPS8 in mice, and provides protection
against infection with S. pneumoniae serotype 8 [44].

Bioconjugated vaccines against other types
of streptococci

Bioconjugated vaccines against pathogenic strep-
tococci are also being developed. Group B Streptococ-
cus (GBS, Streptococcus agalactiae, B-hemolytic strep-
tococcus B) is a gram-positive opportunistic bacterium
that most often colonizes the lower parts of the gastro-
intestinal tract and the urogenital system. Approximate-
ly 10-35% of women are infected with GBS, which can
lead to various acute diseases in pregnant and postpar-
tum women, as well as to stillbirth [45]. GBS can also
be transmitted to the newborn. It usually manifests as
Group B Streptococcal disease and can cause menin-
gitis, sepsis and pneumonia. Moreover, recent studies
have shown that GBS is also responsible for a signifi-
cant number of illnesses in adults, especially those over
65 years old [46]. All of this makes the development
of a vaccine against GBS extremely necessary. In this
regard, a vaccine based on PGCT was developed. The
characterization of the trivalent bioconjugate vaccine
targeting the three most clinically prevalent serotypes
of GBS: Ia, Ib, 111, is included in a study by J.A. Duke
et al. [47]. The authors introduced loci necessary for
the expression of the PglS protein from A. baylyi in-
to E. coli, which allowed for the glycosylation of the
constructed EPA-based carrier protein and the ComP
protein with sialic acid residues according to the GBS
serotypes la, Ib, and III. Further immunization of mice
with the obtained vaccine showed that the trivalent bio-
conjugated vaccine against S. pneumoniae induces the
production of IgG antibodies specific to the involved
serotypes, which possess neutralizing ability. However,
the effectiveness of antibodies against different sero-
types used in the creation of the vaccine varied, and the
authors suggested that this effect could be eliminated
by altering the degree of glycosylation of the carrier
protein.

PGCT technologies can also be applied to create
a vaccine against group A streptococcus (Streptococcus
pyogenes or group A strep). S. pyogenes is an extreme-
ly common pathogen, causing a wide range of diseases
from acute pharyngitis and impetigo to scarlet fever and
invasive diseases such as toxic shock syndrome or nec-
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rotizing fasciitis. They lead to the development of sec-
ondary autoimmune diseases, such as rheumatic heart
disease [48]. Moreover, humans are the only natural
hosts of S. pyogenes, therefore, blocking the transmis-
sion of this pathogen could lead to its complete elimi-
nation. Streptococcus A, like S. pneumoniae, has high
antigenic heterogeneity. Serotypes are determined by
differences in the main virulence factor, protein M. Due
to such heterogeneity in the surface proteins of S. pyo-
genes, researchers have focused on developing conju-
gated vaccines based on the external polysaccharides
of the pathogen, particularly group A polysaccharide.
However, R. Di Benedetto et al. showed that for great-
er effectiveness of the future vaccine, it is necessary to
preserve the protein epitopes of the carriers, as random
conjugation did not affect the synthesis of IgG to the
group A polysaccharide component but significantly re-
duced the response to the protein component [49]. As
a result of the random conjugation of group A polysac-
charide with three S. pyogenes proteins (SLO, SpyAD
and SpyCEP), conjugates were obtained, and immuni-
zation with them led to the production of antibodies that
did not block the activity of one of the proteins used for
conjugation — SpyCEP. It retained the ability to cleave
interleukin-8. Apparently, to create an effective vaccine
based on the native proteins of S. pyogenes and its own
group A polysaccharide, it will be necessary to ensure
an extremely high precision in attaching the polysac-
charide to specific sites on the proteins, which can be
quite effectively achieved using PGCT [50].

Other bioconjugate vaccines

PGCT technologies are used in the development
of a vaccine against B. abortus [51]. This pathogen,
although primarily a cause of diseases in livestock,
nevertheless poses a threat to humans as well. There
is currently no licensed vaccine that protects against
B. abortus infection. There are attenuated vaccines
used to protect large (S19 and RB51) and small (Revl)
cattle [52]. However, these vaccines are pathogenic
to humans, have residual toxicity for animals, and do
not protect against all known species of the pathogen.
Moreover, working with Brucella cultures requires
high-level biosafety equipment due to the risk of aero-
sol transmission. To avoid these difficulties, Y. ente-
rocolitica, a less dangerous opportunistic pathogen,
is often used for the synthesis of glycosylated glyco-
proteins similar to B. abortus, as the O-polysaccha-
rides of Brucella and Y. enterocolitica are similar [53].
At present, prototypes of vaccines based on cholera
toxin B as a protein carrier and O-polysaccharides of
Y. enterocolitica synthesized in genetically modified
E. coli[52], as well as those based on Nano-B5 nanopar-
ticles as a platform and O-polysaccharides of Brucella
[54], are at a high level of readiness. The producer in
the latter case is Y. enterocolitica. Both vaccines used
an O-glycosylation system with the central OST PglL
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from N. meningitides. In both cases, the researchers re-
port successful application of the obtained prototypes
in preclinical studies on mice. When administered to
animals, both increased antibody production and acti-
vation of cellular immunity were observed. Moreover,
both prototypes demonstrated a strong protective effect
of immunization followed by infection in mice, and in
the case of the nanovaccine, even against several spe-
cies of Brucella. Further clinical studies will obviously
demonstrate the applicability of the obtained drugs for
human immunization.

Staphylococcus aureus is responsible for numer-
ous human diseases, including endocarditis, pneumo-
nia and wound infections. The methicillin-resistant
S. aureus (so-called MRSA strains) [55] poses a partic-
ular danger. In this regard, there is an urgent need for
effective vaccination against staphylococcal infection.
In a study by M. Wacker et al., the results of testing 3
conjugates obtained using PGCT technologies on mice
were presented. By the names of the components they
contain, they are called CP5-ETA, CP8-ETA and CP5-
Hla, where CP5 and CPS8 are capsular polysaccharides
of S. aureus serotypes 5 and 8, respectively, ETA is exo-
toxin A of P. aeruginosa, and Hla is a-toxin of S. aureus.
In the study, PgIB from C. jejuni was used. Bioconju-
gates were synthesized in E. coli and then administered
to mice. All three prototypes induced a high level of
antibody production. When evaluating the protective
efficacy of the drugs, the best results were shown by the
conjugate CP5-Hla; the administration of CP5-Epa and
CP8-Epa significantly reduced bacteremia; the biocon-
jugated vaccine CP5-Hla protected against both bacte-
ria and fatal pneumonia.

The PGCT technology was applied to create vac-
cine prototypes against Francisella tularensis, an in-
tracellular pathogen causing tularemia — a potential-
ly fatal disease. For humans, the two most dangerous
subspecies are F tularensis tularensis (type A) and
F. tularensis holarctica (type B) [57]. The authors used
PgIB to obtain a bioconjugate in E. coli consisting of
the O-antigen of F. tularensis and EPA, and tested it
on a mouse model. The obtained recombinant biocon-
jugate exhibited high yield, stimulated the production
of specific antibodies, and provided protection against
subsequent infection with the virulent wild-type strain
F. tularensis subsp. holarctica [58]. The authors subse-
quently modified the EPA carrier by adding 8 additional
acceptor sequences to increase its glycosylation degree
[59]. The new bioconjugate actually stimulated the for-
mation of specific antibodies more effectively, protect-
ing rats from developing the disease when infected with
F. tularensis. The researchers plan to continue working
on the presented vaccine prototype, intending to replace
the carrier protein EPA with native protein antigens of
F tularensis.

Another attempt to create a new vaccine against
F. tularensis was associated with the use of the already

mentioned experimental technology MAGIC [25].
PglB was used as the OST, the carrier protein was peri-
plasmic Cmea from C. jejuni, equipped with a 6His tag
for ease of purification, and the polysaccharide was the
O-antigen of F. tularensis. The producing organism
was E. coli, and all components were integrated into
the bacterial chromosome. The study demonstrated the
effectiveness of the MAGIC technology in obtaining
highly immunogenic bioconjugates.

Conclusion

Thus, bioconjugation, like other modern technol-
ogies, is actively used in the development of new vac-
cines and the improvement of existing vaccines. De-
spite the current limitations, this method can be used
to create drugs that prevent infectious diseases, thereby
reducing the spread of antibiotic-resistant microorgan-
isms.
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IOBUNEN

K 80-netuio co gHA poxxpeHnsa Onera iBaHoBnuya Knucenesa

Omner MBanoBuu KuceneB poamics 5 ceHTIOps
1945 r. B Marnuroropcke B ceMbe XypHanucta lBa-
Ha SkoBneBuua KuceneBa u npenopaBaTens pyccKoro
s3plka M aureparypsl l'anunbel I'puropbeBns Kuce-
neBoi. B 1962 1. oxonunn mkony B YensOuHcke, a B
1968 r. — c otnmnuuem Ilepssiit JIeHUHrpaackuit Mmeau-
uuHckuid uHCTUTYT uM. WL.I1. [laBnoBa, momy4us odu-
LUATBHYI0 PEKOMEHJIAIUIO JJIs [TOCTYIUIEHUS B acIu-
pautypy. C uncturytckod ckampu Oner MBanoBuY
yBIIEKaJICsl MUKpoOuonoruel u obnoxumueit. OH mocry-
W1 B acCUPaHTypy B Ja0OpaTopuio OMOXHMHYECKON
reHeTukd MHCTHUTYyTa 3KCIIepUMEHTaIbHON METUIMHBI
AMH CCCP u yxe B 1971 1. ycreurHo 3amuTui Juc-
CEpTalHI0 Ha COMCKAHUE YUYEHOU CTENEHU KaHAMAATa
MEAMLMHCKUX HayK IO CIeUHaIbHOCTH «bHoXuMus».
[Iponomxkus paborars B IHCTUTYTE 3KCIIEpUMEHTAIIb-
Ho#i MeauuuHbl, B 1982 r. Oser MBaHOBHUY 3aIUTHI
JOKTOPCKyl0 aucceprauuio «benokcunresupyromue
CTPYKTYPbl MHUTOXOHJpPUH M Tomorpadus OHOCHUHTE-
32 MUTOXOHIPHAJIBbHBIX OENKOB» MO CIHELUAILHOCTH
«buonornueckast XUMHD).

C 1983 r. OH mpoOAOIKUII CBOM Hay4yHBIH MyTh B
yupexaeHusx [JaBHOTo ympaBieHUs MHUKPOOMOIOTHU-
yeckoil mpomsinuieHHocTH Ipu CoBere MUHHCTPOB
CCCP (I'maBmukpobuonpoM) W MuHHUCTEpCTBa Me-
JUIWHCKOM ¥ MHKPOOHOIOTMYECKON MPOMBIILIEHHO-
ctu CCCP, craB pykoBoauteneM OTaeneHus T€HHOU

WHXeHepuH npu [JaBMuKpoOuonpome. ITOT mepuos
tBOpueckoro mytu O.U. Kucenesa 01 chokycupoBaH
Ha BOIIPOCAax IN€HHOW WH)KEHEPUU U IPOMBIIIICHHOU
ouorexHoioruu. OCHOBHBIE PabOTHI OBLTH MOCBSALICHBI
KJIOHUPOBAHUIO U IKCIIPECCUU TEHOB HHTEP(HEPOHOB U
LIUTOKUHOB (MHTEPICHKHUH-2).

B 1988 1. Oner MBanoBuu coBMmerman paboTy B
WHCcTUTyTE SBONMIOUMOHHON (DU3HOIOTUN U OMOXMMUHU
PAH, rme 3aBenoBan maGopatopueil MOJEKYISPHBIX
0CHOB 3BoIOUMU. OCHOBHAsE 00JacTh €ro MHTEPECOB
CMECTHJIaCh B CTOPOHY M3y4YE€HHs IBOJIIOLUN BUPYCOB.
Torna e, B 1988 r. mo mpeanoxxenuto MuHucTpa 3apa-
Booxpanenust CCCP akanemuka E.W. Yazosa O.U. Ku-
ceneB ObUT Ha3HaueH aupekropom HUU rpunma. Bme-
CTEe C Ha3HaYeHUEM ObUIO MOANKMCAHO MOCTAHOBJICHHUE
0 IEpEeBO/IE BCEro OTIEJICHUS T€HHON HHXKEHEPUHU U3
MuHKCcTepCTBa MEAMIIMHCKONW U MUKPOOUOJIOTHYECKOM
IIPOMBIIUIEHHOCTH B cTpykTypy HMU rpunmna.

B 1998 1. Oner lBaHOBHMY MOMy4YWJI 3BaHUE
npodeccopa TO crnenuanbHOCTH «bHOXUMUS», B
2000 r. — u3bpaH wieHoM-koppecnonaenTom PAMH,
a B 2005 . — axkanemukom PAMH no cnenuanbHOCTH
«MonexymsipHas Bupyconorus» (¢ 2013 . — akageMuk
PAH).

3a Bpems pabotsl B HUU rpunma ocHOBHBIE Ha-
MpaBieHUs] Hay4HbIX HccaenoBanuit Onera VBaHoBu-
Ya OTHOCHJIMCH K OO0JacTH MOJEKYJISIPHOM OMONOTUH
BUPYCOB, TEHHON WH)KEHEPHH MMMYHOOHOIOTHYECKHX
MIpenaparoB, 1U3alHy U UCCIET0BAaHUIO MOJIEKYIIIPHBIX
MEXaHU3MOB JEHCTBUS XUMHUonpenaparos. FIm coznana
CBOsI Hay4yHas IIKOJIA [0 MOJIEKYJIIPHON BHPYCOJIOTHH,
TIOJT €r0 PYKOBOJICTBOM 3alIUINIEHHI 11 KaHTUIATCKUX U
4 TOKTOPCKHX JUCCEPTALlNU, OnyOiiuKkoBaHo Oosee 350
Hay4yHBIX paboT, BKiItouas 20 moHorpadwuii, 45 nareH-
TOB Ha n300pereHus u 11 cOOpHHUKOB.

Onmner VMBaHOBHY CHCTEMATU3UPOBAJl COBPEMEHHBIE
MIPEJCTABIEHUS O NOTEHIIUAIbHBIX JIEKAPCTBEHHBIX MU-
HIEHAX B PEIUIMKATHUBHOM LIMKJIE BUPYCOB, BHEC BKJIAJ
B MOJICKYJISIPHO-TEHETHYECKOE O0OCHOBaHUE Tepanuu
TpUINa 3THOTPONHBIMU Ipenaparamu. biaromaps co-
TpyAHUUYECTBY ¢ VIHCTUTYTOM OpraHMYEecKOro CHHTE3a
VYpO PAH u Ypansckum denepaibHbIM YHHBEPCUTETOM
ObLTO Pa3pabOTaHO HOBOE IMOKOJEHHE MPOTUBOBUPYC-
HBIX IIpEnapaToB Ha OCHOBE HUTPOA30JI0a3MHOB, IMPO-
BEJIEH CKPUHUHI COECOUMHEHUN JAHHOIO Kjlacca M 0cCy-
1IeCTBIEH BBIOOp COEAMHEHUS — JIMAEpa Mpenapara
TpHa3aBUPHUH, IPOBEIICHbI YHUKAIBHBIE Pa0OThI IO pac-
m(poBKe MeEXaHU3Ma ACHCTBUS Mpernapara.

Omner VMBaHoBMY BHEC BaKHEMIIUI BKJIaa B pas-
paboTKy MMMYHOOHOJIOIHYECKHX IMpEnaparoB MPOTUB
rpunmna u TyOepKynés3a, TMUYHO BBICTYNA KaK MOMyJisi-
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pHU3aTop IMIMPOKOTO BHEAPEHMS B MPAKTHKY BaKIMHO-
NpOQUIAKTUKY TPUIINA U IPYyruX MH(PEKIMOHHBIX 0O0-
JIe3HEH.

Axanemuk O.M. Kucenes mionoTBOpHO COTpYA-
HUYal C 3apyOeKHBIMH HayYHBIMH KOJJICKTUBAMH M
pasBuBan MexayHapopHoe corpyaHudectso HIUU
rpunmna; OblJI OAHUM U3 BEAYIIMX CIIEHUAIUCTOB B 00-
JIacTH OMOJIOrMYECKON 0e30MacHOCTH M OUOTEpPPOPHU3-
Ma. BHEc 3HauMTENbHBIN BKIAX B CO3aHUE ITPOECKTOB
no JuHUM Poccuiicko-BbeTHAMCKOTO TpPOMHUYECKOTO
LEHTpA.

OTAenbHO HEOOXOAUMO OTMETUTE €TI0 3HAUUTEIIb-
HBII BKJIaJl B PAa3BUTHE COTPYAHUYECTBA ¢ BeceMupHo
opraHu3anuei 3paBoOXpaHeHus MO0 BOIIpOcaM HaJ30-
Pa 1 KOHTPOJISA 32 TPUIIIIOM M OCTPBIMH PECTIHPATOPHBI-
MU 3a00neBaHUsAME Ha Tepputopun Poccuu. J{nurens-
Hasi paboTa B cocTaBe komuccuii BO3 no nojroroeke k
MaHJEeMHHU TPUIIIA CIOCOOCTBOBAJA YKPEIJICHUIO aBTO-
puTeTa U npu3HaHUIO Poccum Kak CTpaHbl ¢ BBICOKUM
YPOBHEM peIlIeHusl NpoOieM 3aluThl HAaceaeHUs OT
MaH/JAEMUH TPUIIA, BEAYIIUM B MUPE MPOU3BOAUTEIIEM
MPOTUBOIPUIIIIO3HBIX BaKUUH M IPOTHUBOBUPYCHBIX
MIperaparos.

3acinyru Onera MBanoBuya Kucenesa mo mocro-
MHCTBY OBUTH OLIGHEHBI TOCYIApCTBOM: OH Jaypear
npemuu [IpaBurenscrea PO 2004 1. B oOnactu Hayku
u texHuky; B 2004 r. HarpaxaéH menanpto OpaeHa
«3a 3acnyru nepea OreuectBom» Il crenenu; B 2014 1.
MONyYWJI 3BaHME 3aCIyXEHHOTo nesarens Hayku Poc-
cutickoil denepanuu.

ANNIVERSARY

Omner IBaHOBUY aKTMBHO FOTOBHJ BBICOKOKBAJIU-
(unHMpoBaHHbIC HAYYHBIE KaIpbl U OCTaBUII TOCIE CeOst
LETyI0 Iy YYEHHMKOB, MPOAOIDKUBIINX TPaaUuLIuU
€ro ILIKOJIBI MOJIEKYJSpHOHN BUpyconoruu. OHU cuuTa-
0T JIEJIOM YECTH COXPAHUTh U IPEYMHOKUTH HacJIeue
akagemuka O.M. Kucenesa u Bc€ camoe 1leHHOE U3 He-
ro mepenarb CIEAYIOIUM IOKOJIEHUSM COTPYAHHKOB
HNucturyTa M cBoMM yuyeHuKaM. Bce oHU BUIAT CBOE
MPU3BaHUE B PELICHWHU aKTYaIbHBIX MPOOJIEM 3ApaBo-

OXpaHEHHUs..
Axanemuk O.M. KuceneB, 0e3BpeMEHHO Y-
i 24 HosOps 2015 1., — oauH U3 Hambomee SIPKUX

MpeJICTaBUTENICH METUIIMHCKOM HAYKU, O0bEAMHSBIINT
B ceOc (pyHIaMEHTAIbHBIC MPEJICTABICHUS O MEIUIIU-
HE 1 OMOJIOTHH, BHEC CYIIICCTBEHHBIN BKJIaJl B PEIICHUE
MHOTUX (DYHJAMEHTAJIbHBIX U MPUKJIAIHBIX 33]1a4 B 00-
JIACTU MOJIEKYJIIPHOM BUPYCOJIOTMHM, T€HHON HH)KEHE-
pUH, XUMHOTEpAuK, MPOMOUIAKTHKN U SIHASMHUOJIO-
TUH TPUIINA U APYTUX BUPYCHBIX MH(pekuui. Komiern
BCIIOMHHAIOT €r0 ¢ BOCXHUIIICHUEM M TEILJIOTOM Kak 4e-
JIOBEKA, KOTOPBIW JTHOOMII U YMEI JKUTh, I0/1aBajl CaMo-
OTBEPKEHHBIM IIPUMEP HACTOSAIIETO Y4YEHOTO, BBINOJ-
HSIBLIETO CBOM JIOJI, HECMOTPS HU HA KaKUE TPYIHO-
CTH, OTCTauBaJl HHTEPECHI CTPAHbI HA MEXKAYHAPOIHOU
apeHe U pa3BHUBaJl HAYYHYIO KOOIMEPALHUIO C BEAYLIUMHU
YYEHBIMU 10 BCEMY MHUPY.
Cgemnas namsath akagemMuky O.U. Kucenesy.

Konnexmue compyonuxoe @I'BY « HUU epunna
um. A.A. Cmopoounyesa» Munzopasa Poccuu
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