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Genomic surveillance of SARS-CoV-2 in Russia:
insights from the VGARus platform
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Abstract

Introduction. In response to the COVID-19 pandemic in the Russian Federation, comprehensive response
measures were taken. One of these measures was the development of a viral genome aggregation platform
(VGARuSs) to monitor virus variability.

The aim of this paper is to describe the role of the VGARus platform in tracking genetic variation in SARS-CoV-2.
Materials and methods. VGARus utilizes sequencing data and bioinformatics tools to monitor genetic variations
in SARS-CoV-2. The viral genomes were aligned using NextClade, which also translated them into amino ac-
ids and identified mutations. The viral variability over time was analyzed by counting the number of amino acid
changes compared to the reference sequence.

Results. The analysis of data within VGARus enabled the identification of new virus variants, contributing to
improved diagnostic tests and vaccine development. The platform allowed for the prediction of epidemiologic
trends, facilitating a rapid response to changes in the epidemiologic situation. For example, using VGARus, an
increase in COVID-19 incidence was accurately predicted in the summer of 2022 and early 2023, which were as-
sociated with the emergence of Omicron subvariants BA.5 and XBB. Data from the platform helps validate the ef-
fectiveness of primers and DNA probes to ensure high diagnostic accuracy and reduce the risk of false negatives.
Conclusion. VGARus demonstrates the growing role of genomic surveillance in combating COVID-19 and im-
proving preparedness for future infectious disease outbreaks. The platform is a powerful tool for generating
evidence-based solutions to combat a pandemic and mitigate its health, economic and societal impacts. It pro-
vides the ability to promptly obtain information on the epidemiologic situation in a particular region of the Russian
Federation, use genomic data for phylogenetic analysis, compare the mutational spectrum of SARS-CoV-2 se-
quences with foreign samples. VGARus data allow for both retrospective analysis and predictive hypotheses. For
example, we can clearly see the dynamics of the change of different virus variants: sequences belonging to the
Alpha, Beta, Delta, Omicron lineages and many less common ones, clearly form the upsurges of morbidity, the
interaction of which is reflected in the epidemiological picture. It is also currently being expanded to monitor other
pathogens, increasing its public health relevance.

Keywords: genomic epidemiology, molecular epidemiology, SARS-CoV-2, next generation sequencing, VGARus
platform, genomic surveillance
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OpuruHanbHoe nccnefoBaHme
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FeHomHbIN Hap30p 3a SARS-CoV-2 B Poccunckon Oegepavunn:
BO3MOXXHOCTN nnatopmbl VGARuUS

KotoB U.A."2, ArnetguHoB M.P.2, PoeB I.B." 2, MumkunHa E.B.", Haptoka M.I.', NepecagnHa A.B.,
ByxapuHa A.10.', CBetnnuHbin [1.B.", loHuapos C.E.", Bbixoguesa A.B.', bopucosa H.W1.},
JlbiceHkoB B.I.", YaHbliwes M.[.", Ara6anaes [].H.', CaeHko B.B.!, YepkawwuHa A.C.",

CemeHeHKo T.A.2, ly6openos [1.B.", Xadpuszos K.®."™, AkumkuH B.I.

'LleHTpanbHbI HAYYHO-UCCIeAoBaTENbCKUN MHCTUTYT anugemuonorun PocnoTtpebHaasopa, Mocksa, Poccus;
2MOCKOBCKUI GpU3NKO-TEXHNYECKUIA MHCTUTYT (HaLMOHAbHbIN NCCNIE[0BATENIbCKUN YHUBEPCUTET), [lonronpyaHbin,

Poccus;

3HaumoHasbHbI UCCe[0BaTENBCKMI LIEHTP SMMAEMUONIOTUN U MUKPOOBMONOM MEHW MOYETHOTO
akagemuka H.O®. lamanen, Mocksa, Poccusn

AHHOMauyus

BeepeHue. B oteet Ha naHgemmnio COVID-19 B Poccun Gbinu NpuHATHI KOMMNMEKCHbIE Mepbl pearnpoBaHus.
OpHon 13 Hux cTana paspaboTtka nnaTdopmel arperaummn BupycHbeix reHomoB (VGARUS) ons MOHUTOpUHra us-
MEHYMBOCTM BMpYCa.

Lenb pabotel — onucatb ponb VGARUS B OTCnexXnBaHuy reHeTn4ecknx nameHeHnin SARS-CoV-2.
Martepuanbl n metoabl. BeipaBHMBaHWE BUPYCHBIX FEHOMOB, MOCMEAYOLLYH TPAHCMALNUIO B @MUHOKUCIIOTHI U
noucK MyTaumn nponssogunu ¢ nomolubto nporpammel NextClade. C uenbto aHanm3a reHOMHOW U3MEHYMBOCTU
NOACHUTBIBANM YACNO aMUHOKUCITOTHLIX U3MEHEHUI OTHOCUTENBHO pedepeHCHON NOCNeaoBaTenbHOCTH.
PesynbraTtbl. AHanu3 gaHHbix VGARuUS no3sonun naeHTuguumpoBatb HOBbIE BapuaHTbl BMpYyca, YTO Crnocob-
CTBOBArioO YNy4yllEeHU AMarHOCTUYECKUX TECTOB M MOXET MoMoYb B pa3paboTtke BakuuH. [Nnatdopma npeno-
CcTaBuna BO3MOXHOCTb NPOrHO3NpPOBaTb ANMAEMUONOrMYeckne TeHAEHUMN U OonepaTuBHO pearmpoBaTb Ha W3-
MEHeHUst anuaemuonornyeckon cutyaumm. Hanpumep, ¢ ucnons3oBaHunem VGARuUS 6bin TOMHO npeackasaH
pocT 3aboneBaemoctn COVID-19 netom 2022 r. n B Hayane 2023 r., CBsI3aHHLIN C NOsIBNEHMEM cybOBapuaHToB
Omicron BA.5 n XBB. [laHHble nnatdopmMbl MOMOratoT NPoBepsATb ahdeKkTBHOCTL npavimepos 1 HK-30HA0B,
4YTO 0becnevmBaeT BbICOKYH TOYHOCTb AMArHOCTUKU U CHUXKAET PUCK NOXHOOTPULATENBHbLIX Pe3yrbTaToB.
3akntoueHune. VGARUS JEMOHCTPUPYET pacTyLLyO Porib FEHOMHOIo anuaHaasopa B 6opbbe ¢ COVID-19 m no-
BblLLEHME FOTOBHOCTU K ByayLmm BCnbilwkam MHMEKLMOHHbIX 3abonesBaHuin. Mnatdopma SBASETCH MOLLHbLIM
WHCTPYMEHTOM 151 GOPMMPOBaHUS Hay4YHO 06OCHOBaHHbLIX peLleHui no 6opebe ¢ NnaHOEMUEN N CMATYEHMIO €€
nocneacTBuUii Ans 300POBbS HACENeHUs, 3KOHOMUKKN 1 obecTBa. OHa NpeaocTaBnsAeT BO3MOXHOCTb onepaTme-
HO nony4atb MHopMaLuo 06 annaemuonornyeckon o6cTaHoBKe B KOHKPETHOM perMoHe Poccuun, ncnonb3oBatb
reHOMHble [aHHble AN NpoBeAeHUs UNOreHeTMYECKOro aHanmaa, CpaBHUBaTb MYTALMOHHbIA CNEKTP nocrne-
posatenbHocten SARS-CoV-2 ¢ 3apybexHbiMmn obpasuamu. JaHHele VGARUS No3BOMSOT NPOBOAUTL PETPO-
CMEKTVBHbIA aHanu3 1 BblABUraTb rMnoTe3bl MPOrHOCTUYECKOro XapakTepa. Tak, SBHO MOXHO yBUAETb AUHAMU-
Ky CMEHbI pa3nuyHbIX BapuaHTOB BMpyca: NnocrnenoBaTenbHOCTH, NpuHagnexawme nuHusm Alpha, Beta, Delta,
Omicron n MHOrMM MeHee pacnpoCTPaHEHHbIM, OTYETNNBO (POPMUPYIOT NOAbEMBI 3a60NeBaeMoCTH, KOTopble
OoTpaXalTCs Ha 3ANMAEMUONOrM4eckomn cutyaumm. B gaHHbIn MOMEHT nnatdgopma pacumpsaeTcs Ans MOHUTOPUH-
ra U3BMEH4YMBOCTW APYr1X NaToOreHoB, YTO yBENMYMBAET €€ 3HaYMMOCTb AN 06LLECTBEHHOMO 34paBOOXpPaHEHNSI.

KnroueBble cnoBa: 2eHoMHas anudemuorioausi, MonekynspHas anudemuornoaus, SARS-CoV-2, cekeeHuposa-
Hue criedyrowe2o nokoneHus, nnamagopma VGARUS, 2eHOMHbIU Had30p
Omuyeckoe ymeepxdeHue. ViccnegoBaHne nNpoBoOAMIOCh Mpu A06POBONBHOM MH(OPMMPOBAHHOM cormacuu na-
umneHToB. [NpoTokon uccnegoBaHus opobpeH ATudveckum komutetom LIHWW 3nupemwuonorum (npotokon Ne 111
o1 22.12.2020).

BnazodapHocmb. Mbl BbipaxxaeM UCKPEHHIO GriarofapHOCTb BCEM, KTO NPUHMMAan yyacTue B co3faHum, obenyxusa-
HUWN N HANOMHEHUN FEHOMHbIMW AaHHbIMKU 6a3bl VGARuUS.

© KotoB U.A., ArnetanHoB M.P, Poes I"B., MumknHa E.B., Hagtoka M.W., MepecaguHa A.B., ByxapuHa A.1O., CeetnuuHbin [1.B., MoHyapos C.E.,
Beixoguesa A.B., bopucosa H.W., NbiceHkoB B.I", Yanbiwes M.[., Arabanaes [.H., CaeHko B.B., YepkawwuHa A.C., CemeHeHko T.A.,
Oy6onenos [.B., Xadumsos K.®., AkumkuH B.T", 2024
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HNcmoyHuk huHaHcuposaHusi. PaboTbl MO CeKBEHVMPOBaHWIO U aHanu3y AaHHbix B LIHWW Snunaemuonorun Pocno-
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Introduction

The advent of high-throughput sequencing tech-
nologies, also known as next-generation sequencing
(NGS), has led to a significant reduction in the cost
of genomic sequencing experiments over the past 15
years. NGS is increasingly utilized across various bi-
ological and medical fields, including virology, where
its application in studying viral genomes has become
widespread [1-5]. Furthermore, contemporary bio-
informatics tools have expanded the capabilities for
the development and analysis of databases containing
the genomes of pathogens responsible for various in-
fectious diseases [6—8]. Genomic epidemiology has
emerged as a crucial component in epidemic control.
It enables the examination of genetic alterations in the
genomes of pathogens, the identification and classifi-
cation of distinct lineages, and the evaluation of their
pathogenic potential and transmissibility [9—15]. These
studies are very important for the development of new
diagnostic kits, the creation of modern and effective
vaccines, the formulation of optimal epidemic response
strategies, and the prediction of disease incidence.

A striking example of the application of molecular
genetic monitoring is the detailed study of a new coro-
navirus infection during the COVID-19 pandemic [16].
By analyzing the genomes of SARS-CoV-2, associa-
tions were established between different virus variants
and the characteristics of the course of the epidemic.
This approach allows for accurate monitoring, under-
standing the relationship between genetic variants and
their ability to cause disease, and implementing target-
ed measures to prevent the spread of infection.

At the onset of the COVID-19 pandemic, Pro-
fessor Edward Holmes from the University of Syd-
ney, representing a research team led by Yong-Zheng
Zhang from Fudan University in Shanghai, published
the nucleotide sequence of the SARS-CoV-2 genome.
This information was posted on the Virological.org
platform', which allowed the international scientific
community to begin taking immediate action to count-
er the spread of the pathogen, among which were the

' Novel 2019 Coronavirus Genome.
URL: https://virological.org/t/novel-2019-coronavirus-genome/319

development of new diagnostic tests and subsequent
vaccine development [17, 18]. As the pandemic pro-
gressed, countries that had typically relied less on
their own genomic data began to conduct extensive
sequencing experiments. The knowledge gained was
used to develop strategic plans to contain the spread
of infection [19]. The widespread use of SARS-CoV-2
genome sequencing led to a significant increase in the
number of new sequences uploaded to internation-
al databases. The well-known database is GISAID
(https://www.gisaid.org) with more than 16 million se-
quences from more than 200 countries [8].

The aim of the study is to determine the role of the
VGARus platform and its data for analyzing genomic
sequences of SARS-CoV-2 virus collected in Russia.

Materials and methods

Before starting this study, informed consent was
obtained from patients, and the protocol was approved
by the ethical committee of the Central Research Insti-
tute of Epidemiology (protocol No. 111 of 22.12.2020).
Biological material was obtained by taking nasopharyn-
geal swabs from patients with COVID-19 symptoms.
The samples were collected from different regions of
Russia, with most of them coming from Moscow and
the Moscow region. The presence of SARS-CoV-2
RNA was confirmed by real-time reverse transcription
polymerase chain reaction (RT-PCR). RIBO-prep kit
(AmpliSense, Russia) was used for RNA isolation, and
REVERTA-L reagent kit (AmpliSense, Russia) was
used for reverse transcription.

High-throughput sequencing was performed on
the [llumina MiSeq platform (Illumina, San Diego, CA,
USA) using MiSeq Reagent Kit v2 (PE 150 + 150 or PE
250 + 250 cycles) or MiSeq Reagent Kit v3 (PE 300 +
300 cycles), Illumina NextSeq 2000 using NextSeq
1000/2000 P2 reagents v3 (300 cycles), MinlON using
Midnight Kit (Oxford Nanopore Technologies Oxford,
UK), DNBSEQ-G50 using ATOPlex RNA Library Prep
Set (MGI Tech, Shenzhen, China). The Sanger method
was used to sequencing fragments of the spike protein
gene, but this information was barely utilized in the
analysis. In addition, nucleotide sequence data from the
GISAID database were used in case of their geographi-
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cal affiliation to Russia. The program “Pangolin” [19],
as well as internal tools and scripts, were used to classi-
fy different variants of SARS-CoV-2.

In total, more than 82,000 complete SARS-CoV-2
genomes with the date of biomaterial collection from
01.01.2020 to 31.12.2023 were used. Only genomic
sequences that met the specified quality criteria were
selected. The selected genomes were aligned to the ref-
erence sequence NC 045512.2 using the NextClade
tool and then translated into amino acid sequences.
A specialized script written in Python was used to count
the number of amino acid changes compared to the ref-
erence.

Results

Development and creation of the Russian viral genome
aggregation platform VGARus

In 2021, the VGARus platform (Virus Genome
Aggregator of Russia; registration date 06.07.2023,
No. 2023622263) was developed and established at the
Central Research Institute of Epidemiology (CRIE) of
Rospotrebnadzor in accordance with the decree of the
Government of the Russian Federation. The key tasks
of this platform are collection of data on viral genomes,
centralized analysis of genetic diversity and temporal
dynamics of identified SARS-CoV-2 variants in Russia.
A scientific consortium was established, comprising in-
stitutions from Rospotrebnadzor, the Ministry of Health
of the Russian Federation, various scientific institutes,
and other organizations. Currently, more than 150 or-
ganizations are members of the consortium, many of
which are actively conducting extensive genomic se-
quencing of SARS-CoV-2 and uploading the obtained
sequences to the VGARus database for further analysis.
In addition, the Republic of Armenia and the Republic
of Belarus are participating in the project, which makes
it possible to track pathogen variability in neighboring
countries with active transport connections.

The process of monitoring viral genome variabili-
ty involves the following steps (Figure 1):

* the sequencing laboratory receives biological
material from diagnostic laboratories, including
those affiliated with hospitals. The quality
of these samples is preliminarily assessed,
typically through PCR analysis, to determine
viral load and assess the sample’s suitability for
next-generation sequencing (NGS);

» the laboratory that provided the biological
material must enter the relevant metadata into
the VGARus platform (information on sex,
age, vaccination status of the patient, date of
collection of the biological material, region of
collection, etc.);

» a specialized sequencing laboratory conducts
the essential sample preparation followed by the
sequencing of viral genomes;

ORIGINAL RESEARCHES

* primary bioinformatics analysis is performed,
which includes data quality control, genome
assembly (usually by alignment to a reference
genome) and sequence validity check (assess-
ment of genome coverage);

* uploaded genomic information is validated and
processed automatically using the “Pangolin”
program for complete genomes [19, 20] and
the “V-TRACE” program (developed by CRIE)
for fragment sequencing results. Samples with
genomes that fail quality control are marked as
invalid on the platform, and a corresponding
notification is sent to the originating laboratory.

All SARS-CoV-2 genomic sequences in the coun-

try, obtained through routine epidemiologic monitor-
ing, are registered in the VGARus database. The system
supports both manual uploading and uploading via spe-
cialized APIs, facilitating the addition of large volumes
of sequences. Each sample entry in the system includes
not only the nucleotide sequence but also associated
technical data. Upon registration in the database, the
sample is automatically assigned an internal identifier,
and the SARS-CoV-2 genome sequence is appended to
the sample information field. The technical informa-
tion encompasses data on the organizations involved in
sample collection and laboratory processing, the dates
of sample receipt, registration in the system, and se-
quence upload.

The S-protein SARS-CoV-2 plays a key role in

virus variant identification. This is due to its role in vi-

Patient biological
material

Diagnostic

laboratory Sequencing laboratory

sequencing,
bioinformatics
— ifct<20 — analysis:
genome

RT-PCR
assembly,
initial
validation

Nucleotide sequences, metadata

|

VGARus

secondary validation,
virus genotyping

Metadata —>

Fig. 1. The stages of the process of monitoring the variability
of viral genomes.
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rion entry into host cells and high mutation frequency/
variability of the sequence [21]. However, attempting
to establish a virus variant solely on the basis of muta-
tions in the S-protein gene may lead to incomplete or
inconsistent results [22]. Given the complexity of viral
evolution, in which individual mutations may affect vi-
rus functions differently and interact in ways that may
alter the overall effect, bioinformaticians at the Central
Research Institute for Virus Evolution have developed
the V-TRACE algorithm to address this problem. The
algorithm identifies mutations in the S-protein gene
of SARS-CoV-2, after which a plausibility measure of
whether the sequence under study belongs to different
virus lineages is estimated.

Temporal dynamics and evolutionary trajectories
of SARS-CoV-2 variants

The VGARus platform is a valuable resource for
tracking the dynamics of the COVID-19 pandemic in
Russia and studying its peculiarities. In particular, sys-
tematically collected sequence information allows us to
study the genomic diversity of the virus.

In 2020, a substantial diversity of SARS-CoV-2
lineages was observed [23]. These lineages did not ex-
hibit significant advantages over one another, resulting
in none of the variants becoming dominant. In Decem-
ber 2020, about a year after the new coronavirus began
to spread worldwide, the UK authorities informed the
World Health Organization of the discovery of a new
SARS-CoV-2 lineage, named VOC-202012/01. It had
numerous mutations in its genome and was originally
named “British” but was later renamed Alpha to avoid
naming variants by country. Among the mutations found
in the S-protein gene, the most important were N501Y,
P681H and A69-70 [24, 25]. These mutations affected
the ability of the virus to infect cells and evade the host
immune response and, as a consequence, allowed it to
spread more efficiently. This variant was detected in
Russia in late 2020 and persisted into early 2021, coin-
ciding with a sharp increase in the number of cases.

The Beta variant was identified shortly thereafter,
but it had a much lower prevalence than Alpha. In the
spring of 2021, the Delta variant appeared and quickly
became dominant, leading to a significant increase in
the incidence and hospitalization rate [26]. After a pe-
riod of relatively favorable epidemiological conditions,
the Omicron variant appeared in December 2021 (Fi-
gure 2), which led to a marked increase in the number
of cases in Russia. However, the incidence of the dis-
ease declined just as quickly.

Despite a period of low numbers of COVID-19
cases in the spring of 2022, the emergence of Omicron
subvariants BA.4 and BA.5 caused an increase in inci-
dence that lasted until the end of October (Figure 3).
In late 2022 and early 2023, highly contagious variants
such as BQ.1* emerged. Such shifts in dominant lin-
eages well illustrate the ever-changing and complex na-

ture of SARS-CoV-2 evolution. Notably, in early 2023,
modified versions of pre-existing lineages returned to
the virus population, notably Omicron BA.2, present-
ed as recombinant forms of XBB*. In November 2023,
a variant of coronavirus BA.2.86, unofficially named
Pirola, began to spread rapidly in several countries, in-
cluding Russia. It was notable for the large number of
accumulated changes in the genome compared to ear-
lier lineages and by the end of 2023 had become the
predominant virus lineage, and in early 2024 its JN.1
sublineage was almost completely dominant in most
countries of the world.

The pathogen variability described above under-
scores the importance of ongoing epidemiologic moni-
toring and sequencing of virus genomes for the timely
detection of new variants or changes in viral population
structure. Rapid identification of such changes can help
in the development of public health strategies and in
controlling the spread of these variants.

Comparative analysis of Figure 2 and Figure 3 re-
veals a trend wherein each new significant virus lineage
becomes dominant once it reaches a threshold of 50%
of the total population size, typically within 1.5 to 3.0
months. Additionally, the period during which an indi-
vidual lineage remains dominant ranges from 3 months
to 1 year.

We then attempted to explain the dynamics of
COVID-19 incidence in Russia and to explore the pos-
sibility of predicting the rate of spread of a particular
virus sublineage on the basis of SARS-CoV-2 sequence
data. Our main hypothesis is that specific mutations in
the virus genome significantly affect the incidence rate.
However, the reported incidence rate undoubtedly de-
pends on other critical factors such as population im-
munization rates, PCR testing coverage, and seasonal
factors, whose exact contribution is difficult to estimate.
Therefore, these factors were not used for the analysis.

The period from May 2020 to December 2023 was
divided into 21-day intervals. The time period studied
was limited to December 2023, allowing for a detailed
examination of trends at that time. However, the sub-
sequent emergence of the BA.2.86 variant has shown
that predicting future trends can be extremely difficult.
Given the key role that missense mutations play in viral
transmission rates, nucleotide sequences were aligned
to the reference genome and translated into amino acid
sequences using NextClade [27]. The number of ami-
no acid changes compared to the reference sequence
was chosen as a metric of viral variability. For example,
a rapid increase in the number of frequently occurring
changes may indicate an active mutational process or the
importation of a new lineage into the study region. The
higher the mutational activity of a virus, the more likely
it is that some subset of acquired mutations can affect the
properties of the virus, such as its transmissibility.

The amino acid changes compared to the refer-
ence sequence from May 2020 to December 2023 are
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represented by the black line in Figure 4. For each in-
terval, only mutations with a frequency of at least 50%
are plotted. This approach enables the evaluation of
mutations that significantly affect the adaptability of a
viral variant or are inherited alongside such mutations.
The graph clearly highlights three distinct intervals
during which the number of frequent mutations in the
SARS-CoV-2 genome increased. These intervals corre-
spond to June 2021, February 2022, and January 2023,
aligning with the widespread distribution of the Delta,
Omicron, and XBB variants in Russia, respectively.

One potential limitation of the method described
above is that it cannot effectively reflect the dynamics
of change when new and old dominant lineages have
different characteristic mutations, but their absolute
number differs only slightly. A simple counting of mu-
tations in such a case will lead to the erroneous conclu-
sion that genetic evolution does not occur. To solve this
problem, the qualitative composition of mutations was
analyzed.

Sets of amino acid changes with a frequency
greater than 50% were considered as separate sets for
each time interval. Differences between them for ad-
jacent time intervals were evaluated and used to mea-
sure the genetic variability of the virus. In this case,
both the appearance and disappearance of a mutation
with a frequency of at least 50% compared to the pre-
vious period was considered a change (Figures 2, 4).
This auxiliary strategy demonstrated its reliability.
Thanks to its application, we observed qualitative
changes in the set of frequent mutations in the pop-
ulation caused by the transition from lineage BA.1 to
BA.2. At the same time, fluctuations in the absolute
number of common mutations were minimal. Both da-
ta sets described above are consistent with the World
Health Organization data on the incidence of SARS-
CoV-2 in Russia (Figures 3, 4).

Increases in disease incidence are often preceded
by significant changes in the pathogen genome, as was
the case in the summer of 2021 with the appearance
of the Delta variant, in December 2021 with Omicron
(BA.1/BA.2), in July 2022 with Omicron (BA.5), and
in early 2023 with XBB (Figure 5). However, seasonal
factors also play an important role.

We investigated the dynamics of mutation fre-
quencies in the SARS-CoV-2 genome in Russia (Fi-
gure 5). It was noted that during the spread of the new
dominant lineage at the above-mentioned time points,
the frequency of mutations characteristic of them
demonstrated a rapid S-shaped growth. When the new
lineage began to dominate in the country, the frequency
of mutations characteristic of the replaced lineage de-
creased along a similar S-shaped trajectory. In addition
to the general picture, local trends can be observed on
the mutation frequency distribution graph.

The frequency distribution of mutations also re-
veals two distinct trends on the right side of the graph.
A more precise analysis of the mutations and sequences
comprising these trends shows that both groups of lin-
eages include XBB.1.9.1, FL.24, FL.1.5.1, XBB.1.16,
XBB.1.16.11, and XBB.1.16.17. The upper trend, sit-
vated in the high-frequency range (70-90%) and in-
dicated by the green dashed line, is formed by muta-
tions common to all these lineages, such as S:G252V
and ORF1b:S959P. Meanwhile, in the low-frequency
range, the trend indicated by the dashed line is formed
by mutations found in subgroups of the same lineages,
such as S:E180V, which is present only in XBB.1.16,
XBB.1.16.11, and XBB.1.16.17, and ORF1a:G1819S,
found in the remaining lineages.

Studying the spreading dynamics of these lineag-
es with time can potentially help predict the evolution
of SARS-CoV-2. For this reason, the frequency dyna-
mics for several of the discussed sublineages from June
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through December 2023 are presented in Figure 6. Lin-
eages XBB.1.9.1 and XBB.1.16 were intentionally ex-
cluded from this analysis due to the decreasing or static
nature of their frequency trend during the period under
consideration. The former line significantly decreased
its prevalence to almost zero, while the latter line did
not change its frequency, remaining between 6—16%.
Consequently, they are not considered potentially fu-
ture dominant lineages.

However, after this period, the BA.2.86* (“Pi-
rola”) lineage became dominant shortly after XBB,
which could not have been predicted from data ob-
tained by mid-December 2023, when this lincage was
found in only a few samples. Figure 6 also shows that
most of the lineages previously considered potentially
dominant, although becoming more common, reach a
frequency of only about 16% in a few months. Mean-
while, earlier observations in this study suggest that a
dominant line typically reaches 50% frequency within
1.5-3.0 months of emergence.

These data suggest that a future potentially domi-
nant lineage must possess a certain minimum spreading
rate; otherwise, it is likely to be displaced by others.
This hypothesis aligns with the periodic nature of lin-
eage changes. Additionally, such events complicate the
prediction of the pandemic’s trajectory, particularly in
determining the dominant lineage in the near future
and its impact on public health. Finally, the rapid emer-
gence and spread of an entirely new variant can render
all previous predictions irrelevant.

Data on the distribution of mutations in the ge-
nome were also obtained. Figure 7 highlights mutations
that reached a frequency of at least 50% at the consid-
ered time points. Many of these mutations were found
in the S-protein gene, which aligns with the findings of
other research groups [28]. It is notable that each new
dominant lineage introduces progressively fewer new
mutations in this gene. While it is challenging to inter-
pret this observation unambiguously at present, it may
suggest the degree of relatedness between the lineages
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Fig. 6. Prevalence of SARS-CoV-2 from June 2023 through mid-December 2023.
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or that the gene is approaching its optimal structure for
maximizing affinity to the human ACE2 receptor.

Discussion

The development of the Russian viral genome ag-
gregation platform VGARus has become an important
aspect in the fight against the COVID-19 pandemic
in the country. This database contains over 320,000
SARS-CoV-2 genome sequences, including approxi-
mately 200,000 complete genomes. VGARus supports
many essential functions, such as the identification of
novel virus variants, the creation of effective diagnos-
tic tools, and the formulation of public health policies
[12-15].

VGARus has significantly contributed to the un-
derstanding of the spatial and temporal dynamics of the
COVID-19 pandemic. By providing detailed informa-
tion on the time and location of each genomic sample,
the platform allows visualizing the distribution of spe-
cific viral variants in Russia and their evolution over
time. This detailed knowledge provides an important
advantage in predicting epidemiologic trends in the
coming months. For example, using VGARus, we ac-
curately predicted an increase in COVID-19 incidence
in the summer of 2022 and early 2023, associated with
the emergence of Omicron BA.5 and XBB subvariants,
respectively. These predictive capabilities enable pub-
lic health authorities to respond rapidly to changing
epidemiologic situations.

In general, the results presented above on the fre-
quency of occurrence of various SARS-CoV-2 variants
in Russia are consistent with the data of other studies
in different countries. For example, B. Xiao et al. used
data from the GISAID platform [29]. They considered
sequences obtained in the period from January 2020
to May 20, 2023 in the USA, UK, India, South Afri-
ca, Brazil, and Russia. During this period, the GISAID
platform collected about 79,000 genomes from Russia.

The overall picture of the evolution and spread
of the virus in different countries is similar, but there
are significant regional differences. For example, in the

USA and the UK, the peak proportion of the Alpha vari-
ant was about 65% and 100%, respectively. At the same
time, in Russia, the estimate of its peak prevalence was
about 40%, according to the foreign study, and 20% in
the current work. This difference can be explained by a
wider geography of our study than the one based only
on GISAID data.

The Delta variant arrived in Russia in approxi-
mately the same period as in the other countries stu-
died — April-May 2021. Exceptions included India,
where this variant appeared in March 2021, and Brazil,
where the spread of the strain began only in July 2021.
As in most of the other countries studied, the Gamma
variant was practically undetectable in Russia, while it
was dominant in Brazil and was registered in the USA
with a peak frequency of about 10%.

The frequency dynamics of the BA.1 and BA.2
sublineages were nearly identical in Russia and all the
countries studied, except for India. In India, BA.1 did
not become dominant, remaining below 40%, while
BA.2 spread earlier and remained dominant for almost
8 months. A unique characteristic of Russia and India
was the almost complete absence of BA.4, which was
found in other countries with peak frequencies ranging
from 20% to 60%.

The presented comparison demonstrates that indi-
vidual virus variants may begin their spread in differ-
ent regions of the planet with a difference of several
months, and the time of their maximum prevalence may
vary considerably. The data on the frequency dynamics
of SARS-CoV-2 variants are consistent with the find-
ings on the timing of their spread and dominance made
in this study.

In this study, we also demonstrated the main ca-
pabilities of the VGARus platform, presented the dyna-
mics of variant diversity and mutations of SARS-CoV-2
in Russia, and examined in detail the scenario preced-
ing the change of the dominant lineage in December
2023. The results of this part of the study revealed
certain limitations in predicting the dominant lineage
in the near future. These limitations, caused by the ra-
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pid emergence of new lineages subsequently becoming
dominant, represent a significant challenge for existing
prediction tools [30, 31]. Nevertheless, we remain op-
timistic that future approaches will effectively address
this factor. This work has, however, highlighted some
general trends in the course of a pandemic, with the
periodic nature of the change in the dominant variant
being particularly crucial.

In addition to its role in tracking the course of epi-
demics, VGARus has practical implications, such as the
development and assessment of diagnostic tests. For ex-
ample, researchers at the Central Research Institute of
Epidemiology regularly use VGARus data to test the ef-
fectiveness of primers and DNA probes used in test kits.
Thus, the platform provides information for the develop-
ment and processing of oligonucleotides for diagnostic
test systems, information about the variants circulating
in the country, about the variability of the pathogen se-
quence in the annealing site of primers and probes [32].

ORIGINAL RESEARCHES

The capabilities of the VGARus platform have
now been extended beyond SARS-CoV-2 research. The
platform is currently being expanded to include data
on additional pathogens, such as the viruses causing
hepatitis, influenza, varicella, measles, and others. This
multi-pathogen functionality will serve as a valuable
tool for virologists and infectious disease specialists,
enabling enhanced monitoring of the spread of various
diseases and facilitating timely public health interven-
tions.

Overall, VGARus is a significant achievement
of the joint efforts of numerous scientific institutes of
Rospotrebnadzor and other agencies [12]. Its imple-
mentation has expanded our understanding of SARS-
CoV-2 and contributed to the study and control of the
COVID-19 pandemic. VGARus emphasizes the critical
importance of epidemiological monitoring in controlling
infectious disease outbreaks and the significance of col-
laborative efforts in addressing global health crises.
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TOB, HanWcaHWe OpUrMHanbHOrO YepHoBMKa U 0630pa, peaakTUpo-
BaHue; AenemouHos M.P, Poees IB. — metogonorus, paspabortka
nporpaMMHoro obecrneyeHusi, KypupoBaHWe [AaHHbIX, NpPOBeAeHue
nccnenoBaHvin, opManbHbIi aHanus, HanmcaHne ob3opa 1 pepak-
TupoBaHue; lNMumkuHa E.B., Hadmoka M./. — npoBeneHune uccneno-
BaHWW, Banugauusi pedynsraTos; [lepecaduHa A.B. — pa3spaboTtka
nporpaMMHoro obecrneyeHusi, KypupoBaHWe [AaHHbIX, NpPOBeAeHue
nccnenoBaHvin, opmanbHbI aHanus, Bu3yanu3aumns pesynsraTos;
ByxapuHna A.FO., CeemnuyHbili [.B., loHyapoe C.E., Bbixoduye-
8a A.B., Aeabanaes [].H., HYepkawuHa A.C. — npoBefeHue nccneao-
BaHul; bopucosa H./. — npoBefeHne uccnefoBaHuin, Banuaauns
pesyneratos; JIbiceHkos B.[. — nporpammHoe obecneveHue, Kypu-
poBaHue AaHHblX; YaHbiwes M.[. — npoBedeHvne uccnenoBaHun,
HanucaHue ob3opa 1 pegaktuposaHune; CaeHko B.B. — nposefeHue
uccrnenoBaHvin, Banuaauusi pesynbsratoB, pykoBoAcTBO; CeMmeHeH-
ko T.A. — HanucaHue ob3opa n pegaktnposaHwue; ybodenos [].B. —
KypupoBaHue AaHHblX; Xaghu3zoe K.®@. — KOoHUenTyanu3auums, pyKko-
BOACTBO, aAMWHUCTPMPOBAHUE MPOEKTa, HanMcaHue OpUrMHanbHOro
YepHoBMKa 1 0630pa, pegakTMpoBaHue, NpoBeAeHe UCCcreqoBaHuin,
MEeToAOoNorns, nporpaMMHoe obecneyeHne, KypupoBaHue AaHHbIX;
AKUMKUH B.I. — KoHUEeNnTyanusaums, pecypcbl, PyKoOBOACTBO, agMu-
HUCTPUPOBaHWE MNpoeKTa, HanucaHve 0630pa M peaakTUpoBaHue,
npueneveHne guHaHcMpoBaHus. Bce aBTopbl NoaTBEpXKAalT COOT-
BETCTBME CBOEro aBTOpPCTBa KpuTtepusiMm MexayHapogHoro komureta
penakTopoB MEAMLIMHCKUX XXYPHAaroB, BHECMMU CyLLECTBEHHbI BKNag
B NpoBeJeHne NOUCKOBO-aHaNUTu4eckon paboTbl U NOArOTOBKY CTa-
TbW, MPOYNU 1 0A06pUIM UHaNLHYH BEpCUIo A0 MyGnvkaumm.
Cratbsi noctynuna B pegakuuio 24.06.2024;
npuHsiTa k ny6nukauyum 10.08.2024;
ony6nukosaHa 29.08.2024
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Anthrax in the Russian Federation in 2023
or in other words, «the same old story»

Alexandr N. Kulichenko™, Alla G. Ryazanova', Fedor V. Logvin? Evgeny |. Eremenko’,
Lyudmila Yu. Aksenova’, Sergey V. Pisarenko’, Olga V. Semenova', Diana K. Gerasimenko',
Dmitry A. Kovalev', Tatyana M. Golovinskaya', Olga V. Bobrysheva', Grigorii A. Pechkovskii',
Kseniya A. Oleynikova', Anna V. Nikitina'

Stavropol Research Anti-Plague Institute, Stavropol, Russia;
2Rostov State Medical University, Rostov-on-Don, Russia

Abstract

Introduction. The current anthrax situation in Russia is characterized by instability. In 2023, there was an increase
in the number of infection outbreaks compared to the long-term average (for five years).

The aim of the study is to assess the epizootological and epidemiological situation regarding anthrax in the
Russian Federation in 2023 and the reasons for its deterioration, and to analyze data from genomic epidemiological
surveillance of this infection.

Materials and methods. The information of the territorial bodies of Rospotrebnadzor on the investigation of
anthrax outbreaks, reference materials about anthrax stationary hazardous areas and anthrax burials were used.
The phylogenetic position of the identified Bacillus anthracis strains and genomes structure were determined
based on whole-genome sequencing data.

Results. In 2023 anthrax outbreaks were registered in the Chuvash Republic—Chuvashia (1), the Tyva Republic (1),
Tambov (1), Ryazan (1) and Voronezh (3) regions. 14 farm animals and 19 people fell ill. The infection of animals
not vaccinated against anthrax, as well as vaccinated long before contact with the source of infection, occurred
mainly during grazing in the territories of old (unregistered) anthrax soil foci. Human disease is caused by contact
with sick animals during care, forced slaughter, cutting, transportation of carcasses and meat, cooking processing
of contaminated meat and offal, and consumption of insufficiently heat-treated liver. 17 patients were diagnosed
with a cutaneous form of anthrax, while 2 had an oropharyngeal form combined with a cutaneous form of the
disease.

In all cases, the genome structure typical of the B. anthracis species has been established. The phylogenetic
relationship of B. anthracis isolates with B. anthracis strains previously isolated in Russia is shown.
Conclusion. The reason for the trouble in anthrax in 2023 was a number of violations of veterinary and sanitary-
epidemiological regulations against the background of the presence of soil foci of infection. Stabilization of the
situation can be achieved only in full range of regulated preventive measures are constantly implementated. The
results of molecular genetic typing of B. anthracis strains isolated during the epidemiologic investigation of seven
anthrax outbreaks in the Russian Federation in 2023 allow us to conclude that they are of local origin and have a
genome structure typical of the species. Genetic analysis of the isolated strains demonstrated the effectiveness
of the developed wgSNP typing system in the epidemiologic investigation of outbreaks.

Keywords: anthrax, soil focus, outbreak, Bacillus anthracis, whole genome sequencing
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OpuruHanbHoe nccnefosaHne
https://doi.org/10.36233/0372-9311-525

Cnbupckasn asBa B Poccuinckon Oepepauum B 2023 ropy,
VNN «CTapad CKasKa o rnaBHOM»

Kynuuenko A.H.", PasaHnoBa A.l.", JloreuH ®.B.%, EpemeHko E.l.!, AkceHoBa J1.10.",
MucapeHko C.B.', CeméHoBa O.B.', lepacumenko [.K.', Kosanes [.A.", TonoBnHcKkasa T.M.’,
Bo6pbiweBa O.B.", Meukosckuii IA.', OneiiHukosa K.A.', Hukutuxa A.B.'

'CTaBpOnoIbCKUIA HAayYHO-UCCNEA0BaTENbCKMIA MPOTUBOYYMHbIN MHCTUTYT PocnoTpebHaasopa, CtaBpononb, Poccus;
2POCTOBCKUI rocyfapCTBEHHbIN MeaULMHCKUIN YHUBepcuTeT, PocTtoB-Ha-[loHy, Poccua

AHHOMauyus

BBeaeHue. CoBpeMeHHas cuTyaums no cubupckon s3se (CH) B Poccun xapaktepusyercsi HeyCTOMYMBOCTbHO.
B 2023 . oTMeYeHo yBenuyeHne Yncna BCnbilek MHAEKLUM NO CPaBHEHWIO CO CPEAHNM MHOTONETHUM MoKasa-
Tenewm (3a 5 ner).

Llenb paboTbl — ougeHKa 3nM300ToNoro-anuaemuonorudeckon cutyauum no CH, cnoxuslierica B Poccun
B 2023 r., U NpUYMH eé yxXyALleHns, aHanu3 JaHHbIX FEHOMHOro 3NMaeMUonorMyeckoro Hagsopa 3a aTom MHek-
umen.

Marepuansi 1 MmeToabl. Vcnonb3oBanu nHhopMaLnio TeppuTopuanbHbIX opraHoB PocnotpebHaasopa o pac-
cnepoBaHum Benblwek CH, cnpaBovHble MaTepuarnsl 0 CTauMoHapHo Hebnaronony4Heix no CHA nyHkTax u cubupe-
SI3BEHHbIX 3aXOPOHEHUsIX. PunoreHeTMYecKoe NonoXeHme NAeHTUMLUMPOBaHHLIX WTammoB Bacillus anthracis n
CTPYKTYpY reHOMOB OMNpeaensifiv Ha OCHOBE AaHHbIX MOMHOMEHOMHOIO CEKBEHUPOBAHMSI.

Pesynbratbl. B 2023 r. Benbiwkn CHA 3apernctpupoBaHbl B Yyealuckon Pecnybnuke (1), Pecnybnuke Teia (1),
Tamb6oBckon (1), PasaHckon (1) n BopoHexckon (3) obnactax. 3aboneno 14 cenbCkOX03s1IMCTBEHHbIX XXUBOTHbIX
1 19 yenoBek. 3apaxeHue XNBOTHbIX, HE BaKLMHMPOBaHHbIX MPoTuB CH, a Takke NPpUBMTLIX 3240Mr0 40 KOHTaKTa
C UCTOYHUKOM UHMEKLMM, MPONCXOAUNO NPEMMYLLECTBEHHO NPU BbiNace Ha TEPPUTOPUSIX CTapbIX (HEYYTEHHbIX)
no4BeHHbIX ovaroB CH. 3abonesaHve nmogent 0OyCroBrneHO KOHTAKTOM C BOMbHBIMU XXUBOTHBIMU NPU yXOAe,
BbIHY>XAEHHOM Yy0oe, pa3genke, TPaHCNOPTUPOBKE TYLU U Msica, KyrnMHapHoi obpaboTke 3apaXEHHOro msica u
cybnpoaykToB, ynotpebneHvem B N1y HeJOCTaTOMHO TepMmuyeckn obpaboTaHHoro nueepa. Y 17 3aboneBLumx
AnarHoctTupoBaHa koxHas copma CH, y 2 — opodpapvHreansHas doopma B COMETaHUM C KOXHoW cpopmon 6o-
nesHun. Bo Bcex cnyyasx yctaHoBneHa TunuyHas ans suaa B. anthracis ctpykTypa reHoMoB. MokasaHa cpunore-
HeTMyeckas CBsi3b U30NATOB CO WTaMMamu B. anthracis, paHee BbigeneHHbIMn B Poccun.

3aknwoyeHume. [NprymHon Hebnarononyuus no CA B 2023 . cTan psa HapyLeHWIn BETEPUHAPHOTO N CaHUTapPHO-
3NMAEMMNONOrMYECKOro HOPMMPOBAHMSA Ha hOHE HaNMYKsa NOYBEHHBLIX o4aroB MHdekunn. Ctabunusauus obcra-
HOBKM MOXeT ObITb JOCTUrHYyTa TOMBKO MPW NMOCTOSIHHOWM peanusauuy B NOMHOM ob6bEMe KOMMIeKkca pernameH-
TMPOBaHHbLIX NPOUNAKTUHECKNX MEPONPUATUIA. PedynsraTbl MONEKYNAPHO-reHETUYECKOro TUMMPOBAHUS LUTaM-
MOB B. anthracis, BbiAeNeHHbIX B XO4e 3NMOEMMUONOrMYecKoro paccrnenosanus 7 Benbiwek CH Ha TeppuTopun
Poccuu B 2023 1., no3BonsoT caenaTb BbiBO4 06 UX MECTHOM MPOUCXOXAEHUN U TUMUYHOW ANS Buaa CTPyKType
reHomMa. [eHeTM4YeCckUn aHann3 N30NMPOBaHHbIX LUTAMMOB Mokasan 3(eKTUBHOCTb NPUMEHeHUs pa3paboTaH-
Hol cuctembl WgSNP-TUNMpoBaHus Npu aNMaeMMornornyeckoM paccrnenoBaHm BCbILLEK.

KnroueBble cnoBa: cubupckas f38a, No4eeHHbIl o4ae, Bacillus anthracis, noriHo2eHOMHOe cekgeHuposaHue

3muueckoe ymeepxdeHue. ViccnenosaHve NpoBOANUIIOCH NPy 4OGPOBONBEHOM UH(OPMUMPOBAHHOM COTfiacum naum-
eHToB. MpoTokon nccnenoBaHus ogobpeH CTaBpONONbLCKOro rocyAapCTBEHHOMO MeAULIMHCKOTO YHUBEpPCUTETa (3aKrto-
YyeHne Ne 109 ot 19.05.2022).

HNcmoyHuk dpuHaHcupoeaHusi. ABTOpPbI 3asiBNSAOT 06 OTCYTCTBUM BHELLUHETO (hUHAHCUPOBAHWS MPW NPOBEAEHUN UC-
crnefoBaHus.

KoHgpriukm uHmepecoe. ABTOpbI OEeKNapupyoT OTCYTCTBME SIBHBLIX U MOTEHLMANbHBIX KOH(PIMKTOB MHTEPECOB, CBS-
3aHHbIX ¢ NyGnnKaumen HacTosLeR cTaTbu.

Ansi yumupoeaHrus: Kynnyerko A.H., PasaHoBa A.T., JloreuH @.B., EpemeHko E.W., AkceHosa J1.10., Nucaperko C.B.,
CeméHoBa O.B., l'epacumenko O.K., Koeanes [.A., NonosuHckas T.M., Bo6pbiwesa O.B., Meuykosckuin NA., OnenHu-
koBa K.A., Hukutuna A.B. Cubupckas s3sa B Poccuiickon ®egepaumnn B 2023 rogy, nnm «ctapas ckaska O rnaBHOM».
XKypHan mukpobuonoauu, anudemuonoauu u ummyHobuonoauu. 2024;101(4):448—461.
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Introduction

Anthrax is a particularly dangerous zoonotic dis-
ease that is practically ubiquitous in the world [1, 2].
The danger of the disease is due to the ability of its
causative agent, Bacillus anthracis, to form highly re-
sistant to environmental factors spores, which, once in
the soil, remain viable for decades, forming persistent
soil foci of infection.

In the past, anthrax of susceptible animals and
humans in Russia was widespread. Since 1900, more
than 70,000 outbreaks of animal and human anthrax
have been recorded in Russia on the territory of more
than 35,000 stationary anthrax-affected sites [3]. Thus,
in the 1920s, the number of cases among animals was
measured in tens of thousands (142,800 animals in
1920-1923), among humans — in thousands (9,037 for
the same period), and in some years more than 10,000
human cases per year were registered (46,326 cases in
1924-1926) [4]. Thanks to the introduction of mass
prophylactic immunization of farm animals and con-
tingents at high risk of infection through occupational
contact with livestock and livestock products since the
1950s, a striking reduction in the incidence of both ani-
mal and human diseases was achieved [5].

The current situation on anthrax in Russia is char-
acterized by instability. While in 2018-2022 there were
sporadic cases in animals (1-3 per year) and humans
(25 per year), and in 2017 anthrax was not observed
at all [6-8], then in 2016, the largest epizootic was reg-
istered in the Yamalo-Nenets Autonomous District with
the disease in more than 2650 reindeer and 36 people
with 1 fatal case [9].

In 2023, Russia again recorded a worsening of the
situation on anthrax, which makes it necessary to ana-
lyze the causes that led to the unfavorable situation on
this infection.

Currently, due to the development of sequencing
technologies, a large amount of data on the genomic
sequences of microorganisms has been accumulated.
The method of whole genome sequencing is used to
study the structure of genome sequences, phylogenetic
analysis of isolates, and is successfully used in the pro-
cess of epidemiological investigation of outbreaks of
infectious diseases, including anthrax [10-13]. In this
regard, the active improvement and implementation of
genomic epidemiologic surveillance methods seems to
be particularly relevant.

The aim of this study is to assess the epizootolog-
ical and epidemiological situation of anthrax in Russia
in 2023 and the reasons for its deterioration, as well as
to analyze the data of genomic epidemiological surveil-
lance of this infection.

Materials and methods
Information from the Rospotrebnadzor offices in
the Chuvash Republic, Republic of Tyva, Tambov, Ry-
azan, and Voronezh regions on the investigation of an-

ORIGINAL RESEARCHES

thrax outbreaks in the respective subjects in 2023 was
used in this work. In order to conduct a retrospective
analysis of the anthrax situation in these territories,
we used official reference materials on stationary an-
thrax-affected sites [3], anthrax burial sites [14—16], as
well as databases of stationary anthrax-affected sites
and anthrax burial sites created in 2023, based on up-
dated information (database “Inpatient anthrax-affected
sites in the Russian Federation”, certificate of state re-
gistration from 01.08.2024 No. 2024623389).

All subjects gave informed voluntary consent to
participate in these studies (according to the Federal
Law “On Fundamentals of Health Protection of Citi-
zens in the Russian Federation” 0of21.11.2011 No. 323-
FZ, ed. of 30.12.2021). Clinical trials were approved
by the local ethical committee of the Federal State Bud-
getary Educational Institution of Higher Professional
Education “Stavropol State Medical University” of the
Ministry of Health of Russia (conclusion of the local
ethical committee from 19.05.2022 Ne 109).

All manipulations with laboratory animals were
performed according to the “European Convention
for the Protection of Vertebrate Animals Used for Ex-
periments or Other Scientific Purposes” (Strasbourg,
18.03.1986 ETS No. 123).

Laboratory diagnosis of anthrax and identification
of 32 cultures of B. anthracis isolated in 2023 from
clinical material (7), animal material (17) and environ-
mental objects (8) were performed in accordance with
the methodological guidelines “Laboratory Diagnosis
and Detection of Anthrax Pathogen™"'.

B. anthracis genomes were sequenced using the
DNBSEQGS0RS high-throughput sequencing plat-
form (BGI). Genotyping of 1169 B. anthracis strains
(302 strains from the collection of the Stavropol An-
ti-Plague Institute of Rospotrebnadzor, 867 strain ge-
nome sequences from the international GenBank da-
tabase) on the basis of wg-SNPs was performed using
Parsnp [17]. The obtained SNP profiles were used to
construct phylogenetic reconstruction using the maxi-
mum likelihood method according to the Tamura-Nei
model [18] in the MegalQ software. To visualize the
phylogenetic tree, the FigTree program (Tree Figure
Drawing Tool v. 1.4.3) was used [19].

The genome sequences of B. anthracis strains
from the collection of the Stavropol Plague Control In-
stitute of Rospotrebnadzor are presented in the “Nucle-
otide sequences of complete genomes of B. anthracis
strains isolated in Russia and neighboring countries”
electronic database (certificate of state registration
No. 2022620144 dated 18.01.2022), in the electronic
database of the Stavropol Plague Control Institute of
Rospotrebnadzor ‘Full genome sequences of B. anthra-

! Methodological guidelines MG 4.2.2413-08 "Laboratory
diagnosis and detection of anthrax pathogen" (approved by the
Head of Rospotrebnadzor on 29.07.2008).
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cis strains’ (reg. No. B.ab-R-1-B.ab-R-302) and can be
provided on request (stavnipchi@mail.ru).

Results

From March to September 2023, 7 outbreaks of
anthrax were registered in Russia in 5 subjects of 3 fed-
eral districts of the Russian Federation: Volga, Siberian
and Central (Table).

The first outbreak of anthrax in Russia in 2023
was recorded in March in the Chuvash Republic. In the
private farm of a resident of the village of Starye Ak-
tashevo, Tsivilsky District, a bull calf was slaughtered
without anyone notifying veterinary specialists, after
which 1 of 4 participants, the most active in the slaugh-
ter, became ill. In the process of culinary processing of
by-products from cattle the spouse of the owner of the
sick steer became infected.

It was found that the animal was not registered
and was not vaccinated against anthrax. During the
epidemiologic investigation, the owner of the cattle
sold meat and skin of the steer to unknown persons
on the highway, which were timely seized and de-
stroyed during the epidemiologic investigation of the
outbreak.

The clinical diagnosis of cutaneous anthrax in the
diseased was confirmed by specialists of the Reference
Center for monitoring of the anthrax pathogen (here-
inafter referred to as the Reference Center), operating
on the basis of the Stavropol Plague Control Institute
of Rospotrebnadzor, and the Center for Hygiene and
Epidemiology in the Chuvash Republic (Chuvashia) by
polymerase chain reaction (PCR), based on the detec-
tion of DNA of the anthrax pathogen in skin samples,
as well as positive results of additional immunological
methods: detection of specific anti-anthrax antibodies
by indirect fluorescent antibody method, allergy test
with anthrax allergen in vitro using flow cytometry.
B. anthracis culture was isolated from the source of in-
fection — bovine meat.

The second outbreak of anthrax infection was re-
corded in June in Barun-Khemchiksky district of the
Republic of Tyva with the disease in 2 unvaccinated
horses, one of which was subjected to forced slaughter
and the other fell ill. A total of 5 people fell ill; 2 of the
ill persons who carried out unauthorized forced slaugh-
ter of a sick horse at a private shepherd's camp near the
village of Bizhiktig-Khaya. The skin manifestations of
the infection in them were preceded by the formation
of inflammatory foci in the oropharynx. On the basis
of clinical data, positive PCR detection of B. anthracis
DNA both in swabs from the pharynx and in samples of
skin affects, the patients were diagnosed with the oro-
pharyngeal form of anthrax combined with the cutane-
ous form of the disease. Thanks to timely diagnosis and
immediate start of intensive therapy of the prognosti-
cally unfavorable oropharyngeal form of the infection,
fatal outcomes were avoided.

Due to the shipment of contaminated meat for sale
to a butcher shop in Ak-Dovurak, 3 people became ill
with cutaneous anthrax, which was diagnosed on the
basis of positive PCR results: the meat transporter, the
son of the shop clerk and a female customer who pur-
chased ground beef from the shop. It was found that the
meat of cattle, from which the minced beef was made,
was contaminated during storage in the refrigerator in
the neighborhood with infected horse meat delivered
from the outbreak in the village of Bizhiktig-Khaya,
during laboratory examination of which B. anthracis
culture was isolated in the Tuva anti-plague station of
Rospotrebnadzor.

An epizootic outbreak with disease in one head of
cattle was detected in June in Bondarsky district of Tam-
bov region — in a pasture located 3 km from the village
of Shacha Molokanskaya, Mitropolsky rural council.
This is the only outbreak of anthrax among livestock in
2023 that did not result in epidemic complications. No
samples were sent to the Reference Center for research.

In June, 6 cattle fell in LLC Lenin's Way,
Zakharovsky district, Ryazan region, grazing in the
summer pasture in the village of Staroye Zimino. As a
result of direct contact with sick animals, a cattleman
became ill with anthrax. According to the veterinary
service of the region, scheduled specific immunization
of cattle was carried out in October-November 2022.
However, the employees of LLC Lenin’s Way, includ-
ing the sick person, were not vaccinated against anthrax.

The diagnosis of anthrax in 2 cattle was estab-
lished by the Ryazan Regional Veterinary Laboratory
based on the results of bacteriological examination of
pathological material samples. In the course of epide-
miologic investigation Rospotrebnadzor specialists iso-
lated cultures of anthrax microbe from soil and water
samples taken in the places of animal deaths. The clin-
ical diagnosis of cutaneous infection in a patient was
confirmed by the detection of B. anthracis DNA in a
scrape from a skin affect scab.

In 2023, special attention was focused on the situ-
ation on anthrax in Voronezh region, where in August—
September, 3 outbreaks of infection with 11 people fall-
ing ill were recorded in 3 districts of the region.

The first outbreak was detected in August in Pa-
ninsky district, where the owner of a private subsidi-
ary farm in Krasnye Kholmy village fell ill after forced
slaughter of 1 head of cattle without notification of vet-
erinarians. The animal had not been vaccinated against
anthrax. The owner sold the meat to unknown persons,
and as a result of search activities it was found that the
resellers sold the meat to an entrepreneur of one of the
markets in Voronezh, where it was promptly seized
almost in its entirety, and remnants of infected meat
were found in Semiluki and Novaya Olshanka villag-
es. During material examination by specialists of the
Center for Hygiene and Epidemiology in Voronezh re-
gion and Stavropol Anti-Plague Institute of Rospotreb-
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nadzor, B. anthracis culture was isolated from samples
of cattle skin and meat, DNA of the pathogen was found
in samples of pathological skin effects of the patient.

In September, a large outbreak with the disease
of 2 cattle and 9 people was registered in Bogucharsky
district. Infection of 5 people occurred in the process
of forced slaughter of 1 head of cattle, carried out in
a peasant (private) farm in Lebedinka village without
veterinary inspection, subsequent cutting of the carcass
and meat. The second animal fell and was buried on the
territory of the farm.

It was found that the cows in the farm were not
fully vaccinated, and the diseased animals were not
immunized in a planned manner. The employees of
the farm were not immunized against anthrax either.
During the investigation, it was determined that the
owner of the farm transported part of the meat to his
own cafe, and sold the rest in an unauthorized place of
trade to the owner of another cafe and random persons.
As a result, 4 more people became ill from contact with
the purchased meat.

In the process of material examination, cultures
of the pathogen were isolated from samples of clinical
material, meat and cattle hides. Positive PCR results
were also obtained in the study of semi-finished meat
products from the cafe of the owner of the farm, intend-
ed for sale and catering of employees of his farm.

The diagnosis of cutaneous anthrax in patients was
also confirmed by the detection of B. anthracis DNA in
skin samples, specific antibodies and positive results of
allergy test.

The third focus of infection was recorded in No-
vousman district. One farm worker in the Krylovskoye
state farm became ill after contact with the carcass of
fallen cattle. The clinical diagnosis was confirmed by
PCR and immunological methods in the Reference
Center.

A total of 32 cultures of the anthrax pathogen were
isolated during the outbreaks. Final identification per-
formed at the Reference Center using basic and addi-
tional bacteriological tests showed that all isolates were
typical virulent cultures of B. anthracis with high sen-
sitivity to antibacterial drugs used to treat anthrax in
humans (penicillins, carbapenems, tetracyclines, fluo-
roquinolones, aminoglycosides, rifampicin).

As a result of molecular genetic typing, the cul-
tures isolated in the Chuvash Republic, Ryazan and
Voronezh regions were determined to belong to the
main genetic clade A, canSNP-group A.Br.008/009
(A.Br.008/011) of the widespread trans-Eurasian sub-
clade, and the isolate isolated in the Republic of Ty-
va — to canSNP-group B.Br.001/002 of the main ge-
netic clade B.

According to full genome sequencing data, all
strains were found to have a typical genome structure
and contain a set of virulence genes characteristic of the
B. anthracis species.

Phylogenetic analysis based on wg-SNP typing of
more than 1100 B. anthracis strains from the collection
of the Stavropol Anti-Plague Institute of Rospotreb-
nadzor and genomes from the international GenBank
database showed that the strain isolated in the Chuvash
Republic belongs to the lineage A.Br.118 (STI) (sub-
cluster 2 of the A.Br.125 cluster) and has the closest
affinity with B. anthracis strains previously isolated
during outbreaks of anthrax in the Volgograd region
(Bykovsky district, 1985) and Saratov region (Bala-
shovsky district, 2015) (Fig. 1).

Cultures from the Paninsky district of Voronezh
region and Zakharovsky district of Ryazan region be-
long to the A.Br.117 (Tsiankovskii) lineage, A.Br.215
cluster, and the strain isolated in the Anninsky dis-
trict of Voronezh region in 1982 is the closest to them
(Fig. 2).

The strains isolated in Bogucharsk district of Vo-
ronezh region also belong to the A.Br.117 (Tsiankovskii)
lineage and cluster with strains isolated in Stavropol
Krai (Petrovsky district — 1959, Novoselitsky Dis-
trict — 2001), Volgograd Region (Oktyabrsky District,
2014), Kaluga Region (Kozelsky District, 1989), Re-
public of Ingushetia (Malgobeksky District, 1968), Ry-
azan Region (1981), and Republic of Kalmykia (Goro-
dovikovsky District, 2002) (Fig. 2).

The culture isolated in the Barun-Khemchik Dis-
trict of the Republic of Tyva belongs to the B.Br.013
Asia cluster of the B.Br.012 lineage and has a close
phylogenetic relationship with strains isolated in the
same region of the republic in 2018 and 2021 (subclus-
ter 1 in Fig. 3).

Discussion

By definition, stationary anthrax-affected sites
have on their territory soil centers of anthrax, which
are anthrax burial sites [20]. However, the number of
stationary anthrax-affected sites, let alone outbreaks, is
dozens of times greater than the number of registered
anthrax burial sites. In the Republic of Tyva, while more
than 300 outbreaks have been registered in 154 station-
ary anthrax-affected sites since 1910, there is informa-
tion about only 11 burial sites of corpses/ash remains of
anthrax-infected animals (of which 7 are carcass incin-
eration sites in 2018-2023). In the Chuvash Republic,
where more than 3,600 foci of infection in 1,231 sta-
tionary anthrax-affected sites have occurred since 1901,
397 anthrax burial sites were registered as of 2013 [16];
however, in accordance with the resolution of the Cab-
inet of Ministers of the Chuvash Republic, 345 burial
sites were eliminated in 2015, including in the village
of Staroye Aktashevo. In the Voronezh region, where
780 stationary anthrax-affected sites have been recor-
ded since 1902, 81 anthrax burial sites were registered
[14], but, according to the order of the Voronezh Re-
gion Veterinary Department, they were removed from
the regional register in 2011. And in the Ryazan region,
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Fig. 1. Phylogenetic position of B. anthracis strains isolated in the Chuvash Republic — Chuvashia (2) and the Dagestan
Republic (1). Fragment of dendrogram reconstructed on the basis of wg-SNP-analysis by method Maximum Likelihood
according to Tamura—Nei model.

in which, since 1901, more than 1900 outbreaks have
been noted on the territory of more than 900 stationary
anthrax-affected sites, and in the Tambov region, where
almost 700 stationary anthrax-affected sites are known
to be active more than 1600 times since 1929, not a
single anthrax burial site has been accounted for [14].
Thus, on the territory of the constituent entities of the
Russian Federation, where outbreaks of anthrax in 2023
have been noted, there is a huge number of unattended
animal burial sites that are soil foci of anthrax — un-
known, due to the historical absence of their registra-
tion or incomplete registration by veterinary services
in violation of the veterinary regulatory framework on
the need to document and supervise anthrax?, removed
from registration.

2 Instruction "On measures against anthrax" (approved by the
Ministry of Agriculture of the USSR on 28.02.1953); Instruction
"On measures against anthrax" (approved by the Main Department
of the Ministry of Agriculture of the USSR on 05.06.1981, as
amended on 12.11.1982); Sanitary Rules (SP 3.1. 089-96) and
Veterinary Rules (VP 13.3.1320-96) "Prevention and control of
contagious diseases common to humans and animals", section
6 "Anthrax" (approved by the State Committee for Sanitary
and Epidemiological Surveillance of the Russian Federation
on 31.05.1996 No. 11, Ministry of Agriculture and Food of the
Russian Federation on 18.06.1996 No. 23).

Epidemiological investigation of the outbreak and
retrospective analysis of the anthrax situation on the
territory of the subjects where outbreaks were detected
in 2023, conducted in accordance with the regional up-
dated databases of stationary anthrax-affected sites, an-
thrax, Cadastre information [3], lists of livestock burial
grounds [ 14-16], showed the following.

In the Tsivilsky district of the Chuvash Repub-
lic in 1901-1979, 155 cases of anthrax were reported
in 72 stationary anthrax-affected sites. The village of
Staroye Aktashevo is a stationary anthrax-affected site
with manifestations of activity in 1929 and 1930. At a
distance of 1 km from the village there is an anthrax
burial site organized in 1930. It was found that cattle
grazing near the anthrax burial site was impossible due
to the presence of persistent snow cover and lack of
vegetation in March 2023; it is possible that the animals
were infected when consuming fodder prepared earlier
on the territory of the anthrax burial site.

Since 1929, anthrax has been reported more than
40 times in the Barun-Khemchik District of the Tyva
Republic, but no anthrax has been recorded. The pre-
vious outbreak on the territory of this district took
place in 2021 in the village of Bizhiktig-Khaya [21].
Previously, the village had not been reported to be in-
fected, but the investigation showed that cattle grazing
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Fig. 2. Results of phylogenetic analysis of B. anthracis strains isolated in the Voronezh and Ryazan regions,
Stavropol Territory. Fragment of dendrogram reconstructed on the basis of wg-SNP-analysis by method

Maximum Likelihood according to Tamura—Nei model.
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Puc. 3. dnnoreHetTuyeckoe nonoxeHue wraMmmMoB B. anthracis, BbiaeneHHbix B Pecnybnuke TeiBa (1)
n Pecnybnuke Bypartus (2).

®parmMeHT geHaporpaMmMbl, PEKOHCTPYMPOBaHHOM Ha ocHoBe Wg-SNP-aHannsa MeTogoM MakcumarbHoro npasgonogobust
B COOTBETCTBUM C MoAenbio Tamura— Nei.

Fig. 3. Phylogenetic position of B. anthracis strains isolated in the Tyva Republic (1) and the Buryatia Republic (2).
Fragment of dendrogram reconstructed on the basis of wg-SNP-analysis by method Maximum Likelihood according to Tamura—Nei model.

from Bizhiktig-Khaya village and Kyzyl-Mazhalyk
village had not been reported. Kyzyl-Mazhalyk, lo-
cated at a distance of 6 km from the analyzed village,
are grazing on a common pasture, and the village of
Kyzyl-Mazhalyk. Kyzyl-Mazhalyk is a stationary an-
thrax-affected site with five times of activity from 1941
to 1989. Thus, infection of livestock both in 2023 and
2021 occurred during grazing on the territory of old soil
outbreaks on the territory of the pasture. Prior to that,
in 2018, 3 outbreaks were recorded in Barun-Khemchik
District (in Khondelen village and two nearby areas —
Kuduk, Dag-Edey, and Edegey tract), in which anthrax
had been observed many times in the past with the last
occurrences in 1950 and 1982, respectively. It was also
revealed that the emergence of epizootic foci in 2018,
2021 and 2023 was preceded by heavy rainfall alternat-
ing with high ambient temperatures — this gave birth to
the term "anthrax weather" [22—24]. This contributed to
the release of spores of the anthrax pathogen on the sur-
face of soil foci with subsequent drying and spreading,
which facilitated the infection of livestock by aspiration
and alimentary routes during grazing.

In Bondarsky district, Tambov region, more than
50 outbreaks of anthrax were recorded in 26 locations
in 1933-1974. On the territory of Mitropolsky rural
council, which includes the v. Shacha Molokanskaya,
anthrax was registered 16 times in 1933-1959, in con-
nection with which it is quite obvious that there are soil
foci here — old burials of fallen animals, including in
the pasture, where, probably, the infection of cattle oc-
curred.

There are 71 known outbreaks of anthrax in 26
settlements of Zakharievsky District, Ryazan region, in
1904-1980, but there are no recorded cases of anthrax
in the district. The village of Staroye Zimino, where the

summer pasture of LLC "Lenin's Way" is located, be-
longs to stationary sites with outbreaks of activity in
1911 and 1944. It was noted that the emergence of the
epizootic in the Ryazan region, as well as in the Repub-
lic of Tyva, was preceded by heavy precipitation and
hot weather, which contributed to the activation of soil
foci, resulting in infection during grazing in the territo-
ry of the old burial site with unknown localization even
of immunized animals.

In Panin district, Voronezh region, 70 outbreaks of
infection were recorded in 1938—1984 on the territory
of at least 28 counted SNPs. Anthrax in the village of
Krasnye Kholmy, the first outbreak focus in the Vorone-
zh region 2023, was reported in 1955 and 1958. In the
district, one anthrax was previously registered in the
village of Chernavka. Thirty-four stationary anthrax-af-
fected sites have been registered in Bogucharsky Dis-
trict, Voronezh region, in which 74 outbreaks were
noted in 1948-1981. No SNPPs are registered in the
district. There are no data on the registration of anthrax
cases in Lebedinka village, where the second outbreak
in the region took place, but outbreaks were registered
in other nearby settlements of Pervomaisky rural set-
tlement, which includes this village (Plesnovka village
in 1948, Batovka village in 1952). In Novousman dis-
trict of Voronezh region, where the third outbreak of
infection took place, 20 SNPs with activity 42 times
in 1941-1997 were recorded, and one stationary an-
thrax-affected site was registered earlier (Petropavlov-
ka village). According to archival data, the registration
of anthrax in 1948 on the territory where the Krylovsky
state farm is currently located is not excluded. Thus,
infection of animals in Voronezh region also occurred
during grazing in the territories of old anthrax-infected
soil foci.
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A number of violations of the requirements of the
legislation in the field of veterinary medicine?, sanitary
and epidemiological well-being of the population* and
the regulatory and legal acts adopted in accordance
with it contributed to the formation of the disease in
2023°. First of all — concealment of livestock during
registration by owners of private subsidiary farms in
the Chuvash Republic, Paninsky district of Voronezh
region, the Republic of Tyva and the peasant farm en-
terprise in Bogucharsky district of Voronezh region, as
aresult of which farm animals were not covered by spe-
cific immunization in a planned manner, which caused
the disease of animals in contact with the pathogen. The
reasons for the disease of 6 cattle in Ryazan region vac-
cinated against anthrax are probably related to the fact
that routine vaccination was carried out in the fall 02022,
i.e., long before the most dangerous spring-summer sea-
son in terms of anthrax infection, and did not ensure the
preservation of proper immunity in animals; infection
could have been promoted by the entry of a massive dose
of the pathogen into the organism, as well as the realiza-
tion of the vector-borne mechanism of transmission of
the sybillivirus microbe from the diseased animal to the
others through the bites of blood-sucking insects. There
is no information about immunization of farm animals
in the foci of Tambov region and Novousman district of
Voronezh region; it is obvious that the diseased animals
were also not accounted for and, accordingly, were not
routinely vaccinated against anthrax.

The next violation, which caused human infec-
tion, is the forced slaughter of sick livestock without
notifying the veterinary service, whereas the owners
were obliged to report within 24 hours by any available
means about the case of disease or death of an animal
to a veterinary specialist, who determines the order of
further actions on site based on the results of the in-
spection.

3 Law of the Russian Federation from 14.05.1993 Ne 4979-1 "On
veterinary medicine" (ed. from 25.12.2023).

4 Federal Law 0f30.03.1999 Ne 52-FZ "On sanitary-epidemiological
well-being of the population” (ed. of 24.07.2023).

5 Federal Law of 27.12.2018 No. 498-FZ "On Responsible
Treatment of Animals and on Amendments to Certain Legislative
Acts of the Russian Federation"; Sanitary Rules and Norms
SanPiN 3.3686-21 "Sanitary and Epidemiological Requirements
for the Prevention of Infectious Diseases" (approved by Resolu-
tion of the Chief State Sanitary Doctor of the Russian Federation
0f 28.01. 2021 No. 4); Veterinary rules for the implementation of
preventive, diagnostic, treatment, restrictive and other measures,
establishment and lifting of quarantine and other restrictions
aimed at preventing the spread and elimination of anthrax
outbreaks (approved by the order of the Ministry of Agriculture
of the Russian Federation of 28.01.01. Order of the Ministry
of Agriculture of Russia No. 648 of 23.09.2021); Veterinary
rules for slaughtering animals (Annex No. 1 to Order of the
Ministry of Agriculture of Russia No. 269 of 28.04.2022, as
amended on 18.11.2022); Rules for animal registration (approved
by Resolution of the Government of the Russian Federation
No. 550 of 05.04.2023).

Also, the requirements of points 1098-1102 of
SanPiN 3.3686-21 on routine vaccination of persons
exposed to the risk of occupational infection due to
their occupation, which caused the disease in workers
of livestock farms in Ryazan region, Bogucharsky and
Novousman districts of the Voronezh region.

A gross violation punishable under Article 236
(part 1) of the Criminal Code of the Russian Federation
was the sale by owners of farm animals of knowing-
ly contaminated meat from sick animals subjected to
forced slaughter and fallen livestock, as a result of con-
tact with which people fell ill in the Republic of Tyva
and Bogucharsky district of Voronezh region. Also, a
veterinarian of one of the markets in Voronezh city au-
thorized the sale of dangerous products accepted with-
out veterinary accompanying documents from resellers
of infected meat from the Paninsky district of Voronezh
region.

As a result, the described violations, first of all, of
owners of private subsidiary farms and private farms,
which initially led to non-coverage of livestock with
routine vaccination, caused the formation of epizoo-
tological-epidemiological disadvantage for anthrax,
epidemiological investigations and implementation of
a set of anti-epidemic measures required considerable
labor inputs from specialists of Rospotrebnadzor, Ros-
selkhoznadzor, Ministry of Health of Russia, as well as
territorial structures of the Ministry of Internal Affairs
of Russia and the Federal Security Service of Russia,
which provided substantial assistance in the investi-
gation of outbreaks and large expenditures of budget
funds.

Stabilization of the anthrax situation consists in
the continuous full implementation of the main regu-
lated prophylactic countermeasures. Since it is not pos-
sible to determine the localization of old burial sites,
which serve as a permanent risk factor for complica-
tion of the situation, the priority is to ensure biological
safety of known burial sites (landscaping, veterinary
and sanitary control of the condition, prevention of the
use of burial sites for economic needs, establishment of
sanitary protection zones for anthrax burial sites) and
to prevent the de-registration of anthrax burial sites. In
order to prevent the formation of new soil foci of infec-
tion during the burial of livestock remains obtained by
burning with the use of improvised means, which does
not always allow to achieve guaranteed destruction of
the pathogen, it is advisable to purchase mobile incin-
erators that ensure the burning of animal carcasses to a
safe inorganic ash residue.

The basis for preventing anthrax in animals is to
ensure their universal coverage with specific immuniza-
tion in threatened areas, which can be implemented only
if additional measures are taken to ensure complete cat-
tle registration. Strict control of routine vaccination of
persons at high occupational risk of infection is neces-
sary. Important aspects of prevention include educating
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the population about the risk factors of infection and
the danger of anthrax, the inadmissibility of concealing
the actual number of farm animals on the farm, which
entails not including unaccounted livestock in the vac-
cination plan, forced slaughter of sick animals without
veterinary examination, sale of raw materials and live-
stock products, purchase of meat products in places of
unauthorized trade. The use of the algorithm of genetic
analysis of isolated strains, which makes it possible to
identify modifications of the genome structure and to
establish the probable origin of isolates, contributes to
the improvement of surveillance of anthrax and the ef-
ficiency of epidemiological investigation.

Molecular genetic monitoring as part of microbi-
ological monitoring of infectious agents is an integral
component of modern epidemiological surveillance of
infectious diseases. The algorithm of wg-SNP-typing
of B. anthracis strains developed using the data on the
genetic structure of B. anthracis populations obtained
in the course of Reference Center research was used
in the investigation of anthrax outbreaks in 2023. The
algorithm is intended for solving operational tasks and
allows:

* identify atypical, modified, new forms of the
pathogen by comparative analysis of the genome
structure;

* increase the reliability of determining the origin
and possible routes of spread of strains.

This approach was previously used by us in the
epidemiologic investigation of anthrax outbreaks ac-
companied by the formation of epidemic foci, during
which cultures of anthrax pathogen were isolated in the
Yamalo-Nenets Autonomous District (2016), Stavropol
Krai (2019), Republic of Tyva (2018, 2021), Republic
of Dagestan (2019, 2020, 2022) [25-28].

Using genomic surveillance data, it was shown
that the strains that caused the above-mentioned out-
breaks were of local origin. Analysis of the target re-
gions of the strains' genome, primarily pathogenicity
factor genes, showed a typical genome structure for the
B. anthracis species.

ORIGINAL RESEARCHES

Conclusion

The analysis of the situation with anthrax in Rus-
sia in 2023 indicates that the reason for the formation of
epizootic foci was the contact of unrecorded and, con-
sequently, unvaccinated animals, vaccinated livestock
with insufficiently strained level of specific immunity,
with the soil of old unsupervised anthrax, as well as,
probably, with fodder harvested in the territory of soil
foci. A number of violations of veterinary and sani-
tary-epidemiological regulations, which led to contact
with sick animals during care, forced slaughter, cutting
and transportation of carcasses, preparation and cook-
ing of infected meat and by-products, consumption of
liver of insufficient heat treatment, caused the disease
of people, both unvaccinated against anthrax of farm
workers and persons not belonging to the contingent of
risk of occupational contamination.

The complex of anti-epidemic measures in the
course of anthrax outbreaks, carried out in the format of
interdepartmental cooperation, allowed timely localiza-
tion and elimination of infection foci and avoidance of
even greater epidemic complications. Genetic analysis
of the isolated strains indicated their local origin and ab-
sence of modifications in the genome structure, demon-
strating the suitability of the developed wg-SNP typing
system for epidemiologic investigation of outbreaks.

The results of molecular genetic typing of B. an-
thracis strains isolated during the epidemiologic in-
vestigation of seven anthrax outbreaks in the Russian
Federation in 2023 allow us to conclude that they are of
local origin and have a genome structure typical of the
species. Genetic analysis of the isolated strains demon-
strated the effectiveness of the developed wgSNP typ-
ing system in the epidemiologic investigation of out-
breaks.

The results of the investigation of the reasons for
the complication of the anthrax situation in Russia in
2023 show that the incomplete implementation of the
regulated set of preventive measures can actually lead
to a situation that will become a new chapter of the "old
tale" about anthrax.
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coli isolated from pregnant women with asymptomatic bacteriuria
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Abstract

Introduction. Uropathogenic Escherichia coli (UPEC) are the dominant bacterial pathogens of urinary tract
infections (UTls). UPEC belong to different phylogenetic groups and have many virulence factors, the study of
which, in conjuction with the assessment of their relationship with clinical forms of UTI, is necessary for a better
understanding of the pathogenesis of UTI and the development of new diagnostic algorithms.

Aim: determination of the molecular genetic characteristics of uropathogenic Escherichia coli isolated from
pregnant women with asymptomatic bacteriuria.

Materials and methods. Clinical isolates of uropathogenic E. coli (n = 70) from pregnant women with
asymptomatic bacteriuria were included in the study. The PCR method was used to determine the belonging
to phylogenetic groups and detect 15 virulence markers — genes associated with adhesion (fimH, papC, sfa,
afa, focG); toxin synthesis (cnf 1, hlyA, sat, vat, usp); siderophores (fyuA, iroN, iuc); capsular antigen (kpsMll).
To assess the statistical significance of differences, Fisher's exact test was used. Differences were considered
statistically significant at a confidence interval of 95% (p < 0.05).

Results. Most of the UPEC isolates belonged to phylogroup B2 (51,4%) and were characterized by the detection
of all UPEC-associated virulence factors included in this study; genes associated with adhesion (sfa, focG),
invasins (ibeA), synthesis of toxins (hlyA, cnf1, vat, usp) and capsule (kpsMIl), siderophores (fyuA, iroN, hlyA)
were detected significantly more frequently (p < 0.05). Two or more virulence determinants were detected in 93%
of isolates.

Conclusion. The identification of key determinants of virulence and/or a combination of virulence genes can be
a prognostic marker for predicting the course of UTI, especially in pregnant women, and will expand diagnostic
capabilities taking into account the virulent properties of the uropathogen.

Keywords: urinary tract infections, asymptomatic bacteriuria, uropathogenic Escherichia coli, phylogenetic
characteristics, virulence factors

Ethics approval. The study was conducted with the informed consent of the patients. The study was approved by the
Ethical Committee at the D.O. Ott Research Institute of Obstetrics, Gynaecology and Reproductology (protocol No. 114,
December 14, 2021)

Funding source. The work was carried out as part of the fundamental scientific research FGWN-2022-0004
“Optimization of methods for prediction, prevention and treatment of “major obstetric syndromes, as well as delivery
strategies in high-risk pregnant women, in order to improve obstetric and perinatal outcomes”.

Conflict of interest. The funder had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

For citation: Khusnutdinova T.A., Budilovskaya O.V., Krysanova A.A., Shalepo K.V., Sinyakova A., Savicheva A.M.,
Kogan |.Yu. The molecular-genetic characteristics of uropathogenic Escherichia coli isolated from pregnant women with
asymptomatic bacteriuria. Journal of microbiology, epidemiology and immunobiology. 2024;101(4):462—469.

DOI: https://doi.org/10.36233/0372-9311-518

EDN: https://www.elibrary.ru/hzatlt

© Khusnutdinova T.A., Budilovskaya O.V., Krysanova A.A., Shalepo K.V., Sinyakova A.A., Savicheva A.M., Kogan I.Yu., 2024



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTNI. 2024; 101(4)
DOI: https://doi.org/10.36233/0372-9311-518

463

OPUTVHANbHbBIE NCCJTIEAOBAHNA

OpuirnHanbHoe nccnefoBaHne
https://doi.org/10.36233/0372-9311-518

MoneKynsapHo-reHeTU4YeCKas XapakTepucTuka yponaToreHHbIX

Escherichia coli, BbigeneHHbIX npu 6ecCMMNTOMHON
6aKkTepuypun y 6epemeHHbIX

XycHyTtguHoBa T.A.®, Byaunosckas O.B., KpbicaHoBa A.A., LLlaneno K.B.,
CuHsakosa A.A., Casnuyesa A.M., Koran U.10.

HayuyHo-uccnegoBaTenbCKMn MHCTUTYT aKyLWepCTBa, r’MHeKkonorum n penpogyktonorum um. 1.0. OTTa,
CaHkT-lMNeTepbypr, Poccusa

AHHOMauus

BBeaeHue. YponatoreHHble Escherichia coli (UPEC) sBnsatoTca AOMUHMPYOWMMKN BakTepuanbHbIMY naTtoreHa-
MU NpY nHGeKUMAX ModeBbiBoaswmx nyten (MMIT). UPEC oTHocaTcA K pa3HbiM oUnoreHeTM4eckuM rpynnam m
obnagarT MHOXEeCTBOM (paKTOPOB BUPYNEHTHOCTU, N3yYEHME KOTOPbIX B COBOKYMHOCTW C OLIEHKOWM WX CBA3W C
KnuHnyeckumn chopmamu UMMM Heobxoammo Ans nyyliero NOHMMaHns natoreHesa n paspaboTkun HOBbIX AMarHo-
CTUYECKMX anropuTMOB.

Llenb uccnenoBaHns — MonekynsipHo-reHeTndeckas xapaktepuctuka UPEC, BbiaeneHHbix npy 6eccumnTomM-
How BakTepuypun y 6epemMeHHbIX.

MaTtepuanbl U MeTtoabl. B nccnegosaHve BKMNoYeEHbl KNnHUYeckme usonatel E. coli (n = 70), BbliAeneHHble Y
OepemeHHbIX ¢ beccumnTomMHoM GakTepunypuen (BBY). MeTogom nonumepasHov LENHON peakumm onpeaensanm
NPVHAONEeXHOCTb K dounoreHeTu4eckum rpynnam 1 15 mapkepoB BUPYNEHTHOCTU — reHbl, aCCOLMMPOBAHHbIE C
agresuven (fimH, papC, sfa, afa, focG), uHBasuen (ibeA), cuHTesom TokcuHoB (cnf1, hlyA, sat, vat, usp), cnagepo-
dopoe (fyuA, iroN, iuc), kancynbHoro aHTureHa (kpsMil). Ins OUeHKM CTaTUCTUYECKOM 3HAYMMOCTU Pasnnymn
CpeOHNX BEMUYMH NPUMEHSANN TOYHbIN kputepuin Puwepa. CTaTUCTUYECKN 3HAYMMbBIMU CHMTANN pasnuuns npu
95% poseputenbHoM UHTepBane (p < 0,05).

PesynbraThl. bonblwnHcTBo n3onstoB UPEC, BeiaeneHHsIx npy BBY, npuHagnexanwu k dvnorpynne B2 (51,4%)
N xapakTepusoBanucb AeTekumen Bcex accoummpoBaHHbix ¢ UPEC ¢akTopoB BUPYNEHTHOCTU, BKIOYEHHbIX B
HacTosiLlee uccrnefoBaHne; JOCTOBEPHO Yalle Obinm oGHapyXeHbl reHbl, accounMpoBaHHble ¢ aare3ven (sfa,
focG), cnHTesom ToKCUHOB (hlyA, cnfl, vat, usp) v kancyn (kps), cugepodopsl (fyuA, iroN, hlyA). [lBe n 6onee
OeTepMUHaHTbl BUPYNEHTHOCTM BbisiBNeHbl Y 93% M30nAToB.

3akntouveHune. OnpegenexHve KniYeBbIX 4ETEPMUHAHT BUPYNEHTHOCTU U/UNN KOMOMHALMKN TEHOB BUPYINEHTHO-
CTU MOXET ObITb MPOrHOCTUYECKUM MapKEPOM AN MPOrHo3mpoBaHust TedeHnst VIMI, ocobeHHo y 6epeMeHHbIX,
1 NO3BONUT PacLUNPUTb BO3MOXHOCTU ANArHOCTUKM C YH4ETOM BUPYMNEHTHBIX CBONCTB yponaToreHa.

KnioueBble cnoBa: uHghekyuss mMouyesbigodawux nymel, 6eccumnmomHasi 6akmepuypusi, ypornamoeeHHbIe
Escherichia coli, tpunoeeHemuyeckas xapakmepucmuka, ¢hakmopbl 8UPYIEHMHOCMU

Amuyeckoe ymeepxdeHue. VlccneqoBaHve npoBoAMnoch Npy A06pPOBONLHOM UHPOPMMPOBAHHOM Cornacuv nauu-
€HTOK, NPOTOKOMN nccnefoBaHns ogobpeH nokanbHbIM aTnyeckum kommutetom HUW akywepctsa, rmHekonorim v penpo-
aykronorun um. 1.0. OTTa (npotokon Ne 114 ot 14.12.2021).

HUcmoyHuk d¢puHaHcupoeaHusi. PaboTa BbIMONMHeHa B paMkax (yHAAMEHTanbHOro Hay4yHOro WCCrnefoBaHUS
FGWN-2022-0004 «OnTrMu3aums METOAOB Npeaukummn, NpoUnakTukL U neveHnst «6onbLIMX aKyLepCcKUX CUHAPO-
MOB, a Takxke cTpaTerum pogopaspeLueHuns y 6epeMeHHbIX 13 rpynmn BbICOKOTO PUCKa, C LIEMbLO YNyYLLIEHNS aKyLLIepCKUX
1 NepuHaTanbHbIX UCXOA0BY.

KoHgpnnukm unmepecoe. CnoHCOp He uUrpan HUKakoun ponu B pa3paboTke uccrnegoBaHus, coope U aHanuse gaHHbIX,
NPUHATUN peLleHust o NyGnukaLum Unu NOAroTOBKE PYKOMUCH.

Ansi yumupoeaHus: XycHytavHosa T.A., Byannosckas O.B., KpbicaHoBa A.A., Waneno K.B., CuHskosa A.A., Casu-
yeBa A.M., Koran N.FO. MonekynsipHo-reHeTnyeckas xapakTepucTuka yponaToreHHblx Escherichia coli, BblaeneHHbIx
npu 6eccumnTomHon GakTepuypumn y 6epemenHbix. XKypHan mukpobuonoauu, anudemuonoauu u uMmyHobuonoauu.
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Introduction

Urinary tract infections (UTIs) are among the
most common infectious diseases. They account for
up to 150 million cases worldwide each year. Accord-
ing to various authors, up to 50-60% of women ex-
perience an episode of UTI at least once in their life-
time [1, 2]. Clinical symptoms associated with UTIs
may vary in severity depending on both the virulent
properties of the pathogen and the susceptibility of the
organism to infection: from asymptomatic course (as-
ymptomatic bacteriuria) to clinically significant cysti-
tis, pyelonephritis, up to severe urosepsis [3]. Asymp-
tomatic bacteriuria represents bacterial colonization
of the urinary tract in the absence of clinical manifes-
tations of the disease. During pregnancy, asymptom-
atic bacteriuria has been considered for many years as
a risk factor for pyelonephritis and adverse pregnancy
outcomes (preterm labor, low birth weight, etc.) [4,
5]. Administration of antibacterial drugs for the treat-
ment of asymptomatic bacteriuria during pregnancy
may be accompanied by undesirable effects: chang-
es in the composition of the intestinal microbiome of
the pregnant woman, which subsequently determines
the composition of the microbiota of the newborn;
impaired development of the child's immune system
[6, 7]. Furthermore, antibiotic therapy can lead to the
elimination of potentially protective strains of micro-
organisms that prevent colonization by virulent uro-
pathogens, thus indirectly contributing to the develop-
ment of symptomatic UTIs.

The dominant bacterial pathogen among UTIs is
Escherichia coli, a Gram-negative, motile, facultatively
anaerobic bacillus belonging to the order Enterobacte-
rales. E. coli is part of the commensal microbial pop-
ulation of the human intestine and maintains stability
and homeostasis of the lumenal intestinal microbiota
through symbiotic interaction with the human body.
E. coli strains possessing certain virulence factors are
able to adapt to new niches and cause a wide range of
diseases of intestinal and extraintestinal localization.

E. coli associated with UTIs are known as uro-
pathogenic E. coli (UPEC) [8]. UPEC possess a variety
of both structural and secreted virulence factors neces-
sary to realize their pathogenic potential in UTIs. The
expression of adhesive organelles such as type 1 pili,
P- and S-fimbriae allows UPEC to bind to receptors on
the surface of epithelial cells in the urinary tract, colo-
nize the uroepithelium and penetrate cells and tissues,
and activate the innate immune response. In addition,
S-fimbrial adhesins can be expressed by sepsis- and
meningitis-associated E. coli (neonatal meningitis-as-
sociated E. coli (NMEC)). Invasins also play a signif-
icant role in the pathogenesis of neonatal meningitis,
which are found predominantly in NMEC strains. An
important pathogenic factor is toxins (hemolysin, cyto-
toxic necrotizing factor, vacuolizing vehicle toxin, se-
creted vehicle toxin) that damage cells and disrupt their
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metabolism. Production of siderophores (iron-trans-
porting proteins) determines the ability of E. coli to cap-
ture iron, which increases viability in the urinary tract.
The severity of symptomatic manifestations of UTIs is
related to the acquisition and expression of virulence
genes. In asymptomatic colonization of UTIs, UPEC
are unable to express key virulence factors, which is
probably a mechanism of adaptation to prolonged blad-
der persistence [9].

Based on molecular analysis, E. coli strains are di-
vided into phylogenetic groups: A, B1, B2, C, D, E, F
and G [10]. UPECs most often belong to phylogroups
B2, D and to a lesser extent to groups E and F, where-
as commensal strains, considered less virulent, belong
predominantly to phylogroups A or B1 [11].

Numerous studies have shown an association
between the presence of virulence genes and UPEC
phylogroups [12—14]. However, the number of studies
aimed at studying the molecular characterization and
assessing the genotypic diversity of UPEC strains iso-
lated in different manifestations of UTIs (especially in
asymptomatic bacteriuria) is limited. Genetic deter-
minants of virulence as a criterion for assessing and
predicting the course of the infectious process are not
currently used. Thus, an urgent direction of molecular
genetic research is to study the pathogenic potential of
UPEC isolated from pregnant women with asymptom-
atic bacteriuria to determine their clinical significance,
as well as to determine the molecular basis of pathogen-
esis, develop new diagnostic algorithms and effective
treatment methods.

The aim of the study was the molecular and ge-
netic characterization of UPEC isolated from pregnant
women with asymptomatic bacteriuria.

Materials and methods

Clinical isolates of E. coli (n = 70) were isolat-
ed from the urine of pregnant women with IBU who
were observed by an obstetrician-gynecologist at the
D.O. Ott Research Institute of Obstetrics, Gynecology
and Reproductology in the years 2018-2023.

The study was conducted with voluntary informed
consent of the patients, the study protocol was approved
by the local ethical committee of the D.O. Ott Research
Institute of Obstetrics, Gynecology and Reproductolo-
gy (protocol No. 114 of 14.12.2021).

The diagnosis of asymptomatic bacteriuria was
established when the same microorganism was isolat-
ed in the amount of > 10° CFU/mL in 2 consecutive
urine samples taken at least 24 h apart, in the absence
of clinical manifestations of UTIL. If more than 1 micro-
organism was isolated, the sample was excluded from
the study. Bacteriologic examination of clinical materi-
al was performed using chromogenic nutrient medium
for isolation of UTI pathogens (Brilliance UTI Clarity
Agar, Oxoid). The identification results were confirmed
by mass spectrometry (MALDI-TOF MS, Bruker Dal-
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tonics). The cultures were stored in trypticase-soy broth
with addition of 30% glycerol at —70°C.

DNA extraction was performed using the DNA-
sorb AM reagent kit (Central Research Institute of Epi-
demiology).

The affiliation of E. coli strains to phylogenetic
groups was determined by quadriplex-polymerase chain
reaction (PCR) according to O. Clermont et al. [10].

All isolates were tested for 15 virulence markers:
genes associated with adhesion (fimH, papC, sfa, afa, fo-
¢@); invasion (ibeA), toxin synthesis (cnf1, hlyA, sat, vat,
usp), siderophores (fyuA, iroN, iuc), and capsular antigen
(kpsMII). Previously studied primers were used; PCR
primers were synthesized by Syntol LLC [15-21]. For
PCR amplification we used the Tersus plus PCR reagent
kit (Eurogen) and Tertsik thermocycler (DNA-Techno-
logy). The amplicons were separated in 2% agarose gel.
Data were visualized and documented using the Infinity
gel documentation system (Vilber Lourmat).

Fisher's exact test was used to assess the statistical
significance of differences in mean values. Differences
with a confidence interval (CI) of 95% (p < 0.05) were
considered statistically significant.

Results

Phylogenetic analysis of E. coli sequences iso-
lated in pregnant women with asymptomatic bacte-
riuria showed that clinical isolates belonging to phy-
logroup B2 (51.4%) were significantly more frequent
(p < 0.05); the remaining isolates belonged to phy-
logroups D, A, B1, and F (Table 1).

Analysis of virulence factors associated with adhe-
sion showed that the fimH gene was detected in 97.1% of
the strains studied; rarC, in 34.3%; sfa, in 27.1%; focG,
in 11.4%; and afa, in 2.9%. The ibeA gene responsible for

endothelial cell invasion was not detected among UPEC
isolated in pregnant women with asymptomatic bacteri-
uria. The most common gene encoding toxin synthesis
was var (42.9%); hlyA, cnfl, and sat genes were detect-
ed in 21.4, 22.9, and 32.9% of isolates, respectively.
The uropathogen-specific usp protein was detected in
57.1% of isolates. Among the genes associated with
siderophore production, the fyud gene was detected in
78.6% of the isolates, iroN in 48.6%, and iuc in 37.1%.
The gene encoding capsule antigen synthesis (kpsMII)
was detected in 65.7% of the studied E. coli strains.

Between 1 and 12 virulence genes were pres-
ent in UPEC clinical isolates. None of the 70 E. coli
strains contained all 15 virulence markers included in
the study. Phylogenetic group A was significantly more
frequently represented by isolates with 1 virulence gene
(75%); the remaining strains were characterized by a
combination of 2 (12.5%) and 5 (12.5%) genes with-
out statistically significant differences. Isolates belong-
ing to phylogenetic group B1 had a combination of 2
(33.3%) and 4 (50%) virulence markers in their genome
without statistically significant differences; 1 (16.7%)
strain had 1 virulence gene in its genome. Phylogene-
tic group B2 was characterized by the highest number
of genes in various combinations (from 5 to 12); iso-
lates containing combinations of 7 (11.1%), 8 (25%),
9 (13.9%), 10 (25%) and 12 (2.8%) genes in their ge-
nome were significantly more frequent. Phylogenetic
groups D and F were represented by isolates in which
genes encoding virulence factors were present without
significant differences in combinations of 2 to 8 and 3
to 8, respectively.

Depending on the types of UPEC pathogenicity
factors present, all isolates were divided into 6 clusters
(Table 2).

Table 1. Belonging to phylogenetic groups of E. coli isolated from pregnant women with asymptomatic bacteriuria

Phylogroup
Indicator
A B1 B2 D
Number of isolates 8 6 36 14 6
% 11,4 8,6 51,4 20,0 8,6
95% ClI 5.1-21.3 3.2-17.7 39.2-63.6 11.4-31.3 3.2-17.7

Table 2. Frequency of detection of pathogenicity factors in uropathogenic E. coli isolated from pregnant women with

asymptomatic bacteriuria

Pathogenicity factor n % 95% ClI
Adhesion 7 10 4.1-19.5
Adhesion + siderophores 11 15,7 8.1-26.4
Adhesion + toxins 1 1.4 0.04-7.7
Siderophores + capsules 1 1.4 0.04-7.7
Adhesion + siderophores + capsules 2 29 0.03-12.6
Adhesion + siderophores + toxins 4 5.7 1.8-14.2
Adhesion + siderophores + toxins + capsules 44 62.9 50.5-74.1
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Genetic determinants encoding 1 pathogenicity
factor were identified in the genomes of 7 isolates (7%,
95% CI14.1-19.5). The frequency of isolates containing
combinations of 4 factors (62.9%, 95% CI 50.0-74.1)
was statistically significantly (p < 0.0001) different
from isolates characterized by the presence of combina-
tions of genes encoding 2 and 3 pathogenicity factors.

The highest number of virulence genes was de-
tected in strains belonging to phylogroup B2; focG, afa,
cnfl, and ibeA genes were undetectable in phylogroup
D; 8 virulence genes were detected in phylogroup F,
except for afa, sfa, focG, cnfl, hiyA, vat, and ibeA
(Table 3). The lowest gene diversity was detected in
phylogroups A and B1. Virulence genes associated
with adhesion (sfa, focG), encoding toxin synthesis
(hlyA, cnfl, vat, usp), siderophores (fyuA, iroN, hlyA)
and capsules (kps) were statistically significantly more
frequent (p < 0.05) in isolates of phylogenetic group
B2 compared to isolates of other phylogenetic groups.
Statistically significant differences were found in the
frequency of occurrence of the kps gene (p < 0.01) in
UPEC isolates belonging to phylogenetic group A; vat
(» <0.05) and usp (p < 0.001) genes belonging to phy-
logenetic group D.

Discussion

Studies on the molecular and genetic characteriza-
tion of uropathogenic E. coli, the results of which are
currently available for analysis, were based on the as-
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sessment of the pathogenic potential of strains isolated
in UTIs. Given the significant impact of asymptomatic
bacteriuria on the development of pregnancy complica-
tions, we conducted a study aimed at investigating E. coli
strains isolated from patients with this pathology.

Clinical isolates of E. coli isolated from preg-
nant women with asymptomatic bacteriuria belonged
to 5 phylogenetic groups (A, B1, B2, D and F). It was
shown that the dominant phylogroups were B2 and
D (to a lesser extent) with 51.4 and 20%, respective-
ly, which is consistent with the results of other stu-
dies [11]. According to the extended classification by
O. Clermont (2013), phylogroup F is a subgroup of
phylogroup B2, and E. coli belonging to this group are
also considered uropathogenic. In our study, 8.6% of
the isolates in asymptomatic bacteriuria were attributed
to this phylogroup. E. coli belonging to phylogenetic
groups A (11.4%) and B1 (8.6%) were also found to be
associated with commensal isolates; this suggests that
the main reservoir of E. coli that are able to colonize the
urinary tract is the intestine.

Adhesion factors play a key role in the pathogene-
sis of UTIs by facilitating the attachment of E. coli to the
uroepithelium. Overall, adhesion factors in our study
were detected in isolation or in various combinations
in 69 (98.6%) isolates, confirming the role of adhesins
as a major urovirulence factor. According to numerous
studies, the fimH gene is the most common adhesion
gene encoding type 1 fimbriae, which was confirmed

Table 3. Occurrence of virulence genes in E. coli of various phylogenetic groups isolated from pregnant women with

asymptomatic bacteriuria

Frequency of gene occurrence, n (%)

Virulence factors Gen
A(n=28) B1 (n=6) B2 (n = 36) D (n=14) F (n=6)
papC 0 0 15 (41.7%) 5 (35.7%) 4 (66.7%)
afa 0 0 2 (5.6%) 0 0
Adhesins fimH 8 (100.0%) (10.0%) 36 (100.0%) 13 (92.8%) 6 (100.0%)
sfa 0 0 18+** (50.0%) 1(7.1%) 0
focG 0 0 8+** (22.2%) 0 0
Invasins ibeA 0 0 0 0 0
fyuA 2 (25.0%) (66,7%) 33"** (91.7%) 12 (85.7%) 4 (66.7%)
Siderophore iroN 0 (66,7%) 25**** (69.4%) 3 (21.4%) 2 (33.3%)
iuc 1(12.5%) (50,0%) 14 (38.9%) 4 (28.5%) 4 (66.7%)
hlyA 0 0 14+** (38.9%) 1(7.1%) 0
cnf1 0 0 167** (44.4%) 0 0
Toxins sat 1(12.5%) 0 14 (38.9%) 7 (50.0%) 2 (33.3%)
vat 0 0 30"*** (83.3%) 2 (14.3%) 0
usp 0 0 36**** (100.0%) 174 (7.1%) 3 (50.0%)
Capsules kpsMil 17** (12.5%) 0 32+*** (88.9%) 9 (64.3%) 4 (66.7%)
Note. - — the frequency of gene occurrence in the group is lower than the frequency of occurrence of the same gene in the overall sample;

* — the frequency of gene occurrence in the group is higher than the frequency of occurrence of the same gene in the overall sample.

*p < 0.05; **p < 0.01; **p < 0.001.
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by the results of our study: the fimH gene was detected
in the majority of isolates (97.1%). Virulence factors
associated with the development of ascending infection
(pyelonephritis) play an important role in the pathogen-
esis of UTIs, especially in pregnant women. The rarC
gene (pyelonephritis-associated pili) and afa-adhesins
(associated with the development of gestational pyelo-
nephritis) were found in 34.3 and 2.9% of isolates in
our study, respectively. The prevalence of genes encod-
ing fimbrial adhesins sfa and focG, which are expressed
by strains causing meningitis, sepsis and pyelonephri-
tis, was 34.7 and 12.9%, respectively. The results of
similar studies on the genetic determinants of virulence
of UPEC isolated in asymptomatic bacteriuria show a
lower prevalence of rarC (12.9% to 20.6%), sfa (8.1%
to 16.9%), but a higher frequency of afa (34.9%) and
focG (35.1%) genes detected [20, 22, 23].

The urinary tract can be a source of NMEC, which
is one of the most common infections with high morbi-
dity and mortality in the neonatal period [24]. The ibeA
gene, which is one of the important virulence factors of
NMEC and is responsible for endothelial cell invasion,
was not detected among E. coli isolated from pregnant
women with asymptomatic bacteriuria.

UPEC is characterized by the presence of a uro-
pathogen-specific protein, bacteriocin-like toxin, as-
sociated with the development of pyelonephritis and
bacteremia. The appearance of this virulence marker is
often associated with an increase in the virulence of the
strain and its survival in the urinary tract. The results
of our study showed a higher detection rate of the usp
gene (57.1%) compared to the results of similar stud-
ies, where the detection rate of the usp gene in UPEC
isolated in asymptomatic bacteriuria was 22.6-34.4%
[20, 22].

Toxin formation is characteristic of E. coli strains
responsible for more severe forms of disease (pyelone-
phritis, urosepsis). The ily4 and cnfl genes associated
with toxin synthesis were found in 68.2 and 63.6% of
isolates from pyelonephritis cases; in 19.4 and 25.8%
of those isolated in asymptomatic bacteriuria [22].
The results of our study showed a similar pattern —
hlyA and cnfl genes were detected in 21.4 and 22.9%
of isolates from pregnant women with asymptomatic
bacteriuria. Secreted autotransport toxin (sat) is also a
virulence factor characteristic of UPEC isolated in py-
elonephritis. In our study, the detection rate of sat gene
was 32.9%, which is significantly higher than that of
L. Maniam et al. (7.5%) [20]. The vat gene is found in
more than half of E. coli isolates from patients cystitis
and pyelonephritis [25]. In our study, the vat gene was
detected in 42.9% of E. coli isolates isolated in asymp-
tomatic bacteriuria.

The production of siderophores, which play an
important role in iron capture, increases the viability of
microorganisms within the urethral tract. The presence

of these virulence factors in UPEC appears to compen-
sate for the absence of other virulence genes related
to adhesion and toxin formation, and thus promotes
prolonged colonization in the urinary tract without
inducing an inflammatory response in the host. In the
study performed, genes responsible for the synthesis of
yersinebactin (fyuA), salmochelin (iroN) and aerobactin
(iuc) were identified in 78.6%, 48.6% and 37.1% of iso-
lates, respectively.

The capsule has a protective role against the host
immune system, which promotes long-term persistence
in the urinary tract. We detected the kpsMII gene in
65.7% of the isolates from patients with asymptoma-
tic bacteriuria. Similar studies have shown that the fre-
quency of this gene ranged from 38 to 73% [20, 23].

The presence of individual virulence genes in the
genome is not sufficient for the realization of uropatho-
genic potential. Many studies suggest that several vir-
ulence factors are present in bacteria at once [22, 26].
Our data also indicate the genetic diversity of UPEC
isolated in asymptomatic bacteriuria. The results of
quantitative distribution of virulence factors in phy-
logenetic groups showed that 90% of E. coli isolates
had two or more virulence markers. E. coli belonging
to phylogroups B2, D, E, and F associated with UPEC
contained more virulence genes than phylogroups A and
B1 associated with commensal strains. Furthermore,
E. coli belonging to phylogenetic group B2 possessed
the highest number of genes in various combinations
(5 to 12); genes associated with adhesion (sfa, focG),
synthesis of siderophores (fyud, iroN, iuc), toxins
(hlyA, cnfl, vat, usp) and capsules (kpsMII) were found
significantly more frequently (p < 0.05).

Numerous factors (immune response, ability to
form biofilms) may influence the expression of viru-
lence factors and the ability of UPEC isolates to adapt
to persistence in UTIs. When comparing the virulence
properties of UPEC isolates in asymptomatic bacteri-
uria and symptomatic UTIs (cystitis, pyelonephritis) in
pregnant women, it was shown that E. coli isolates in
asymptomatic bacteriuria and cystitis showed compa-
rable virulence rates [23]. The determination of a large
number of virulence genes in the isolate, according to
the researchers, may indicate the uropathogenic poten-
tial of the pathogen, and the ability to manifest depends
on the expression of this gene or a set of genes.

Conclusion

The molecular characterization and genotypic
diversity of E. coli strains are essential for better un-
derstanding of their role in the pathogenesis of UTIs.
Identification of key virulence determinants and/or vir-
ulence gene combinations may be a marker for predict-
ing the course of UTIs, especially in pregnant women,
and will enhance the diagnostic capabilities based on
the virulence properties of the uropathogen
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Anastasiia V. Gracheva™, Andrey O. Drokov', Daria I. Smirnova', Darya M. Khokhlova',

Ekaterina R. Korchevaya', Andrey A. Pankratov?, Galina V. Trunova?, Varvara A. Khokhlova3,
Maria S. Vorontsova?, Irina A. Leneva’, Oxana A. Svitich"?, Vitaly V. Zverev'?,
Evgeny B. Faizuloev'*

'II. Mechnikov Research Institute for Vaccines and Sera, Moscow, Russia;

2.M. Sechenov First Moscow State Medical University (Sechenov University), Moscow, Russia;

3P.A. Hertsen Moscow Oncology Research Institute — the branch of the National Medical Research Radiological Center,
Moscow, Russia;

“Russian Medical Academy of Continuous Professional Education, Moscow, Russia

Abstract

Introduction. Animal models for SARS-CoV-2 infection, reproducing the clinical features of COVID-19 in
humans, are important tools for studying the pathogenesis of the disease, transmission of the pathogen and are
indispensable for testing antiviral drugs and vaccines.

The aim of the study was to assess the virulence and tissue tropism for golden Syrian hamsters of SARS-CoV-2
strains belonging to different variants of concern: Wuhan-like, Delta, Omicron BA.1.1 and Omicron BA.5.2.
Materials and methods. Hamsters were intranasally infected with different SARS-CoV-2 strains. Virulence and
tissue tropism of SARS-CoV-2 strains were assessed by comparing the dynamics of weight, viral load in organs
and histopathological changes in lungs in infected and uninfected animals.

Results. The Wuhan-like Dubrovka strain had the greatest virulence for hamsters, which was manifested by the
development of severe pneumonia and a delay in weight gain by 14.6%, high virus content in the lungs, nasal
passages and brain — 6.2, 5,9 and 3.7 log10 TCID,/ml of homogenate, respectively. Presumably, it was the
infection of the Wuhan-like virus of the central nervous system that negatively affected the weight and general
condition of the animals. When hamsters were infected with viruses belonging to the Delta and Omicron variants,
the observed minor weight loss in animals was uninformative, so indicators such as lung histopathology, viral load
in the lungs, nasal passages, heart and other organs played a decisive role in assessing the virus pathogenicity.
A score assessment of lung histopathology was of particular value in assessing the severity of pneumonia,
since it reduced subjectivity in evaluating the results of histological examination and provided a semi-quantitative
assessment of the pathological process.

Conclusion. Despite the revealed lower virulence for hamsters of viruses belonging to the Delta and Omicron
variants compared to the ancestral Wuhan virus, this animal model for COVID-19 retains its value for conducting
preclinical trials of antiviral drugs.

Keywords: animal model for COVID-19, golden Syrian hamsters, virulence, tissue tropism, epidemiologically
significant SARS-CoV-2 variants
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BupyneHTHOCTb 1 TKaHeBaA cneynPuUYHOCTb pasHbIX SNNAeMNYeCcKn
3HauuMbIxX BapunaHToB SARS-CoV-2 and 30n10TUCTbIX CUPNINCKNX
XOMAYKOB
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AHHOMauyus

BBepeHue. XXuoTHble mogenu wuHdekumm SARS-CoV-2, BocnpousBogsilimMe KrivHudeckme ocobeHHOCTU
COVID-19 y yenoBeka, ABMSATCA BaXKHbIMU MHCTPYMEHTaMM M3y4YeHns natoreHesa 3abonesaHunsi, TpaHCMUCCUK
BO3OyaMNTENS M HE3AMEHUMBbI NPU UCMbITAHUAX NMPOTUBOBUPYCHbBIX NIEKAPCTBEHHbLIX NPENapaToB U BaKLWH.
Llenbto vccnenoBaHusl sIBNsSNacb OLEHKA BUMPYNEHTHOCTU M TKAHEBOW CNeundUYHOCTU AN 30M0TUCTbIX CU-
PUACKMX XOMSAYKOB WTaMMOB SARS-CoV-2, OTHOCALWMXCA K pasHbIM 3NUOEMUYECKM 3HAYMMbIM BapuaHTaM:
YxaHb-nogobHomy, Delta, Omicron BA.1.1 n Omicron BA.5.2.

MaTtepuanbl u MeToabl. XOMSYKOB MHTPaHa3anbHO 3apaxanu pasHbiMu wtammamu SARS-CoV-2. BupyneHT-
HOCTb M TKaHeBylo crneunduyHocTb WwTamMmmoB SARS-CoV-2 oueHvnBanu nyTéM CpaBHEHWUS AMHAMMKW Macchbl,
BMPYCHOWM Harpy3ku B OpraHax v BbIPa)KEHHOCTN NaToMOPEONOrMyecknx U3MEHEeHUN B NErknx y 3apaxeHHbIX 1
He3apaXEHHbIX XUBOTHbIX.

PesynbraTtbl. HanGonbLue BUPYNEHTHOCTLIO AN XOMSIYKOB obnagan YxaHb-nogo6HbIN WTamm, YTo NposiBns-
NOCb B pa3BUTMMN TSHXKENON MHEBMOHUN 1 3aAepXKKe B MPUpOCTe macchl Ha 14,6%, BLICOKOM COAepXaHum Bupyca
B JIErKMX, HOCOBbIX XOAax M rofioBHOM Mosre — 6,2, 5,9 n 3,7 Ig T, /mn romoreHata cooteetcTeeHHo. MNpea-
MOMNOXWTENBHO MMEHHO NOpaXeHue YxaHb-Nogo6HbIM BUPYCOM LiEHTpanbHOW HEPBHOW CUCTEMbI HEFaTUBHO MO-
BMMAIO Ha NoKa3aTenu Maccbl U obLiee COCTOSIHNE XMBOTHbIX. [py 3apaXeHMn XOMSYKOB LUTaMMaMU, OTHOCS-
wmmMmcs k BapmaHtam Delta 1 Omicron, He3HaunTenbHas NOTepst Macchbl XXMBOTHLIMMK Gblina HEMHOPMAaTUBHOWN,
NMO3TOMY MPW OLEHKE NaTOreHHOCTW BMpyca peLualoLLyto pofib Urpanu Takue nokasaTenu, Kak rmctonatonorus
NErkux, BUpyCHas Harpyska B JTErKMX, HOCOBbIX Xo4ax, cepaue n apyrnx opraHax. Ocobyto LLeHHOCTb Mpu cpas-
HEHUM THKECTU NMHEBMOHMM UMena GannbHas oLeHKa BblpaXXeHHOCTU NaToOMOPdONOrMYeckMx N3aMeHeHUIN B Nér-
KMX, NMOCKOSIbKY OHa CHmana cybbekTMBM3M B OLEHKE Pe3yrnbTaToB MMCTONOrMYECKOro NccnefoBaHvs 1 gaeana
NONyKONMYECTBEHHYHO OLIEHKY NMaTornorMyeckoro npouecca.

3aknroveHune. HecmoTps Ha BbIsIBNEHHYO Gonee HU3KYH BUPYNEHTHOCTb ANsi XOMSYKOB LUTAMMOB, OTHOCSILLIMX-
ca Kk BapuaHTam Delta u Omicron, no cpaBHeHWIO C poAoHaYanbHbIM YXaHbCKMM BUPYCOM, AaHHasi )KMBOTHas
mogens COVID-19 coxpaHsieT CBOK LIeHHOCTb AN NPOBeAEHUS AOKIIMHUYECKMX UCNBbITAHUA MPOTUBOBUPYCHBIX
npenaparos.

KnioueBble cnosa: xugsomHasi modernb COVID-19, 3omomucmsie cupulicKue XOMSIYKU, 8UPY/TIEHMHOCMb, MKa-
Hesas crieyuguyHoCcmb, INUdemMuyecKu 3Ha4umble sapuaHmsl SARS-CoV-2

Amuyeckoe ymeepxdeHue. ABTOpbI NOATBEPXKAAIOT COONIOAEHNE UHCTUTYLIMOHANbHBIX Y HaLMOHAaNbHbIX CTaHaap-
TOB MO MCMNOMb30BaHMIO TabopaToOpPHbIX XXUBOTHLIX B coOTBETCTBUU ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). NMpotokon nccnegosaHusa ogobpeH Otuveckum komutetom HUMBC nm. N.U. MeyHukoBa (npo-
Tokon Ne 2 ot 24.05.2021).
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Introduction

Modeling viral diseases in laboratory animals is
one of the most important problems of medical virology.
The emergence in 2019 and global spread of SARS-
CoV-2 coronavirus (Severe acute respiratory syndrome-
related coronavirus species, Betacoronavirus genus,
Coronaviridae family), accompanied by a high rate of
hospitalization and mortality among those who became
ill, necessitated the urgent development of treatments
and specific prophylaxis for COVID-19, which is
impossible without preclinical testing in adequate
animal models of the disease. Since the beginning of
the pandemic, considerable efforts have been made to
develop effective and safe vaccines and therapeutic
agents, and studies of the pathogenesis and features
of the immune response to SARS-CoV-2 infection
have been conducted [1]. The success of these studies
largely depended on the availability of animal models
for coronavirus infection developed in the first decade
of the 2000s against the background of the threat of
worldwide spread of SARS-CoV-1, the causative agent
of severe acute respiratory syndrome [2], which belongs
to the same species as SARS-CoV-2. Animal models for
infection that reproduce clinical and pathological features
of COVID-19 in humans are important tools for studying
the pathogenesis of the disease, pathogen transmission
and are indispensable for testing new antiviral drugs and
vaccines [3-5].

To date, there are several animal models for
COVID-19, primarily based on representatives of pri-
mate, carnivore and rodent groups. However, the prob-
lem of selecting the most adequate, informative and
convenient model remains relevant. The value of pri-
mate-based animal models for coronavirus pneumonia
lies in the fact that monkeys are similar to humans in their
physiological characteristics and immune regulation.
Rhesus macaques, African green monkeys, baboons, and
common marmosets are most often used for COVID-19
modeling [1, 6, 7]. The main drawbacks of such models
are the huge demand for animals, high cost, shortage of
trained personnel and primate vivariums equipped ac-
cording to biosafety level 3 requirements [1, 6].

Mink, ferrets and cats are also susceptible to
SARS-CoV-like coronaviruses [7-11]. Notably, SARS-
CoV-2 is found in the nasal cavity of ferrets and they
can be infected by indirect contact, indicating the abili-
ty of ferrets and mink to transmit the virus by mimick-
ing the SARS-CoV-2 transmission pathway in humans.
A disadvantage of such models is that these animals are
relatively large carnivores, so handling them is difficult.
Therefore, there is a need for models based on small
laboratory animals that are susceptible to the virus.

Mice and other rodents are most commonly used
to model COVID-19. However, wild-type mice are not
susceptible to infection with the ancestral Wuhan-like
virus SARS-CoV-2 [5, 6, 12] because the virus is
able to bind efficiently to the human ACE2 receptor
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(hACE2) but not to murine ACE2 (mACE?2). Our pre-
vious findings indicate that Wuhan-like virus does not
cause productive infection in BALB/c mice and, in con-
trast, when infected with Omicron-like virus multiplies
in lungs, brain tissue, and other organs [5].

Several lines of genetically modified mice with
hACE2 receptor are known, which have been adapted
for studies on the pathogenesis of cardiovascular diseas-
es and modeling of coronavirus infection [6, 12]. These
transgenic mouse lines, with different origin, are capable
of stable hACE2 expression in many organs. The mouse
model also has some serious limitations, including dif-
ferences in hACE2 expression patterns in different or-
gans and tissues in humans and mice. Because hACE2
expression in transgenic mice is not physiologic, infec-
tion with SARS-CoV-2 can cause clinical manifestations
and pathologic changes uncharacteristic of humans [1].
In addition, transgenic mice are not widely available in
Russia and are characterized by high cost.

Among SARS-CoV-2 susceptible animals, the
golden Syrian hamster (Mesocricetus auratus; hereafter
hamsters) is of particular interest. Genetic comparison
of hACE2 with analogous receptors of other mammals
showed that the amino acid sequence of hamster ACE2
is very similar to that of the analogous human receptor,
with which it has only 3-4 differences. In addition, ham-
ster ACE2 has shown high affinity for the S-protein of
SARS-CoV-2 and SARS-CoV in several studies [1, 3, 7].

The hamster model for coronavirus pneumonia is
widely used in preclinical studies of vaccines and drugs
[13]. Symptoms, disease pathogenesis and immune
responses characteristic of COVID-19 in humans are
well reproduced in hamsters [3, 14]. Hamsters are also
in demand for modeling other human respiratory viral
infections [14] caused by viruses such as SARS-CoV-1
[2], influenza viruses [15, 16] and adenoviruses [14,
17]. With advantages such as high reproduction rate,
easy handling, affordable cost and availability in nurs-
eries, hamsters are an optimal choice compared to other
small laboratory animals.

Coronavirus disease caused in hamsters by Wu-
han-like strains of SARS-CoV-2 has been well studied
and characterized to date [13, 18-20]. Since at the cur-
rent stage of the epidemic process, the ancestral SARS-
CoV-2 virus has been replaced by new variants of con-
cern (first Delta, then Omicron and its progeny), it is
of interest to study their virulence and disease patho-
genesis in infected hamsters. Previously, we conduc-
ted a study of the protective activity of a prototype live
attenuated vaccine against SARS-CoV-2 in hamsters,
which included their infection not only with the pa-
rental Wuhan-type virus, but also with strains belong-
ing to Delta and Omicron variants [21]. In this article,
we considered it appropriate to review and discuss the
results obtained in more detail in the context of the
pathogenicity of different virus variants for non-im-
munized hamsters.
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The aim of the study was to assess the virulence
and tissue specificity of SARS-CoV-2 strains belonging
to different variants of concern in Syrian golden ham-
sters.

Materials and methods

Virus

Laboratory strains of SARS-CoV-2 isolated at the
L.I. Mechnikov Research Institute of Virus Diseases
from patients with confirmed diagnosis of COVID-19
during different periods of the pandemic were used in
the study (Table 1). All works with SARS-CoV-2 virus
were conducted in the conditions of the biosafety level
3 laboratory.

SARS-CoV-2 was cultured in Vero CCLS1
(ATCC) kidney epithelial cell culture of African green
monkey (hereinafter referred to as Vero) at 37°C in
DMEM medium based on Earle's buffer (PanEco) with
5% fetal bovine serum (Gibco), 300 pg/mL L-gluta-
mine (PanEco), 40 pg/mL gentamicin (PanEco) in an
atmosphere of 5% CO,. A three-day-old monolayer of
Vero cells was infected with SARS-CoV-2 virus at a
multiplicity of infection MOI = 0.001. Virus adsorp-
tion was performed in a CO, incubator for 60 min, then
maintenance medium (DMEM, 300 pg/mL L-gluta-
mine, 40 pg/mL gentamicin) was added and incubated
at 37°C until the appearance of pronounced cytopathic
action (CPA) in an atmosphere of 5% CO,. After the
appearance of pronounced CPA, the culture fluid was
clarified by centrifugation at 4000 rpm for 10 min and
stored at -80°C until used in experiments.

The titer of SARS-CoV-2 was determined in Vero
cell culture by CPA endpoint. Tenfold dilutions of virus
in 4 repeats were added to the wells of a 96-well plate
with a 3-day-old monolayer of Vero cells and incubated
for 5 days at 37°C in an atmosphere of 5% CO.,. Titra-
tion results were evaluated by microscopic examination
of the cell monolayer for the presence of characteristic
CPA (rounding of cells and detachment of cells from
the monolayer). Virus titer was calculated as described
by M.A. Ramakrishnan et al. [22], and expressed in
log10 TCID, /mL.

Animal models

4-week-old female SPF hamsters (n = 30) weighing
40-45 g (SPP Nursery for Laboratory Animals, Branch of
the Institute of Bioorganic Chemistry of the RAS, Rus-

sia) were used in this work. Hamsters were randomly
distributed into groups. The animals were kept in accor-
dance with the rules for the arrangement, equipment and
maintenance of experimental and biological clinics. The
animals were fed with briquetted feed according to the
approved norms. The authors complied with institutional
and national standards for the use of laboratory animals
in conducting the experimental animal study. The con-
duct of the study was approved by the Ethical Commit-
tee of the I.I. Mechnikov Research Institute of Veterinary
Medicine (protocol No. 2 of 24.05.2021).

Study design

The study design is schematically presented in
Fig. 1. Hamsters were divided into 5 groups of 6 an-
imals each and intranasally infected with different
virus strains (Table 1) at a dose of 10* TCID, /head
(100 wl each). For intranasal infection, animals were
anesthetized and held in an upright position. The neg-
ative control group received an equivalent volume of
phosphate-salt buffer pH 7.2. Weight control was per-
formed daily. Four days after infection, the animals
were humanely euthanized. The right hamster lung was
fixed in 10% neutral buffered formalin for histologic
examination. Tissues of lung, brain, nasal passages,
heart, liver, spleen, kidney and blood were collected,
homogenized in 1 ml DMEM medium with gentamicin
(40 pg/ml, PanEco) using a Tissue Lyser LT homoge-
nizer (Qiagen) and centrifuged at 10,000 rpm for 5 min
at 4°C. The supernatant was collected for measurement
of virus titers and viral RNA concentration and stored at
—80°C until examination. Changes in body weight from
day 1 to day 4 after infection, virus titer and viral RNA
content in organs and tissues, and severity of inflam-
matory changes in the lungs of animals on day 4 after
infection reflected the virulence of the strain, and the
distribution of viral RNA and infectious virus in organs
and tissues reflected its tissue specificity.

SARS-CoV-2 RNA quantification

The accumulation of viral RNA in organs and
tissues was assessed by quantitative reverse transcrip-
tion polymerase chain reaction as described previously
[23]. Viral RNA was isolated from samples using the
MagnoPrime UNI reagent kit (NextBio). To detect viral
RNA, primers and probe designed for the SARS-CoV-2
nucleocapsid (N) gene were used, as proposed by
J. Chan et al. [24].

Table 1. Characteristics of SARS-CoV-2 strains used in the study

Strain Collection date GenBank ID Variant Pangolin lineage Passage level Titer, log10 TCID,/ml
Dubrovka 04.06.2020 MW514307.1 Wuhan-like B.1.1.317 17 7,85
Podolsk 10.08.2021 ON032860.1 Delta AY.122 16 7,0
Otradnoe 25.01.2022 ONO032857.1 Omicron BA.1.1 8 6,0
FEB2 11.10.2022 OP920753.1 Omicron BA.5.2 4 6,5
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Fig. 1. Study design.
The infection dose of 4.0 log10 TCID,; per animal.

Histologic examination of the lungs

The right hamster lung was fixed in 10% neutral
buffered formalin (BioVitrum) for 24 h, dehydrated
according to the standard histological technique and
placed in Histomix paraffin medium (BioVitrum). On
the Leica RM 2125 RTS rotary microtome we made
stepwise longitudinal sections 3-5 microns thick, the
preparations were stained with hematoxylin and eosin,
enclosed in Canadian balsam (Sigma-Aldrich). Histo-
logical preparations were examined using a BX51 light
microscope (Olympus). Photofixation of the obtained
lung histologic preparations was performed with the
help of an Olympus XC10 camera. Pathomorpholog-
ic changes in the lungs were evaluated by 2 specialists
using a blind method, using a combined severity score
from 0 to 3 for each of the morphologic criteria pro-
posed by A.D. Gruber et al. [25]. The maximum possi-
ble score was 60.

Statistical processing of data

Statistical analysis was performed using the
Graphpad Prism v. 8.0.01 software. Data are presented
in graphs as mean, standard deviation (SD), standard
error (SE), median, upper and lower quartiles. In box
plots, the boundaries of the box are the upper and lower
quartiles of the sample (25% and 75%), the ends of the
whiskers are the boundaries of a statistically significant
sample (without outliers), the line in the box itself is
the median of the data. Statistical processing of the ob-
tained results was carried out using the nonparametric
method (Mann-Whitney U-test). Differences were con-
sidered statistically significant at p < 0.05.

Results

Morphologic changes were absent in histologic
preparations of the right lung of uninfected animals
(Fig. 2).

On the 4th day after infection, broncho-interstitial
pneumonia was detected in histologic preparations of

hamster lungs of all groups (Fig. 2). However, there
were significant differences in the severity and preva-
lence of alterative-inflammatory changes between the
groups.

On the 4" day after infection, the groups of an-
imals infected with Wuhan-like Dubrovka strain and
FEB2 strain (BA 5.2) showed similar in nature and se-
verity inflammatory changes, the morphological picture
of which corresponded to bronchointerstitial pneumo-
nia in the viral stage. The lumen of bronchi and bron-
chioles in the foci of pneumonia often contained cellu-
lar debris, macrophages and neutrophils. The integrity of
epithelial lining was focally disturbed due to migration
of lymphoid cells, dystrophy, necrosis and desquamation
of epitheliocytes. There were loci of epithelial hyperpla-
sia. The wall of bronchi and bronchioles was moderate-
ly infiltrated with lymphocytes, histiocytes with a small
admixture of polymorphonuclear lymphocytes. Dilated
lymphatic vessels located along the course of the bron-
chial tree contained clusters of lymphocytes. Large lym-
phoid accumulations (hyperplasia of bronchoassociated
lymphoid tissue) were found in the bronchial bifurcation
zones. Inflammatory changes were also observed in the
walls of medium and small branches of the pulmonary
artery accompanying the airways. Perivascular lym-
phoid tissue was in a state of sharp hyperplasia.

Large confluent foci of pneumonia were observed
in all lobes of the organ and were located along the
course of the bronchial tree, spreading to the periphery.
Their area, estimated at qualitative level, occupied 50-
90% of the histologic section area of the organ. Respira-
tory department in the pneumonia foci represented air-
less fields, lumen of alveoli in which were not defined,
interalveolar septa were destroyed due to expressed
lymphoid-histiocytic infiltrate with insignificant ad-
mixture of neutrophils. Remains of dead cells nuclei,
fibroblasts, erythrocytes were seen among the cells of
inflammatory infiltrate. In fresher areas of pneumonia
airiness of respiratory section was reduced due to sharp
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Uninfected

Fig. 2. Bronchointerstitial pneumonia in hamster on the 4" day post-challenge with different SARS-CoV-2 strains.

thickening of interalveolar septa and expressed exuda-
tion into the alveolar cavity of liquid blood and cells
of inflammatory infiltrate: macrophages, lymphocytes,
erythrocytes. Many alveoli contained eosinophilic fil-
amentous material (presumably fibrin). In the interal-
veolar septa there was microvascular hypertension,
interstitial edema and diffusely scattered lymphoid-his-
tiocytic infiltrate.

On the 4th day after infection with Podolsk (Del-
ta) strain, the severity and prevalence of inflammatory
changes in hamster lungs were lower compared to those
in the groups of animals infected with Wuhan-like vi-
rus and FEB2 strain (BA.5.2). Small foci of interstitial
pneumonia were not located in all lobes, were located
along the course of large lobular and segmental bron-
chi, and their area did not exceed 50% of the histolog-
ic section area of the organ. The lumen of bronchi and
bronchioles in the foci of pneumonia were mostly free,
contained single macrophages, lymphocytes, small
groups of desquamated epitheliocytes. The epithelial
lining looked preserved over a large length, with single
lymphocytes in the field of view of the 20 objective
lens among the cells of the mesenteric epithelium. Air-
iness of pulmonary parenchyma in the foci of pneumo-
nia was reduced due to thickening of interalveolar sep-
ta. Small groups of macrophages, lymphocytes, single

neutrophils, erythrocytes and few dead cells (presum-
ably, alveolocytes) were observed in the alveolar ca-
vity. Proteinaceous exudate in the lumen of the alveoli
was rare. At this period of the experiment airless and
confluent foci of pneumonia were practically absent.

In histologic preparations of hamster lungs eu-
thanized on the 4™ day after infection with Otradnoe
strain (BA.1.1), the least pronounced pathomorpholog-
ical changes were observed compared to other groups.
Small foci of interstitial pneumonia, which occupied no
more than 5-7% of the total section area, were located
in 2-3 lobes mainly in the root areas along the course
of lobular bronchi. Inflammatory changes in the wall
of bronchi and accompanying vessels were weakly ex-
pressed.

During histologic examination of the lungs of
infected and uninfected hamsters, the morphologic
manifestations of coronavirus pneumonia were graded
using the recommendations of A.D. Gruber et al. [25].
In infected animals, the cumulative score reflecting
the severity of the inflammatory process ranged from
20.8 to 49.8, while in uninfected animals it was close
to zero (Fig. 3). In the group of animals infected with
Wuhan-like virus, the mean value of the cumulative
severity score was 50 = 6, Delta — 30 £ 5, BA.1.1 —
21+7,BA.5.2—39+6.
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In addition to the severity of pathologic changes
in hamster lungs, weight dynamics was an important
criterion in assessing the virulence of different SARS-
CoV-2 strains. The greatest difference in weight of in-
fected and uninfected animals was observed on the 3rd
or 4th day after infection. In the group of animals in-
fected with Wuhan-like virus, the delay in weight gain
was 14.6% compared to uninfected animals. The simi-
lar figure in animals infected with Delta, BA.1.1 and
BA.5.2 averaged 2-3% (Fig. 4).

Since the main target organs for SARS-CoV-2 are
the lungs, nasal passages and brain, not only the viral
RNA content but also the infectious activity of the vi-
rus was investigated in these organs. The mean values
of virus titer in tissues and organs of animals differed
significantly depending on the strain used for infection.
Thus, on the 4th day after infection, the highest titer
values were observed in lung homogenates in groups of
animals infected with Delta and Wuhan-like viruses —
on average 7.4 logl0 and 6.2 log10 TCID, /mL of ho-
mogenate, whereas in groups infected with BA.1.1 and
BA.5.2, the virus titer was significantly lower — 4.6
and 5.0 logl0 TCID, /mL of homogenate, respective-
ly (Fig. 5). In nasal passages homogenates, infectious
virus was detected in animals of all groups at a titer
of 4.9-6.8 log10 TCID, /mL of homogenate. In brain
tissue, infectious virus was detected only in animals
infected with Wuhan-like virus (on average 3.7 logl0
TCID,/mL of homogenate). It should be noted that
the tissue homogenates were toxic to the Vero cells in
which the titration was performed; therefore, the limit
of sensitivity was 2.0 log10 TCID, /mL of homogenate.
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Fig. 3. Histopathology score of hamster lungs on day 4
post-infection with different SARS-CoV-2 strains.

*p < 0.05; **p < 0.01.

In the lungs of infected animals, the concentration
of viral RNA varied depending on the strain from 7.6
to 9.3 on average, in the nasal passages from 8.3 t0 9.3,
and in the brain from 3.8 to 7.6 log10 RNA copies/mL
of homogenate (Fig. 6). The highest level of viral RNA
in the lungs, nasal passages, brain and other organs of
hamsters was observed in the groups of animals infect-
ed with Wuhan-like virus and Delta. The concentration
of viral RNA in brain homogenates of animals infected
with Wuhan-like virus was 7.6, Delta — 5.6, BA.1.1
and BA.5.2 — 3.8 and 4.1 logl0 RNA copies/mL, re-
spectively.

Viral RNA was also detected in the heart, liver,
kidney, spleen, and blood of most infected animals,
but at much lower levels than in the lungs and nasal

Fig. 4. Weight dynamics in hamsters infected intranasally with different SARS-CoV-2 strains.
K— — uninfected hamsters.
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Fig. 6. Distribution of viral RNA in the organs of hamsters infected with different SARS-CoV-2 strains.
*p < 0.05; **p < 0.01.

passages (Fig. 6). The concentration of viral RNA in
the above organs of animals infected with BA.1.1 and
BA.5.2 was significantly (p < 0.05) lower than in Wu-
han-like virus and Delta infection (Fig. 6). The lowest
viral RNA content in organs was observed in BA.5.2 in-
fection, while no viral RNA was detected in the blood,
kidney and spleen of most animals. It is noteworthy that
in all groups of infected animals a significant content of

viral RNA was observed in the heart — from 4.7 to 6.1
log10 RNA copies/mL of homogenate.

Discussion

The design of the study implied equality of all
conditions, including a single dose of 10* TCID, /head,
except that different virus strains were administered to
animals of different groups. Since SARS-CoV-2 is a re-
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spiratory virus and is transmitted by airborne droplets,
the correctness of our choice of intranasal route of virus
administration in COVID-19 modeling is undoubted.
This method of administration mimics the natural route
of infection and is the simplest, fastest and non-invasive
way to infect small laboratory animals such as mice and
hamsters [4].

Our study revealed differences in virulence and
tissue specificity of SARS-CoV-2 strains belonging to
different variants of concern. The greatest virulence
was possessed by the Wuhan-like Dubrovka strain,
which was manifested by the development of subtotal
pneumonia and maximum weight gain delay by 14.6%
on average. Hamsters infected with Podolsk (Del-
ta), Otradnoe and FEB2 strains (Omicron BA.l1 and
BA.5.2) lost significantly less weight, 2-3% (p > 0.05).
Greater weight loss and severe pneumonia in hamsters
infected with Wuhan-like virus was associated with
increased virus content in organs and viral damage to
the brain. The neurovirulence of Wuhan-like virus was
manifested by significantly higher viral RNA content
in the brain and isolation of infectious virus from brain
homogenates. A number of studies [26, 27] revealed
different tropism of SARS-CoV-2 variants to brain cells
and lower neurovirulence of the Omicron variant com-
pared to Wuhan-like virus and Alpha and Delta vari-
ants, which were dominant earlier [26, 27]. Comparison
of the literature data with our own data on the increased
tropism of Wuhan-like virus to brain tissues suggests
that it was the lesion of the central nervous system that
could negatively affect the weight and general condi-
tion of the animals [28].

The results of histological examination of the
lungs confirmed the data on the different virulence of
the virus strains used to infect hamsters. Wuhan-like vi-
rus caused the most severe lesions in the lungs with ex-
tensive foci of bronchointerstitial pneumonia (cumula-
tive severity score of 50) than Delta- and Omicron-like
viruses (cumulative severity score of 21 to 39); p <
0.05. The results obtained, indicating lower virulence
for hamsters of Omicron-like strains compared to the
ancestral Wuhan virus, are consistent with the lower
pathogenicity of the Omicron variant for humans [29],
as confirmed by the lower reproductive activity of the
virus in human Calu-3 lung cell culture [30]. On the
other hand, early conclusions about the lower virulence
of Omicron-like strains may have overestimated their
attenuation for humans, since they did not separate the
real decrease in virulence from the effect of prior im-
munity, since vaccinated and re-infected individuals
naturally carry the disease more easily.

The severity of pathological changes in the lungs
during infection with different strains of Omicron and
Delta variants also differed significantly: the mean
value of the cumulative severity score was 21 = 7 for
BA.1.1, 39 + 6 for BA.5.2, and 30 + 5 for Delta. The
observed higher virulence of BA.5.2 compared to Delta

ORIGINAL RESEARCHES

(» <0.05) does not agree with the data presented in the
article by S. Mohandas et al. [31], who found greater
virulence of the Delta-like strain compared to the Omi-
cron variant BA.5.2 sublineage. In this connection, it
is important to note that the virulence of different virus
strains may be determined not only by their belonging
to a particular genetic variant, but also by strain-specific
differences and the number of passages the virus isolate
underwent in cell culture. It is known that virus isola-
tion and its passages in cell culture are accompanied by
the accumulation of mutations that promote virus adap-
tation to a new host, while virulence decreases for mod-
el laboratory animals [32]. Thus, the greater virulence
of strain FEB2 (BA.5.2) can be explained by the fact
that in our study this strain had undergone 4 passages in
Vero cell culture before infection of hamsters, whereas
the Podolsk (Delta) strain underwent 16 passages and
the Otradnoe (BA.1.1) strain underwent 8 passages.

It is noteworthy that a significant content of viral
RNA (up to 6.1 logl0 RNA copies/mL) was detected
in the heart of animals infected with different strains
of SARS-CoV-2. Heart damage by SARS-CoV-2 virus
in hamsters has been observed in a number of studies
[33, 34]. This observation is also interesting in the con-
text of the high probability of myocarditis in humans
after COVID-19. Since ACE2 receptor expression is
upregulated in human myocytes [35], the probability of
SARS-CoV-2 virus infection of cardiac tissues and the
risk of myocarditis development are increased [36, 37].

Among small laboratory animals, COVID-19
modeling is possible in various mouse lines, with the
K18-hACE2 transgenic mice being the most suscepti-
ble to SARS-CoV-2 [5]. However, at the moment this
line of mice is difficult to access, and effective repro-
duction of the virus in organs other than lungs makes
it difficult to use this animal model for modeling viral
pneumonia, because these animals have a high percent-
age of mortality due to causes unrelated to pneumonia.
Thus, the main cause of death in K18-hACE2 mice is
central nervous system damage and development of vi-
ral encephalitis and other neurological diseases due to
high expression of ACE2 receptor in brain cells [18, 38,
39]. The disease in K18-hACE2 mice is more severe
and has differences in the character of clinical manifes-
tations compared to those in humans.

In view of the above, the hamster model for coro-
navirus pneumonia is one of the most adequate, acces-
sible and informative among small laboratory animals.
Hamsters, when infected with SARS-CoV-2, show
clinical signs of respiratory disease and develop mild
to moderate pneumonia [18, 40]. Furthermore, they
have the ability to spread the virus with infection of
contact naive animals [3, 39]. The hamster-based ani-
mal model has been widely used in preclinical trials of
antiviral drugs and vaccines because it reproduces the
development of viral pneumonia without animal death
[13, 18,41, 42]. This study showed that the modeling of
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COVID-19 caused by new virus variants (Delta, BA.1.1
and BA.5.2) in hamsters remains relevant. These virus
variants retained the ability to cause pneumonia with
extensive lesions in hamsters. While weight dynamics
as an indicator of virulence has become less informa-
tive, such indicators as viral load (virus infectivity and
viral RNA content in organs) and severity of inflam-
matory changes in the lungs have retained their infor-
mative value in assessing the severity of the disease.
Scoring of the severity of pathomorphologic changes in
the lungs is of particular value in comparing the sever-
ity of pneumonia, because it reduces subjectivity in the
evaluation of the results of histologic examination and
gives a semi-quantitative assessment of the pathologic
process.

Conclusion

The results of this study showed that infection in
Syrian golden hamsters infected with SARS-CoV-2
strains belonging to different evolutionary lineages pro-
ceeds differently. The Wuhan-like virus was found to be
more virulent and neurotropic than the Delta and Omi-
cron variants, which became widespread later. Model-
ing on hamsters of COVID-19 caused by sublineages
of the Omicron variant remains relevant, despite insig-
nificant weight loss of animals, in contrast to infection
with Wuhan-like virus. Histologic examination and
such indicators as viral load in the lungs, nasal passa-
ges, brain, heart and a number of other organs continue
to play a decisive role in assessing the pathogenicity of
Omicron-like strains for hamsters.
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Abstract

Aim of the study. Genetic analysis of Streptococcus pneumoniae serogroups 15 and 11 circulating in Russia
according to the following parameters: serotype affiliation; clonal complex (CC); presence of resistance and
virulence determinants; relatedness to genetic lineages circulating in the world, and justification of inclusion of the
actual serotypes of serogroups 15 and 11 in the future conjugate vaccine composition.

Materials and methods. The study included whole genome data of S. pneumoniae serogroups 11 and 15.
Results. Genomes of serogroup 15 strains from Russia are represented mainly by serotypes 15B and 15C, the
majority of which belong to CC-1025 and CC-1262. CC-1025 is characterized by a more frequent association
with invasive diseases. Representatives of CC-1025 and CC-1262 contain virulence determinants unique to
these genetic lineages within the studied population of serogroup 15: oligopeptide transporters, fructose-specific
PTS system, unique hydrolase variants, additional iron ion transporters, the gene of zinc metalloprotease ZmpC
(activating human MMP9). The genomes of serogroup 11 are represented mainly by serotype 11A, the majority
belong to CC-62 and CC-1012. The virulence determinants unique to CC-62 (within the studied serogroup 11)
include bacteriocins, components of oligopeptide transport, flavin reductase-like protein (adhesin, also protects
bacteria from oxidative stress), fucose processing operon, PsaA (adhesin, also a component of the ATP-binding
cassette transporter that imports manganese ions).

Conclusion. In the Russian Federation, serogroups 15 and 11 are the most common non-vaccine serogroups. No
antimicrobial resistance determinants have been identified in the genomes of representatives of these serogroups.
For each of the genetic lineages prevalent in Russia and associated with serogroups 15 and 11, unique virulence
determinants within the studied serogroup have been identified, which may contribute to the success of these
lineages. It is advisable to include serotypes 15B and 11A in vaccines promising for the Russian Federation.

Keywords: Streptococcus pneumoniae, serogroups 11 and 15, sequence types, genetic lineages, vaccination,
virulence.
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MonekynsapHo-reHeTu4YeCKasa Xxapakrepucrtuka Streptococcus
pneumoniae ceporpynn 15 n 11, ynpkynupyouwux B Poccun,
N X CBA3b C rM06aNIbHbIMUN FreHeTNYECKNMMN INHNAMUN

Wcaesa I'L." %%, LiseTkoBa WU.A.> 4, HukutnHa E.B.3, 3apunosa A.3."5, bassuTtosa J1.T."?,
Wcaesa P.A."? MNones [.E.5, CantoBa A.T.5, KpaeBa J1.A.%, ToHuapoB H.E.,
KanuHoropckasa O.C.3, TopgeeBa C.A.7, CupopeHko C.B.2

'Ka3aHcKuiA rocygapCcTBeHHbIV MeAULMHCKNIA yHBepcuTeT, KasaHb, Poccus;

2Ka3aHCKU HayYHO-UCCNefoBaTeNbCKUN MHCTUTYT SNMAEMUONorun u Mukpobronoruu, Kasaxb, Poccns;

3[leTCKMIA HAYYHO-KNMHMNYECKNI LeHTP MHPeKLMOHHBIX 6one3Hei, CaHkT-MeTepbypr, Poccus;
“CaHkT-leTepbyprckmin rocyapCcTBEHHbIN NeauaTpruuecKnin MeguLUMHCKUn yHnsepcutet, CaHkT-lNeTepbypr, Poccns;
SLleHTp rurueHsl 1 asnuaemuonorun B Pecnybnuke TatapctaH (TatapcTaH), KasaHb, Poccus;

5CaHKT-leTepbyprckmini HayuHO-MCCNeoBaTeNbCKUA MHCTUTYT UMeHH Mactepa, CaHkT-MeTepbypr, Poccus;
’KnuHnueckasn nHdekumoHHana 6onbHuua um. C.MN. botkmnHa, CaHkT-MeTepbypr, Poccus

AHHOMauusi

Llenw nccnepoBaHna — reHeTudeckuii aHanus Streptococcus pneumoniae ceporpynn 15 n 11, UMpKynmpyoLmx
B Poccun, no napameTtpam: cepoTunoBasi NPUHaANEXHOCTb; KnoHanbHbl koMmnneke (CC); Hanuuue aerepmu-
HaHT PEe3VNCTEHTHOCTU U BUPYNEHTHOCTU; B3aUMOCBA3b C LIMPKYNUPYIOLLMMN B MUPE FTEHETUYECKUMU TIVMHUSIMU;
Hannune yHuKanbHbIX reHOB, 3HAYNMBbIX A5 TPOSABEHNS BUPYINEHTHOCTU; 060CHOBaHME akTyanbHbIX CEPOTUMOB
ceporpynn 15 n 11 gns BkMYeHUs B cocTaB OyayLuen KOHbIOrMPOBaHHOW BaKLMHbI.

MaTepuanbi 1 MmeToabl. B nccrnenoBaHmne BKIOYEHbI NONIHOFEHOMHbIE AaHHbIe S. pneumoniae ceporpynn 11 n 15.
Pe3ynkTraTbl. Poccuiickue reHoMbl ceporpynnbl 15 npeacraBneHbl B OCHOBHOM cepotunamu 15B n 15C, 6onb-
LUMHCTBO oTHocuTest k CC-1025, CC-1262. Ana CC-1025 xapakTepHa Gornee Yactas accoumauns ¢ MHBa3MBHbI-
Mun 3abonesaHusimu. MNpepctasutenu CC-1025 n CC-1262 copepxaT yHUKanbHbIe AN AaHHbIX FeHEeTUYECKUX
NVHWIA, B Npegenax usyyaemon nonynsiumu ceporpynnbl 15, geTepMuHaHTbl BUPYNIEHTHOCTU: TpaHCcnopTepbl
onuronenTnaos, dpykTo3ocneumguyHyto docdoTpaHchepasHyo TPaHCNOPTHYK CUCTEMY, YHUKamNbHbIE Bapu-
aHTbl rmgponas, AonoNMHUTENbHbIE TPAHCMOPTEPbl MOHOB Xeres3a, reH LIMHKOBOW MetannonpoTteassl ZmpC (ak-
TUBMPYIOLLEN MaTPUKCHYI0 MeTannonporenHady 9 yenoseka). [eHoMbl ceporpynnbl 11 npeacTaBneHbl B OCHOB-
Hom cepoTtunom 11A, GonbumnHCTBO oTHOCKTCs K CC-62 n CC-1012. K yHukanbHbiM anst CC-62 netepmmnHaHTam
BMPYNEHTHOCTH (B Npeaenax uayyaemon ceporpynnbl 11) oTHOcATCA 6aKTepMOLMHbI, KOMNOHEHTBI TpaHcnopTa
onuronenTnaos, conaBvMHpeaykTa3anogobHbiv 6enok (agreswH, Takke 3awmwiaet 6akTepyMm OT OKUCIIUTENBHOTO
cTpecca), onepoH npoueccuHra gykosbl, PsaA (agresuH, Takke ABnsieTcsl KOMNOHeHTOM AT®-cBs3biBatoLLEro
KacCeTHOro TpaHcrnopTepa, UMMOPTUPYHOLLIETO MOHbI MapraHua).

BeiBoabl. B Poccun cpegon HeBaKUMHHBLIX CEpOrpynn pacrnpocTpaHeHbl ceporpynnbl 15 n 11. B reHomax
npeacTaBuUTENEN 3TUX CEPOrpynn 4ETEPMUHAHT aHTUMMKPOOHON PE3NCTEHTHOCTU He BbISIBMEHO. [Ins kaxaon 13
pacnpocTpaHéHHbIX B Poccun reHeTu4ecknx NMHMm, accoummpoBaHHbix ¢ ceporpynnammn 15 n 11, naeHtuduum-
POBaHbl YHMKAnNbHbIE B Npeaernax ndy4aeMomn ceporpynnbl AeTEPMUHAHTBI BUPYNEHTHOCTW, KOTOPbIE MOTYT CMO-
cobCcTBOBAThL YCMELWHOCTM AaHHbIX NMMHWIA. B nepcnekTuBHble Anst Poccun BakUMHbI LlenecoobpasHo BKIOYEHNE
cepotunos 15B n 11A.

KnroueBble cnoBa: Streptococcus pneumoniae, cepoepynrbi 11 u 15, cukeeHc-muribl, 2eHemu4yecKkue uHuUU,
eaKyuHayus, supyieHmMHOCMb

Amuyeckoe ymeepxdeHue. ViccnenoBaHue NpoBoAMIOCh Npu OGPOBONIbHOM UHOPMUPOBAHHOM COrflacuy nawuu-
E€HTOB WM UX 3aKOHHbIX NpeacTasutenei. MNMpotokon nccnegoBannsa ogobpeH Atuyeckum kommtetom SAPIENS (npo-
Tokon Ne 3.1 ot 27.01.2020).

HUcmoyHuk ¢huHaHcuposaHus. ViccneqoBaHne npoeegeHo B pamkax rpaHta SAPIENS (Scientific Assessment of
Pneumococcal Infection Epidemiology Networks). CnoHcop nccnegosaHus: bnarorsoputenbHbii @oHa PoctponoBuya—
BuwuHeBckon «Bo nms 30opoBbst 1 Byayuiero aeten» npu cogenctaum OB6LLEepOCCHMIACKON 0OLLEeCTBEHHOM OpraHn3auum
«MeguaTpuyeckoe pecnmpaTopHoe obLLECTBOY.

KoHgbnnukm uHmepecoe. ABTOpbI AEKNapUPyOT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB MHTEPECOB, CBSI-
3aHHbIX C NyGnuKaLmeit HacTosILLei CTaTbu.

Ans yumupoeaHus: Vicaesa I'.l., LisetkoBa WN.A., HukutnHa E.B., 3apunosa A.3., bassutosa J1.T., Vicaeea PA.,
Mones O.E., CantoBa A.T., Kpaesa J1.A., loHuapoB H.E., KanuHoropckas O.C., lopgeeBa C.A., CngopeHko C.B.
MonekynsipHo-reHeTuyeckass xapaktepuctuka Streptococcus pneumoniae ceporpynn 15 n 11, UMpKynupyoLwmx
B Poccum, 1 nx cBsi3b ¢ rmobanbHbIMM reHETUHECKUMUN NMUHUSAMW. XKypHan Mukpobuosnoauu, snudemuonoauu u UMMYHO-
buornoauu. 2024;101(4):483-501.
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Introduction

Invasive pneumococcal diseases (pneumonia,
meningitis and sepsis) are the most common cause
of mortality among children under 5 years of age and
adults against the background of reduced immune de-
fense [1, 2].

More than 100 serotypes of Streptococcus pneu-
moniae are known, some of which are highly virulent
and capable of causing invasive pneumococcal infec-
tion. After the introduction of pneumococcal vacci-
nation with conjugated polysaccharide vaccines into
national childhood immunization programs, the pre-
viously widespread serotypes have been replaced by
non-vaccine serotypes [3]. Two conjugated polysaccha-
ride vaccines are approved for use in Russia: 10-valent
(Synflorix, GlaxoSmithKline) and 13-valent (Prevenar
13, PCV13, Pfizer), as well as 23-valent polysaccha-
ride vaccine (Pneumomax 23, Merk Sharp & Dohme).
PCV13 is included in the national immunization sched-
ule for vaccination of children.

Already early after the start of the national PCV13
vaccination program, a change in the serotype compo-
sition of the S. pneumoniae population among healthy
children was observed, with the coverage of circulating
serotypes by the PCV13 vaccine being about 50% [4].
Among the serotypes not covered by PCV13 vaccine,
pneumococci of serogroups 15 and 11 predominate in
vaccinated healthy children both in the early (2016-
2018) [4] and late (2020-2022) periods after the start
of vaccination [5-7]. It should be noted that serotypes
15BC and 11AD, which were not widespread in the
pre-vaccination period, were found in children [8], as
well as in adults [9, 10] with pneumococcal meningitis
in the corresponding period [8].

In a pneumococcal population, there is often an
association of a serotype with a particular genetic lin-
eage - a group of closely related isolates belonging to
one or more closely related clonal complexes (CC) or
dominant sequencing types (ST). Populations of pneu-
mococci of serogroups 15 and 11 have regional pecu-
liarities. Thus, representatives of serogroup 15 are asso-
ciated with genetic lineages CC-199 and CC-63 in the
USA and Iceland, with CC-1025 and CC-1262 - in Rus-
sia (data from PubMLST database). Representatives of
serogroup 11 are mainly associated with the ubiquitous
genetic lineage CC-62, but the genetic lineage CC-1012
is also common in Russia. In some regions (Japan), an
increase in the prevalence of multidrug-resistant strains
of serotype 15A has been noted [11]. Thus, monitoring
the antibiotic sensitivity of emerging epidemiologically
significant genetic lineages is also important.

Due to the significant increase in the prevalence
of serotypes of serogroups 15 and 11 among various
population groups against the background of the wide-
spread vaccination with PCV13, as well as due to their
association with invasive diseases, the analysis of these
strains is of fundamental and practical importance. In

particular, identification of individual serotypes within
these serogroups (since routine molecular typing meth-
ods do not allow differentiation of close serotypes),
analysis of accumulated data on cross-immunogenici-
ty of close serotypes, study of the invasive potential of
genetic lineages associated with these serotypes — all
this is important for determining the serotype compo-
sition of the future conjugated polysaccharide vaccine
promising for Russia.

Objectives of the study — genetic analysis of
S. pneumoniae serogroups 15 and 11 circulating in
Russia according to the following parameters: serotype
affiliation; clonal complex; presence of resistance and
virulence determinants; relatedness to genetic lineages
circulating in the world; presence of unique genes sig-
nificant for virulence; justification of inclusion of the
actual serotypes of serogroups 15 and 11 in the future
conjugate vaccine composition.

Materials and methods
Sampling

The study included strains of serogroups 11 and
15 of S. pneumoniae from Russia for which full genom-
ic data were available: isolates isolated at the Children's
Research and Clinical Center for Infectious Diseases
and the Botkin Clinical Infectious Diseases Hospital
(St. Petersburg), Kazan Research Institute of Epide-
miology and Microbiology (as part of the SAPIENS
project). S.P. Botkin (St. Petersburg), Kazan Research
Institute of Epidemiology and Microbiology (within the
SAPIENS project), as well as full genomic data of iso-
lates from different Russian cities obtained during the
PEGAS study [10, 12].

The study was conducted with the voluntary in-
formed consent of patients or their legal representatives.
The study protocol was approved by the SAPIENS
Ethical Committee (version 3.1 of 27.01.2020).

The choice of serotypes is explained by the sig-
nificant spread of pneumococci belonging to these se-
rotypes against the background of PCV13 vaccination,
with only serotypes 11A and 15B included in the new
PCV20 (Pfizer, currently not registered in Russia) and
in Pneumomax 23. The selected isolates were isolat-
ed in different time periods (from 2001 to 2022) from
carriers and patients with invasive diseases, from pa-
tients of different age groups. Two datasets were sup-
plemented with full genomic data of S. pneumoniae
strains isolated in different regions of the world —
23 strains for serogroup 11 dataset and 13 strains for
serogroup 15 dataset. When selecting full-genomic
data of S. pneumoniae from other regions of the world,
the datasets included representatives of all available
in the PubMLST database STs associated with the an-
alyzed pneumococcal serotypes from different regions
of the world with an interval of 14 years (depending
on the prevalence).
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Serogroup 15 dataset included genomes of 45 iso-
lates: 32 from Russia and 13 from other regions of the
world. The analysis included whole genome data from
isolates obtained from various clinical samples: patients
with meningitis (n = 11; source of isolation — liquor),
pneumonia (n = 11; source of isolation: 10 — sputum,
1 — not specified), acute otitis media (n = 3; source of
isolation: middle ear fluid), carriers (n = 20; source of
isolation — nasopharynx).

Serogroup 11 dataset included genomes of 38 iso-
lates: 15 from Russia and 23 from other regions of the
world. The analysis included whole genome data from
isolates obtained from various clinical samples: patients
with meningitis (» = 3; source of isolation — liquor),
pneumonia (n = 8; source of isolation — sputum), acute
otitis media (n = 3; source of isolation — middle ear flu-
id), carriers (n = 20; source of isolation — nasopharynx),
in 1 case there was no information about the diagnosis
(source of isolation — blood). For 3 isolates there was no
information about the diagnosis and source of isolation.

Whole genome sequencing

Whole genome sequencing (WGS) of pneumococ-
cal isolates isolated in St. Petersburg or within the SA-
PIENS project was performed at the Pasteur Research
Institute of Epidemiology and Microbiology. DNA was
isolated from pure cultures of S. pneumoniae using the
QIAamp DNA Mini Kit (Qiagen). WGS was performed
on the DNBSEQ-G50 platform (MGI). Libraries for
WGS were prepared using the MGIEasy Fast FS DNA
Library Prep Set (MGI) according to the manufacturer's
standard protocols. The median length of library frag-
ments was 430 bp (identified using the QIAxcel Ad-
vanced system capillary gel electrophoresis system). Se-
quencing to obtain paired-end reads was performed on the
DNBSEQ-G50 platform (MGI) using DNBSEQ-G50RS
kits (FCL PE150/FCS PE150). Whole genome data of
11 S. preumoniae isolates uploaded to GenBank (Bio-
Project PRINA971376, BioProject PRINA1009429, Bi-
oProject PRINA1076328, BioProject PRINA1154393).

Bioinformatics analysis

For isolates sequenced at the Pasteur Research In-
stitute of Epidemiology and Microbiology, the quality
ofthe obtained nucleotide sequences was assessed using
the program FastQC v. 0.11.8 (Babraham Bioinformat-
ics). Quality filtering of reads and removal of PCR
adapters and primers used in library preparation were
performed using the program Cutadapt v. 1.15. For de
novo genome assembly, we used the algorithm SPAdes
v. 3.15.4. Final quality assessment was performed using
the Quast v. 5.0.2 program. ST determination by MLST
typing (Multilocus sequence typing) was performed
using the MLST v. 2.0 program'. Genomes were an-

' Center for Genomic Epidemiology.
URL: https://cge.food.dtu.dk/services/MLST/
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notated using RAST server (Rapid Annotations using
Subsystems Technology). The serogroup and serotype
affiliation of the strains were determined using the
blastall program with an E-value threshold < 0.01. The
obtained matches were filtered by bit-score and identity
values. Searches were performed against a locally cus-
tomized cps-locus sequence database of 90 serotypes.
Genes and mutations associated with antibiotic resis-
tance were identified against the CARD database [13].
Methods for nuclear genome and pan-genome analysis
(R package micropan: Microbial Pan-Genome Analysis
v. 2.1) were used to compare genomes [14]. Clusters of
orthologs were identified based on distances calculated
by pairwise comparison of amino acid sequences. The
clustering was based on the complete-linkage cluster-
ing method, in which the distance between clusters is
equal to the maximum distance between points from
different clusters, with threshold distance criterion be-
ing 0.75. To identify associations of unique clusters of
orthologs with genetic lineages, the presence/absence/
variability statistics of genes in the genomes of the ana-
lyzed isolates were estimated using the Scoary v. 1.6.16
package? [15].

Statistical analysis

For statistical processing we used the Scoary pro-
gram, which allows us to obtain a list of genes signifi-
cant for the corresponding trait, associated with the trait
positively or negatively, sorted by p-values.

Results

To analyze the populations of S. preumoniae se-
rogroups 15 and 11 circulating in Russia and to char-
acterize the genetic relationships between the genetic
lines of serogroups 15 and 11 circulating in Russia and
worldwide, pan-genome analysis was performed. For
this purpose, two samples were formed, which included
full genomic data of S. pneumoniae belonging to sero-
groups 15 and 11 from Russia and other regions of the
world.

Analysis of S. pneumoniae serogroup 15

The study included full genomic data of 45 isolates
of pneumococcus serogroup 15, including 32 isolates
from different cities of Russia, as well as 13 isolates
from other regions of the world (Table 1). Among the
isolates of serogroup 15 isolated in Russia, 15 (46.9%)
isolates belonged to serotype 15B, 12 (37.5%) to 15C,
3 (9.4%) to 15F, and 6 (6.3%) to 15A. Representatives
of serotypes 15B/C were associated with 3 common
STs (ST-1025, ST-199, ST-1262, of which only ST-
199 is not found in Russia), as well as with rare STs.
Serotypes 15A/F were associated predominantly with
ST-63. ST-1025 isolates were isolated predominantly
from sterile loci (isolation biomaterial — blood, liquor)

2 URL: https://github.com/AdmiralenOla/Scoary
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PEGAS-5-1079 51104 [10,12] R Yaroslavl 2016 15B 1025 11 MNG CSF S S S S R
PEGAS-5-1659 51117 [10,12] R Yaroslavl 2017 15B 1262 2 MNG CSF S S S S S
PEGAS-2019-106 73021[10,12] R Yaroslavl 2019 15B 1262 1 MNG CSF S S S S S
PEGAS-2019-269 73025[10,12] R Yaroslavl 2019 15B 1025 02 MNG CSF S S S S R
PEGAS-2019-73 142552 [10,12] R Yaroslavl 2019 15B 1025 78 PN CSF 8§ S S S R
PEGAS-5-638 51109 [10,12] R Smolensk 2016 15B 1025 50 MNG CSF S S S S R
PEGAS-2019-184 73023 [10,12] R Smolensk 2019 15F 6202 52 MNG CSF S S S S S
PEGAS-2019-237 142578 [10,12] R Smolensk 2019 15C 1025 63 PN SP S 8§ 8§ S8 R
PEGAS-2020-201 142624 [10,12] R  Yuzhno-Sakhalinsk 2020 15C 1025 23 PN SP S 8§ 8 S R
PEGAS-2019-213 142574 [10,12] R  Yuzhno-Sakhalinsk 2019 15C 16380 2 PN SP R 8§ 8 S R
PEGAS-2020-146 142613 [10,12] R Kirov 2020 15C 1262 1 PN SP S 8§ 8§ S S
PEGAS-2019-343 142585[10,12] R Seversk 2019 15A 12518 55 PN SP S 8§ 8 S S
PEGAS-2019-347 142587 [10,12] R Seversk 2019 15C 16349 70 PN SP S 8§ 8 S8 R
PEGAS-2019-373 142591 [10,12] R Tomsk 2019 15C 1262 3 PN SP S S § S S
PEGAS-2019-375 142593 [10,12] R Tomsk 2019 15B 1262 86 PN SP S 8§ 8 S8 S
PEGAS-2019-390 142595 [10,12] R Tomsk 2019 15C 1262 61 PN SP S 8§ § S S
PEGAS-2020-229 142634 [10,12] R Tolyatti 2020 15F 16421 45 PN SP S 8§ 8 S S
ST_12518_2 ERR1788193 R Moscow 2014  15A 12518 5 PHR NPS S S S S S
ST_3201_3 ERR1788219 R Moscow 2015 15B 3201 2 - NPS. R S S S R
ST_1262_2 ERR1788207 R Moscow 2013 15B 1262 5 - NPS S S S§ S R
ST_1262_3 ERR1788225 R Moscow 2015 15B 1262 5 PHR NPS S S S S R
ST_1025_5 ERR1788208 R Moscow 2014 15C 1025 5 PHR NPS S S S S R
ST_3557_1 ERR1788206 R Moscow 2013 15B 3557 2 PHR NPS R S R S R



488 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(4)
DOI: https://doi.org/10.36233/0372-9311-498
ORIGINAL RESEARCHES
End of the Table 1
c
il
[}
%]
8 14 c _
3 5 3 S c 5| 2
= © =l o|E|0©
2 < > c K g s | 2 B
3 G € = 2 2 — o) el 2 S|E| 2|5 X
IS L = ()] -— o) 0 @® C “6 =2 9 %) IS [e]
®© ~ o Q ‘S 5 o 9 Slc| ® £
» a o x o & = A I o =S - I =
= 5 c [a) o | ©| 5 T
- ) 0 =] w|F| 2| R
% = % o o|°
- o (5]
=
o)
jm}
a
6_2F1 PRJNA1154393 R Moscow 2011 15F 6202 — NPS S S S S S
27_Kz PRJNA971376 R Kazan 2020 15C 1025 3 - NPS S S S S R
12001 PRJNA1076328 R Saint-Petersburg 2016  15B 1262 3 — NPS S S§ S§ S S
12456 PRJNA1076328 R Saint-Petersburg 2016 15B 1025 5 — NPS S S § S R
108 PRJNA1154393 R Saint-Petersburg 2021 15C 1349 MNG CSF R S S§ S R
76_B PRJNA1076328 R Saint-Petersburg 2021 15B 1025 44 MNG CSF S S S S R
137_B PRJNA1076328 R Saint-Petersburg 2022 15C 1025 38 MNG CSF S S S S R
138_B PRJUNA1076328 R Saint-Petersburg 2022 15C 1025 38 MNG CSF S S S S R
336_B PRJUNA1076328 R Saint-Petersburg 2022 15B  Unkn_21 64 MNG CSF S S S S S
ST_63_3 ERR065297 ] Massachusetts 2004 15A 63 6 - NPS R R S R S
ST 63 4 ERR068032 U Massachusetts 2004 15A 63 6 — NPS R R S8 R R
ST 63 5 ERR069724 U Massachusetts 2004 15A 63 6 - NPS R R S R S
ST_199 1 ERR069751 U Massachusetts 2001 15C 199 2 - NPS S S S S S
ST_199 2 ERR069691 ] Massachusetts 2004 15B 199 2 - NPS S S S S S
ST 199 3 ERR069774 U Massachusetts 2001 15C 199 2 - NPS S S § S S
ST_199 4 ERR065975 U Massachusetts 2001 15B 199 2 - NPS S S8 S§ S S
ST_199 11 ERR540653 | Reykjavik 2010 15B 199 2 - NPS S S S S S
ST_199 16 ERR755466 | Reykjavik 2013 15C 199 2 OM MEF S §8§ S S S
ST 199 17 ERR755326 | Reykjavik 2013 15B 199 3 OoM MEF S S S § S
ST 199 13 ERR470151 | Koupavogur 2009 15C 199 4 — NPS S S8 § S S
ST 199 18 ERR755336 | Habnarfijordur 2013 15B 199 2 OM MEF S S S S S
ST_199 21 ERR755384 | Habnarfijordur 2014 15C 199 4 - NPS S S S S S

Note. MNG — meningitis; PN — pneumonia; Phr — pharyngitis; OM — otitis media; CSF — cerebrospinal fluid; SP — sputum; NPS —
nasopharyngeal smear; MEF — middle ear fluid; R/S — presence/absence of determinants of resistance (source: Prediction of antimicrobial

resistance in PATRIC and RAST, URL: https://www.bv-brc.org/job).
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and more frequently were associated with invasive dis-
eases. Most isolates of this serogroup 15 were sensitive
to antibiotics of different classes. Detailed character-
istics of the analyzed isolates (ST, source of isolation,
year of isolation, presence of antibiotic resistance deter-
minants in the genomes, etc.) are presented in Table 1.

The pan-genome of S. pneumoniae isolates of se-
rogroup 15 was characterized by comparing all proteins
(blast-all-all). In representatives of serogroup 15 the
share of the main (conserved) part of the genome was
59.8% — 1286 genes were present in all genomes of
the analyzed sample (Fig. 1). In the population of se-
rogroup 15, 2097 clusters of orthologs were identified,
the most numerous cluster was represented by 296 pro-
teins. The pan-genome of pneumococcus serogroup 15
isolates belongs to the closed pan-genome (alpha index
value > 1), and its size approaches a constant as more
genomes are used (Hipps' law) [14]. This may indicate
that the genome diversity of serogroup 15 representa-
tives has reached saturation, regardless of the time pe-
riod and geographic region of isolates isolation, as well
as their belonging to the genetic lineage.

All representatives of the genetic lineage ST-1025
are associated with a homogeneous dendrogram clus-
ter describing the relationship between strains based on
pan-genome analysis and taking into account both the
presence or absence and homology of available amino
acid sequences (Fig. 2). All ST-1025 representatives
contain in their genomes a unique operon encoding
oligopeptide transporter components. Furthermore, ST-
1025 representatives contain in their genomes a unique
operon encoding components of the fructose-specific
phosphotransferase transport system (PTS). ST-1025

0.00/1.00

Detection
probability
1.00

0.75 0.25 0.75
0.50
0.25

0.50

Fig. 1. Distribution of gene families of the pan-genome
of S. pneumoniae serogroup 15 strains.

The color of the sector reflects the probability of identification of the
gene family in the genomes of isolates. The blue color shows highly
conservative («core genome») gene families.

isolates also contain unique variants of hydrolases,
iron ion transporters, and the zinc metalloprotease gene
ZmpC (Table 2).

Along with ST-1025, the prevalence of ST-1262
may be associated with the presence in the genomes of
its representatives of factors that provide higher adapt-
ability to stress conditions (Table 3).

Analysis of S. pneumoniae serogroup 11

The sample of serogroup 11 representatives in-
cluded full genomic data of 15 isolates from different
cities of Russia, as well as 23 isolates from other re-

Fig. 2. A dendrogram describing the clustering of S. pneumoniae isolates of serogroup 15 by pan-genome R micropan
analysis (presence/absence and gene homology).
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Sequence ID Homology .W'tho Protein name Proposed function
known proteins, %
27_Kz_seq27 100 ABC iron (lll) transporter, permease Transport of iron lll+ ions
27_Kz_seq161 96 ABC transporter, permease Transport of iron |+ ions
Membrane succinate permease DctA, . . .
27_Kz_seq266 97,9 sodium symporter Transport of dicarboxylic acids
Component IIC of the phosphotransferase
27_Kz_seq792 100 system (PTS)
27_Kz_seq793 99 Component IIB of the PTS
Iz e e Ceigenzn e e FUE Protein-N(PI)-phosphohistidine-fructose-PTS
Hypothetical nitrogen regulatory protein II1A
R e of the PTS system
A hypothetical transcription antiterminator
27_Kz_seq79% 99.9 of the BgIG family
27_Kz_seq1007 100 High affinity permease Fe?/Pb?* Ferrum ions transport
DyP proteins have characteristics that
distinguish them from other peroxidases: broad
27_Kz_seq1008 99,7 DyP-type peroxidase (IPR006314) substrate specificity, lack of homology with most
other peroxidases, and the ability to function
well under conditions of lower pH values
Cleaves and activates human matrix
27_Kz_seq1359 99,9 Zinc-dependent metalloproteinase ZmpC metalloproteinase-9. The role in the virulence
and pathogenicity of pneumococcus in the lungs
27 _Kz_seq1361 100 Hypothetical acetyltransferase Unknown
Mutarotation of sialic acids. The presence of
27_Kz_seq1489 100 N-acetylneuramic acid epimerase sialic acids in the elements of the bact_erlal cell
surface helps them evade the innate immune
response of the host
Substrate-binding subunit AppA, ABC component . .
27_Kz_seq1490 100 of the oligopeptide transporter Transport of oligopeptides
27_Kz_seq1494 99,8 Hypothetical glycosylhydrolase family 32 Unknown

Note. *These proteins are encoded in the genomes of 13 isolates: 556_PEGAS_2019_269, 573_PEGAS_2019_73, 594_PEGAS_2019_237,
601_PEGAS_2019_347, 636_PEGAS_2020_201, 76_B, MiSeq_27_Kz, ST_1025_5, 12456, 137_B, 138_B, 521_PEGAS_5_1079, 526_

PEGAS_5_638)

gions of the world. Among the isolates of serogroup
11 isolated in Russia, 13 (86.7%) isolates belonged to
serotype 11A and 2 (13.3%) to serotype 11D. Repre-
sentatives of serogroup 11 were associated with two
common genetic lineages: CC-62 (circulating ubiqui-
tously) and CC-1012, as well as with rare STs. Isolates
belonging to CC-62 were isolated predominantly from
the nasopharynx. Isolates belonging to CC-1012 were
frequently associated with invasive diseases (biomate-
rial of isolation was liquor). Most isolates of serogroup

11 were sensitive to antibiotics of different classes
(Table 4).

Pan-genome analysis of S. pneumoniae isolates of
serogroup 11 showed a higher degree of genome he-
terogeneity in this group (Fig. 3). The share of the main
(conserved) part of the genome was 36% — 820 genes
were present in all genomes of the analyzed sample
(Fig. 3). In the population of serogroup 11, 1864 clus-
ters of orthologs were identified, the most numerous
cluster was represented by 191 proteins. The pan-ge-
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Table 3. Unique proteins of the CC-1262 genetic lineage representatives*

Homology with

Sequence ID known proteins, %

Protein name

Proposed function

552_PEGAS_2019_106_seq440 100
552_PEGAS_2019_106_seq590 100
552_PEGAS_2019_106_seg591 100
552_PEGAS_2019_106_seq592 100
552_PEGAS_2019_106_seq624 100
552_PEGAS_2019_106_seq686 98,6
552_PEGAS_2019_106_seq915 99

552 _PEGAS_2019_106_seq1038 99,4
552_PEGAS_2019_106_seq1080 91

552_PEGAS_2019_106_seq1081 85

552_PEGAS_2019_106_seq1112 100
552_PEGAS_2019_106_seq1113 100
552_PEGAS_2019_106_seq1114 100

Phage shock protein PspC

Satellite phage hypothetical protein
(Streptococcus satellite phage Javan725)

Satellite phage hypothetical protein
(Streptococcus satellite phage Javan296)

Primase C-terminal 1 domain-containing

protein

Methionine tRNA ligase
ABC transporter, ATP-binding subunit, GInQ

Superfamily 2 helicase

O-acetylhomoserine

The integrity of the inner membrane
in response to extracytoplasmic
stress conditions

Prophage component

Prophage component

Prophage component

The initiation of protein synthesis
Transport of glutamine

Unknown

aminocarboxypropyltransferase

Hypothetical macrolide efflux transporter
Hypothetical protein

Group | pyridoxal-dependent decarboxylase
(cleaves Orn/Lys/Arg and glycine)

Synthesis of methionine

AAA ATPase ATP hydrolysis

Serine protease Possible signaling function

Possible macrolide efflux

Unknown

Amino acid metabolism

Note. *These proteins are encoded in the genomes of 10 isolates: PEGAS_2019_106, 605_PEGAS_2019_373, 607_PEGAS_2019_375,
609_PEGAS_2019_390, 12001, 625_PEGAS_2020_146, ST_1262_2, ST_1262_3, 534_PEGAS_5_1659, 552_PEGAS_2019_106

nome of the pneumococcal isolates of serogroup 11 se-
rogroup 11 belonged to the open pan-genome — the
alpha index value < 1 (0.82), i.e. the pan-genome size
of this group should increase, as more genomes are in-
cluded in analysis. This may indicate greater variabil-
ity of genomes of this group and greater diversity of
the additional part of the genome of representatives of
serogroup 11 (Fig. 4), their potentially greater adapt-
ability. This fact is consistent with the high prevalence
of CC-62 in different regions of the world in different
periods of time.

SS-62 representatives contain in their genomes
a unique operon encoding the synthesis of bacterio-
cin involved in interspecific competition, oligopeptide
transporter components, and flavin reductase-like pro-
tein that promotes adhesion and protects the bacterium
from oxidative stress, which increases the virulence of
the microorganism (Table 5). Also, all representatives
of SS-62 contain a fucose processing operon and PsaA

0.00/1.00

Detection
probability
1.00

0.75
0.50
0.25

0.75 0.25

0.50

Fig. 3. Distribution of gene families of the pan-genome
of S. pneumoniae serogroup 11 strains.
The color of the sector reflects the probability of identification of the
gene family in the genomes of isolates. The blue color shows highly
conservative («core genome») gene families.
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Table 4. Characteristics of serogroup 11 strains
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PEGAS-2019-401 73030 [10, 12] Russia Krasnodar 2019 11A 1012 61 MNG CSF S S S S S
PEGAS-2019-64 142555 [10, 12] Russia Yaroslavl 2019 11A 156 66 PN SP S S R R R
PEGAS-2019-113 142568 [10, 12] Russia Smolensk 2019 11A 1012 57 PN SP S § S S S
PEGAS-2019-344 142586 [10, 12] Russia Seversk 2019 11D 62 67 PN SP S S8 S S S
PEGAS-2019-349 142588 [10, 12] Russia Seversk 2019 11A 1012 85 PN SP S S8 S s S
PEGAS-2020-149 142616 [10, 12] Russia Kirov 2020 11A 6191 62 PN SP S S S8 S R
PEGAS-2020-150 142617 [10, 12] Russia Kirov 2020 1MA 62 1 PN sP S § S S S
PEGAS-2020-226 142631 [10, 12] Russia Tolyatti 2020 11A 62 34 PN SP S § S S S
PEGAS-2019-114 142560 [10, 12] Russia Moscow 2019 11A 1012 72 PN SP S § S S S
ST_62_27 ERR1788222 Russia Moscow 2012 11A 62 5} - NPS S S S§ S S
ST_62 28 ERR1788215 Russia Moscow 2014 11A 62 5 PRR NPS S S S S S
ST_1012_3 ERR1788171 Russia Moscow 2013 11A 1012 3 MNG CSF S S S S S
ST_1012_4 ERR1788140 Russia Moscow 2011 1A 1012 3 MNG CSF S S S S S
105_Kz PRJNA1009429 Russia Kazan 2020 1MD 62 4 - NPS S S S§ S S
25 B PRJNA1076328 Russia Saint Petersburg 2021 11A 1050 60 - BL S S 8§ S8 S
ST 62_3 ERR069801 USA Massachusetts 2001 11A 62 2 - NPS S S S S S
ST 62 4 ERR069822 USA Massachusetts 2001 1MA 62 3 — NPS S S S§ S S
ST 62 5 ERR065964 USA Massachusetts 2001 1MA 62 3 — NPS S S S S S
ST 62 6 ERR069804 USA Massachusetts 2001 1MA 62 6 - NPS S S S S S
ST 62 7 ERR065326 USA Massachusetts 2004 11A 62 2 — NPS S S S S S
ST_62_8 ERR069707 USA Massachusetts 2004 11A 62 2 - NPS S S S8 S S
ST 62 9 ERR069727 USA Massachusetts 2004 11A 62 2 - NPS S S S§ S S

ST_62_10 ERR065310 USA Massachusetts 2004 11A 62 - NPS § S S S S



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTNI. 2024; 101(4)

DOI: https://doi.org/10.36233/0372-9311-498

493

OPUTVHANbHbBIE NCCJTIEAOBAHNA
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ST_62_11 ERR124268 USA Massachusetts 2007 11A 62 6 - NPS S S S S S
ST _62_12 ERR129079 USA Massachusetts 2007 11A 62 6 - NPS S S S S S
ST 62 _13 ERR129211 USA Massachusetts 2007 11A 62 6 - NPS S S S S S
ST 62 _14 ERR129131 USA Massachusetts 2007 11A 62 6 - NPS S S S8 S S
ST 62 15 ERR470324 Iceland Reykjavik 2009 11A 62 3 - NPS S S S S S
ST_62_16 ERR449847 Iceland Reykjavik 2009 11A 62 65 PN NA S S NA NA NA
ST_62_20 ERR470201 Iceland Reykjavik 2010 11A 62 11 OM MEF S S S S S
ST_62_21 ERR540645 Iceland Reykjavik 2010 11A 62 5 - NPS S S S S S
ST_62_22 ERR540483 Iceland Reykjavik 2010 11A 62 60 PN NA S S S S S
ST _62_17 ERR470261 Iceland Mosfellsbaer 2009 11A 62 17 OM MEF S S S S S
ST 62_18 ERR449827 Iceland Mosfellsbaer 2009 11A 62 42 PN NA S S S S S
ST_62_19 ERR470192 Iceland Selfoss 2010 11A 62 1 OM MEF S S S S S
ST_62_23 ERR755493 Iceland Hafnarfjoréur 2014 11A 62 5 - NPS S S S S S
ST 62_24 ERR755501 Iceland Hafnarfjorour 2014 11A 62 5 - NPS S S8 S S S
ST 62_26 ERR755548 Iceland Kopavogur 2014 11A 62 6 - NPS S S S8 S S

Note. MNG — meningitis; PN — pneumonia; Phr — pharyngitis; OM — otitis media; CSF — cerebrospinal fluid; SP — sputum; NPS —
nasopharyngeal smear; MEF — middle ear fluid; R/S — presence/absence of determinants of resistance (source: Prediction of antimicrobial

resistance in PATRIC and RAST. URL: https://www.bv-brc.org/job).

(a component of the ATP-binding cassette transporter
that imports manganese ions and is also an adhesin).
Representatives of the SS-1012 genetic lineage
are less common, also mostly associated with sero-
type 11A, but isolated mainly from liquor and sputum.
The unique features of this genetic lineage include
the presence of the Streptococcus satellite phage Ja-
van359. Representatives of SS-1012 have a bacterio-
cin unique to this genetic lineage. Also, SS-1012 iso-
lates may have peculiarities of amino acid synthesis
and riboflavin biosynthesis, which may be related to

virulence, but this assumption needs to be verified in
additional studies.

Discussion

Since the introduction of PCV-13 into national im-
munization schedules, reports of increased circulation
of S. pneumoniae serogroup 15, which is not covered
by PCV13, have begun to appear [16—18]. 15B is one of
the serotypes currently associated with relatively high
mortality rates [19-22], development of invasive forms,
particularly meningitis [23, 24]. According to recent-
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Fig. 4. Dendrogram describing the clustering of S. pneumoniae serogroup 11 isolates by pan-genome R micropan analysis
(presence/absence and gene homology).

ly published results of Chinese researchers, the most
common circulating among children in China is pneu-
mococcal serogroup 15 [25]. In Russia there is also a
tendency of expansion of this serogroup [5, 6]. Accord-
ing to the results of our analysis, the two most common
genetic lineages of serogroup 15 circulating in Russia,
CC-1025 and CC-1262, are often associated with in-
vasive diseases. Isolates of CC-1025 and CC-1262 are
represented by serotypes 15B/C and have genetic de-
terminants that may contribute to better adaptation and
success of these genetic lineages and may potentially
be associated with virulence (Tables 2, 3). In particular,
oligopeptide transporters, in addition to transporting
bacteriocins and chemokines, may be associated with
the regulation of the expression of choline-binding pro-
teins [26, 27]. A unique variant of fructose-specific PTS
may also contribute to the selection of ST-1025 repre-
sentatives in carriers on the background of vaccination
due to energetic advantages. The zinc metalloprotease
ZmpC specifically cleaves and activates human ma-
trix metalloproteinase-9, which in turn degrades com-
ponents of the extracellular matrix [28]. All ST-1262
strains contain a gene encoding a peptide that accounts
for resistance to abortive phage infection (Table 3). As
part of the satellite prophage, all representatives of ST-
1262 have a gene encoding a phage shock protein that
ensures the integrity of the cell inner membrane in re-
sponse to extracytoplasmic stress conditions. It is pos-
sible that ST-1262 representatives have peculiarities of
amino acid metabolism (Table 3), but this assumption
needs to be verified.

Thus, potentially virulent pneumococci of sero-
types 15B and 15C are circulating in Russia. It was

previously established that the structural difference
between these serotypes is based on variations in the
short tandem repeat of thymine-adenine nucleotides in
the wciZ O-acetyltransferase gene, which ensure mu-
tual switching of serotypes 15B and 15C [29, 30]. The
cross-immunogenicity of serotypes 15B/C with the for-
mation of stable antibody titers was confirmed in earli-
er studies [30, 31]. Thus, vaccines containing serotype
15B could potentially limit the spread of virulent ge-
netic lineages associated with serotypes 15B/C in the
pneumococcal population.

According to the results of various studies, sero-
type 11A is currently spreading worldwide [32], both
in pneumococcal carriers [33] and in invasive diseases
[34]. According to A.B. Brueggemann et al, serotype
11A is more associated with asymptomatic carriers than
with invasive disease, indicating a relatively low viru-
lence potential [35]. However, some ST-62 strains of
serotype 11A are capable of causing invasive diseases
with high lethality [36]. According to the results of our
study, ST-62 representatives contain in their genomes
loci potentially capable of increasing the adaptabili-
ty and virulence of the microorganism: loci encoding
the synthesis of bacteriocins, transporters, including
oligopeptides, adhesion proteins, flavin reductase, ox-
idative stress defense factors, complement activation
regulators, and transcription regulators (Table 5). Our
results are confirmed by the data of previous studies
[37]. Thus, the research group of M.A. Higgins et al.
previously showed the inability of S. pneumoniae to
grow on fucose, despite the presence of regulatory and
biochemical mechanisms of fucose metabolism [38].
It is assumed that the fucose processing pathway of
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Table 5. Unique proteins of the serogroup 11 genetic lineages representatives

ID nocneposa- Homology
TEMbHOCTU with known Protein name Proposed function
Sequence ID proteins, %
CC-62* — 29 isolates
GID11_seq178 100 Bacteriocin Interspecific competition
GID11_seq180 87,5 Transposase ISSmu1 Prophage component
GID11_seq303 98,8 06-methylguanine DNA methyltransferase DNA repair. Maintaining the stability
of the genome
GID11_seq357 100 L-fuculose phosphate aldolase Metabolism of fucose
GID11_seq358 99,3 RbsD/FucU family transport protein
GID11_seq359 98,6 Enzyme IIA component of the phosphotransferase
system (PTS)
GID11_seq363 99,6 Hypothetical protein Unknown
GID11_seq364 99,8 F5/8 type C domain-containing protein It can act as a protective agent. Possibly,
regulation of complement activation (lectin
pathway)
GID11_seq373 56 Pneumococcal surface protein A-like protein An adhesive and a component of an ATP-binding
cassette conveyor importing manganese ions.
It is possible that PsaA, like many other virulence
factors, performs two functions during infection:
direct adhesion and participation in the absorption
of manganese
GID11_seq740 97,7 Hypothetical helicase Unknown
GID11_seq974 51,8 ABC transporter, permease Transport
GID11_seq975 52,7 ABC transporter, ATP-binding subunit
GID11_seq976 43,3 ArsR family transcriptional regulator
GID11_seq1078 96,9 Superfamily Il group DNA or RNA helicases Possible regulation of expression
GID11_seq1083 100 Flavin reductase-like domain-containing protein Flavin reductase is present on the surface of
pneumococci. It promotes virulence by protecting
against oxidative stress and mediating adhesion
GID11_seq1103 95,5 Transcription regulator BlpS The domain binding to DNA
GID11_seq1185 28,8 Component of the antimicrobial peptides ABC Interspecific competition
transport system
GID11_seq1585 28 HECT domain containing protein Ubiquitin-protein ligases — protein utilization
CC-1012** — 6 isolates
GID12_seq99 100 Guanosine triphosphate cyclohydrolase The opening of the imidazole ring of guanosine

GID12_seq198 100 Hypothetical macrolide efflux protein

triphosphate is catalyzed. An obligatory stage of
biosynthesis of a variety of coenzymes (riboflavin
and folate), tRNA bases

Possible macrolide efflux
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End of the Table 5

ID nocnepoBa-
TENbHOCTK
Sequence ID

Homology
with known
proteins, %

Protein name

Proposed function

Unknown

Amino acid metabolism

Natural competence system

Prophage component

Prophage component

Amino acid biosynthesis; L-arginine biosynthesis
(L-arginine from L-ornithine and carbamoyl
phosphate

GID12_seq199 99,8 Hypothetical protein
GID12_seq200 100 Group | pyridoxal-dependent decarboxylase
(cleaves Orn/Lys/Arg and glycine)
GID12_seq887 98,3 Competence system transport protein
GID12_seq1238 87,9 DNA-binding protein of the satellite phage
Streptococcus satellite phage Javan359
GID12_seq1240 100 Hypothetical satellite prophage protein
Streptococcus satellite phage Javan735
GID12_seq1279 91,4 Argininosuccinate synthetase, rgG
GID12_seq1281 98,4 Bacteriocin-like peptide

Note. *The ST62 group: 642_PEGAS_2020_226, MiSeq_105_Kz, ST_62_10, ST_62_11, ST_62_12, ST_62_13, ST_62_14, ST_62_15,
ST 62 16, ST_62_17, ST_62_18, ST _62_19, ST 62_20, ST 62_21, ST_62_22, ST 62_23, ST 62_24, ST 62 26, ST 62_27, ST _62_28,
ST 62_3,ST_62_4, ST 62 5, ST 62 6, ST_62_7, ST_62_8, ST_62_9, 600_PEGAS_2019_344, 629_PEGAS_2020_150.

*The ST1012 group: ST_1012_3, ST_1012_4, 561_PEGAS_2019_401, 581_PEGAS_2019_114, 589_PEGAS_2019_113, 602_

PEGAS_2019_349.

S. pneumoniae plays a non-metabolic role in the inter-
action of this bacterium with the human host. Pneumo-
coccal surface adhesin A (PspA) prevents activation of
both classical and alternative complement pathways
through its interaction with the C3b component [39].
PspA also interacts with human lactoferrin, inhibiting
its bactericidal action [39]. Flavin reductase is present
on the surface of pneumococci and promotes virulence
by protecting against oxidative stress and mediating
adhesion, and provides protection against pneumococ-
cal infection [40]. The immune response to this protein
increases with age [40]. SS-62 representatives contain
other hypothetical regulators of complement activation,
ABC-transporters and transcription regulators. Probably,
the presence of a large number of adaptive factors al-
lowed the genetic lineage ST-62, associated mainly with
serotype 11A, to spread widely throughout the world.
Serogroup 11 includes 6 antigenically different
serotypes (11A-11F) with highly homologous cps loci.
The structural difference between the serotypes is due
to either the mutations in the wc¢jE gene (manifested
in serotypes 11A and 11E by differences in the degree
of B-galactose-6-O-acylation) [41], or the N112S mu-
tation in the werL glycosyltransferase gene (manifested
by the addition of an additional carbohydrate residue to
the repeating unit of the carbohydrate chain of the cap-
sule in serotype 11D) [42]. Studies have shown that vac-
cines containing serotype 11A are very likely to limit the
spread of serotype 11E, but not serotypes 11B, 11C, 11F,
nor 11D (due to the presence of 2 types of carbohydrate

chain structural units in its capsule) [43]. However, all
serotypes except 11A are not widely distributed, and
their inclusion in a future vaccine is not yet necessary.

There is no doubt that specific prophylaxis with
pneumococcal vaccines plays a huge role in reducing
invasive forms of pneumococcal infections both among
children and adults, as evidenced by numerous publi-
cations from various countries that have introduced
this vaccination into national calendars. However, the
undeniable fact is the increased prevalence of non-vac-
cine serotypes of pneumococci, the invasive potential
of which still requires clarification and additional re-
search. One of the ways to further improve specific
prophylaxis, some authors suggest the development of
new vaccines with high valence. But it should also be
taken into account that structural similarity between
capsular polysaccharides of closely related serotypes of
pneumococci may lead to induction of cross-reacting
antibodies against serotype not covered by PCV, which
may provide additional protective clinical effect.

Conclusion

Vaccination against invasive variants of pneu-
mococci has played an important role in the spread
of non-vaccine serotypes, and the epidemic process-
es associated with their expansion are a consequence
and evidence of the effectiveness of vaccination.
Serotype-specific vaccination leads to the spread of se-
rotypes not covered by vaccines, some of which may
exhibit increased virulence and/or antimicrobial resis-
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tance. In Russia, serogroups 15 and 11 are common
among non-vaccine serogroups. No antimicrobial resis-
tance determinants have been identified in the genomes
of representatives of these serogroups. For each of the
genetic lineages associated with serogroups 15 and 11
common in Russia, virulence determinants unique with-

in the serogroup under study have been identified, which
may contribute to the success of these lineages. Given
the high virulence potential and prevalence, we can pre-
dict an increase in the epidemiologic importance of these
genetic lineages in Russia. Inclusion of serotypes 15B
and 11A in vaccines for use in Russia is advisable.
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PacnpoctpaHéHHOCTb reHoB qacEA1, gacE, ogxA, ogxB, acrA,
cepA un zitB cpean mynbTupesucteHTHbixX Klebsiella pneumoniae,
BblZle/IeHHbIX B KapANOXNPYPruyecKom ctaymoHape

MwuxannoBckas B.C., CenuBaHosa IN.A., KysHeyoBa M.B.”

NHCTUTYT 3KONOrMm 1 reHeTUKN MnkpoopraHmamos YpO PAH — dunuan Mepmckoro ¢defepanbHOro nccnegoBatenbCckoro
ueHTpa YpO PAH, MNepmb, Poccua

AHHOMauus

AxTyanbHocTb. VHDekunn, BbidBaHHbIe Klebsiella pneumoniae ¢ MHOXECTBEHHOW NeKapCTBEHHON YCTONYMBO-
ctbio (MJTY), ABNSAOTCS OCHOBHOW NPUYMHOM CMEPTHOCTU BO BCEM Mupe. LLinpokoe ncnonb3oBaHve Ae3nHpuLm-
PYHOLLMX CPEAcCTB M aHTMCENTUKOB MPUBENO K NOSABNEHUIO K. pneumoniae Co CHWKEHHOW YyBCTBUTENbHOCTbLIO K
HUM, 4TO B codeTaHmun ¢ MJTY MOoXeT npeacTaBnsiTb CyLLECTBEHHYHO SNMOEeMUOMNOrMyeckyto yrpoay.

Llenbto uccrnenoBaHusi Obina oueHka pacnpoCTPaHEHHOCTM reHoB 3hIOKCHBIX HACOCOB U TPaHCMOPTEPOB,
aCCoLMMPOBAaHHbIX C YCTOMYMBOCTBIO K BGuoumaam, u ux CBA3n C Pe3NCTEHTHOCTLIO K aHTMOMOTMKaM cpean uso-
natoB K. pneumoniae, BbiAENEHHbIX B KAPAMOXUPYPrMYeCcKOM CTauuoHape.

Martepuanbl n metoabl. M3onatel K. pneumoniae (n = 50), BblAeNEHHbIE U3 KITMHWYECKOrO MaTepuana naum-
€HTOB M CMbIBOB C MEAMLIMHCKOrO 060pyaoBaHust, Obinin NpoBepeHbl METOAOM MOSIMMEPA3HOW LEMHON peakumm
Ha npucyTcTBME reHoB 4 TUNOB 3hdOKCHBIX Hacocos (qacEA1, gacE, ogxA, 0gxB, acrA) n 2 TpaHcnopTépos,
y4acTBYIOLUMX B OTTOKE KaTMOHOB (CepA) 1 MOHOB LMHKa (zitB). ns oueHku cunbl accoumaunm Mexay reHamm
YCTOMYMBOCTU K Broumaam, reHamm 6eTta-nakramas n MOOMIbHbBIX FrEHETUYECKMX S1EMEHTOB UCMONb30Banu TecTt
paHrosou koppensumn CnvpmeHa.

Pe3ynbraTbl. BeTpevaemocTtb K. pneumoniae, cogepxalimx B reHome qacEA1, gacE, ogxA, ogxB, acrA, cepA
1 zitB, okasanacb Bbicokon: 54, 62, 100, 84, 100, 72 n 96% cooTBeTcTBEHHO. Hanbonee yacTto Obinn obHapyxe-
Hbl K. pneumoniae ¢ KOMGUHaLMel Bcex nccnenyembix HacocoB (32%), npuyém Takme Kynbtypbl 6binn B 100%
crnyyaeB MynbTUPE3NCTEHTHbIMU. 'eHbl gackE, gacEA1 6bInm TECHO CBA3aHbl C YCTOMYMBOCTLIO K Liedanocnopu-
Ham, kapbaneHemam, pTOpXMHONOHaM, reHamn kapbaneHemas 1 nHTerpoHamun. Cpeamn KIMHUYECKNX N30NSTOB
K. pneumoniae ¢ MJTY 6binn LWIMPOKO NpeacTaBneHbl reHbl pas3nuyHbIX 3droKCHBIX HACOCOB, accoLMMPOBaH-
HbIX C YCTOMYMBOCTbIO K Buoumaam, u nx kombrnHaumm.

3akntoueHue. Bricokas pacnpoCTpaHEHHOCTb reHOB 3¢hPIHOKCHBIX HACOCOB, aCCOLMMPOBAHHBIX C YCTONYMBO-
CTbi0 K YETBEPTUYHBLIM COEAMNHEHUAM aMMOHUS, XNOPreKCUauHY U CONsAM LMHKA, U UX 3HaYUMMas CBSA3b C aHTU-
OMOTUKOPE3UCTEHTHOCTBLIO Y HO30KOMUAnbHbIX K. pneumoniae Nog4€pKNBaloT BaXXHOCTb AarnbHENLIEro n3yyeHnsi
MEXaHN3MOB KPOCC-PE3NCTEHTHOCTU K Broumaam Ansi COBEPLUEHCTBOBaHNS MeTofoB 60pbbbl ¢ matoreHamu ¢
MITY.

KnioueBble cnoBa: Klebsiella pneumoniae, 2eHbi 3¢b@hritoKCHBIX HACOCO8 U MpaHCropmepos, ycmou4ueocms K
aHmubuomukam, 2eHbl 6ema-nakmama3s, MobUIbHbIE 2eHeMUYeCKUe 3rieMeHmMbI

Amuyeckoe ymeepxdeHue. VlccnenoBaHve npoBoannock Npu A06POBOIbLHOM MHOPMMPOBAHHOM COrflacuu nauw-
eHToB. [lpoTokon uccnegoBaHus ofobpeH VHCTUTyUMOHaNbHBIM HabnogaTenbHbIM COBETOM VIHCTUTYTa aKonornm u
reHeTuKM MukpoopraHnamos (npotokon Ne 26, aata yteepxaeHus 22.05.2024).

BnazodapHocmb. ABTOpbl CTaTbM BblpaxalwT OGnarogapHocTb K.M.H. Jlapuce [eHHagbeBHe KyapsiBueBow
1 A.M.H. Buktopy VMBaHoBun4y CepreBHUHY 3a NpefocTaBneHHbIn Gronornyecknii matepuan Ans MoneKkynsipHo-reHe-
TUYECKOro aHanusa.

UcmoyHuk ghuHaHcupoesaHus. PaboTa BeinonHeHa B pamkax HUOKTP Ne 124020500028-4.

KoHgpbnnukm unmepecoe. ABTOpbI AeKNapupyT OTCYTCTBUE SIBHLIX U NOTEHUMANbHbIX KOH(IMKTOB MHTEPECOB, CBSI-
3aHHbIX C NyOnukaumnen HacTosILLEeN cTaTbi.

Ana yumupoeaHusi: Muxannosckas B.C., CenusaHosa IN.A., KysHeuosa M.B. PacnpocTtpaHéHHOCTb reHoB gacEAT,
qacE, ogxA, ogxB, acrA, cepA v zitB cpeon mynbstupesucTteHTHbIX Klebsiella pneumoniae, BbloeNeHHbIX B Kapano-
XMpypruyeckom craumoHape. XKypHan mukpobuonoeuu, anudemuonoauu u ummyHobuomnoauu. 2024;101(4):502-511.
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Prevalence of gacEA1, qacE, ogxA, ogxB, acrA, cepA and zitB genes
among multidrug-resistant Klebsiella pneumoniae isolated

in a cardiac hospital

Veronika S. Mihailovskaya, Polina A. Selivanova, Marina V. Kuznetsova™
Institute of Ecology and Genetics of Microorganisms Ural Branch Russian Academy of Sciences, Perm, Russian Federation

Abstract

Background. Infections caused by multidrug-resistant (MDR) Klebsiella pneumoniae are the leading cause of
mortality worldwide. The widespread use of disinfectants and antiseptics has caused the emergence of K. pneu-
moniae with reduced sensitivity to them, which, in combination with MDR, can pose a significant epidemiological
threat.

The aim of the study was to assess the prevalence of efflux pump and transporter genes associated with biocide
resistance and their association with antibiotic resistance among K. pneumoniae isolated in a cardiac surgical
hospital.

Materials and methods. K. pneumoniae isolates (n = 50) from the patients and medical equipment were tested
by polymerase chain reaction for the presence of genes of 4 types of efflux pumps (qacEA1, gacE, ogxA, ogxB,
acrA) and 2 transporters involved in the outflow of cations (cepA) and zinc ions (zitB). Spearman's rank correla-
tion test was used to assess the strength of the association between the efflux pumps, beta-lactamase genes and
mobile genetic elements.

Results. The occurrence of K. pneumoniae containing qacEA1, qacE, ogxA, oqxB, acrA, cepA and zitB was
high: 54, 62, 100, 84, 100, 72 n 96% respectively. K. pneumoniae with a combination of all the studied pumps
was most often detected (32%), and these isolates were MDR in 100% of cases. The qacE, gacEA1 genes were
closely associated with resistance to cephalosporins, carbapenems, fluoroquinolones, carbapenemase genes,
and integrons. The results of the study showed that the genes of various efflux pumps associated with biocide
resistance and their combinations were widely represented among the clinical isolates of MDR K. pneumoniae.
Conclusion. The high prevalence of efflux pump genes associated with resistance to quaternary ammonium
compounds, chlorhexidine and zinc salts and their significant association with antibiotic resistance in nosocomial
K. pneumoniae underlines the importance of further studying the mechanisms of cross-resistance to biocides to
improve methods of combating MDR nosocomial pathogens.

Keywords: Klebsiella pneumoniae, genes of efflux pumps and transporters, resistance to antibiotics, beta-
lactamase genes, mobile genetic elements
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BeBepeHune

Klebsiella pneumoniae sIBI€TCSA OIHUM U3 BENLy-
X BO30ymuTenel nHGEKIUH, CBA3aHHBIX C OKa3aHH-
€M MEIUIIMHCKOW IMOMOIIM B KapIUOXHPYPTUYCCKUX
crarroHapax. [IpencraBuTeNin 3TOro BUA, COIIACHO
knaccupukanuu BecemMupHOW opraHuzaluy 31paBoOX-
paHEeHHMsI, OTHOCATCSA K TPYIIE MPUOPUTETHBIX I1aTO-
ICHOB, MOCKOJIbKY WH(EKIIMU, BBI3BAHHBIC MYJIBTH- U
MaHPE3UCTCHTHbIMU K. prneumoniae, acCOIMUPOBAHBI

© Mihailovskaya V.S., Selivanova P.A., Kuznetsova M.V., 2024

C BBICOKOH CMEpPTHOCThIO mnarueHnTtoB [1]. HeoOxomu-
MOW YacThlO0 MPOrpamMMbl MH()EKIMOHHOTO KOHTPOJIS
W TpeAoTBpalleHrs] BHYTPHOOIbHUYHBIX HH(EKIni
aBJsieTcs 00paboTKa MOBEepXHOCTEH Ne3UH(EKTaHTaMU
U aHTUCeNnTHKaMH [2]. YacTo ncnomib3yronuecs B Kaue-
CTBE JE3MHQHULUUPYIOMUX CPEACTB YETBEPTHUYHbBIC aM-
monueBbie conu (HAC) 00manaroT CiocOOHOCTRIO MPH-
KPEIUIATHCS K KJIETOYHOM cTeHke Oaktepuii Onaromaps
MOJIOKUTEIILHOMY 3aps/y, YTO BBI3BIBAET €€ CTPYKTYp-
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HYIO JI€30praHU3alHIo U JIU3UC KIETOK. XJIOPTeKCUIUH
MOKET KOBAJICHTHO CBSI3bIBaThCS C MEMOpaHOH, 4YTO B
KOHEYHOM UTOTE MIPUBOJUT K JETIONSAPU3ALUHN U THOCITIH
kierok Oaktepuit [3]. Lllupokoe mpumeHeHUE E3UH-
(GULMPYIOMNX CPENICTB M AHTUCETITUKOB (B TOM YHCIIE B
0OIIECTBEHHBIX U MEULIMHCKUX YUPEKACHUIX BO Bpe-
Ma mangemud COVID-19) BbI3Basio BO3HUKHOBEHHE
Pe3UCTEeHTHBIX K HUM K. pneumoniae, 4T0 B COUETaHUU
C MHOMXECTBEHHOH JIEKAPCTBEHHOW YCTOWUYUBOCTBIO
(MJIY) MoXeT HpeacTaBisiTh CYLIECTBEHHYIO SIHUJe-
MHUOJIOTHYECKYIO yrpo3y [4, 5].

OnHMM U3 MEXaHM3MOB pe3UCTeHTHocTH K.
phneumoniae K OMOLMIAM SIBISAETCS SKCHpPECCHA (-
¢urokcHbIXx HacocoB (DH). CymiecTByloT 6 cemeicTB
3G QIIOKCHBIX CHUCTEM: OCHOBHOE CYIEepCeMEHCTBO
meMmOpanHbIX TpaHcnoprepoB (MFS), cynepcemeii-
CTBO OTTOKAa JIEKAPCTBEHHBIX M TOKCHYHBIX BEIIECTB
(MATE), cynepcemetictBo AT®-cBsi3pIBaromux Oakre-
pHanbHBIX KacceTHBIX TpaHcnopTepoB (ABC), cynep-
CEMENUCTBO MaJIbIX TPAHCIIOPTEPOB MHOXKECTBEHHOM Jie-
KapcTBeHHOM ycrounBocTH (SMR), cymepcemeiicTBo
CBS3BIBAIOIIE-TPAHCHIOPTHPYOMUX NpoTenHoB (RND)
¥ HEJaBHO OIMCAHHAS NPOTeOOaKTEepHUalbHAs aHTHU-
MuUKpoOHas s¢¢mokcHas ctpykrypa (PACE) [6, 7].
AcrAB, OgxAB, EefAB u KexD otHOCsTCS K Oenkam
cynepcemeiictBa RND, koropoe siBisieTcss Haubomee
Ba)XHBIM y TpaMoTpHLaTeNbHbIX Oakrepuid. Cpequn OH
HauOOJBIIYI0 3HAYMMOCTh MNPEACTaBISIOT AcrAB u
OqgxAB [8]. I'enst qacE u gacEAI Buepbie ObLTH Omu-
caubl y K. pneumoniae B 3'-KOHCEPBAaTUBHOM CETMEHTE
unTerpona miasMuasl R751 [9]. Ten gacEAl npenctas-
nsieT co00it MoanpHULMpOBaHHYIO hopMy gackE, kotopas
BO3HMKJIA B pe3ynbrare BctaBku cermenTa JJHK, conep-
JKalIero 'eH YCTOWYMBOCTH K Cylb(haHuIaMHuIy BOIU3U
3'-xoH1a reHa gacE. ynomsaHyTeie OH oTHOCATCS K Cy-
nepcemeiictBy SMR 1 00yclioBIHBaIOT YCTOMYHBOCTD K
OpraHMyYecKuM KaThnoHaM. M3BecTHO, uTo cepA, Koaupy-
IO HACOC OTTOKA KATUOHOB, CBSA3aH C YCTOMYMBOCTBIO
K xJloprekcununy y K. pneumoniae [10]. ZitB ydactByeT
B KOHCTUTYTHBHOM IIyTH 3KCIOpPTA LIUHKA, CIOCOOCTBYSI
rOMEOCTa3y KJIETKH BO BpeMs BO3JCHCTBUS HHU3KHX U
YMEPEHHBIX KOHIIEHTpaIuii noHOB MeTasa [11].

I'ens! Tpynmel gac 4acTo BHISBIAIOTCA B acCOLU-
alMy C TeHaMH, KOTUPYIOIIMMHU YCTOHYMBOCTh K aH-
TUOMOTUKAM Pa3HBIX TPYMI, B TOM 4YUCIe K OeTa-nak-
tamam [12]. B Heckonbkux paboTax OTMEYaeTCs, YTO
npucytcrBue Hacoca AcrAB-TolC cnocoOcTBOBaIo
CHIDKCHUIO MHHUMAaIbHOH HMHTHOMpYIOLIeld KOHIICH-
Tparuu nunpodiokcanuna [13] u Oera-nakramos [4]
u popmupoBanuto MJIY. Baxno, uro reust OH, cBs-
3aHHBIX C YCTOHYMBOCTHIO K OMOIMIaM, Paclonaraor-
sl He TOJIBKO Ha xpoMocome (emrE, mdfA, sugE, ydgE,
ydgF), HO 1 Ha MOOMJIbHBIX T€HETUYCCKUX 3JICMEHTaX
(0gxA, oqxB, gqacEAIL, qacE, qacF/H/I, qacG, sugF),
TaKMX KaK IUIa3MUIbl, HHTETPOHBI U TPAHCIIO30HHI [ 14].
Bonee toro, rensl OH MoryT OBITH JIOKaqTU30BaHBI Ha
TeX K€ MOOMIJIBHBIX DJIEMEHTaX, YTO U TeHbl yCTOWYH-

ORIGINAL RESEARCHES

BOCTH K aHTHOMOTHKAM, YTO MPHUBOIUT K IMEPEKpecT-
HOW WMJIM KO-PE3UCTEHTHOCTU K JAe3WH(EKTaHTaM, aH-
TUCENTHKAM U aHTUMUKPOOHBIM Ipemnaparam [14].

Panee MbI npencTaBuIM MOJIEKYISIPHO-T€HETHYe-
CKYIO XapaKTepUCTHKY M30IITOB K. pneumoniae, Bbl-
JICJICHHBIX OT MAI[MEHTOB U MPOO OKPYKAIOIICH CPEIIbI
B KapIMOXUpypruueckoM cranuoHnape [15].

Hens wuccnenoBaHuss — OLEHKa pacnpocTpa-
HEéHHOCTU TeHOB DH um TpaHCmopTépoB, accoOIUUpo-
BaHHBIX C YCTOWYMBOCTBIO K OMOLMAAM, U UX CBS3H C
PE3UCTEHTHOCTHIO K aHTUOMOTHUKAM CpPEAd H30JITOB
K. pneumoniae, BbIIETICHHBIX B YCJIOBHUSX KapIUOXH-
PYPTUYECKOTO CTallMOHApa.

MaTepman bl 1 MeToAbl

bakmepuasnsHele uzonamel

Uccnenosanu 50 uzonsaroB K. pneumoniae, Bbifie-
neHHbIX B 2021-2022 IT. U3 KIMHUYECKOTO MaTepuaia
ManreHToB (MOKPOTa, KPOBb, MOUYA, COACPKUMOE PaH)
U CMBIBOB C MEIUIMHCKOTO 00OpYIOBaHUS KapIUOXHU-
pypruueckoro crauuonapa. MccinegoBaHue mpoBoau-
JI0Ch IPU A0OPOBOJILHOM MH(OPMHUPOBAHHOM COTIIACHU
naiueHToB. [Iporokoin uccienoBanus onoopeH Mucru-
TYUHOHAJILHBIM HaOmofaTeIbHbIM coBeTOM WHCTUTY-
Ta SKOJIOTUHU U TEHETUKU MUKPOOPTaHU3MOB (ITPOTOKOI
Ne 26, nara yreepxaenus 22.05.2024).

Bakrepuonornueckue HCCIIEAOBaHUS ObUIA BBI-
MOJTHEHBl Ha aBTOMAaTHYEeCKOM aHanu3arope «Walk-
Away-96 Plus» («Beckman Coulter») ¢ ucnonb3oBa-
HueMm maHenn NBC 41. UyBcTBUTENBHOCTh K aHTHU-
OMOTHKAM (aMIUIWLINH, edoTakcuM, HedTa3uauMm,
ne@TprakcoH, IeQenuM, MEpPOICHEM, HMHIICHEM,
aMIULIWUIMH/CYTb0aKTaM,  aMIUIUIUTMH/KIIaByJIaHaT,
nunpoduIoKcallvH, JeBo(IOKCalliH, aMUKAIIMH, TCHTa-
MUIIMH) U IPUCYTCTBHE TeHOB OeTa-nakramas (bla
blaCTX-M’ blaSHV’ blaOXA’ blaKPC’ blavnvl»z’ lalMP-l’
bla,, ) ouenuBanu panee [15]. ®enorun MJIY onpe-
JeJISUTA KaK HeUyBCTBUTEILHOCTD IITAMMOB XOTS OBl K
OJTHOMY Ipernapary 3 u 0os1ee KJIacCOB aHTHOUOTHKOB.

TEM?

LHemekyus zeHos SH u MOO6U/bHBIX 2eHeMuUYecKux
JJliemeHmoes

JHK uzonstoB K. pneumoniae 3KcTparupoBaiu
myTEM MporpeBa CyCIIeH3UH KIETOK OaKTepHil B Teue-
Hue 15 muz npu 97°C B TBEPAOTENBHOM TepMOCTATE
«Tepmut», MPOOBI OXJIAXKIAIH, UEHTPU(PYTHPOBAIH
5 muH npu 13 000 06/MuH, cynepHaTaHThI IEPEHOCH-
J¥ B YHCThIC MPOOMPKH DMNEHAOP( U XpaHWIH HPU
—20°C. Metonom TP merexrupoBanu rensl DH, ac-
COLIMMPOBaHHBIX ¢ ycToHuuBocThio K YAC u xjop-
rekcuauny (qacEAl, gacE, ogxA, ogxB, acrA), ren
TpaHcTIOpTEPa KaTHOHOB (cepA), TeH zitB, xomupyto-
UMM TpaHCTIOPTEP LIMHKA, TeH MHTEIPOHOB Kiacca 1
(intl), a Taxxe mnasMuasl IncQ, pacnpocTpanéHHOHN B
knuHu4eckux K. pneumoniae. IlpaiiMepbl, CHHTE3UPO-
BaHHbIe OO0 «CHHTOM COITTACHO PEKOMEHIALUSIM aB-
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TOpOB, ycioBus nposenenus 1P u pasmepsl amruiu-
KOHOB YKa3aHbl B Ta0J1. 1. AMIindukanuio npoBoIuIn
B 25 MKJI peaklIMOHHON CMECH C UCTOIb30BaHUEM pea-
reaToB nmpou3BoacTBa OO0 «CuHTOM) HA TEPMOITUKIIC-
pe «DNA Engine Dyad Thermal Cycler» («Bio-Rady).
OnekrpodopeTnieckoe pasieleHne NPOAYKTOB peak-
uuu npoBonwin B 1,2-2,0% arapo3Hom reie B TpPHUC-
OoparHOoM Oydepe Mmpu HAMPSHKEHUH AJIEKTPUUCCKOTO
nosisi 6 B/cMm. Busyanuzanuio nonoc u J0KyMEHTHPO-
BaHUE JaHHBIX OCYIIECTBISUIM C TIOMOIIBIO CHUCTEMBI
renb-gokyMeHTanuu «Gel-DocXR» («Bio-Rady).

Cmamucmuyeckutli aHanau3s

s BBIABIIEHUS] 3HAYUMBIX pa3IMuUi MEXIY Ka-
YECTBEHHBIMH II0Ka3aTelsiMU BBIOOPOK OIpeAessin
TOYHBIH KpuTepuit Puimepa (ABYyCTOpOHHHI). 3Hade-
Hus p < 0,05 cuntanu KoCTOBEpHBIMU. TecT paHroBoit
koppessinu CriupMeHa UCIOIb30BaIN ATl OLIEHKHU CH-
JIbI accolManuu Mexay renamu OH u Tpancnoptépos,
reHaMu OeTa-JlakTamMa3 U MOOWJIBHBIX T€HETHUYECKUX
aneMeHToB. Cuia CBsI3u ObUIa KJIACCU(UIIMPOBAHA I10
3Ha4YeHMI0 Kod(pduumenta g Ha oueHb crnadyro (0,00
0,19), cmabyrwo (0,20-0,39), cpenutoro (0,40-0,59),
cuwibHy10 (0,60-0,79) u ouens cunpayto (0,80-1,0).

Pe3ynbraTtbl
Bce mpotectupoBannbie reHsl OH BcTpewanuch
C BBICOKOM 4acTOTOM cpenu u3onatroB K. pneumoniae,
BBIJICJICHHBIX M3 OMOJIOTHMYECKOTO Marepualia MaiueH-

TOB M MEAMLUHCKOTO 000PYIOBaHHS KapIUOXUPYPIH-
yeckoro cranroHapa (puc. 1, a). PacnpoctpanéHaoctsb
reHoB qacE, qacEAl, ogxB v cepA, accOoMUpPOBaHHBIX
C yCTOMYMBOCTBIO K Xjoprekcuauny u YAC, oxa3a-
Jlach 3HAYUTENbHOW M cocTtaBwia 62% (31/50), 54%
(27/50), 84% (42/50) u 72% (36/50) COOTBETCTBEHHO.
I'ensl 0gxA u acrA ObuIM OOHAPYKEHBI Y BCEX M30IIs-
TOB. BeTpeuaemocts K. pneumoniae, cogepkaiiux req
CUCTEMBI BEIOpOCa MOHOB IIUHKa (zitB), cocTaBuia 96%
(48/50). B niennom B renomax K. pneumoniae ObLIO 00-
HapyxeHo 3—7 reHoB pa3Hbix OH u TpancnopTépoB ox-
HOBpPEMEHHO, MPUYEM B MCCIEAYEMOH BBIOOpKE Ooliee
MOJIOBUHBI KyABTYp uMenu 6 u 6onee OH (58%, 29/50).
Baxuno ormeruts, uto u30aaTHI ¢ MIIY conepxanu
Oonblie pa3HbIX 3((IIOKCHBIX CUCTEM, Y€M YyBCTBU-
tenbHble K. pneumoniae (p < 0,05, t-rect) (puc. 1, ).

JetextupoBano 14 MHAUBUAYAIbHBIX NATTEPHOB,
CPEeAH KOTOPHIX KOMOHMHAIIHS BCEX UCCIIEAYyEMBIX [CHOB
(qacE + qacEAI + cepA + zitB + ogxA + ogxB + acrA)
BCTpeyanack Haubomnee wacto (32%, 16/50). Otu 16
Kya1Typ Obun B 100% ciyuaes ¢ MJIY, B wactHOCTH
YCTOMYMBEI KO BCEM MPOTECTUPOBAHHBIM OcTa-JaKTaM-
HBIM aHTHOMOTHKaM H (TopxuHoNOHaM. Kaxnmas w3
MOCJICAYIONINX KOMOWHAIMA BCTpEYasach ¢ 4acTOTOM
menee 12% (Tadu. 2).

B Ta6ua. 3 nokazaHna accomnuarnys MEXIy TeHaMu
OH u TpaHCHOpTEPOB U (PEHOTUIIOM PE3UCTEHTHOCTH
Kk antuOuorukam K. pneumoniae. I'ennl qacE, qacEAl
OBLTH TECHO CBSI3aHBI C YCTOWYMBOCTBIO K Ledanocmno-

Tabnuua 1. Vicnonb3oBaHHbIE B NCCNeA0BaHMM MOCNEA0BaTeNbHOCTM NpaMepoBs, ycnosusi nposegenus MUP n oxvgaembin

pasmep aMnyiMKoHa

Table 1. Primer sequences used in the study, the conditions for PCR and the expected size of the amplicons

len HykneotugHas nocnegosatenbHocTb (5'-3’) Ycnosus MUP Pa3mep, n.H. Ccbinka
Gene Nucleotide sequence (5'-3’) PCR conditions Size, bp Reference
9H u TpaHcnopTépsl | Efflux pumps and transporters
qacEA1 F TAGCGAGGGCTTTACTAAGC 300
acE F: CCCGAATTCATGAAAGGCTGGCTT 30s;72°C, 1 m]; 72°C, 5 m 350 (6]
q R: AAGCTTTCACCATGGCGTCGG
cenA F: CAACTCCTTCGCCTATCCCG 94°C, 5 m; 30 [94°C, 30 s; 53°C, 1051
P R: TCAGGTCAGACCAAACGGCG 60 s; 72°C,2m]; 72°C, 7 m
0axA F: CTCGGCGCGATGATGCT 392
q R: CCACTCTTCACGGGAGACGA 95°C, 1 m; 35 [95°C, 45 s: 60°C
45's;72°C, 1 m]; 72°C, 5 m [17]
oaxB F: TTCTCCCCCGGCGGGAAGTAC S; ;1 m]; ,om 51>
a R: CTCGGCCATTTTGGCGCGTA
acrA F: GCTGTCGACGGTTAATGACTTTACAGAGG 94°C, 3 m; 34 [94°C, 45 s; 52°C, 107 [18]
R: ACATCCGAGAATTCCAGCGT 45s;68°C, 1 m]; 72°C,5m
2itB F: TACGACGCTTCAGTTCAGC 95°C, 5 m; 30 [94°C, 30 s; 53°C, 449 [19]
R: CACTTTCGGTTGGCTAAGAC 60 s; 72°C, 60 s]; 72°C, 7 m
Mo6unbHble reHeTU4eckue anemeHThl | Mobile genetic elements
intl F: GGCATCCAAGCAGCAAG 94°C, 5 m; 35 [94°C, 30 s; 55°C, _* [20]
R: AAGCAGACTTGACCTGA 30s;72°C,2m]; 72°C,5m
. 0, . o . 0,
IncQ F: CTCCCGTACTAACTGTCACG 94°C, 5 m; 35 [94°C, 30 s; 61°C, 436 [21]

R: ATCGACCGAGACAGGCCCTGC

30s;72°C,2m]; 72°C, 5 m

Mpumeyanue. *TpoaykT amnnudukaunm MoXeT ObITb MPEACTABIEH HECKONBbKMMM NOCNeA0BaTENbHOCTAMM PasHoOro pasMmepa.
Note. *The amplification product may be represented by several sequences of different size.



506

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(4)

DOI: https://doi.org/10.36233/0372-9311-548

KonnyectBo n3onatos
K. pneumoniae, cogepxalumx reHsl OH
Number of K. pneumoniae isolates
containing efflux pump genes
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Puc. 1. PacnpocTtpaHéHHocTb K. pneumoniae, cogepXawmx reHbl H, ¢ y4ETOM MCTOYHUKA BbigerneHus (a);
KOMMYeCTBO AeTeKTMpoBaHHbIX reHoB OH cpean MITY n He-MIY K. pneumoniae (6).
*p < 0,05 (t-TecT).
Fig. 1. The prevalence of K. pneumoniae isolates containing efflux pump genes by the source of isolation (a); the number
of detected efflux pump genes among multidrug-resistant (MDR) and non-multidrug-resistant (non-MDR) K. pneumoniae (b).
*p < 0,05 (t-test).

puHaM, KapbaneHemMaM U QTOPXUHOJIOHAM, a 0gxB —
K nedanocnopuHaM. BakHO OTMETHTB, YTO TOJIBKO
K. pneumoniae ¢ MJIY xomgupoBanu gqacE u qacEAL.
He BBIsBIEHO 3HAYUMBIX accOIUAIUil TE€HOB cepAd U
zitB ¢ GEeHOTUIIOM YCTOMYMBOCTH K aHTHOMOTHKAM.

Tabnuua 2. BctpeyaemocTb nHAMBUAYyanbHbIX KOMOMHaLUMIA
reHoB OH, accoLMMpoBaHHbIX C YCTONYMBOCTbLIO K GuoLm-
Aam, cpeam usonsitos K. pneumoniae

Table 2. The occurrence of individual combinations of efflux

pump genes associated with biocide resistance among
K. pneumoniae

n
(% ot BCcex KynbTyp)
(% of all isolates)

KombBuHauum reHos OH
Efflux pump genes combinations

qacE + gacEA1 + cepA + zitB + ogxB +

0gxA + acrA 16(32)
cepA + zitB + ogxB + 0gxA + acrA 6 (12)
cepA + zitB + ogxA + acrA 5(10)
gacE + gacEA1 + zitB + 0qxB + 0gxA + acrA 5(10)
gacE + cepA + zitB + ogxB + ogxA + acrA 4 (8)
zitB + ogxB + ogxA + acrA 3(6)
qgacE + zitB + ogxB + ogxA + acrA 3(6)
gacEA1 + cepA + zitB + 0gxB + 0gxA + acrA 2 (4)

zitB + ogxA + acrA 1(2)
1(2)

1(2)

gacE + gacEA1 + cepA + zitB + 0gxA + acrA
gacE + gacEA1 + zitB + 0ogxA + acrA

gacE + gacEA1 + cepA + ogxB + ogxA +

acrA 1()

cepA + ogxB + ogxA + acrA 1(2)

gacEA1 + zitB + ogxB + 0gxA + acrA 1(2)

C MOMOIIBIO KOPPEISALUOHHOIO aHAaJINW3a BBIIB-
JIeHa TO3UTHUBHAS CBs3b Mexkay qacEAl v renamu Oe-
Ta-nakramas: bla,, ., (r; = 0,31), bla,, , (r; = 0,68),
bla,,, (r¢ = 0,64), bla. ., ., (ri = 0,51), blay,, (ry =
0,51). OTu ke reHsl MOKa3aJId 3HAYNMYIO CBSI3b C gack
(puc. 2). B Hamewm uccienoBanuu rexsl cepA u zitB He
IIOKAa3aJI1 IO3UTUBHBIX KOPPEIIALMMA C TEHAMU yCTOWYU-
BOCTH K aHTUOHMOTHKaM. HTerpons! knacca 1 JyimHOR
ot 800 m.H. 7o 2500 n.H. ObuTK BhIsIBIEHB y 32 (64%)
n3onaroB. [lmasmmupa rpynmel HecoBMeCTHMOCTH Q
Obu1a 0OHapyxkeHa y 90% (45/50) K. pneumoniae. Kop-
PeNSALMOHHBIN aHANU3 MOKa3aJl 3HAYUMYIO IO3UTHB-
HYIO CBSI3b MEXAY I€HaMH HacocoB gacE, qacEAl n
unrerponam (1 = 0,70 u r = 0,65; puc. 2).

O6cy:xnenue

K. pneumoniae — pacupocTpaHEHHBIN NaTOreH,
BBI3BIBAIOINMN WHQEKINH, CBS3aHHBIC C OKa3aHUEM
MeauIuHCKor momoru. MJIY 3tux Oakrepuil kK aH-
TUOMOTHKAM TICPBOM JIMHUM CYIIECTBCHHO 3aTPYIHSCT
neueHue. K ToMy ke IMIMpOKOE MCIOIB30BaHUE OHO-
uua0B (0COOEHHO B CyONETaNbHBIX KOHICHTPALUIX)
MOXXET BBI3BaTh PE3UCTEHTHOCTh K HUM U, KaK CIE[-
CTBHE, CIOCOOCTBOBATh coXpaHeHUIO K. pneumoniae
B OKpYXKaloIIeil cpene, B TOM YHCIIEe Ha MMOBEPXHOCTIX
MEAMIIMHCKUX TpuOopoB. CHIDKEHHAS YyBCTBUTECIIb-
HocThb OakTepuit K YAC, XIOpreKCUANHY U COJISIM IHH-
Ka B BBICOKOM CTEIMEHHU CBsi3aHa ¢ dKcrpeccueid DH.
Bo wmHoOrumx wuccienoBaHUSX IOKa3aHa BaXHOCTH
OH s mTOBBIIEHHWS  YCTOWYMBOCTH — IITAMMOB
K. pneumoniae v K pa3Iu4HBIM KJIacCaM aHTUOMOTHKOB
[22-24]. BaxxHO OTMETUTH, YTO T€HBI YCTOUYUBOCTHU K
[IPOTUBOMUKPOOHBIM IperaparaM 4acTo HaXOIATCs Ha
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Tabnuua 3. Accoumaumnsa mexay pe3vCTEHTHOCTBIO K aHTMbnoTnkam 1 renamm OH nsonsTtos K. pneumoniae
Table 3. Association between antibiotic resistance and efflux pump genes of K. pneumoniae isolates

Konunuectso nsonstos K. pneumoniae, NO3NTUBHbLIX Ha reHbl OH, n (%)
AHTWMOMOTMK/rpynna Mpodunb The number of K. pneumoniae positive for the efflux pump genes, n (%)
Antibiotic/group Profile
qacEA1 gacE cepA ogxB zitB
AMOULMANKH R (n = 50) 27 (54) 31 (62) 36 (72) 42 (84) 48 (96)
Ampicillin S(n=0) 0 0 0 0 0
LiechanocnopuHsl R (n = 45) 27 (60)* 31 (68,9)* 34 (75,6) 38 (84,4) 44 (97,8)
Cephalosporins S(n=5) 0 0 2 (40) 4 (80) 4 (80)
KapbaneHembl R (n=38) 27 (71,1)* 30 (78,9)* 29 (76,3) 35 (92,1)* 37 (97,4)
Carbapenems S(n=12) 0 1(8,3) 7 (58,3) 7 (58,3) 11(91,7)
AmMnuuunnux/cynsbaktam R (n =45) 27 (60)* 31 (68,9)* 34 (75,6) 38 (84,4) 44 (97,8)
Ampicillin/sulbactam S (n=5) 0 0 2 (40) 4(80) 4(80)
AMOKCULMNIUH/KNaBynaHaT R (n=42) 26 (61,9)* 29 (69,1)* 32 (76,2) 36 (85,7) 41 (97,6)
Amoxicillin/clavulanic acid S(n=8) 1(12,5) 2 (25) 4 (50) 6 (75) 7 (87.5)
PTOPXMHOMOHBI R (n=44) 27 (61,4)* 31 (70,5)* 33 (75) 38 (86,4) 43 (97,7)
Fluoroguinolones S (n=6) 0 0 3 (50) 4 (66,7) 5 (83,3)
FeHTaMuULMH R (n=29) 20 (69)* 21 (72,4) 19 (65,5) 25 (86,2) 28 (96,6)
Gentamicin
S (n=21) 7 (33,3) 10 (47,6) 17 (81) 17 (81) 20 (95,2)
AMVKaLWH R (n=23) 16 (69,6) 15 (65,2) 17 (73,9) 20 (87) 22 (95,7)
Amikacin S (n=27) 11 (40,7) 16 (59,3) 19 (70,4) 22 (81,5) 26 (96,3)
denHotvn MITY MIY | MDR 27 (61,4)* 31 (70,5)* 33 (75) 38 (86,4) 43 (97,7)
MDR phenotype (n=44)
He-MITY 0 0 3 (50) 4 (66,7) 5(83,3)

non-MDR (n = 6)

Mpumeyvanume. *p < 0,05 — pasHnua mexay BeIbopkamu CTaTMCTUYECKN 3Ha4Yuma (F-Tecr).
Note. *p < 0,05 — difference between the samples is statistically significant (F-test).

MOOWIIbHBIX T€HETHYECKUX SJIEMEHTaX, KOTOPBIE MO-
TYT NepeaBarbcsa MyTEM TOPU30HTAIBHOTO IepeHoca
OT OJHOTO IITaMMa K Jpyromy. B nanHoli pabore y
HanboJee 3HAYMMOTO HO30KOMHUAIBHOTO MaToreHa —
K. pneumoniae Mbl n3y4niiv pacrpocTpanéHHocTs OH,
CBSI3aHHBIX ¢ ycTouuBOCThIO K YAC U XJIOpreKcuau-
HY, TPaHCIIOPTEPOB, ACCOLUUPOBAHHBIX CO CHUKEHHOU
YyBCTBHUTEJIBHOCTBIO K COJISIM IMHKA, & TAKXKE UX CBSI3b
C PE3UCTEHTHOCTBHIO K aHTHOMOTHKAM, HaJHMYHEM Te-
HOB OeTa-lakTamMa3 U MOOWJIBHBIMH TE€HETUYECKUMHU
JJIEMEHTaMH.

OnHUM M3 MEXaHW3MOB YCTOMYMBOCTH K OHO-
OUaM TPaMOTPULATENBHBIX OaKTEepUi SIBISIETCS JKC-
npeccust 3P IIOKCHBIX cucTeM cemelictBa SMR, ko-
TOpbIE KOIUPYIOTCS TeHaMu gacE u qacEAl [25, 26].
C ycroitunBoctbto K. pneumoniae K XJIOPTreKCUIUHY
TECHO CBSI3aH cepA, KOMUPYIONIHA OCIKU CUCTEMBI OT-
TOKa KaTUOHOB [27]. B BBIOOPOUYHBIX HCCICIOBAHUIX
0 U3yUYECHHIO PE3UCTEHTHOCTH KIMHUYECKHUX I TAMMOB
K. pneumoniae x OeH3ankoHHs Xjiopuay reH qacAE]
oOHapy>xuBascs B quanazone ot 53,1 1o 68,0% [28, 29].
CornnnacHo A. Abuzaid u coasr., cpenu K. pneumoniae
reH cepA Bctpedancs B 87,5% ciyuaes [28]. B uccrne-
noBanuu K.I'. KocsaxoBoit u coaBT. yacTota BCTpeuae-
moctu qgackE, qacEAl u cepA coctaBuna 33,3, 23,3 u

83,3% cootBeTcTBeHHO [25]. B HameM uccieaoBaHuu
qacEAI u gacE 6p1mu pacnipocTpaHeHbl B TPpyIIe HO-
30KOMHANBHBIX K. pneumoniae ¢ 0oiiee BHICOKOW 4a-
crotoii: 62 u 54% cooTBeTcTBEHHO. BeTpeuaeMocTs
cepA okazanach HECKOJbKO Hike — 72%. B mocnen-
Hee BpeMs Bo3pactaeT poib OgqxA- u OqxB-Hacocos,
BXOJSIIIIMX B CEMEUCTBO CBA3BIBAIOLIC-TPAHCIIOPTHPY-
toux OenkoB [22]. Panee J. Yuan u coaBT. 0OHapy-
JKUITU TeHBI 0gxAB BO Bcex McciIeOBaHHBIX ITaMMax
K. pneumoniae, 4T0 IO3BOJIUIIO CHENATh TPEIIOIOKE-
HUE 0 reHoMe K. pneumoniae Kak BO3MOKHOM pPe3epBy-
ape ogxAB [32]. Y xneOcueisi B OCHOBHOM 3TH T'€HBI
pacoiaokeHbl B XpOMOCOME, HO MOTYT HAaXOAUThCS Ha
TUIa3MHU/IaX U YacTO aCCOLIMMPOBAHBI C YCTOMYMBOCTHIO
K (TOpXHMHOJIOHAM, TUTCIUKIUHY, a Takke YAC u Ou-
TYaHUJHBIM Je3uHpuuupyromum cpeacrsam [30, 317.
MeHbIIMI MPOUEHT BCTPEYAEMOCTH AAHHBIX JETEp-
MUHAHT noka3anu M. Dehnamaki u coaBt.: 57 u 56%
W30JISITOB HECIH TeHBl 0gxA W 0gxB cooTBeTCTBEH-
HO [17]. B uccaenosanuu L. Ni 1 coaBT. 4acTOTHI OOHa-
pyxeHus ogxA u ogxB coctasunu 60,9 u 17,2% [24]. B
HallleM UCCIIEJOBAaHUH TeH 0gxA IETEKTHPOBaH y BCEX
W30JISITOB KapIAMOXUPYPIHYECKOTO CTalMOHAapa, TOrna
Kak ogxB conepxanu 84% kynsryp. OH AcrAB-TolC
o0ecrneunBaeT TOJIEPaHTHOCTh OaKTEpUH K pa3THYHBIM
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Puc. 2. KoppensaumoHHasi maTpuua, oTpaxatoLas cuny cBsasu mexagy reHamu OH, reHamu 6eTta-nakramas v MobunbHbIMU
rEHETUYECKUMU INIEMEHTaMM.

LiBeToBO€E 3HaYeHWe KaXaow S4Yenkn CooTBETCTBYeT KoadduLMeHTy koppensumm CnmpmeHa 1 NponopLnoHansHO cume Koppensaumm.
*p < 0,05, **p < 0,01. LiBeTHOW BapuaHT pucyHKa CM. Ha calTe XypHana.
Fig. 2. A correlation matrix reflecting the strength of the relationship between the efflux pumps genes, beta-lactamase genes
and mobile genetic elements.

The color of each cell corresponds to the Spearman correlation coefficient and is proportional to the correlation strength. *p < 0.05, **p < 0.01.
For a color version of the picture, see the journal’s website.

AHTUOMOTHKAM, BKIIOYasi (TOPXUHONOHBI, & TAKKE K
OounonMaaM, BKIIOYas STaHOJ, XJIOPreKCUANHA aleTaT u
oensankonus Opomua [33]. [lomumo Bkiiaga B QeHO-
tun MJIY, AcrAB MoxkeT npeacTaBisiTe co00i HOBBII
(hakTop BUPYJIEHTHOCTH, HEOOXOAUMBIii K. pneumoniae
JUIL COTNPOTHUBIICHHS HMMMYHHBIM 3alllUTHBIM MeXa-
HU3MaM B JIETKUX, CIIOCOOCTBYSI Pa3BUTHIO IHEBMO-
Huu [34]. T'eH acrA, xopupyromuii 6eoK, COeANHSIO-
MIMA 2 UHTErpaibHBIX MEMOpPAHHBIX Oellka, CUMTAETCSI
0oJiee KOHCEPBAaTUBHBIM, U €r0 YaCTO MCIOJIB3YIOT IS
oOHapyxxeHus: nanHoro DH. B Hamem ucciienoBaHuu
BCE€ M30JIATHI COJIepKau acrA, Torna Kak, o JaHHBIM
W. Guo u coasr. [33], Tonbko 19% pe3UCTEHTHHIX K
kapOaneHemaMm K. pneumoniae BKIIIOYATH JaHHBIN TeH.
BaXHO OTMETHTH, YTO CONM M HAHOYACTHUIIBI TSKENBIX
METaJIJIOB aKTUBHO HCIIONB3YIOTCS B aHTUCENTUYECKUX
xomno3unusix. CeromHs BeAETCS akTUBHAs pa3padoTKa

MIPOTUBOMUKPOOHBIX MOBEPXHOCTHBIX BEIIECTB HA OC-
HOBE Melu, cepedpa U LKHKA ISl CO3MaHUs OMHAPHBIX
WY TPOMHBIX KOHTAaKTHO-HEUTPAIU3yHOUIUX IOBEPX-
HOCTHBIX MOKpbITUH [35]. BbUTO NOKa3ano, uro ZnO 6o-
Jiee TOKCHYeH AJis OakTepuid B opMe HAHOYACTHIL, YTO
JieNiaeT ero Oosiee MepcrneKTUBHLIM. B naHHOM pabote
pacipoCTpaHEHHOCTh KYJBTYp, KOAMPYIOLIUX TpaHC-
MOPTEP, OMOCPEAYIOUINM OTTOK MOHOB LIMHKA [36], —
ZitB, cocraBuina 96%.

B Heckonbkux paboTax OTMEYaeTrcsi, 4YTo pe-
3UCTEHTHOCThL K aHTHOMOTHKAM M OHOLMIAM MOXKET
MHOT'OKPaTHO YBEJIUYMBATHCS 33 CUET ONHOBPEMEHHOU
skcrpeccun OH pasnbix cemeiicts [4, 19, 22]. BaxHo
OTMETHUTh, YTO B HCCIEAYeMOl BEIOOpKE Hanbolee va-
CTO BeTpeuanuck K. pneumoniae ¢ KOMOMHANIUEH BCeX
nccienyeMsix HacocoB (32%), mpuuéM Takue KyJbTy-
pst 661t B 100% ciyyaeB ¢ MJ1Y. Panee Mbl okazanu
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BBICOKYIO PACIPOCTPAaHEHHOCTh B U30JIATaX KapAHOXH-
pyprudeckoro crauvowapa bla, ., bla, . w bla,, .
B sTOoM uccnenoBaHuM BBISBICHO, YTO T'€HBI IPYIIIbBI
gac 4aie BCTPeyalluCh B aCCOLUALIMU C TeHAMH, KO-
PYIOIIMMH yCTOWYMBOCTE K KapOanenemam, — bla,
(ry=0,68) u bla,,,  (ry=0,64), 4T0 MOKET OBITH 00-
YCIIOBJICHO WX JIOKaNM3aluueld B IUIa3MHJI-ONOCPEo-
BaHHBIX HHTEIPOHAX Kyiacca |1 u TpedyeT AanbpHeHIero
nzyuyenus. B uccnenoBanuu Y. Chen u coaBT. Taxxke
OBUIO TMOKa3aHO, YTO TeHbl gacEAl u cepA Obua nO-
CTOBEpHO 4allle HpeACTaBICHBI Cpean KapOarmeHemo-
pe3uCTeHTHBIX KyasTyp [16]. TmobanbHoe pacmpo-
CTpaHEHHUE JCTCPMHHAHT YCTOWYMBOCTH K OeTa-Jak-
TaMHBIM aHTUOMOTHKAM, B TOM YHMCJIC KapOaneHemam,
SIBIIICTCSL PE3YJIBTaTOM HX PACIPOCTPAHCHHS MOCPE-
CTBOM KOHBIOTAaTMBHBIX IUIa3Mu. M3BecTHBI 5 rpymm
HECOBMECTHMOCTH Mia3Muz (Inc), KoTopbie omucaHbl
B JIUTEPAType KaK MOTCHIUAIBHO OTBETCTBEHHBIC 3a
pacrnpocTpaHenue reHoB bla . w bla, vy u3014TOB
K. pneumoniae[21]. Jlpyrue MOOUIbHBIC TCHETHYCSCKUC
AJIEMEHTBI — UHTETPOHBI — MOTYT BKIIFOYATh KACCEThI
YCTOMYMBOCTH K NPOTHBOMHKPOOHBIM Tperaparam u
nesungexrantam [37]. Ilo nanuem F. Firoozeh u co-
aBT., 100% uzonstoB K. pneumoniae (n = 150) ¢ MJIY
uecnu rensl intl [38]. B uccnenoanuu E.M. Oliveira u
COABT. Y KIMHUYECKUX U30JTOB K. pneumoniae B 10-
cnutane r. Pecudu (bpasunus) naunbosee yacto oOHa-
PYXUBAIKCH TJIA3MHUJIBI TPYIIIT HECOBMECTUMOCTU Q U
FIB [21]. lanubie, nonyueHusie W.M.B.S. Martins u
COABT., CBUACTEILCTBYIOT O TOM, uTo K. pneumoniae c
BBICOKOKONIMAHOM masmunoi IncQ, necymen bla,,. ,,
MoxeT 3(dekTuBHO TepenaBath €€ MyTEM KOHBIOTa-
THBHOTO MNepeHoca aApyruM mrammam [39]. [Tnasmuna
IncQ, criocoOHas PerIMIMPOBATLCS B IIUPOKOM Kpyre
X035€B, OblJIa OOHAPYKEHA B KIIMHUYECKOM H30JsiTe K.
pneumoniae, BeiIeIeHHOM OT narueaToB ¢ COVID-19
B Poccuu [40]. B HameM wuccrnenoBaHWU HWHTETPOHBI
kiacca 1 Obutn feTekTupoBanbl y 64% K. pneumoniae,
a azMusl IncQ — y 90%. I1pu 3ToM BBIsSIBIIEHA 3Ha-
yuMasi TO3UTHBHAsI CBs3b Mexay reHamu OH gacE,
qacEAl v uHTETpOHaMH.

3akniouyeHuve

IIpoBeneHO uCCIENIOBAaHUE IO PACHPOCTPAHEH-
HOoCcTH reHOB DH, a Takke TpaHCIOPTEPOB, YUACTBYIO-
IIMX B OTTOKE MOHOB METAJUIOB, OILIEHEHA MX CBS3b C
AQHTUOMOTHUKOYCTOHYMBOCTBIO M TEHaMH, aCCOLMHPO-
BaHHBIMH C PE3UCTEHTHOCTBIO K OeTa-aKkTamaM, Cpenn
Kynsryp K. pneumoniae ¢ MJIY, BblIeIEHHBIX OT NaLU-
€HTOB Kap/ANOXUPYPrUUECKOTo CTaIl[ioHapa ¢ HO30KOMH-
anpHOU mHpexnuel. [lokazaHa 3HaYMMas CBSI3b MEX-
Ny YCTOMYMBOCTBIO K aHTUOMOTUKAM M MPUCYTCTBHEM
reHoB OH, accolMHpOBaHHBIX C YCTOWYMBOCTBIO K
YAC, xyoprekcuIuHy 1 HOHaM IIMHKA, YTO MOIYEPKU-
BaeT Ba)XKHOCTH JaJbHEMIIEr0 M3y4EeHHS MEXaHU3MOB
KpPOCC-PE3UCTEHTHOCTH K OuoLuaaM JUis COBEpLICH-
CTBOBaHMSI METOZOB OOpLOKI ¢ maroreHamu ¢ MIJTY.
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Evaluation of symbiotic relationships of oral microorganisms
and their effect on the development of inflammatory changes
of the oral mucosa in the complete absence of teeth

Oksana A. Shulyatnikova, Mikhail V. Yakovlev, Anatoly P. Godovalov*
E.A.Vagner Perm State Medical University, Perm, Russia

Abstract

Introduction. By fixing on the exposed surfaces of complete removable dentures and oral soft tissues, bacteria
form a biofilm, thereby increasing their overall virulence and resistance. The microorganisms that make up the
biofilm are often in a symbiotic relationship, which allows them to increase their pathogenic potential and cause
the development of denture stomatitis. Accordingly, when a particular strain is present in the oral cavity, the risks
of symbiosis are significantly increased.

The aim of the study was to evaluate the effect of symbiotic relationships of oral bacteria on the development of
inflammatory changes in the oral cavity in the absence of teeth.

Materials and methods. Two groups of patients belonging to the elderly age according to WHO systematization
(6074 years) with complete absence of teeth (K08.1) were formed, differing in the presence of clinical
manifestations of inflammation (82 men and 49 women). Biological material sampled from the oral cavity of
patients was studied using the culture method and RT-PCR. To quantify the interaction between members of the
microbiocenosis, we used the Jaccard similarity coefficient.

Results. Coagulase-negative and coagulase-positive staphylococci, Neisseria, Candida spp. fungi,
Enterobacterales and F. nucleatum were more frequently found in patients with complete absence of teeth.
Expressed symbiotic relations between microorganisms of the "Enterobacterales order, Lactobacillus, Neisseria
and Corynebacterium genera, as well as S. salivarius, C. albicans, F. nucleatum were established. The nature of
these relations depended on the presence of inflammatory changes in the oral mucosa and, in turn, influenced the
development of the latter. Thus, in the absence of inflammation, Corynebacterium, Lactobacillus and S. salivarius
showed stable synergism. In case of inflammation, the association between these bacteria was accompanied by
the introduction of F. nucleatum and displacement of S. salivarius.

Conclusion. Thus, conditionally pathogenic microorganisms, forming microbial associations with multidirectional
symbiotic relations increase their virulence, which allows them to occupy free niches in the oral cavity and
subsequently trigger the development of pathological process of inflammatory character of prosthetic bed tissues.

Keywords: symbiosis, microorganisms, inflammation, oral cavity, complete absence of teeth, denture stomatitis
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OueHKa BKNaga cumMm61oTn4eCcKUX OTHOLIEHUIn MUKPOOPraHU3MoB

POTOBOW NONOCTUN B pa3BUTMNE BOCNANNTENIbHbIX U3MEHEeHUN
CAN3NCTON 060N0UKM pTa NPU NOSIHOM OTCYTCTBUM 3y60B

LWynaTtHmukoBa O.A., ikoBneB M.B., logoBanos A.M.*
MNepmcKnin rocyaapcTBeHHbIN MeAMLMHCKUI YHUBEPCUTET NMeHu akagemunka E.A. BarHepa, MNepmb, Poccunn

AHHOMayus

BBepeHue. Pukcaumsi Ha OTKPbITbIX MOBEPXHOCTSAX CbEMHbIX MNACTUHOYHbIX NPOTE30B U MSATKUX TKAHEN POTOBOW
nonoctu Gaktepuii B Buae 6nonnéHkm obecnevymBaeT NOBbILLEHNE BUPYNIEHTHOCTU U PE3NCTEHTHOCTU MUKPOOD-
Horo coobuiecTBa. MMKpOOpraHuambl, BXogsmne B COCTaB OMONMEHKKM, 3a4acTyro HAXO4ATCA B CMMOMOTUYECKMX
OTHOLLUEHMSAX, YTO NO3BOMSET UM yBENUYMBATL CBOW MATOreHHbIN MNOTEHUMan 1 Bbi3biBaTb pa3BUTME NPOTE3HbIX
CTOMaTUTOB.

Llenb nccnegoBaHMs — OLEHKa BKNaga CUMOUOTUYECKUX OTHOLLEHWU GakTepuii pOTOBOW MOSMOCTU B pa3BuUTUE
BOCManuUTEnbHbIX U3MEHEHUN CN3NCTON 060MOYKM pTa NpY NOMHOM OTCYTCTBMU 3y6HOB.

Martepuansl u metoabl. CopmnpoBaHbl ABe rpynnbl NauMeHToB B Bo3pacTe 60-74 net (82 MyX4uHbl U
49 eHLWWWH) ¢ nonHelM oTcyTcTBMEM 3y6oB (K08.1), pasnuuarowimecs no Hanmumio KNMHUYECKUX NPOSIBIIEHUN
BOcnaneHus. buonornyecknun marepman, oTo6paHHbIN 13 POTOBOM NONOCTU NALMEHTOB, N3yYanun ¢ UCMONb30Ba-
HMEM KyrnbTypanbHOro MetoAa v NonMMepasHon LIeMHOW peakumn Ans BbISIBEHWS MUKPOOPraHM3MOB NOMocCTH
pTa. [ns KONMYeCTBEHHOIO BbIPaXXeHUS B3anMOAENCTBUS MEXAY YreHamMmn MUKpoOGuoLeHo3a NCnomnb30Banm Ko-
appuumneHT cxoactea Xakkapa.

Pe3ynbraTtbl. Y NauueHTOB C MOMHbIM OTCYTCTBMEM 3y0OB B MMKPOGMOTE MPOTE3HOro NoXa AOMMHUpPOBanu
KoarynasooTpuuaTtenbHble 1 KoarynasononoxutensHble Staphylococcus spp., Neisseria spp., Candida spp.,
Fusobacterium spp. n npegcraBuTenu nopsigka Enterobacterales. YctaHOBNEHbI BblpaXXeHHble CUMBUoTudeckue
CBS13U MEXAY MUKpoopraHuamamu nopsigka Enterobacterales, popnos Lactobacillus, Neisseria v Corynebacterium,
a Takke Streptococcus salivarius, C. albicans, F. nucleatum. MNpun 3TOM XxapakTep 3TUX OTHOLLEHWIA 3aBUCEN OT Ha-
nn4ns BocnanuTernbHbIX U3MEHEHUIA CNM3NCTOM 060N0YKM pTa U, B CBOKO 04epeb, BNUSII Ha pas3BUTUE NOCIEOHNX.
Tak, B OTCYTCTBUE BOCMANEHUs yCTONYMBLIA CMHEprn3m nposensaT Corynebacterium spp., Lactobacillus spp. n
S. salivarius. B cny4ae npucoeguHeHnst BOCManeHusl B accounaumm atux 6akrepuin HabniogaeTca BHeApeHue
F. nucleatum v BbiTecHeHue S. salivarius.

3aknro4yeHune. YCNoBHO-NATOreHHbIe MUKPOOpraHMambl, hopMupys MUKpobHbIe accoLmaummn ¢ pa3HoHanpaBneH-
HbIMW CUMOMOTUYECKMMM OTHOLLEHUSIMW, MOTYT YBENNYMBATHL CBOK BUMPYIIEHTHOCTb, YTO, BEPOSITHO, NO3BOMSET
UM 3aHUMaTb cBOGOAHbIE HMLLM B POTOBOW NOMOCTK, a B NocneayoLem obecnevmeats pa3BuTUe NaToriormyecko-
ro npouecca BocnanuTenbHOro xapakrtepa TKaHel NpoTEe3HOro Noxa.

KnioueBble cnoBa: cumbuos, MUKpPOOpeaHU3Mbl, 80criasieHue, roriocmse pma, rnoyiHoe omcymecmeue 3y608, npo-
me3HbIU cmomamum

Amuyeckoe ymeepxdeHue. VlccneqoBaHne NnpoBoAWnock Npu A06pOBONLHOM MHPOPMMPOBAHHOM cornacuv nauu-
eHToB. [poBeaeHne KNNMHUKO-IKCNEPUMEHTArbHbIX NCCneaoBaHWn o4obpeHo Ha 3acedaHum NOKarbHOro 3TUYECKOro
komuteta MrMY um. akag. E.A. BarHepa (npotokon Ne 9 ot 30.09.2021).

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

KoHcbnnukm unmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHLIX M MOTEHUMANbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnvkaunen HacTosILLEen CTaTbu.

Ana yumupoeaHus: WynatHukoBa O.A., fAkoeneB M.B., Mopgosanos A.lN. OueHka Bknaga cMMOGUOTUYECKUX OTHO-
LIEeHNA MUKPOOPraHN3MOB POTOBOM MOMOCTU B pa3BUTME BOCNANUTENbHbLIX U3MEHEHWI CMM3NCTON 060MNOYKN pTa nNpu
MOSIHOM OTCYTCTBUM 3y60B. XKypHan mukpobuoroeuu, anudemuonoauu u ummyHobuonoauu. 2024;101(4):512-519.
DOI: https://doi.org/10.36233/0372-9311-524
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Introduction

A comprehensive approach to dental treatment
requires a detailed diagnosis of pathologies of the den-
to-mandibular system. Treatment of patients with com-
plete absence of teeth in most clinical cases, in addition
to the main dental disease, is accompanied by sever-
al concomitant pathologies that are associated with
acute, subacute or chronic inflammatory process in the
soft tissues of the denture bed [1]. The development
of denture stomatitis is caused by both general and lo-
cal etiological factors, often contributing to the rapid
chronicization of the pathological process. Among such
factors, the representatives of the oral microbiome play
a decisive role.

Currently, various authors consider the oral cavity
as a functionally and morphologically limited ecosys-
tem, the main part of which are microorganisms (MO)
[2, 3]. At the same time, direct contact with the external
environment creates conditions for the establishment
of an extensive range of transient microbes, many of
which are fixed on open tissues and subsequently popu-
late the oral cavity, becoming part of the permanent mi-
crobiota of the biotope [4, 5]. It should be noted that the
differences in microanatomy, humidity, mobility and
aeration of individual structures of the oral cavity, as
well as the presence of dental structures and fillings in
it contribute to the emergence of comfortable niches for
the attachment and reproduction of opportunistic patho-
genic microbes with both anaerobic and aerobic type
of metabolism [6]. The latter, in turn, possess an exten-
sive spectrum of pathogenicity factors, one of which is
adhesive ability. Fixing on open surfaces of hard and
soft tissues of the oral cavity, as well as artificial sol-
id media, bacteria form a biofilm through cooperation
and complex interaction, due to which their general
virulence and resistance increase [7]. This spatial and
structural association of individual strains of MO in the
extracellular polysaccharide matrix is the main factor in
the occurrence of the overwhelming spectrum of patho-
logical processes of inflammatory character observed
in the oral cavity [8, 9]. The latter, in turn, are often
induced by exo- and endotoxins released by microbial
cells and representing activators of mediated action on
the macroorganism. The danger of such a bacterial eco-
system lies not only in resistance to most antibacterial
drugs, but also in resistance to the factors of cellular
and humoral immunity of the macroorganism, which is
especially relevant for elderly people [10].

Table 1. Study group composition

ORIGINAL RESEARCHES

In the mid-1970s, the plaque-specific theory was
formulated from the standpoint of clinical microbiolo-
gy, which adheres to the concept of monoethiology of
infectious and inflammatory diseases [11]. According
to this theory, the development of the inflammatory
process should be associated with the presence or rela-
tive predominance either in the biofilm composition or
in the planktonic state of one etiologically significant
MO species. However, due to the high contamination
of the oral cavity and the presence of “comfortable”
conditions for the formation of bacterial films, the doc-
trines described above somewhat lose their relevance.

It has been confirmed [12, 13] not only the impor-
tance of the bacterial composition of biofilms formed
in the oral cavity on the surface of hard tissues of teeth
and elements of dental structures in the development of
inflammatory pathologies of the oral mucosa (OM), but
also the amount of dental plaque and the time of its stay
in direct contact with the soft tissues of the biotope in
question.

Due to the formation of a close spatial-structur-
al association, the bacteria included in the biofilm are
often in symbiotic relations, which allows them to in-
crease their pathogenic potential. At the same time, the
introduction of a particular type of MO into such a sym-
biosis can both significantly change the orientation of
symbiotic relations and influence the manifestations of
the clinical picture. It is of interest to study the nature
of interaction of oral cavity MOs in the presence and
absence of inflammatory process.

The aim of the study was to evaluate the effect of
symbiotic relations of oral cavity MOs on the develop-
ment of inflammatory changes in the oral cavity in the
absence of teeth.

Materials and methods

The basis for the formation of patient groups for
the study was the assessment of the state of denture bed
tissues in the complete absence of teeth. The study in-
cluded individuals who, according to the World Health
Organization systematization, belonged to the elderly
age group (60-74 years old; Table 1).

In order to determine the changes in the interspe-
cies relationships of the oral cavity MO in the presence/
absence of inflammatory changes in the denture bed tis-
sues, the patients were divided into two groups. The first
group (n = 66) included patients who had been using
previously fabricated complete removable plate pros-

Group 1 Group 2
Participants
n age, years n age, years
Males 40 64.3+1.2 42 66.1+1.1
Females 26 65.7+1.4 23 64.8+1.5
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theses made of acrylic plastic Etacryl-02 for at least 6
months before the examination, who had passed the ad-
aptation period and had no clinical signs of inflammato-
ry phenomena in the oral cavity and periodontal tissues.
The second group (r = 65) included persons who had
been using complete removable plate prostheses made
of acrylic plastic Etacryl-02 for at least 6 months before
the study, who had passed the adaptation period and
whose objective clinical examination revealed signs
of inflammation of soft tissues of the prosthetic bed
(chronic prosthetic stomatitis), the bacterial etiology of
which was confirmed by microbiological analysis.

The clinical and experimental studies were ap-
proved at the meeting of the local ethical committee of
the E.A. Vagner Perm State Medical University (proto-
col No. 9 from 30.09.2021).

The material for the study was obtained from the
OM of the denture bed in the area of the apex of the al-
veolar process of the maxilla (projection of the 1st and
2nd premolars on the maxilla - taking into account the
outlet of the duct of the parotid salivary gland) using a
swab-probe and Amies transport medium. After prelim-
inary dilution of the material, the contents were sown
on blood agar, Endo and Sabouraud media, selective

media for streptococci isolation. Incubation was carried
out at 37°C in a humid atmosphere under microaero-
philic conditions. The isolated strains were identified
by culture, tinctorial and biochemical characteristics.

DNA of periodontal pathogens was detected and
quantified in biological material using the Dentoscreen
reagent kit (Litech Co. Ltd.) by real-time polymerase
chain reaction with hybridization-fluorescence detec-
tion.

To quantify the interaction between members of
the microbiocenosis, the Jaccard similarity coefficient
(g) was used, calculated by the following formula:

g=clla+b-c)x*x100,

where a — number of observations with type a; b —
number of observations with type b; ¢ — number of
observations containing both types of MO.

If ¢ <30% — conditions in the biotope are anta-
gonistic, with q from 30 to 70% bacteria are capable of
coexistence, and their ecological commonality is great
(synergism), g > 70% — only joint existence of bacteria
is possible (a state close to mutualism).

Statistical analysis of the data was performed us-
ing four-field conjugation tables and y*-criterion.

Table 2. Frequency of MO detection in the oral mucosa in the denture bed of patients (% of cases)

MO Group 1 (n = 66) Group 2 (n = 65) p between groups
Staphylococcus spp. 95.5 98.5 0.32
Coagulase-positive staphylococci 33.3 76.9 0.19
including: S. aureus 45.5 66.0 0.001
S. intermedius 4.5 32.0 0.001
S. hyicus 50.0 2.0 0.003
Coagulase-negative staphylococci 98.9 75.4 0.001
Streptococcus spp. 83.3 50.8 0.001
S. salivarius 33.3 6.2 0.001
S. pyogenes 15.2 52.3 0.001
Neisseria spp. 48.5 53.8 0.54
Candida spp. 46.9 78.5 0.001
including: C. albicans 48.4 39.2 0.3
Enterobacterales 66.7 50.8 0.065
including: E. coli 1.4 45.5 0.027
Klebsiella spp. 25.0 51.5 0.19
Enterobacter spp. 47.7 48.5 0.36
Lactobacillus spp. 33.3 55.4 0.012
Corynebacterium spp. 34.8 49.2 0.096
Enterococcus spp. 18.2 26.2 0.27
F. nucleatum 28.8 76.9 0.001

T. denticola

0 0
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Results

In patients with the complete absence of teeth, the
microbial associations were characterized by a high di-
versity of MO species and complex relationships be-
tween them. Thus, in patients with complete absence
of teeth, a significant proportion of coagulase-negative
and coagulase-positive Staphylococcus spp. other than
S. aureus, as well as Neisseria spp., yeast fungi of the
Candida genus, Enterobacterales, and Fusobacteri-
um nucleatum were found in the microbiota (Table 2).
Among the representatives of the Enterobacterales
order, representatives of the Klebsiella spp. and En-
terobacter spp. genera were often found. Among the
commensal species Streptococcus spp. strains with a
wider set of pathogenicity factors, S. pyogenes were
dominant.

According to the conducted research, the devel-
opment of inflammatory complications of OM in the
denture bed of patients with complete absence of teeth
corresponded to colonization of the biotope by coag-
ulase-positive species of Staphylococcus genus, in-
crease in the share of S. pyogenes and decrease — of
S. salivarius, increase in the occurrence of yeast fungi
of Candida genus and Escherichia coli. Furthermore, it
was found that more frequent detection of F. nucleatum
markers was associated with the presence of denture
stomatitis.

In the present study, no MO strains were isolated
as a monovariant, and the minimum number of asso-
ciates was at least 3. At the same time, no significant
difference in the number of associates in microsym-
bioses among the compared groups was found. When
evaluating pairwise relationships by Jaccard's coeffi-
cient, pronounced symbiotic relationships were found
between the MOs of the Enterobacterales order, Lac-
tobacillus, Neisseria and Corynebacterium genera, as
well as S. salivarius, C. albicans, F. nucleatum. The
nature of these relationships depended on the presence
of inflammatory changes in the oral cavity. Among co-
agulase-negative staphylococci inhabiting the oral cav-
ity of group 2 patients, it was noted that S. epidermidis
showed the ability to coexist with S. pyogenes (¢ = 50),
and S. schleiferi — with bacteria of the genus Lactoba-
cillus (g = 50). In group 1, coagulase-negative staphy-
lococci showed antagonistic properties against E. coli,
S. mitis and Neisseria spp.

S. salivarius
(9=2833)

’ (g=24) (g =63,6)
Lactobacillus spp. Enterobacterales ~¢———
b 4

@ =m (q=257)."
» (g=750)

Corynebacterium spp.

Neisseria spp.
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Corynebacterium spp. and Lactobacillus spp. with
active participation of S. salivarius (Fig. 1) are charac-
teristic symbionts for the oral cavity mucosa of group 1
patients, which are found in the vast majority of cases,
and mutualistic relationships are formed between them
and S. salivarius (¢ > 70). The formation of such an
association allows participants to exert an antagonistic
effect on representatives of the order Enterobactera-
les, the most common in dry mucosa of the oral cavi-
ty [14]. A negative point in group 1 patients should be
recognized as a persistent ecological commonality be-
tween Corynebacterium spp. and Fusobacterium spp.
(¢ = 75), which may be due to the syntrophy of these
bacteria. Thus, Corynebacterium spp. synthesizes se-
veral free fatty acids essential for Fusobacterium spp.
which, in turn, facilitates the availability of Coryne-
bacterium amino acids [15]. The associations of these
species, according to some authors, are most frequently
registered in oral squamous cell cancer [16].

Yeast fungi of the Candida genus were found in
46.9% of cases in group 1 patients, which showed syn-
ergism with Neisseria spp. (¢ = 42.4) and Enterobac-
terales (q = 63.6). Neisseria spp. probably adapted to
coexist with Candida spp. in this community because
fungi are unique biochemical transformers, and the
products of their metabolism are convenient for utili-
zation by Neisseria spp. [17]. The synergism between
fungi of the Candida and Enterobacterales is due more
to increased antimicrobial resistance [18].

S. salivarius strains isolated from group 1 patients
were found to exhibit pronounced (up to mutualistic)
symbiotic relationships with lactic acid-producing Lac-
tobacillus. However, as shown in the study [19], Strep-
tococcus spp. bacteriocins can inhibit the production of
this metabolite by Lactobacillus spp.

S. salivarius, which exhibited pronounced (up to
mutualistic) symbiotic relationships with Lactobacillus
spp. in group 1, do not participate in the formation of
a persistent association of MO in the complete absence
of teeth and accession of inflammation (Fig. 2). This
situation leads to the formation of synergism not on-
ly between Corynebacterium spp. and Fusobacterium
spp. (¢ = 60.8), but also between Lactobacillus spp.
and Fusobacterium spp. (¢ = 62.3), indicating a closer
incorporation of Fusobacterium spp. into the oral mi-
crobiocenosis and requiring a comprehensive targeting

o——e — mutualism
<—>» — antagonism

(q=42,4) 4—— — synergism
b —— Neutrality
C. albicans — — strong bond
.............. — weak bond
(g=789)

o I nucleatum

Fig. 1. The nature of the symbiotic relationship of the oral MOs of group 1 patients.
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S. salivarius

(g=6,1) (g =163,6)

Lactobacillus spp.

(q=8.m‘ (q:1V

Corynebacterium spp.

Enterobacterales

(9=60.,8)

o——e — mutualism

Neisseria spp.
-~ <—>» — antagonism

{(g=300) '
: < 4—— — synergism
: o .
C. albicans © — neutrality
S ——— — strong bond
(q — 18 6) = — Weak bond

> F. nucleatum

(q=623)

Fig. 2. Nature of symbiotic relationship of oral MOs of group 2 patients.

approach to oral antibacterial treatment before prostho-
dontics.

Synergism between FEnterobacterales, fungi of
the Candida genus and Neisseria spp. (¢ = 30-70) in
group 2 patients persists and leads to the displacement
of S salivarius. Furthermore, F. nucleatum forms more
divergent relationships than strains of the same species
isolated from group 1 patients. Thus, if in group 1 pa-
tients the neutrality between Fusobacterium spp. and
Neisseria spp. was revealed, in group 2 patients these
species show synergism (¢ = 66.7). The nature of rela-
tionships in the pair of Fusobacterium spp. and C. albi-
cans changes in the case of inflammatory changes in the
mucosa to antagonistic (¢ = 18.6), which, at first glance,
does not seem logical, but is quite explainable by the
fact that in antagonistic relationships between bacte-
ria the spectrum of their metabolite changes, which is
reflected in the clinical picture. Antagonistic relations
between bacteria of the Enterobacterales order and the
Lactobacillus genus are preserved in patients with and
without clinical markers of inflammatory process.

Discussion

The oral microbiome is populated by representa-
tives of more than 300 species of bacterial taxa alone.
Within such a system, complex relationships are formed
between individual members of associations, often not
always mutualistic or synergistic. Different techniques
have been proposed to study bacterial relationships,
which, however, are characterized by complexity of
replication and difficulty of interpretation. In the pre-
sent study, we propose to use an index approach based
on the Jaccard coefficient, which allows to reveal not
only the directionality of the relationship, but also part-
ly its expression.

Among all oral cavity MOs, S. salivarius, which
belongs to the autochthonous symbionts of this bio-
tope, should be emphasized. It has been shown that this
species has a pronounced antimicrobial and antibiofilm
activity [20], which was confirmed in the present study,
when in patients without inflammatory changes in OM
this species enhances antagonistic properties at the ex-
pense of Lactobacillus spp. and Corynebacterium spp.

However, in the case of inflammatory changes, which
are probably due to changes in the oral microbiome, an
almost complete displacement of this species by Strep-
tococcus spp. was observed.

According to the results of the study, Entero-
bacterales are allochthonous microbes that retain
antagonistic relationships with autochthonous MOs
(Lactobacillus spp., Corynebacterium spp.) and syn-
ergism with yeast fungi of the Candida genus both in
the absence of clinical manifestations of the inflamma-
tory process (prosthetic stomatitis) and in their pres-
ence. Such a picture indicates that bacteria with a wide
range of pathogenicity factors and, accordingly, more
pronounced virulence (e.g., Enterobacterales), which
are not characteristic for the oral cavity, by fixation on
the structural material of removable dental prostheses
occupy free niches, and later, with a decrease in the
activity of the immune system, poor hygiene or other
provoking factors, it is these taxa that ensure the de-
velopment of inflammatory processes in the soft tissues
of the denture bed, together with autochthonous con-
ditionally pathogenic MOs (Candida spp., etc.). At the
same time, a change in the orientation of the relation-
ship between Enterobacterales and F. nucleatum from
mutualistic to antagonistic in the presence of inflamma-
tory phenomena of denture bed tissues in patients with
complete absence of teeth is likely to correlate with the
worsening of the clinical picture when the association
of these MOs is detected.

Conclusion

The obtained results allow us to consider S. pyo-
genes, E. coli, F. nucleatum and Candida spp. as initia-
tors of pathological changes of inflammatory character
in soft tissue periodontal tissues of persons using com-
plete removable plate prostheses with a base made of
acrylic polymer Etacryl-02. Conditionally pathogenic
MOs, forming microbial associations with multidirec-
tional symbiotic relations can increase their virulence,
which allows them to occupy free niches in the oral
cavity, and subsequently trigger the development of
pathological process of inflammatory character of den-
ture bed tissues.
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CpaBHUTENbHDbIN aHaNN3 CTPYKTYPbl PEryIATOPHbIX FTeHOB
wrammoB Vibrio cholerae O1 6uosapa El Tor

MnexaHoB H.A.®, ®epopos A.B., Yengbiwosa H.b., Kypatawsunu A.10., 3agHoBa C.IM.
Poccniickuii npoTMBOYYMHbIN MHCTUTYT «Mirkpo6», CapaToB, Poccusn

AHHOMauus

AxTyanbHOCTb. JKCrnpeccus reHoB CtxAB u tcpA-F, koampyoLwmnx OCHOBHbIE (haKTopbl NaTOreHHOCTN Bo3byauTe-
N Xonepbl, KOHTPONMPYETCHA PErYNATOPHLIMW FreHaMu, CTPYKTypa KOTOPbIX B LUTaMMax Bo3byauTens, BblgeneH-
HbIX B pasHble rofdbl TEKyLLEN naHaAeMun, ndyyeHa He B MONHOM Mepe.

Llenb paboTbl — cpaBHUTENbHbIA aHanM3 CTPYKTYpbl PErynATOpHbIX reHoB B Wwtammax Vibrio cholerae O1 6uo-
Bapa El Tor, nsonmposaHHbIX Ha TeppuTtopun Poccumn 1 conpepenbHbiX CTpaH Ha MPOTSXKEHUW 7-i naHgeMun
xonepsbl.

MaTtepuanbl u metoabl. Vcnonb3oBanu HyKneoTuaHbIE NOCNEA0BaTENBLHOCTN MOMHbLIX FEHOMOB 29 TOKCUreH-
HbIX LUTaMMOB, BbigeneHHbix ¢ 1970 no 2023 r. AHann3 NpoBoAMAM C NOMOLLbI0 Nporpamm «BioEdit v7.2.6.1» n
«Blast».

Pe3ynkTaTthl. [1poBeaéH aHanus 10 perynaTtopHbix reHoB (foxT, aphA, aphB, hns, hapR, vieA, luxO, luxT, carsS,
carR). YcTaHOBMEHO, YTO MPaKTU4eCKN y BCeX LUTAMMOB B reHe hapR nmeeTtcs BcTaBka TMMHa B no3unuun 219.
WckntoueHune coctasun V. cholerae M3208 (TamboB, 2023), y kOTOporo obHapyxeHa BCTaBka 5 Hykneotmaos
B AaHHOM reHe. Y 44,8% n3y4YeHHbIX LUTaMMOB BbISBMEHbl MyTauun B reHe /uxO, yHKLMOHaNLHoe 3HaveHve
KOTOPbIX He yCcTaHoBneHo. Y 46,7 n 33,3% n3y4yeHHbIX reHoBapuaHTOB C annenem ctxB1 obHapyeHbl HECUHO-
HUMUYHbIE 3aMeHbl B reHax hns (G319A) n vieA (C235T) cooTBeTcTBEHHO. BCe reHoBapuaHThbl ¢ annenem cixB7
UMEIOT reHbl hns n vieA ¢ myTaumamn. Tpy reHoBapuaHTa ¢ annenem ctxB7, 3aBe3éHHble B Poccuio B nocnegHve
rogpbl, cogepxart U3MeHEHHY0 CTPYKTYpy reHa carR (G265A).

3akntoueHue. CtpykTypa reHoB (toxT, aphA, aphB, carS, luxT, hapR) ABNSeTCA UHTAKTHOM y BOMNbLUMHCTBA U3-
yyeHHbIx wrammos V. cholerae O1 El Tor. B 1o e Bpems BbisBreHa BapnabenbHocTs reHoB hns (G319A), vieA
(C235T) u carR (G256A). MyTaummn B AaHHbIX reHax MoryT ObITb UCMOMNb30BaHbl B KAYECTBE FEHETUYECKUX METOK
coBpeMeHHbIX reHoBapuaHToB V. cholerae O1 El Tor.

KnroueBble cnoBa: Vibrio cholerae, 2eHogapuaHmbl, cmpykmypa pe2ynsimopHbIX 2eHo8, Mymauuu
HcmoyHuk dJUHchupoeaHun. ABTOpr 3aasnsaT 06 OTCYTCTBUU BHELLHEro d)VIHaHCVIpOBaHVIFI npun nposegeHnn nc-
cnegoBaHus.

KoHebniukm uHmepecoe. ABTOPbI AEKNapUPYT OTCYTCTBUE SIBHBIX M MOTEHLMANbHbIX KOH(IIMKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumen HacTosILLen cTaTbu.

Anst yumupoeanusi: NnexanoB H.A., ®egopos A.B., Yengbiwosa H.b., Kypatawsunu A.1O., 3agHosa C.I1. CpaBHu-
TENbHbIA aHanNM3 CTPYKTYpbl perynsTopHbIX reHoB WwtamMoB Vibrio cholerae O1 6uosapa El Tor. >KypHan mukpobuoro-
2uu, anudemuonoauu u ummyHobuomnoauu. 2024;101(4):520-529.
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Comparative analysis of the structure of regulatory genes
of Vibrio cholerae serotype O1 biotype El Tor strains

Nikita A. Plekhanov®, Andrey V. Fedorov, Nadezhda B. Cheldyshova,
Alina Yu. Kuratashvili, Svetlana P. Zadnova

Research Anti-Plague Institute “Microbe”, Saratov, Russia

Abstract

Introduction. The expression of the ctxAB and tcpA-F genes encoding the main pathogenicity factors of the
Vibrio cholerae is controlled by regulatory genes. The structure of these genes has not been fully studied in the
pathogen strains isolated during different periods of the current pandemic.
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The aim of the study was a comparative analysis of the structure of regulatory genes of V. cholerae O1 biovar
El Tor strains isolated on the territory of the Russian Federation and neighboring countries during the seventh
cholera pandemic.

Materials and methods. The nucleotide sequences of the complete genomes of 29 toxigenic strains isolated
from 1970 to 2023 were analyzed. The analysis was carried out using BioEdit v7.2.6.1 software and Blast tool.
Results. The analysis of ten regulatory genes (toxT, aphA, aphB, hns, hapR, vieA, luxO, luxT, carS, carR) was
carried out. Aimost all strains were found to have a thymine insertion in the hapR gene at position 219. The ex-
ception was V. cholerae strain M3208 (Tambov, 2023), which had an insertion of five nucleotides in this gene.
Mutations of the luxO gene with an unknown effect were detected in 44.8% of the studied strains. In 46.7% and
33.3% of the studied genetic variants carrying the ctxB1 allele, non-synonymous substitutions were detected in
the hns (G319A) and vieA (C235T) genes, respectively. All genetic variants with the ctxB7 allele have mutations
in both the hns and vieA genes. Three genetic variants with the ctxB7 allele, imported to the Russian Federation
in recent years, contain an altered structure of the carR gene (G265A).

Conclusion. The structure of genes (toxT, aphA, aphB, carS, luxT, hapR) of V. cholerae O1 El Tor strains remains
unchanged for the majority of the studied isolates. At the same time, variability in the hns (G319A), vieA (C235T)
and carR (G256A) genes was detected. Mutations in these genes can be used as genetic markers of modern

V. cholerae O1 El Tor genetic variants.

Keywords: Vibrio cholerae, genetic variants, regulatory gene structure, mutations
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BeBepeHune

Xonepa — ocobo omacHas MH(peKunoHHas 0o-
JIe3Hb, BbI3bIBaEMasi TOKCUITCHHBIMU ITaMMaMu Vibrio
cholerae, octaeTcst cepbE3HON MpoOIEeMOl 31paBOOX-
paHeHus BO MHOTUX cTpaHax Asuu, AQpuku, AMepuku
(perunon Kapu6ckoro Oaccelina). Esxerogno peructpu-
pyercs okoio 2,9 MIIH ciyyaeB XOJIephl, U3 KOTOPBIX
oonee 95 000 3akanumBarorcsi jeranbHo. CornacHo
JlaHHbIM BceMupHOM OpraHusanuu 34paBOOXpPaHEHUS,
c cepenunbl 2021 1. oTmewaercsi pocT 3abojeBaeMo-
CTH ¥ CMEPTHOCTH OT JaHHO# Oose3nu'. Tak, cpenHuii
nmokasarenb JeraabHocTd B 2021 1. cocraBun 1,9%
(B crpanax Adpuku — 2,9%), 4TO SBISETCS CAMBIM BbI-
COKHM 3a IOCJIeHEe NECITUIIETHE, U TaHHAs! TEHACHIH
coxpanuiiack B 2022-2023 rr. OcTaércst BHICOKMM PUCK
3aB03a BO30yauTeENs B I00YI0 cTpaHy mupa [1].

Texymas, 7-1, naHaeMHsl XOJEphl SABISIETCSA Ca-
MOW IIMTENBHON (mpoaomkaercs: yxke Oonee 60 jer)
W BKJIIOYACT HECKOJbKO JIMHUHU mTamMMmoB V. cholerae
O1 o6uosapa El Tor ¢ onpenenéHnoit cTpykTypoit re-
HOB CtxAB W tcpA-F, xonupyromux oCHOBHbIE (hakTo-
PBl ATOTEHHOCTH BO3OYAMTEINST XOJIEPBl — XOJIEPHBIN
TokcuH (XT) ¥ TOKCHH-KOpEryaIupyeMble THIIH aare3un
(TKIIA) [3, 4]. Hayano nanjemMun ObUIO BBI3BAHO TH-
NUYHBIMH Tammamu V. cholerae O1 6uosapa El Tor,
comepxamumu ayutenn cixB3 u tepA<. B 1990-x rr.
MOSIBUINCh TCHETHUYECKH H3MEHEHHBIE BapHaHTHI
V. cholerae O1 6uosapa El Tor (reHoBapuaHTBI), KOTO-

! Cholera — Global situation. WHO Report; 2023. URL: https://
who.int/emergencies/disease-outbreak-news/item/2023-DON437

pBI€ OTIMYAIUCH OT TUITMYHBIX IITAMMOB ITOBBILIEHHOMN
npoaykuueil XT B pe3ynbrare 3aMeHbl ajiens ctxB3
Ha ctxBl, xapakTepHOTo JUisi BO30OyauTeNs 6-i maHje-
muu — V. cholerae O1 kinaccudeckoro 6uosapa. Jlans-
HEHIIe 3BOJIONHOHHBIE TPeoOpa3oBaHusl T€HOBapU-
AHTOB CIIOCOOCTBOBAJIM IMOSBICHUIO «TUIMEPBUPYIIECHT-
HBIX)» IITAMMOB, KOTOpPBHIE€ HE TOJBKO HMMEIOT HOBBIE
atenu ctxB — ctxB7 u tcpA — tepA“™'", HO 1 BKITIO-
4a10T OKoJIO 70 TeHOB C €AUHUYHBIMU HYKJICOTHUIHBIMU
3aMEHaMH, a TaKXke JIeJIeNH B MOOMIIBHBIX TeHEeTHYe-
ckux anemMeHTax [2—6]. [Ipu 3ToM psiioM aBTOPOB MOKa-
3aHO, YTO MOBBIIIEHNE BUPYJIECHTHOCTH T€HOBaPHAHTOB
V. cholerae O1 El Tor cBsi3aHO C M3MEHEHUEM CTPYK-
TYpBl OCHOBHBIX T€HOB MATOTeHHOCTH (ctxB u fcpA),
JIPYyTUMHU — C MOABJICHHMEM MYTallUi B CTPYKType paaa
perynasTopHbIx reHoB [6—8]. Kak n3BectHo, skcnipeccust
TeHOB ctXAB 1 tcpA-F KOHTpOIUpPYETCs CI0XKHBIM pe-
T'YJISATOPHBIM KacKaJOM C Y4aCTHEM pa3IMuYHBIX IOJIO-
JKUTEIBHBIX U OTPULATENBHBIX (PaKTOPOB TPAHCKPHII-
UM, 8 TAaK)Ke 3aBUCUT OT IUIOTHOCTH OaKTepHalbHOMN
MOIYJISALIMH, CUTHAJIOB BHELIHEW cpesbl (TeMieparypa,
COJIM JKETUYHBIX KUCIOT, pH cpeabl, 0CMOIAPHOCTh U
T.J.) ¥ TIPOAYLHPYEMBIX CUTHAJIBHBIX MOJEKYI (B TOM
gucne 3,5 -nukianyeckoro auryaHuHMoHodocdara,
c-di-GMP). HenocpeacTBeHHBIM TPaHCKPHIILIUOHHBIM
AaKTUBATOPOM TI'€HOB ciXAB W tcpA-F sBnserca 6enox
ToxT, mpomyKIHs KOTOPOTO KOHTPOIUPYETCS OelkoM
ToxR, wWrpammuM BaXXHYH pOJb B BHUPYJICHTHOCTH
XOJIepHOTO BHOpWOHA. JIisl aKTUBAllMK TPAHCKPHUIILIUU
toxT 6enok ToxR B3ammMopeiicTByeT ¢ npyrumu Oeka-
Mu — ToxS u TepPH. B cBoro odepens TpaHCKpUIIIHS

© Plekhanov N.A., Fedorov A.V., Cheldyshova N.B., Kuratashvili A.Yu., Zadnova S.P., 2024
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reHoB fcpPH 3aBucut ot OenkoB AphAB. IlokazaHo,
4yTO0 aKTHBHas skcmpeccus AphAB mpoucxoaur mpu
HU3KOH IUIOTHOCTH OaKTepualbHOW momynsauu. B
JAHHBIX YCJIOBHAX (POCHOPUIMPOBAHHBIA OENOK CH-
cTeMbl «quorum sensing» LuxO uHruOupyeT 3kcnpec-
CHIO qUOTUM-YYBCTBHUTEIBHOTO PEryIsTOPHOTO Oeika
HapR (oka3biBaro1iero HeraTuBHOE BIMSHHME Ha KacKaJ
BHUPYJIEHTHOCTH) — HPOUCXOAUT mponykuus XT wu
TKIIA [9, 10]. Kpome AphA ¢ npomotepom tcpP npu
HaXOXKJCHUU TaTOTeHa in Vivo CBS3bIBAacTCA U OENoK
CarR, neticTByrouuii copmectHo ¢ CarS, 4ro crnoco0-
CTBYET YBEJIWYCHUIO KOJOHU3UPYIOLIEH CIOCOOHOCTH
mraMMoB V. cholerae O1 6uosapa El Tor. Kpome Toro,
B [IPUCYTCTBUH KATHOHHBIX AaHTUMUKPOOHBIX TETITHIOB
(HD-5, a-nedensun, B-medeH3uH), OpOLyLHUPYEMBIX
SMUTENUANBHBIMU KieTKaMmu, CarR HemocpenacTBeHHO
PETYIHUPYET SKCIPECCHIO TEHOB, KOIUPYIOIINX CUCTEMY
Moau(UKAIMK TUNHAA A JUIONoIUcCaxapuaa KieTou-
HOW cTeHku (onepoH a/mEFG), uto npunaér ycTou-
YMBOCTH OaKTEepHil K KAaTHOHHBIM MENTHAaM U obecrie-
YMBaeT HOPMAJIBHBIH POCT BUOPHMOHOB B KHIIEYHHKE.
Takum oOpazom, Gemok CarR perynupyer BHpYJeHT-
HOCTh BO30YAMTEJIS U CIIOCOOCTBYET YCTOHYMBOCTH T1a-
TOoreHa B Makpoopranusme [11].

[Ipu yBenuueHuwn KonmyecTBa OakTepuit Gpocdo-
nupupoBanus LuxO He NpOHMCXOAMT, U OH HE OJIOKH-
pyet hapR. Ilponyuupyemslii 6enok HapR mogasnsier
TpaHckpunuuio aphAB u tcpPH. B utore npekparia-
ercst OuocuHTe3 (akTopoB BupyieHTHoctH [9, 10].
Kpome LuxO, Tpanckpumuuio hapR penpeccupyer H
HEJIaBHO OOHApYXCHHbIN y naroreHa Oenok LuxT, ko-
TOPBIH TaKKe HEMOCPEACTBEHHO CBSI3BIBAETCS C IIPOMO-
TOpHO# obmacTeio hapR [11]. HeraruBHBIM perymnsaro-
POM TPaHCKPUIINHU Te€HOB ctxAB u tcpA-F aBnserca u
JHK-cBsi3piBaronuii rucToHononoousiii 0enok H-NS,
KOTOPBIN perpeccupyeT TpaHCKpunuuo fox7, a Takxe
OIIOKUPYET TPAHCKPUIILIUIO TEeHOB cxAB U tcpA, CBSI3bI-
BasCh ¢ Toi ke oonacteio JJHK, uro u 6emok ToxT [12].
Emg onnum OenkoM, y4acTBYIOIMM B PETYISILUM MIPO-
OYKIUU (HaKTOpOB BUPYIEHTHOCTH, HOCPEACTBOM KOH-
TPOJISL COJCPXKaHMsI BTOPHUYHOIO MECCeHpkepa c-di-
GMP (cyclic diguanosine monophosphate), siBisieTcs
VieA, xogupyemblii reHoM vied u3 omepoHa vieSAB.
TpaHnckpunuus resa vied B KJIETKax MOAABISIETCS Kak
oenxom H-NS, tak u HapR. JlaHHbIi1 Oenok cogepxut
JHK-cBsizpiBatonmii y4acTok, a taxke gomen (EAL)
¢ juryaHunar-Gpocoau3CcTepasHOl  aKTUBHOCTHIO,
runponusytoumid c-di-GMP. HakannuBasice B Kiet-
KaxX B BBICOKOW KoHLeHTpauuu, c-di-GMP nnrubupy-
€T TPAaHCKPUIIIINIO TEHOB cixAB u toxT, u nerpamanus
9TOH MOJIEKYJIBI CIOCOOCTBYET YBEIHMUCHHIO OMOCHHTE-
3a XT u ToxT [13].

Takske CTOUT OTMETHTD, YTO PErYISATOPHBIE TEHEI,
KOHTPOJIMPYIOLINE HE TOJIBKO BUPYJICHTHBIC, HO U JIPY-
rUe CBOMCTBa OakTepuii (B TOM umcie GpopMUpOBaHUE
OHMOIUIEHKM), BBICTYHAIOT B Ka4eCTBE MEPCHEKTHUBHBIX
MUILEHEN IS CO3AaHUsI aHTUMUKPOOHBIX MpPEnaparoB

ORIGINAL RESEARCHES

HOBOTO TIOKOJIEHUsI. B Hacrosiiee BpeMsi MPOBOASATCS
HCCIIEIOBAHUS 110 TIOUCKY U CHHTE3Y aHTHMUKPOOHBIX
MENTUAOB, CIIOCOOHBIX CHUKATh BUPYJICHTHOCTH BO30Y-
JUTENS XOJIePhl U pa3pyliaTh oOpa3oBaHue OUOMIIEHOK
0e3 TOKCHYECKOr0 BO3JCHCTBHUS Ha MaKpOOPTaHU3M.
[Ipu 3TOM NEpPCHEKTUBHONW MHIIEHBIO BHIOpaH Oenok
LuxO [14].

Takum 00pa3oM, CTPYKTypa reHOB ctxB U tcpA 'y
reHoBapuanToB V. cholerae O1 El Tor, 3aBe3€HHBIX B
pasHble oAbl Ha TeppuTopuio Poccuu W compenesb-
HBIX CTpaH, JOCTaTOYHO MOIPOOHO u3yyeHa [15-18].
B TO ke Bpems pacHpoCTpaHEHHOCTb MyTallUW B pe-
TYJISTOPHBIX I'€HaX B JaHHBIX INTaMMax HCCIeNoBa-
Ha (parmenTapHo. Lleab paboThl — CpaBHHUTEIBHBIN
aHaJM3 CTPYKTYPHl PEryISTOPHBIX '€HOB B IITaMMax
V. cholerae O1 6uoBapa El Tor, n3onupoBaHHBIX Ha
Tepputopun Poccuu U conpenensHbIX CTpaH Ha MpoTs-
JKEHUU /-1 NaHJIEMUU XOJIEPHI.

Ma'replnan bl 1 MeTOoADbl

B pabote ncnonp30Bany NOTHOTEHOMHBIE MOCIIE-
JIOBATeIbHOCTH 29 TOKCUTEHHBIX MITAMMOB V. cholerae
O1 ouosapa El Tor, 3aBe3éunbix ¢ 1970 mo 2023 1. Ha
Tepputopuio Poccuu u conpenenbHbIX CTpaH, JCTOHNU-
poBannblie B NCBI GenBank u B VGARus (mraMmbl
M3208 u M3210). XapakTeprucTruka UCIOIb30BAHHBIX
LITaMMOB IIPHUBEJIEHA B TadJIMIe.

ITamMMBI XpaHUIKCH B THO(PUIBHO BBHICYILIEHHOM
coctossHUM B JOoCyapCTBEHHOM KOJUIEKIMM IATOrEH-
HBIX Oaktepuii Poccuiickoro HpOTHBOYYMHOTO HH-
ctutyta « MukpoO». [l KynbTHBUpOBaHUs OaKTepHUid
ucnonb3oBanu OynsoH u arap LB (pH 7,2). [loarotos-
Ky mpo0 ocymiecTBiusuin comtacHo MY 1.3.2569-092
[MonroroBky o6pasior JIHK uccinemyeMbix mraMMoB
MpoBOAWIM B OOKce OHonornueckorr 0e30macHOCTH
IT xnacca B npoTuBOYYMHOM KocTioMe [V Tuma ¢ uc-
nojib3oBaHreM Habopa «TransGen EasyPure Genomic
DNA Kit» B COOTBETCTBHH € MPOTOKOJIOM MPOU3BOAH-
tensi. CekBenupoBanue JJHK ocymecTsisum Ha miat-
dhopme «DNBSEQ-G50» («MGI Tech») ¢ ucrionbs3oBa-
HUEM CTaHAAapTHOTO mpoTokona moarorosku JJHK-6u-
OJHMOTEK, COOTBETCTBYIOLIETO MIaTopme.

AHanu3 CTPYKTYpbl PETYJIATOPHBIX T€HOB fox7,
aphA/aphB, hns, hapR, vieA, luxO/luxT, carR/carS npo-
BOJMIIU C TIOMOIIBIO mporpamMMel «BioEdit v7.2.6.1» u
anropurma «BLAST v2.15.0 NCBI GenBank».

PesynbraTtbl
Ha mepBom stamne paboThl ObLIa H3yueHa CTPYK-
Typa resa toxI, KOAUPYIOLIETO PEryISITOPHBIA OeloK
ToxT. CoracHo IaHHBIM JIMTEPATYpPbl, YKa3aHHBIN Oe-

2 Opranuzauust paboThl TabOPATOPHiA, HUCIONB3YIOMIUX METOBI
aMIUTM(UKAIMY HYKJICHHOBBIX KHCIIOT NpPU padoTe ¢ MaTepua-
JIOM, COZICPKAIM MHKPOOPTraHu3Mbl I-IV rpynm maToreHHOCTH:
Mertoanueckue ykazanus MY 1.3.2569-09. denepanbHelii LEHTP
THTHEHBI ¥ druaeMuoioruu PociorpebHanzopa. 2009.
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JIOK BKJItOUaeT 276 amuHokucioT. Haubosiee BaxXHBIM
ydacTKoM siBisercs N-TepMUHaNbHBIA gomeH (1-164
aMHHOKHCIOTH). [loka3zaHo, 4To cTaOWiIbHOE CoXpa-
HEHHE CTPYKTYpbl N-TepMHUHaIBHOTO ydyacTka HeoO-
XOJMMO JJIsl TPAHCKPUIILIUOHHON aKTUBHOCTH JaHHOTO
perymstopa [19]. B pesynbrare nmpoBeAEHHOTO HaMH
aHaJM3a YCTaHOBJICHO, YTO CTPYKTYypa JaHHOTO I'eHa y
OOJILIIMHCTBA B3STHIX B HCCIIEAOBAHUE IITAMMOB COOT-
BETCTBYeT pedepenc-mtammy V. cholerae N16961 O1
ouosapa El Tor. Uckirouenue cocraBuin mramm M3210
(PoctoB-na-/lony, 2023) y xoroporo oOHapy>xeHa He-
CHHOHHMHYHAS OJHOHYKIICOTHIHAs 3ameHa G436A4,
KOTOpas MpHBeiIa K CMEHE aMUHOKHCIIOTHI BajJdHA Ha
M30eHIH B o3uiuu 146 B N-TepMHUHAIEHOM JOMEHE
oenka ToxT.

N3MeHeHnil B HYKIEOTHIHOM IOCJIENOBATEIb-
HOCTHU T€HOB aphA v aphB y B3sTBIX B HCCIIEOBaHUE
mramMmMmoB V. cholerae O1 6uosapa El Tor He BBIsSIBICHO.

[Tpu n3yueHun cTPyKTyphl reHa /uxO moxaszaHo,
YTO y OONBLUIMHCTBA THUIHWYHBIX IITAMMOB CTPYKTypa
JaHHOTO T€Ha COOTBETCTBOBaIA peEPEHCHOMY LITAM-
My. Hckmoduenue cocraBwim wmrammbl V. cholerae
M1030 u 2278, uMmeromue HECHHOHUMHUYHEIC 3aMCHEI,
YTO TPUBENIO K CMEHE AMHUHOKHUCIIOT B LIEHTPAJIILHOM U
aMHHOTEpMHUHAJIbHOM YyuacTkax Oenka LuxO. Cpenu
reHoBapuanToB 11 mTamMMOB HMMENU HECHHOHHUMUY-
Hele SNP (Tabnuna). CBeneHMst O BIUSHUM YKa3aHHBIX
AMHHOKHCJIOTHBIX 3aMEH Ha (YHKIMOHAIbHYIO aKTHUB-
HocTh Oenka LuxO B nurepatype orcyTcTByIoT. OfiHA-
KO TPaKTHYECKH BCE M3yUEHHbIE TaMMbl V. cholerae
O1 6uosapa El Tor umenu HHTaKTHYIO IOCIEAOBATEIb-
Hocth rena luxT. Benox LuxT, kak u LuxO, uHrutu-
pyeT TpaHCcKpuIuuioo hapR. VICKIIOYeHHE COCTaBUI
wramm V. cholerae 89 (fnra, 2010), y koToporo reH
luxT e oOHapyXeH.

Hanee namu Obula HM3y4deHa CTPYKTypa TIeHa
hapR, xonupyroiero 6enok HapR. ContacHo naHHBIM
muTeparypbl, B mramme V. cholerae N16961 O1 El
Tor, KOTOpBI UCTIONB3YETCS B KauecTBE pedepeHcHo-
ro, B MOCJIE0BaTEILHOCTH TeHa hapR uMeeTcs nene-
IUsl TUMHUHA B MO3UIUH 219, 4TO MPUBOIUT K CABUTY
pPaMKH CUUTBIBAHHS W CHHTE3y (DYHKIIMOHAILHO HE-
aktuBHOoro Oenka HapR [20]. ¥ GonbmimHCTBa H3Y-
YEeHHBIX HaMU LITAMMOB IPHUCYTCTBYET reH hapR co
BCTaBKOW TUMHHA, YTO YKa3bIBACT Ha MPOIYKIHIO HMHU
noyiHoIeHHoTro Oenka HapR. Mcknrouenue cocraBunu
TUNWYHBIC IITaMMbl V. cholerae 123AZ, y koToporo
JAHHBIA TE€H OTCyTCTBYyeT, a Takxke M1062, C-191 u
2278 ¢ 3aMeHaMU aMUHOKHUCJIOT B Hayajie N-KOHIIEBO-
ro y4yacTKa, He BIUSIOMIMMHU Ha (GOPMHpPOBAHHE 3pe-
noro Oenka HapR u ero ¢pynkuuto [21]. ¥ renoBapu-
anta V. cholerae M3208 (Tam60B, 2023) B pe3yibraTe
WHCEPLHUHU 5 HyKJICOTHIOB B Havyalsle TeHA IPOUCXOAUT
CIBUT paMKH CUMTHIBAHUS. JlaHHBIN ITAMM CHUHTE3H-
pyer Oenok HapR ¢ M3MEHEHHBIM aMUHOKUCIOTHBIM
COCTaBOM W, BIIOJIHE BEPOATHO, C U3MEHEHHON (PyHK-
IIUOHAJIbHOM aKTUBHOCTLIO.

IIpyn3ydyeHun HyKJIEOTUIHOM I10CIIEJOBATEIBHO-
CTH TeHa hns, Kopupyrolero oenok-penpeccop H-NS,
BBISIBJICHO, YTO Y TUIIMYHBIX ITaMMOB V. cholerae O1
ouosapa El Tor, a Tax:ke y reHOBapHaHTOB, 3aBE3EHHBIX
B 1988—-1995 rr., HyKJI€OTHIHAS TIOCIIEIOBATEILHOCTD
JAHHOTO TeHa COOTBETCTBYET MOCIEAOBATEILHOCTH
aHAJIOTMYHOTO TreHa pedepeHc-wutamma V. cholerae
N16961 O1 El Tor. 3men€nHnas cTpykTypa reHa Ans
(3amena G Ha A B mo3unuu 319) BeISBIICHa Y TeHOBa-
puanta R17644 (Auunck, 1997), umeromiero amienb
ctxB1. Mytanus G3194 npusena K CMEHE aMUHOKHC-
notel (G107S) B IHK-cBs3bIBaroieM ydactke Oenka
H-NS (tabnuia). B nociaenyromniue rojasl reHOBapuaH-
ThI C alUIeJeM ctxBl BKIIOYAIU KaK MHTAKTHBIM, TaK
MYTaHTHBIU TeH /ins. B To ke Bpems myTanus G3194
B T€HE hns TPHUCYTCTBYET y BCEX TI'E€HOBAapHAHTOB
V. cholerae O1 OuoBapa El Tor, umerommx amieib
ctxB7.

AHanu3 reHa vied u3 omepoHa vieSAB mokazain
HaJIMYME HMHTAaKTHOM €ro MocleloBaTeNbHOCTH y 5
TUIMUYHBIX TaMMOB. VICKIIIOYeHHE COCTaBHII IITAaMM
V. cholerae C191, y xoToporo o0HapyxeHa BCTaBKa 3
HYKJICOTH/IOB, KOIUPYIOUIMX JTU3UH, B PE3yNbTaTe ue-
ro cuHTe3upyercs 0ei1ok VieA ¢ u3MeHEHHOH aMUHO-
KUCJIOTHOM TOCJIEA0BATENbHOCTBIO. [ €HOBapuaHThI
V. cholerae O1 El Tor ¢ ctxB1, 3aBe3éunnie ¢ 1988 mo
2001 rr., UMEIOT UHTAKTHBIN TeH vied. B To xe BpeMs
y V. cholerae M1429 (Benopenk, 2004) yxe npucyr-
ctByeT SNP (C2357), npuBoasiias K 3aMeHEe aMHHO-
kucnotel (L79F). B mocnenyromue roasl 0enok VieA
C JIaHHOW aMUHOKMCIIOTHOM MOCIEA0BATEIIbHOCTHIO
BBISIBJICH Y OOJILIIIMHCTBA M3YYCHHBIX I€HOBAPHAHTOB
c ayueneM ctxBl, a Takxke y BceX LITaMMOB C ajJie-
neM ctxB7. Panee nojo0HbIe U3MEHEHHS B CTPYKType
Oenka VieA Obutn BeisiBieHsl K.J.F. Satchell ¢ coasr.
y reHoBapuanToB V. cholerae O1 6uosapa El Tor, BbI-
neneHHbix B 3umbabBe (2009), banrnagem (2010), na
octpoge ['autu (2010) [6].

Hykneotunnas mocneaoBaTelbHOCTh TeHa carsS
SIBJIICTCS. MHTAKTHOW Yy BCEX M3YUYCHHBIX IITaAMMOB, B
TO XK€ BpeMs B T€HE carR BBIABICHBI MU3MEHEHUS (Ta-
onuia). B panee npoBenéHHOM paboTe HaMu OoOHApy-
skeHbl 2 reHoBapuanta (M 1509, 3265/80), B rene carR
KOTOPBIX MPUCYTCTBYET 3aMeHa G256A4, npuBosIas K
cmeHe aMmuHokucoT D8ION [22]. B pesynsrare qanHoi
MyTallud CHHTE3UPYETCS He(YHKIIMOHAIBHBIN OeoK
CarR u usmensieTcs AMarHOCTUYECKU 3HAYUMBIN MpU-
3Hak El Tor BUOPHOHOB — yCTOWYMBOCTH K MOJTHMUK-
cuHy B, 1ITaMMbI CTaHOBSTCS YYyBCTBUTCIBHBIMU K
yKa3aHHOMY KaTMOHHOMY aHTHOMOTHKY [23]. B nan-
HOW paboTe BBIABICH emé oauH mramm — V. cholerae
M3208 (Tam60B, 2023), KOTOPBII TaKKE COACPIKUT MY-
tanuio G256A4 B rene carR (Tabnuna).

O6cyxaeHne

[ponykuuss OCHOBHBIX (DaKTOPOB MaTOreHHO-
ctu — XT u TKIIA B mrtammax V. cholerae O1 cepo-
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rpynmnsl 6uoBapa El Tor koHTponmupyeTcsl 3HAYUTENb-
HBIM KOJMYECTBOM DPETYISTOPHBIX OENKOB, 0Opa3ylo-
HIMX PETYISTOPHYIO ceTh. [Ipr 5TOM HEKOTOpBIE U3 HUX
ABJISIFOTCS. MONMM(YHKIUOHAIBHBIMH M y4YacTBYIOT B
JOpYyTHX Ipoleccax 0akTepualbHOU KIeTKH. B manHON
pabore Hamu ObLT poBenéH ananu3 10 peryasTOpHBIX
TCHOB U BBISIBJICHbI Ba)KHBIE U3MEHEHUS], XapaKTepHbIE
JUIS COBPEMEHHBIX IITaMMOB BO3OYAHUTEIS.

IIpy aHanu3e HyKICOTUAHOU IOCIEN0BATENBHO-
cTU reHa toxT ycTaHOBIIEHA €€ UIEHTUYHOCTh JaHHO-
My reny pedepenc-mramma V. cholerae N16961 mpax-
TUYECKH Y BCEX M3YUCHHBIX KaK TUIIMYHBIX LITAMMOB,
TaK U TeHOBApUAHTOB C pa3HbIMHU ajutessiMu ctxB. Hc-
KIIFOYCHHUE COCTaBWII FeHOBapuaHT V. cholerae M3210
(PoctoB-Ha-Jlony, 2023), y KOTOpOro MPUCYTCTBHE
HecuHoHuMU4YHOM SNP B rene foxT mpuBeno K Mpo-
nyknuu myTtanTHoro Oenka ToxT ¢ 3ameHoil BanuHa
Ha n3oJeinuH B no3unuu 146. B panee npoenéHHOM
paboTe MoOKa3aHo, YTO MPU 3aMEHE BajlMHAa Ha apru-
HUH (V146A) MyTaHTHBII IITaMM COXPAHSUIT BBICOKHUI
ypoBenb nponykuuu XT u TKITA, comocTtaBuMBIi ¢
WCXOAHBIM, MIPHU BHIPAIIMBAHUHU €T0 B Pa3HBIX cpelax
(LB, AKI) mpu temnepatype 30°C. B To xe Bpems
KyJIbTUBUPOBAHUE MYTAHTHOTO HITAMMa IPU TeMIIe-
patype 37°C mpuBOAMIO K 3HAYUTEIBHOMY CHIKE-
uuto ouocunate3a XT (9% OT UCXOIHOTO) U MOJTHOMY
orcyrcTBuio mnpoaykiuu TKITA [19]. MoxHO BEI-
CKazarh MPEAIOIOKEeHHE, 4To Yy mTamma V. cholerae
M3210 6uocunte3 XT u TKIIA takxe Oymer 3aBu-
CEeThb OT TeMIIEPaTyPhl KyIbTUBUpOBaHM. OQHAKO IS
MPOBEPKH TAaHHOTO MPEAOIOKEHHISI HEOOXOJUMBI 10~
MOJTHUTEbHBIE UCCIICIOBAHMS.

CrabunbHoe cOXpaHeHUE CTPYKTYPbl TeHOB aphA
u aphB y mrammoB V. cholerae O1 6uosapa El Tor,
3aBE3EHHBIX U BBIIEICHHBIX Ha Teppuropuu Poccun
W COIPEACTbHBIX CTPaH B pa3Hble NEPHOABI TEKYyIIEH
NaHJEMHUU XOJIEpbl, MOXKET YKa3bIBaTh HA UX BAXKHYIO
poib B Ouonoruu Bo3OyauTens xonepbl. Tak, Oenok
AphA yuacTByeT HE TOJBKO B KOHTPOJE MPOLYKIHUH
XT u TKIIA, Ho U B OMOCHUHTE3€ all€TOMHA, KOTO-
Pblil IPOTUBOJAECHCTBYET 3aKUCIIEHHIO CPEIbl IIPU PO-
CTE XOJIEpHOIO BUOPHOHA B MPHUCYTCTBHH IVIFOKO3BI, &
TaKXe KOHTPOJIHUpYeT mpouecc GpopMupoBaHUs OWO-
wiéHku [24, 25]. Jloctaro4Ho CTaOUIBHOW SBISCTCS
U CTPYKTypa rera hapR — BBISABICH TONBKO | mTamm
(V. cholerae M3208), 3aBe3éunbiit u3 Munuu B 2023 1.,
KOTOPBIN CONEP>KUT BCTABKY 5 HYKJICOTUIOB B JAHHOM
reHe, YTO MPHUBOAUT K CABUTY PAMKH CUMTHIBAHUS W,
BO3MOXHO, OMOCHHTE3y HE(PYHKIMOHAJILHOIO Oeika
HapR. B panee nposenénHoil pabore MOKa3aHO, YTO
Hannuue QyHkumonansHoro Oenka HapR He siBisieTcs
CYIIECTBEHHBIM JJIsl IPOSIBJICHUS IATOI€HHBIX CBOWCTB
V. cholerae. lllTaMmmbl ¢ neneTUPOBAaHHBIM T€HOM AapR
OBLIM BUPYJIEHTHBIMH [26].

[Ipu m3ydeHun Ipyroro HEraTUBHOTO PETYISTO-
pa — Oenka H-NS ycraHoBneHo, 4uro 46,7% wuzyueH-
HBIX T€HOBapUAaHTOB C ajuleneM cixBl, a Takxke Bce

ORIGINAL RESEARCHES

LITaMMBl C aJJieNeM cixB7 MMEOT HECUHOHUMHUYHYIO
SNP (G319A4) B rene hns, 4To IPUBEIO K 3aMCHE aMH-
HokucaoT B nozunuu 107 (G107S). B.M. Carignan u
COAaBT. MOKa3alid, YTO B IITaMMax C JAaHHOW MyTalul
oenok H-NS Ttepsier cnocoOHOCTh cBsizbiBaThes ¢ JJHK
W pemnpeccupoBaTb TPAHCKPUMNIMIO TeHa fox7, dYTo
MPUBOOUT K yBenudeHuto mpoaykuuu Oenka ToxT, u
BCJeNCTBUE 3TOro Bo3pactaet ouocunTe3 X T u TKITA
Y TIOBBILIAIOTCS] BUPYJIEHTHBIE CBOMCTBA IITaMMOB [8].
CTOUT OTMETUTH, YTO MYyTalUsl B IeHE /ins BO3SHUKIIA
YK€ BCKOpE IOCIIE MOSIBIIEHUS IEPBBIX T€HOBAPHAHTOB
V. cholerae O1 6uosapa El Tor, T. k. yxe B 1997 . Ha
Tepputopuio Poccun ObLIM 3aBE3€HBI IITAMMBI C MY-
tauuen G3194. [Ins reHoBapuaHTOB C ayieneM ctxB7
yKa3aHHasl CTPYKTypa TeHa hns sIBIACTCS yXKe Xapak-
TEPHBIM NPU3HAKOM (TEHETHUECKOH METKOH).

[Ipu ananuse cTpyKTyphl reHa vied yCTaHOBJIEHO,
YTO MITaMMbI ¢ MyTHpoBaHHbIM vied (C235T) Bmep-
Bble ObUTH 3aBe3eHbl B Poccuto B 2004 r. (Tabnwuia).
Benok VieA urpaer BaxHyIO pojib B OMOJIOTHUH LITaM-
MOB KJIaCCHYECKOTO OMOBapa, T. K. perylnupyer TpaHc-
kpunuuio 401 rena (10,3% renoma). B To e Bpems
y El Tor BuOpuoHoB noa koHTposieM VieA HaxoasTcs
BCEro HECKOJIBKO T€HOB, B TOM YHUCIIE Vps U rbm, koau-
pyolue, COOTBETCTBEHHO, MPOAYKIIMIO IK30I0JINCaXa-
puna u GenKoBbId MaTpukc OuoriéHku [27]. OpHako
HW3MEHEHUS B CTPYKType reHa vied Baxusl 1ia El Tor
BUOPHOHOB B COBOKYIIHOCTH C BapuaOeNbHOCTHIO I'eHa
hns. Mytanus G319A4 B reHe hns NPUBOAMT K TOBbI-
menuto 3kcnpeccun mrammamu XT, TKIIA, a takxke
remonm3nHa HlyA m MARTX Tokcuna, HO mpu Ha-
XOXKJICHUM B KHUILEYHUKE JTAHHBbIE THIEPBUPYJIECHTHBIE
LITaMMBI CTAHOBSITCSI UyBCTBUTEIBHBIMU K JIEHCTBUIO
AHTUMHUKPOOHBIX MENTUAOB H XKeTUu X03suHa. B T0 ke
BpeMs IIPU U3MEHEHUH CTPYKTYpHBI IeHa vieA ¥ IpoayK-
LM MYTAHTHOTO Oelika VieA NaHHbIC ITAMMEI in ViVvo
nproOpeTaT YCTOHUMBOCTh K JEHCTBUIO YKa3aHHBIX
cTpeccopoB [28]. B skcrepuMeHTaJbHO MOTyYEHHBIX
TaMMax, COAEpPXallUX HYKJIEOTHIHYIO MOCIEea0-
BaTeNIbHOCTh AapR C WHCEpLMEW TUMHHA B IO3UIUU
219, HapaQy ¢ HaTMYMEeM M3MEHEHHOW CTPYKTYpHI Ans
(G3194) w/wnmm vied (C235T), buocunre3 XT 3Hauu-
TenbHO Bo3pacTtai [8]. Cpean HM3ydeHHBIX HaMH Psf
TeHOBapHUaHTOB C ajljiesieM ctxB 1, a TaKkkKe BCE IITaMMBbI
C amyeneM ctxB7 BKIIOYAIOT yKa3aHHBIC TeHBI (Ans U
vieA) ¢ MyTalusIMH, 4TO YKa3bIBaeT Ha ydyacTHE JaH-
HBIX U3MEHEHHBIX PETYIATOPOB B MOBBILIEHUH ITPOTYK-
nuu XT B JaHHBIX HITaMMaXx.

[osBnenne myraunu G2654 B rene carR y re-
HoBapuaHToB V. cholerae O1 El Tor, BblAeneHHBIX
B IOCJIEAHUE TOJBl, COIVIACHO JAHHBIM JIUTEPATYpHI,
MPUBOAUT K CHH)KEHHUIO TPAHCKPUIILIMOHHON aKTHUB-
Hoctu Oenka CarR, uTo BbIpa)kaeTcsi B yMEHBLICHUU
skcnpeccuu almEFG onepoHa v CHIXKCHHIO TIpoliecca
MO (UKAINH JTUTOMOTNCAaXapuaa KIETOYHOH CTCHKH.
B pesynbrare maHHOro mporecca KJIE€TKH CTaHOBSITCS
YYBCTBUTENBHBIMHU K JIEHCTBUIO KATHOHHOTO aHTHMHU-
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KpOOHOTO Ipenapara — aHTHOMOTHKY ITOJIMMHUKCUHY B,
4TO (PCHOTUITUYUECKH 7 Vitro MPOSIBISETCS H3MEHEHUEM
JUarHOCTHYECKH 3HAYMMOTO NPU3HAKA U OTCYTCTBHIO
pocra mrammoB V. cholerae O1 6uoBapa El Tor B ero
npucytcteun [23]. OgHako, BO3MOXHO, MPU HAXOXK-
JIEHUU N Vivo, B YCIIOBUSIX BO3JAEHCTBUS KATHUOHHBIX
AQHTUMHUKPOOHBIX TENTHIOB XO3iWHA, TI'CHOBAapHaH-
ThI, CHHTE3HUpYIOIINe MyTaHTHbIH Oenok CarR, OymyT
YCTOMYUBBIMU K UX JEHCTBUIO, T. K. OHU IIPOAYLIUPYIOT
MyTaHTHbIH OelloKk VieA, KOTOpBI BOCCTaHAaBIMBAET
YCTOWYUBOCTD IIATOT€HA K JCUCTBUIO JAHHBIX CTPECCO-
pos [28].

[Tpu ananuse cTpyKTypsl reHa /ux(O ycTaHOBIe-
Ha €ro BapHaleNbHOCTh KaK Y TUIHYHBIX HITAMMOB,
TaKk U y T€HOBApUAHTOB. B M3yuyeHHOU HaMHU JauTepa-
Type OTCYTCTBYIOT CBEACHUS O BIUSHUU BBIIBICHHBIX
MyTauuid Ha (YHKIMOHAJIBbHYIO akTUBHOCTH LuxO.
MOKHO MPeNNnoJI0KHUTh, YTO HAIW4YHe (PYHKIHOHAIb-
Horo LuxT mpakTuyecku y BCeX IITAMMOB, KaK H
LuxO, BEINOJIHSIONIETO HHTUOUPYIONYIO (PYHKIIHIO B
OTHOILIEHUH hapR, MOXKET KOMIICHCUPOBATh CHIDKEHHE
unu orcyTcTBue aktuBHOCTH LuxO. B panee mpose-
INEHHOH paboTe yCTAaHOBJICHO, YTO Y «TUIIEPBUPYIICHT-
Horo» reHoBapuanta V. cholerae MQ1795 O1 6uoBsa-
pa El Tor (banrnmagem, 1994), napsany ¢ MyTauusMu B
hapR (BcraBka T B no3uuuu 219), hns (G3194), vieAd
(C2357),u3menenau crpykryparenaluxO(C656T)[8].
OpHako y M3y4EHHBIX HaMH IITAaMMOB JJaHHAas MyTa-
LM HE BBIABJICHA.

3akniouyeHuve

IIpoBenéHHOE HccIen0BaHUE I0KA3AII0, YTO HY-
KJICOTUAHAA TOCJIENOBATENBHOCTh Psila HM3YHYEHHBIX
perynstopubix TeHOB (toxT, aphA, aphB, carS, luxT,
hapR) y mirammoB V. cholerae O1 El Tor, 3aBe3én-
HBIX W BBIACNICHHBIX Ha Tepputopuu Poccum u co-
HpEJENbHBIX CTPAH, OCTAETCsI HEU3MEHHOU. B TO ke
BpeMsl CTPYKTypa ApPYruX reHoB u3mensercs. Hanbo-
Jiee 3HAYUMBIMU SIBISIOTCS MyTallMK B TeHE carR, 4To
MPHUBENIO K U3MEHEHHIO AMAarHOCTUYECKU 3HAYMMOTO
NpU3HaKa W TOSBICHHIO YYBCTBUTCIBHBIX K aHTHU-
OMOTHKY NMOJMMHUKCHHY B reHoBapuantoB V. cholerae
O1 El Tor, a Takxe B reHax hns u vied, KOQUPYOLIUX
HEraTUBHBIC PETYNATOPHI MPOAYKUUHU (HAKTOPOB MaTo-
TEeHHOCTH. MOXHO BBICKa3aTh IPEINOJIOKEHUE, YTO
MOCTETEHHOE MOBBIIICHUE BUPYJICHTHOCTH T'€HOBa-
puantoB V. cholerae O1 El Tor sBmiiock pe3yibTaToM
HW3MEHEHHS PETYISTOPHBIX MEXaHHU3MOB MPOAYKLUHU
OCHOBHBIX (akTopoB matorenHoctn — XT u TKIIA
BCJICICTBUE TMOSBICHHUS MYTalUMi Kak B CTPYKTYyp-
HBIX T€Hax cixB W tcpA, Tak U B PETYIAATOPHBIX Ans
u vied, kopupyromux Oenku-pernpeccopsl. [Ipu atom
MyTalluy, BbIsSBICHHbIE B reHax hns (G319A), vied
(C235T) u carR (G256A) y Bcex U3y4YEHHBIX IITaM-
MOB C ayjiesieM cfxB7, MOTyT OBITh UCIONB30BaHBI B
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Abstract

Introduction. The key step in agent-based modeling of epidemics, which allows researchers to take into account
individual characteristics of people, is the creation of an artificial population. The main difficulty of this procedure
is finding a balance between the detail of the population description and the computational efficiency of the
calculations.

The aim and objectives of the review: Critically analyze and summarize the current evidence on how to create
artificial populations; evaluate the limitations and advantages of available approaches in solving various problems
in epidemiology.

Materials and methods. An analysis of literature sources devoted to agent-based modeling has been performed.
The analysis is focused on algorithms for creating an artificial population with a given level of detail for modeling
human respiratory infections.

Results. The approaches to the creation of artificial populations are generalized. The main principles of realization
of interaction between agents are revealed: by means of networks of contacts between agents and on the basis
of taking into account the movement of agents between locations. The first approach is the most computationally
efficient and simple; the second approach allows to better take into account the change in the behavior of agents
during the development of the epidemic process.

Conclusion. Agent-based modeling is an optimal tool for selecting the best scenario for epidemic control and
investigating the role of individual characteristics of people in the development of epidemics. When creating an
artificial population, it is important to include in the model factors that can be targeted for control. A significant
limitation is the lack of factual data on population structure, but this can be overcome by using indirect data.

Keywords: Agent-based modeling, artificial population, epidemic process, computational epidemiology,
systematic review
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OrpaHnyeHNA B CO34aHNN NCKYCCTBEHHbIX MONYNALNIA B areHTHOM
MoAennpoBaHUM SNUAEMUNI: cMcTemMaTuyecknim o63op

Macnosa .., Manonos A.1.%, TnyweHko O.E., Kosnos W.E., Llypkuc B./., Monos H.C.,
Camownnos A.E., Jlykawes A.H., UnbnHa E.H.

Hay‘-IHO-I/ICCJ'Ie,D.OBaTeJ'IbCKVIVI NHCTUTYT CUCTEMHOW 6ronorum n MeanunHbl, MockBa, Poccua

AHHOMauus

BBepeHue. KnoueBbiM 3TanoM areHTHOrO MOAENVPOBaHUSA 3NUAEMUIA, NMO3BOMSAIOLWMM UCCregoBaTeNsaM yun-
TbiBaTb MHOUBUAYaNbHbIE OCOOEHHOCTM MoAew, ABMSETCS co3daHue WUCKyccTBeHHoW nonynsiuun. OcHoBHast
CNOXXHOCTb 3TOW NpoLeaypbl — Nouck 6anaHca mexay NnoapobHOCTLI0 ONMcaHKs NONYNAUMU Y BbIYUCTIUTENBHON
3(hPEKTUBHOCTLIO pacyETOoB.

Lienu n 3apgaun o630pa: KpUTUHECKM NpoaHanuanpoBaTb U 0606WUTL akTyarnbHble AaHHblE O cnocobax co3na-
HWUS1 UCKYCCTBEHHbIX MONYNSAUMIA; OLEHUTb OFPaHUYEHUs 1 NPEMMYLLECTBA MMEILLMXCS NMOAXO0A0B MPU peLleHnn
pasnuyHbIX 3a4ay B SNMaeMUonormm.

Martepuansi 1 Metoabl. [IpoBeaéH aHann3 NCTOYHMKOB NMTEpaTypbl, MOCBALLEHHBLIX areHTHOMY MOOENUPOBa-
HUO. AHanM3 cOKyCUpPOBaH Ha anropuTMax CO3[aHUst UCKYCCTBEHHOM NONynsiLuMn ¢ 3aaHHbIM YPOBHEM OeTa-
nnsauuun ons MoaenupoBaHnst PECNMPaTOPHbIX MHADEKLMIA YenoBeka.

PesynbraTtbl. O6006LLEHbI NOAX0Abl K CO304aHUI0 UCKYCCTBEHHbIX NONYNsLUi. BbisiBNEHbI OCHOBHbIE MPUHLMMbI
peanu3auun B3anMoAeNCTBUS MEXAY areHTaMu: C MOMOLLLI0 CETEN KOHTAKTOB MeXAy areHTaMu M Ha OCHOBe
y4€Ta nepemeLLeHnst areHToB Mexay nokaunsimu. Mepsbi nogxon asnseTca Hanbonee 3pHEKTUBHBLIM NS Bbl-
YUCMNEHWIA M MPOCTbIM; BTOPOW MOAXOA MO3BOMSET Ny4lle yYuTbiBaTb U3MEHEHUE MOBEOEHUSI areHTOB B Xoae
pasBUTUS INMOEMUYECKOTO NnpoLiecca.

3akntoyeHune. AreHTHoe MoJenMpoBaHne — ONTUMarbHbIN UHCTPYMEHT Npu BbIGOPE Haunyylero cueHapus
npoBeAeHUsi NPOTUBO3NUAEMUYECKUX MEPOMPUATUA U UCCIENOBaHUU PONWU MHAMBUAYarbHbIX 0COBEHHOCTEN
ntofen B passnutumn anuagemuin. Mpu co3gaHmm CKYCCTBEHHOWM NONYNsALMM BaXKHO BKINoYaTb B MOAENb (0aKTopbl,
Ha KOTOpble MOXET ObiTb HanpaBneH KOHTPOnb. CyLleCTBEHHbIM OrpaHUYEHNEM ABNSAETCA OTCYTCTBUE (PAKTO-
NOrM4ecKkmx AaHHbIX O CTPYKTYpe MonynsumMm, O4HAKO ero MOXHO NMPeoaoneTb 3a CYET NPUBIEYEHUS] KOCBEHHbIX
[aHHBbIX.

KniouyeBble cnoBa: azeHmHoe MoOenupoeaHue, UCKyCcCmeeHHas nonynAayus, anudemuyeckuti ripouecc, ebl4uc-
niumesibHasi anudemuorioausi, cucmemamu4yeckull o63op

UcmoyHuk ¢puHaHcupoeaHus. PaboTa nogaepxaHa rpaHtom PHO Ne21-15-00431 n cybenamen PocnotpebHansopa
Ne141-02-2023-208.

KoHpriukm uHmepecoe. ABTOpbI [OEeKNapupyoT OTCYTCTBME SIBHBLIX 1 MOTEHLMAbHBIX KOH(IMKTOB MHTEPECOB, CBSi-
3aHHbIX ¢ NyGnunKaumet HacTosLLen cTaTbu.

Ana yumupoeanusi: Macnosa WN.N., Manonos A.W., Myuwenko O.E., Koanos W.E., Llypkuc B.W., Monos H.C., Ca-
mounos A.E., Nykawes A.H., UnbuHa E.H. OrpaHnyenns B co3gaHWm UCKYCCTBEHHbIX MOMYyNsALUUiA B areHTHOM MO-
OenuMpoBaHUM aNUAeMuii: cuctematuydeckun obsop. XKypHan mukpobuonoauu, sanudemuonoauu U uMmMyHobuonoauu.
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Introduction

Since the early 2000s, humanity has faced a num-
ber of viral epidemics, including Severe Acute Re-
spiratory Syndrome (SARS, 2002-2003), Influenza
A(HIN1)-California (swine flu) (2009), Middle East
Respiratory Syndrome (MERS, 2012), Ebola outbreaks
(2014-2016), Zika fever (2015-2016) and finally the
COVID-19 pandemic caused by the novel SARS-
CoV-2 coronavirus (2019-present). The COVID-19
pandemic has sparked the interest of epidemiology and
public health professionals in using computational tools
to predict epidemics and select optimal anti-epidemic
measures. These tools include machine learning meth-
ods and computational epidemiologic models.

Computer simulations in epidemiology are de-
signed to reproduce the dynamics of infectious disease
spread, taking into account population demographics
[1-3], contact network structure [4] and information on
intervention strategies [5, 6]. These models provide a
virtual laboratory to study hypothetical scenarios, eval-
uate the effectiveness of different interventions, and an-
ticipate outbreak trajectories.

Numerical solution of ordinary differential equa-
tions and agent-based modeling (ABM) are the two
most common modeling approaches in epidemiology
[7, 8]. The first approach includes various compartmen-
tal models, such as the susceptible-infected-uninfected
model [9] and its modifications; the second approach
includes agent-based models, which take into account

Block A.

Agent initialization
Characteristics that are
assigned to digital twins:

Block B.
Human to human interactions

- immunization status;
- social status;
- and others

Contact between agents takes place within
a specific location according to the daily

- age; routine of the selected agents. Time
intervals must be taken into account.
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the heterogeneity of a population by modeling the ac-
tions and interactions of individual agents (people)
within it [3, 4, 10].

Agent-based models consider each person as an
autonomous agent with characteristics that determine
his/her behavior and social interactions. The semantic
blocks into which any synthetic population can be di-
vided are presented in Fig. 1.

The agent-based approach is applicable for study-
ing epidemic control measures [11-13], assessing the
effectiveness of interventions on different populations
[14], and conducting sensitivity analysis of modeling
results to changes in parameter values [15]. The main
goals of public health applications of ABM are to an-
alyze and predict the public health consequences of
proposed interventions, taking into account aspects of
complex social structure. ABM-based models help to
understand the underlying mechanisms that determine
the dynamics and outcomes of epidemics. ABMs can
be used for virtual experiments exploring different in-
tervention strategies and other interventions to reduce
morbidity in the population [16]. All this makes ABMs
an important research and training tool for public health
professionals.

The main difficulty in using ABM as a tool for so-
cial, political, and economic research lies in the proper
matching of the purpose of modeling and the level of
detail of the model [17]. The disadvantage of ABM can
be excessive detail, which complicates the overall mod-

Block C.

Human-location interactions

A network is built for each agent between
the locations they visit. It also keeps track
of time intervals.

Workplace Hospital

Day

Morning

Morning, day

Morning, day
Day

Day, night

Morning, day

Day

Day, night

Home School

Evening,
night

Fig. 1. The artificial population consists of agents with different demographic characteristics (block A). These agents are
assigned specific tasks to perform at specific locations and times. This determines a network that connects agents to
locations throughout the day, creating a person-location network (Block C). The person-to-person contact network (Block B) is
developed based on the interactions obtained from the person-to-location graph.
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Number of publications
detected by database
search
(n = 460)

l

Full-text articles
assessed for inclusion
in the analysis
(n=212)

!

Studies included
in the analysis
(n=144)

Excluded
full-text articles,

with reasons given
(n=67)

Fig. 2. Publication selection scheme for the systematic
review.

eling task and leads to the creation of overly complex
models with redundant parameters that do not contrib-
ute significantly to the modeling results [18].

Finding a balance in the choice of considered pa-
rameters and complexity when creating an artificial
population (AP) for ABM is an open question facing
researchers. This systematic review aims to identify
the most common approaches to creating AP in agent-
based modeling and to specify their limitations.

Materials and methods

This systematic review is based on the PRISMA
(Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines. A systematic litera-
ture search was conducted using the PubMed data-
base. The search was performed using the keywords:
"agent-based" AND "epidemiology". Full-text articles
published between 2020 and 2024 were considered.
The initial assessment selected studies that used agent-
based modeling, studied respiratory viral infections,
and had a sufficiently detailed description of the model.

Papers studying the behavior of the virus in a sin-
gle organism, as well as studies on modeling animal
infections, were excluded from the study.

According to the search methodology, 144 stud-
ies published in international journals in English were
selected and used for further analysis. No Russian-lan-
guage publications meeting the selection criteria were
found. The selected publications were systematized ac-
cording to the ways of setting the AP by the criteria
"location" (space consideration) and "agent properties".
The agent's properties included such characteristics as
gender, age, field of activity, ethnicity, income, and the
like — 1i.e., characteristics determined on the basis of
demographic and statistical data. We considered that
the model accounted for locations if the probability of
transmission depended on the agent's spatial location.

This property of the model can be realized both by
tracking the coordinates of each agent in the modeled
space and by modeling individual spatial entities (e.g.,
store, school) that may house agents.

Results

In 2020-2024, the greatest interest of researchers
was focused on modeling the spread of SARS-CoV-2
virus, the causative agent of COVID-19, in the popu-
lation: 129 (89%) papers out of 144 selected modeled
the spread of this virus, 10 (11%) papers modeled the
spread of influenza virus. In several studies, researchers
presented their models as suitable for studying several
respiratory diseases (Table 1).

To systematize the types of APs used in the mod-
els, we analyzed the presence of agent properties and
the consideration of their location. Fig. 3 shows the dis-
tribution of publications considered in the review ac-
cording to the type of APs described in them.

We can distinguish 4 variants of AP construction,
based on combinations of presence and absence of con-
sideration of agents' properties and consideration of lo-
cations.

Approaches to AP creation without consideration
of location and agent properties (12 articles)

An artificial population without taking into ac-
count spatial localization and demographic properties
of agents represents a graph — a network of contact-
ing agents (Fig. 4). The stochasticity of such models is
created by generating individual sets of connections at
each node (agent) based on given probability distribu-
tions of the number of contacts.

At the same time, contacts or social ties can be
the same or differ in the strength and frequency of in-
teraction. In 6 (50%) out of 12 reviewed works all con-
tacts are the same. In another 5 (41.7%) papers contacts
are divided into 3 categories: close, permanent (family,
friends) and casual, not close (contacts on the street,
work, school). In 1 (8.3%) article, the division of inter-
actions by types is more complex.

For example, in a study conducted by J. Whitman
et al., the interactions are divided into two levels: in-
tra-cohort (strong ties, high probability of transmission)

Table 1. Distribution of the articles according to the pathogen

Publication
Pathogen amount

n %
SARS-CoV-2 129 89
Influenza 10 6,9
Measles 1 0,7
MERS-CoV 1 0,7
Unspecified respiratory diseases 4 2,7
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accounting for agent properties without
taking locations into account
[22-34, 49, 50-52, 56,
57, 59, 72-115]

64

without considering locations
or agent properties*

REVIEWS

accounting for locations and agent
properties
[40-48, 53-55,
60, 61, 124-165]

56

12 accounting for location** without
considering agent properties

[19-21, 58, 64—71]

[35—-38, 116—-123]

Fig. 3. Distribution of publications by artificial population type.

*At the same time, agents can be endowed with an individual level of protection against the pathogen (immunity) and the level of viral load.
**This group also includes papers that consider the spatial location of buildings and/or agents.

household

random contacts

Fig. 4. A network of contacts without considering the
properties of agents and spatial characteristics is illustrated.

Each node represents an agent, and the edges between nodes
indicate a contact on one of the layers.

and inter-cohort (weak ties, rare cases of virus trans-
mission, number of ties is smaller) [19]. This allowed
us to account for the presence of clusters in the distribu-
tion of contacts and to reproduce the repetitive behavior
of peaks in disease spread with significant stochasticity.
Using this model, the researchers studied the behavior
of the reproductive number at different values of the
initial immune profile of the population, as well as the
dynamics of the infection time series when the popula-
tion size and contact matrix change.

A study by X. Guo et al. presented a multilevel
model of the relationship between disease transmission
and emotional stress in society [20]. In this paper, two
independent networks of contacts are superimposed.
Each node represents some group of people, infection
and information exchange occurs through the edges of
these nodes. Each node, in turn, models a set of indi-
viduals in each node, which increases the accuracy of
the results.

In the study conducted by N.N. Chung et al. pres-
ents a contact network consisting of a set of overlap-
ping networks (households, dormitories, workplaces,

dynamic crowd network, dynamic social gathering net-
work) [21].

Agent-based modeling based on the construction
of AP without taking into account the spatial local-
ization and demographic properties of agents makes
it possible to solve a fairly wide range of problems
without additional complication of the model. This ap-
proach was used to study the influence of such factors
as population size, immunity parameters, the number
and nature of agent relationships, and population densi-
ty on the modeling results. This approach also allows us
to analyze quarantine and testing strategies, the nature
of repeated peaks of incidence, the dynamics of mutant
infections, and the role of super-spreaders (agents with
a large number of linkages).

The lack of detailing the properties of agents when
creating the AP allows us to simplify the computation-
al model and increase its interpretability. At the same
time, the main limitations of the AP considered in this
section are the lack of the possibility of introducing
adjustable clustering (for example, separating pension-
ers into a separate group) and taking into account the
behavior of the population, as well as the inappropri-
ateness of such models to study the physical impact of
social interactions.

Approaches to creating an AP that takes into account
properties of agents without considering locations
(64 studies)

APs in which agents with demographic, biological,
and social properties interact with each other in an un-
structured space are the most common in agent-based
modeling. Many authors consider this type of AP to be
optimal from the point of view of accuracy/performance
balance. This approach is also popular due to the fact
that high computational efficiency allows the agents to
be endowed with an extensive set of parameters.
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The construction of a network of contacts in the
considered type of AP is often based on the creation of
4 main layers: households, work, schools and kinder-
gartens, and society. In more complex models, up to 30
layers can be overlaid.

The considered agent-based models based on the
formation of AP, taking into account the properties of
agents without taking into account locations, according
to the nature of the realization of social ties were dis-
tributed as follows:

* Uniform contact— 11 (17.2%) publications;

* Close/long distance contact — 1 (1.5%);

 Three or more types of contact — 52 (81.3%).

The most common agent characteristics include
age (64/64) and sex (9/64). Age groups may differ in
the likelihood of infection and the development of more
severe cases of disease. The age structure of the pop-
ulation also affects the properties of contact networks
between agents. For example, in models with homo-
geneous contacts, the network of interactions is built
based on age-specific contact matrices [22, 23]. Work
contacts may be excluded for the older generation, and
some models construct additional blocks of contact net-
works for elderly care facilities [24-30].

The number and nature of contacts between agents
may depend on the agent's occupation/profession. In
the simplest case, professions such as teacher and hos-
pital employee are modeled. Such an approach allows
modeling elements of temporal dynamics of agents'
interaction, e.g., five-day working day, possibility of
vacation and skipping school/work, division of con-
tact networks into daytime (school, work) and evening/
nighttime (home, community) ones.

About 20% of the publications reviewed in this
section use the Covasim environment for AP construc-
tion and modeling [10]. In its basic version, Covasim
is an open-source modeling environment adapted to

Female, 18 years old,
student

Male, 30 years old,

Male, 17 years old,

unemployed
student pioy

Female, 48 years old,
nurse

study the dynamics of the COVID-19 pandemic. The
AP embedded in Covasim represents a set of people,
each with attributes such as age, gender, and social
status (Figure 5). In modeling the spread of infection,
the model takes into account the frequency of con-
tacts, the infectiousness of the virus, and the suscepti-
bility of agents.

Using the open source agent-based modeling en-
vironment Covasim, researchers can explore different
epidemic scenarios by changing infection parameters
and modeling various interventions such as social dis-
tancing, isolation, testing, contact tracing, and vaccina-
tion campaigns. In a study conducted by A. Cattaneo
et al., the Covasim environment was used to evaluate
the effectiveness and optimization of a COVID-19 vac-
cination campaign in the Italian region of Lombardy
[31]. The age structure of the population and the house-
hold characteristics were matched with data from the
Italian National Institute of Statistics, while the rest of
the contact network variables were constructed based
on the default parameters embedded in Covasim. Dif-
ferent levels of constraints were modeled by reducing
the number of contacts in the school, work and social
interaction strata, and by varying the probability of
transmission between household members. The Cova-
sim environment also allows for the specification and
tracking of dynamic characteristics of agent immuni-
ty. For example, vaccination, as well as disease, affects
the dynamics of neutralizing antibodies and the level of
protection of agents; cross-immunity with a given de-
gree of effectiveness is realized when different strains
of the virus are present in the population. In the study
of A. Cattaneo et al., the Covasim model showed results
consistent with the registered cases of COVID-19 in-
fection, detection and mortality, the most effective vac-
cination strategy was determined and age priorities for
vaccination were proposed [31].

Female, 8 years old,
school student

Female, 29 years old,
teacher

Male, 75 years old,

retired

Fig. 5. Inter-agent interactions under the assumption that agents do have properties. Constant (solid lines) and dynamic
(dashed lines) contact networks are modelled.
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In general, agent-based modeling on AP, which
takes into account the properties of agents without tak-
ing into account their locations, is used to study the
development of an epidemic taking into account vari-
ous demographic data, as well as to assess the effects
of diseases on public health and the economy. In par-
ticular, such modeling makes it possible to assess the
effectiveness of quarantine measures, analyze vaccina-
tion scenarios (including those targeting different age
groups of the population), calculate the economic cost
of introducing restrictive measures, and build popula-
tion immunity.

One of the main limitations of this type of AP is
the simplified representation of the network of contacts
[32], as well as the idealization of individuals' activi-
ties during the day [33]. The authors also emphasize the
potential importance of additional properties of agents,
which are not taken into account in this approach to
modeling [24, 34].

Approaches to agent location-aware and agent
property-aware AP (12 studies)

The main purpose of AP modeling with and with-
out taking into account the spatial movements of agents
is to reflect both the mobility of agents and the spatial
dynamics of their movements during the spread of an
epidemic.

The most common tool for this approach is the
NetLogo software. In this environment, a map of a
closed space is represented either by a coordinate grid
or by a set of cells, and agents move randomly across
the map or according to specified movement patterns
(Fig. 6) [35-37]. Infection in this type of representation
is possible if the agents (infected and susceptible) col-
lide, converge to some threshold distance, or fall into
one cell.

In the agent-based models we have considered,
based on the formation of AP with and without taking
into account the location of agents, social ties were an-
alyzed as follows:

* Uniform contact — 6 (50%) publications;

* Close/long distance contact — 4 (34%);

*» Three or more types of contact — 2 (16%).

A good example of this approach is shown in the
study by T. Daghriri et al., in which several ways of
distancing were modeled and the movements of agents
resulting from different scenarios were visually repre-
sented [35]. The model took into account the possibility
of a part of the agents not respecting the distancing. The
authors showed the importance of compliance with re-
strictive measures and depicted the correlation between
the strictness of the social distancing policy and the
spread of the disease.

The two main models describing the movement of
agents in the environment are random walks and the
gravity model, according to which the strength of inter-
action (intensity of flows) depends on the importance

REVIEWS

Fig. 6. Representation of an artificial population accounting
for the movement of identical agents.

A contact is defined as a collision, approaching a critical distance,
and/or agents entering the same cell.

(magnitude) of objects and the distance between them.
For example, the study conducted by N. Kishore et al.
showed that a densely populated center has a higher
probability of being visited by agents [38].

The main goals of research in this approach are
to study distancing strategies, the effectiveness of re-
strictive quarantine measures, the role of geographi-
cal factors in the spread of disease, and the role of su-
per-spreaders. Such modeling also allows direct track-
ing of contacts of individuals in a population. However,
it is not possible to model the implementation of an-
ti-epidemic measures in different age and social groups
of the population.

Approaches to creating an AP that takes into account
the location and properties of the agents (56 studies)

When modeling with both geographic and de-
mographic data, researchers try to achieve the closest
approximation to the real population, with the goal of
creating a digital twin. Typically, contact networks are
divided into households, schools, workspace, and com-
munity, and geographic features are taken into account
in two ways: modeling agents' movements on a map
or capturing the location of buildings and determining
the probability of agents visiting them. However, if in
the group of APs that take into account the location
of agents without taking into account their properties,
the more common was the mapping of terrain, then in
the works that take into account both the properties
of agents and the properties of places, the division of
the model space into conditional locations in which an
agent can be located was more often used in the cre-
ation of APs (Fig. 7).

The most common framework for this type of
model is FRED (a Framework for Reconstructing Epi-
demic Dynamics) [39]. FRED uses synthetic popula-
tions based on census data that reflect the demographic
and geographic heterogeneity of the population. Each
agent has associated demographic and socioeconomic
information (e.g., age, gender, race, family income).
Race, along with sex and age, can be used to account



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTNI. 2024; 101(4) 537

DOI: https://doi.org/10.36233/0372-9311-467

OB30PbI

for known disease prevalence. Households, educational
and health institutions, places of work, and some other
locations are georeferenced to a spatial grid of coordi-
nates (at 1 km resolution). When calculating the prob-
ability of visiting different geographic locations, the
agent's household income is taken into account. One
of the features of this model is the ability to take into
account the dynamic demography of agents, includ-
ing aging, fertility and mortality. Works [40-43] have
been performed on the basis of this model. Currently,
FRED continues to be actively used to study seasonal
influenza.

M.G. Krauland et al. studied the effect of a de-
crease in population immunity caused by the restriction
of virus activity on its dynamics in subsequent years
[43]. Modeling was conducted for a population repre-
senting Allegheny County (Pennsylvania, USA) with a
population of about 1.2 million. This county includes
both urban and suburban areas and is large enough to
investigate influenza patterns. According to the results,
a decrease in the incidence rate in the first season will
lead to an increase in the incidence rate in the second
season. Compensating for the decline in population
immunity may help to increase vaccination. Depend-
ing on cross-immunity from previous infection and the
transmissibility of the strain, the incidence rate could
increase by up to 50%.

Many of the publications reviewed in this section
describe complicated models where additional param-
eters have been added to the basic version of the AP.
In particular, A. Truszkowska et al. modified the ba-
sic version of the model by adding the division of the
able-bodied population into spheres of activity [44].
This allowed the model to reflect the complex struc-
ture of employment. And in the study conducted by C.
Fosco et al., the labor force was divided into 4 groups
according to different mobility in case of quarantine
measures [45].

A number of works paid more attention to the di-
vision of the day into time segments. In 24 models, the
temporal characteristics of agents' mobility were taken
into account (taking into account the schedule, division
of the day).

The goals of approaches that take into account
both agent and location properties include:

Female, 25 years old, Male, 14 years old,
student school student

2 meters
Fig. 7. Artificial population taking into account the location
and characteristics of agents.

It is possible to overlay a network of contacts on a map
or to simulate the movements and contacts of agents.

* management decision analysis;

* finding the optimal approach to implementing

non-pharmaceutical interventions;

* study of infection spread using GPS;

* studying the spread of the pathogen in its early

stages;

* studying the distribution of different strains;

» modeling contact tracing and virus transmission;

* studying the spread of the virus in different

countries/cities;

* exploring vaccination strategies;

* studying the protection of the population

depending on the past season.

In generating this type of AP, model developers
often resort to various simplifications to allow for the
inclusion of additional characteristics that they consid-
er crucial [46]. Some assumptions exceed the current
understanding of the mechanisms of epidemic develop-
ment, allowing them to be included in the study only in
an approximate form [47]. It is common practice to use
updated real-world data as the basis for the creation of
an AP-digital twin, which is then projected onto a sam-
ple of smaller size than the general population. Even if
the sample replicates the structure of the real popula-
tion, the results obtained for it may not fully reflect the
situation in the real population [48].

Increasing complexity of AP formation

When creating a realistic population for epidemio-
logic studies, an extensive set of parameters is required,
each of which cannot be taken into account at the mo-
ment. Basic versions of models allow describing the ep-
idemiologic process in a general way and investigating
regularities and trends in the dynamics of epidemics.

In order to make it more plausible, some authors
have resorted to complicating the AP by introducing the
following parameters:

* seasonality;

» comorbidities;

* dynamic immunity;

* ethnicity;

* profits;

* transport flows.

The heterogeneity of the population in terms of
the susceptibility of individuals to the virus and the se-
verity of the disease can be accounted for by a co-mor-
bidity factor. In the simplest version, co-morbidities
can be taken into account thanks to the binary parame-
ter (present or absent) [28]. In a more complex version,
by introducing an additional module for calculating the
risk factor, it is possible to take into account both spe-
cific diseases (type 1 and type 2 diabetes, hypertension,
cardiovascular diseases, etc.) and risk factors related
to lifestyle (smoking, physical activity, increased body
mass index, etc.) [49].

In certain studies, dynamic immunity modeling
has been performed. A popular framework for account-



538

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(4)

DOI: https://doi.org/10.36233/0372-9311-467

ing for immunity has been the Covasim model [50-52],
which provides the possibility of dynamically changing
the values of the level of specific immune defense for
each agent and the population as a whole.

Seasonality can affect both the properties of the
pathogen (mainly used in modeling seasonal influenza)
and other parameters (effect of average daily tempera-
ture on susceptibility, effect of season on the contact
network with sex distribution, etc.). [43, 53-58].

If appropriate data are available, it is possible to
add sociological parameters of agents — income level
and ethnicity, and these characteristics can be reflected
in the model in different ways. In the study conduct-
ed by M.D. Patel et al., people of different nationalities
had different susceptibility to the virus and tolerated
the disease differently [59]. In the study conducted by
C. Fosco et al., income level influenced the ability of
workers to stay at home during the epidemic [45]. In
the study conducted by M. Thakur et al. income was di-
rectly correlated with decreased vaccination rates [60].

Modeling of transport flows within the AP was
used in 15 (10%) papers, 8 of which considered geo-
graphic and demographic population data, 7 — only
demographic data.

Representation of transport was possible in the
form of:

« an additional random network of contacts;

* more transportation stops/blocks;

* addition of common agent routing.

» Some researchers have resorted to dividing

transportation into modes:
 automobiles, hitchhiking, public transport,
walking, etc. (with the possibility of getting
infected only in automobiles and public
transportation) [25];

* metro, bus, shuttle bus [61].

Conclusion

AP formation is a key point in the construction of
predictive agent-based models. The use of ABM allows
us to consider the population at the level of individu-
al representatives, which opens new opportunities for
studying the development of epidemics and analyzing
measures to prevent the spread of infection.

In our review, based on the analysis of 144 origi-
nal studies, we consider 4 variants of AP construction
with different degrees of detail. We intentionally used
the PubMed database exclusively for the literature
search because it is focused on biomedical research,
including epidemiology. This choice allowed us to
analyze the main publications published in ranked
peer-reviewed journals in the field of interest, but it
is possible that some part of the available publications
was not considered. The review also considered arti-
cles published since the beginning of the COVID-19

REVIEWS

pandemic. This allowed us to analyze the most rele-
vant cross-section of papers, focusing on the demand-
ed solutions in AP formation, while the review did not
include the previously published EpiSimS [62] and
TRANSIMS models [63].

It should be noted that all the considered variants
of AP construction turned out to be suitable for solving
the list of tasks in the field of infectious disease epide-
miology stated by the developers. The limitations of the
present study are dictated by the impossibility of exper-
imental confirmation of the success of the implemen-
tation of the presented ABM to achieve the goals and
objectives in the reviewed studies. In most cases, there
is no possibility to critically conceptualize the model
due to the availability of a general, often superficial de-
scription of its device given in the publication and the
lack of access to the source code of the model. The se-
lected literature was analyzed largely on the basis of the
authors' evaluation of the results of the papers. In most
cases, the authors do not provide an analysis of the sen-
sitivity of the result to the parameters of the modeled
pathogen and AP. Such analysis is an important feature
of complex models and can show the real importance of
parameters, and this review revealed a systematic short-
coming of a large part of the analyzed papers.

Among the identified limitations in AP creation,
the most significant are the insufficiency and anachro-
nism of real demographic and statistical data required
for further accounting in the model. Works that take into
account the properties of agents in the AP, as a rule, rely
on census data or sociological surveys, which do not al-
ways have the required detail. Models that incorporate
the movement of agents on a city map use information
from specialized applications, databases and mapping
services such as Google Maps and OpenStreetMap.
Obtaining this data and incorporating it into the model
can be challenging, so simplified models based on as-
sumptions about agent behavior and interactions were
used in some cases.

The use of complex and diverse real demogra-
phic and statistical data is possible when studying small
groups (at the level of a room, building), but for larger
studies, the computational complexity in case of in-
creasing the number of parameters or population size
may exceed the technical capabilities of the calculation
and lead to unreliable or uninterpretable results.

Further research on the creation and use of AP
in agent-based modeling can be focused on optimiz-
ing methods of model parameterization and finding a
balance between model detail and interpretability to
achieve maximum accuracy and precision of results.
When creating a AP, it is important to consider the fac-
tors that can be targeted for control. This will improve
the quality of public health decision-making and in-
crease the effectiveness of epidemic response.
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The importance of the role of T-cell immunity in the development
of modern tick-borne encephalitis vaccines

Elena V. Tigeeva™, Lily F. Nizolenko, Larisa |. Karpenko
State Research Center of Virology and Biotechnology “Vector’, Koltsovo, Russia

Abstract

The tick-borne encephalitis (TBE) virus is highly pathogenic and can affect the central nervous system, leading to
severe chronic effects or death. The only effective measure to combat TBE is vaccine prophylaxis. Vaccines that
are currently used for mass immunization are based on inactivated TBE virus, they provide a protective immune
response, but such vaccines require multiple administrations. A possible reason for short-term immunity is an
incomplete functional T-cell response to these types of vaccines.

The aim of this review is to analyze the literature on the role of the T-cell immune response in protecting the body
from TBE, its importance for vaccine development, and to consider approaches to the development of new TBE
vaccines based on different platforms.

When preparing the review, we analyzed the literature presented in scientific databases — PubMed, Scopus,
Elsevier, Google Scholar as of April 2024. The following keywords were used for the search: vaccine, tick-borne
encephalitis virus, T-cell immune response, flaviviruses.

A several publications have demonstrated that T-cell responses following natural infection with TBE virus and
after vaccination with inactivated virus are different. During viral infection, both Th1- and Th2-type CD4* T cells
and CD8"* T cells are activated and play an important role in the elimination of viral infection. After vaccination, the
only Th2-type CD4"* T-cell response predominates, which may be the reason for the short-lived immune response.
To date, a number of different types of experimental TBE vaccines are being studied, such as live-attenuated
vaccines, viral vector vaccines, subunit vaccines, virus-like particles, DNA and mRNA vaccines, and polyepitope
immunogens. In our opinion, the most promising in terms of T-cell response activation are vaccines based on
T-cell polyepitope immunogens delivered in the form of DNA or mRNA.
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Ponb T-KneToyHOro MMMyHUTETa BaXXHO YyUMTbIBaTb NPN CO3AaHUN
COBpEeMeHHbIX BaKLH NPOTNB KJieweBoro sHuedpannra

Tureesa E.B.”, Husonenko J1.9., KapneHko J1.U.
focymapcTBEHHbIV HAYUHbI LIEHTP BUPYCOSIOrmn 1 buotexHonorum «<Bektop», p.n. Konbuoso, Poccua

AHHOMauyusi
Bupyc kneweoro sHuedanuta (KQ) obnagaeT BbICOKOM MATOreHHOCTbI, CNocobeH nopaxaTtb LeHTparnbHYo
HEPBHYI CUCTEMY, NMPUBOAS K TSXKENENULLMM XPOHUYECKUM NOocrneacTBusM Nnbo netanbHomy ucxogy. EanHcTeeH-
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HoW adpdpekTnBHOM Mepon 6opbbbl ¢ KO aBnsieTca npodunakTmyeckas BakuMHaums. icnonb3yemble B HAcTOS-
Lee BpeMSs BaKUMHbI, MOMyYeHHbIE HA OCHOBE MHaKTMBMpOBaHHOro Bupyca K3, obecneunsatotr bopmmpoBaHme
NPOTEKTMBHOIO MMMYHHOTO OTBETa, OQHAKO Takne BakUUHbI TPeOYT MHOMOKpaTHOro BBeAEHNs. Bo3MoXHOM npu-
YMHOW HEJOMrOCPOYHOr0 MMMYHUTETA ABNAETCS (POPMMPOBAHNE HEAOCTATOYHO HAMPSHKEHHOTO T-KNETOYHOro OT-
BETa Mpu UCNOMb30BaHNMN TaKMX BaKLMH.

Llenb o63opa — aHanus nutepatypsbl, cogepxallen MHopMaLuio 0 ponu T-KNETOYHOIo MMMYHHOTO OTBETa B
3awmTte opraHuama ot KO, o ero 3HauyeHun ans pa3paboTky BakLMH, a Takke pacCMOTpeHne NoaxoaoB K pa3pa-
60TKe HOBbIX BakUMH NpoTMB KO Ha ocHoBe pasnu4yHbIX Nnatdopm.

Mpu nogrotoBke o6G3opa ObIN NpoBeAEH aHanM3 nUTepaTtypbl, NpeacTaBneHHon B 6asax PubMed, Scopus,
Elsevier, Google Scholar no coctosHuo Ha anpenb 2024 r. [lna novcka ucnonb3oBanu cnegyloLwmne Knoyesble
cnoga: vaccine, tick-borne encephalitis virus, T-cell immune response, flaviviruses, BakUuHbl, BUPYC KNeLLeBoro
aHUedanuTa, T-KNeTOYHbIN UMMYHHbIN OTBET, (ONIaBUBMPYChI.

B psge nybnvkaumnin npogeMoHCTPMPOBAHO, YTO CTPYKTypa T-KNeTOYHOro oTBeTa Npu eCTECTBEHHOM 3apaXKeHUn
BMpycoMm K3 u nocne BakumHaumm MHaAKTUBUPOBaHHBLIM BUPYCOM pasnuyHa. B xone BUpPYCHOW MHGEKUUM aKTu-
Bupytotca CD4*-T-kneTku kak Th1-, Tak u Th2-tuna, a Tawke CD8*-T-kNeTku, urpatoLume BaXkHyo posb B 3NMMU-
Haumm BUpPYCHOM MHekuun. MNocne BakumHaumn npeobnagaet otBeT CD4*-T-knetok no Th2-tuny, 4to MOXeET
SIBMATLCS NPUYNHOW HELONTOBEYHOTO MMMYHHOTO OTBETA.

Ha cerogHsWHMIA feHb uccneayercs psig pasnmnyHbiX TUMOB 3KCNepUMEHTanbHbIX BakUMH NpoTuB K3, Takux Kak
BaKUMHblI HA OCHOBE >XUBbIX aTTEHYMPOBAHHbLIX BUPYCOB, BaKLMHbI HA OCHOBE BUPYCHBLIX BEKTOPOB, BUPYCOMO-
[o6Hble YacTuupl, cybbeanHnyHble BakumHbl, OHK- 1 MPHK-BaKUMHbI, NONMaNUTONHbIE MMMYHOreHbl. B nnaxe
akTmBauum T-KNeToYHOro oTBeTa Hanbornee NepcrnekTUBHBIMU BbIMAAAT BaKUMHbI HA OCHOBE T-KINETOYHbIX Nonu-
3AMMTOMNHBLIX MMMYHOreHoB, AocTasnsemMbix B popme OHK nnv mPHK.

KnioueBble cnoBa: supyc kreujeso2o sHueghanuma, T-knemoyHbili omeem, 8aKyUHbI MPOMuUe Kieujee8o20 3H-
ueghanuma

BnazodapHocmsb. ABTOpLI BelpaxatoT brnarogapHocTb B.A. SlkoBnesy 3a nomoLlb B 00OPMAEHUN UNNOCTPATUBHOMO
maTepuana n TeXHUYeCKOM pedakTUPOBAHWUN PYKOMUCHU.

HUcmoyHuk ¢puHaHcupoeaHusi. ViccrnenoBaHue 6bino BbIMOMHEHO B paMKax rocydapcTBeHHoro 3agaHust @BYH MHL|
BB «Bektop» PocnotpebHaasopa.

KoHgbnnukm unmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHbLIX M MOTEHUMANbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukaunen HacTosLLEen CTaTbu.

Ana yumupoeaHus: Tureesa E.B., Hnsonenko J1.®9., KapneHko J1.U. Ponb T-kNeTo4YHOro MMMyHUTETa BaXHO YYUTbI-
BaTb MNPV CO34aHUN COBPEMEHHbIX BaKLMH NPOTUB KNeLeBoro aHuedanuta. KypHan Mukpobuonoauu, anudemuonoauu
u ummyHobuormnoeuu. 2024;101(4):546-559.
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The wide spread of the tick-borne encephalitis
(TBE) virus is a serious concern for public health au-
thorities in many countries. This is due to the fact that
the virus, being highly pathogenic, can affect the central
nervous system (CNS), leading to severe chronic con-
sequences or death [1-3].

In 30% of cases, neurological complications de-
velop in people who have contracted TBE. Mortality
from infection varies depending on the strain of the vi-
rus. The highest percentage of fatal cases (up to 35%) is
registered when infected with strains belonging to the
Far Eastern subtype [4-6].

Vaccine prophylaxis is the most effective way to
control the virus. All currently licensed vaccines are
based on inactivated strains of TBE. It is considered
that the average seroconversion rate for both Russian
and European vaccines ranges between 86—100%,
which ensures the formation of protective immunity in
vaccinated individuals [2, 7]. At the same time, vac-
cines based on inactivated TBE virus have a number
of disadvantages: complicated vaccination schedule,
relatively high reactogenicity, complexity of produc-
tion and storage; in addition, there are cases of break-

© Tigeeva E.V., Nizolenko L.F., Karpenko L.I., 2024

through infections in vaccinated persons [2, 8, 9].
Among vaccinated persons, the incidence of TBE
ranges from 3.7% [10] to 23.8% [11] of the total num-
ber of cases, depending on the endemic region. One
possible reason for breakthrough infections is the lack
of vaccines that take into account the genetic variabil-
ity of the TBE virus. Another reason is due to insuf-
ficiently intense and short-lived specific immunity in
a number of vaccinated individuals, especially the el-
derly [7-9, 12].

The T-cell immune response is an important part
of protective immunity against viral infections such as
TBE. There are an increasing number of publications
on the role of the T-cell immune response in the defense
against infection with TBE virus. Therefore, more and
more researchers have begun to pay attention to this as-
pect of the adaptive immune response, especially in the
context of studies devoted to the development of new
vaccine preparations [7, 13]. The wide spread of the vi-
rus and the significant growth of the number of patients
have stimulated interest in the development of new vac-
cines against TBE virus, taking into account the role of
the T-cell immune response.
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The aim of the review is to analyze the literature
on the role of the T-cell immune response in protecting
the body from tick-borne encephalitis, its importance
for vaccine development, and to consider-approaches-to
the development of new TBE vaccines based on differ-
ent-platforms.

In this review, we consider the main aspects of
T-cell response formation in humans when infected with
TBE virus and after vaccination with licensed vaccines,
as well as the main directions of work on the search for
safe and highly effective next-generation vaccines that
can overcome the limitations of the existing ones.

Materials and methods

The following keywords were used for the search:
vaccines, tick-borne encephalitis virus, T-cell immune
response, flaviviruses.

In the first phase, a search using different combi-
nations of keywords in the scientific electronic database
PubMed retrieved 1754 sources. Restricting the search
to the time of publication from 2019 to 2024 allowed
us to narrow the search to 424 sources. A search with-
out considering the year of publication in this research
library found an additional 123 sources matching the
subject matter. Similarly, the search was conducted us-
ing the scientific databases Scopus, Elsevier, Google
Scholar.

During the literature search in these databases in
Russian and English languages, which was carried out
taking into account such selection criteria as year of
publication and accessibility of publications to reading,
about 2000 sources corresponding to the topic were
analyzed. Due to article length limitations, 88 sources
were selected.

Adaptive immune response during infection
with TBE virus and after vaccination

The adaptive immune response consists of humor-
al (antibody-mediated) and cellular immune responses
specific to the TBE virus. The figure schematically rep-
resents the immune reactions of the adaptive immune
response occurring after vaccination or during infection
with TBE virus

The efficacy of antibodies against the TBE virus
has been demonstrated by protecting susceptible in-
dividuals exposed to the virus by administering them
anti-TBEV-immunoglobulin. Humoral immunity is
thought to play a crucial role in defense against the
TBE virus by providing synthesis of antibodies specifi-
cally targeting the virus. These antibodies neutralize the
virus and prevent its spread, helping to limit the severity
of infection and providing long-term immunity against
infection with the TBE virus (Figure, 4). Antibodies are
able to bind to viral particles, causing them to be engulfed
and destroyed by phagocytic immune cells [7, 13].

Memory B cells and virus-neutralizing antibodies
are formed in a person who has had TBE, which provide
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long-term protection against virus re-infection. The
long-term maintenance of memory B cells allows the
immune system to respond more quickly and effective-
ly to re-infection. When the same virus is encountered
again, these cells rapidly differentiate into plasma cells
that produce antibodies that destroy the virus before it
can cause widespread infection and disease [13—16].

When vaccinated with inactivated virus, the func-
tionality of memory B-cell populations is relative-
ly short-lived due to limited CD4* T-cell responses
(Figure, B) [17].

Immune response associated with CD4* T cells

CD4" T lymphocytes are important in the for-
mation of both humoral and cellular immunity. CD4*
T-cells are important producers of cytokines that help
stimulate the antiviral immune response and provide B
cells with the assistance needed to stimulate antibody
synthesis (Figure, 4). TBE virus encodes 7 non-struc-
tural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b and
NS5) and only 3 structural proteins: protein C (capsid)
and the membrane-associated proteins prM/M (mem-
brane/membrane precursor) and E (envelope) [18-20].
The structural proteins appear to contain the major
epitopes that activate the CD4* T cell response during
infection [8, 21], although there is evidence in the liter-
ature that several T helper epitopes are contained in the
non-structural protein of the TBE virus, NS1 [22].

When analyzing peptide fragments of protein C
predicted immunodominant epitopes, it was shown that
mainly two peptide clusters are involved in CD4"-cell
activation both in natural disease and after vaccination.
They are located in the 02- and o4-helixes of protein
C [21]. The clusters of epitopes predicted for E pro-
tein were less effective with respect to CD4" activation,
but this difference cannot be considered significant. It
was found that in patients who underwent natural in-
fection, specific stimulation of CD4* cells is provided
by epitopes located in the 3rd domain, as well as in the
stem region of the E-protein. In the group of vaccinated
patients, stimulation was provided by peptide clusters
from the 1st, 2nd and 3rd domains of the E-protein [21].

TBE virus-specific CD4" T-cells generated by vac-
cination appear to respond to a narrower range of viral
targets than those generated by infection [8, 21], with
vaccine-induced levels of interferon-y (IFN-y) reaching
only about half the level of response induced by infec-
tion.

It is noteworthy that after natural infection with
TBE virus, naive CD4" cells differentiate predomi-
nantly along the Thl pathway, while during vaccina-
tion with inactivated virus — to a greater extent along
the Th2 pathway [8, 9]. At the same time, against the
background of natural infection, CD4" T cells acquire
polyfunctionality, producing various cytokines, such
as interleukin-2 (IL-2), IFN-y and tumor necrosis fac-
tor-a. (TNF-a; Figure, A) [4]. There is a correlation
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between the functionality of CD4" T-cells and the
level of virus-neutralizing antibodies, indicating that
they are able to control the induction of neutralizing
antibodies [8].

After vaccination, the number of CD4* T-cells also
positively correlates with the antibody response against
TBE virus [17], and vaccine responders show increased
proliferation of antigen-specific T-cells compared to
non-responders (Figure, 4) [23]. The response to vac-
cination tends to be skewed towards IL-2 and TNF-a
production compared to infection (Figure, B) [9].

Immune response associated with CD8* T cells

CD8" T lymphocytes play an important role in viral
infection by identifying and destroying infected cells,
thereby limiting the spread of the virus in the body. To
date, unlike CD4" T cells, CD8* T-lymphocyte-specific
epitopes have only been found in non-structural pro-
teins of the TBE virus, such as NS2A, NS3, NS4B and
NS5 [24].

CD8" T-cells are activated somewhat later than
CD4* T cells during natural infection, but nevertheless
have a significantly higher level of activation, produc-
ing increased levels of granzyme B and perforin [4, 7]

K. Blom et al. showed that in patients with TBE
at the peak of the T-cell response one week after hos-
pitalization, CD8* T-cell activation was significantly
increased compared to CD4" T-cells [25], indicating a
tendency towards CD8* dominance (Figure, 4). These
CDS8" T cells additionally exhibited an effector pheno-
type (CD45RA-CCR7) [24, 25] and had a highly acti-
vated Eomes"Ki67"T-bet" transcriptional profile. How-
ever, these effectors tended to be monofunctional. After
acute infection, when patients recovered, antigen-spe-
cific CD8" T cells switched to the Eomes-Ki67-T-bet"
phenotype [25], which corresponds to a type 1 effector
memory population.

Usually, CD8" T-cell analysis is performed in pa-
tients with a severe course of the disease, in whom CD8*
T-cells are not only found in the blood, but sometimes
also in brain tissue [ 13]. This fact limits the understand-
ing of whether the CD8* population is an important
protective factor in mild or asymptomatic disease or an
additional factor causing pathology [13]. In favor of the
necessity of CD8" T-cells for the body's defense against
the TBE virus is the recent evidence that the severity of
the disease, as well as its form, depends on the degree
of T cell activation. Early activation of T-cell responses,
including a subset of CD8" T-lymphocytes, significant-
ly correlated with a favorable outcome of the disease
[26].

The results of animal studies are also mixed. The
study by D. Ruzek et al. showed that mice with severe
immunodeficiency and mice with CD8 knockout had
a higher survival rate after lethal infection caused by
TBE virus compared to wild-type mice or mice with
adoptively transferred CD8" T-cells [27]. This may sug-
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gest a possible role of CD8* T cells in the development
of lethal infection. Thereafter D. Ruizek et al. obtained
data indicating that CD8* T-cells are not responsible for
the permeability of the blood-brain barrier during the
disease, since its destruction during infection caused
by this virus was observed both in wild-type and CDS§
knockout animals [28].

The role of CD8" T cells in virus clearance from
neural tissues has been shown for other flavivirus infec-
tions using mice as laboratory animals [29]. Depletion
of CD8" T cells leads to enhanced infection by Zika and
dengue viruses, but this effect is reversed after adoptive
transfer of memory CD8* T cells. Similar conclusions
were obtained using mice deficient in various cytotoxic
effector molecules in West Nile fever virus. During the
initial stages of infections caused by yellow fever and
Zika viruses, when mice has not yet formed a sufficient
levels of virus-specific antibodies, effector CD8* T cells
are essential for infection control [29].

There are few data on the presence of specific
CDS8" T cells in humans who have received the TBE
vaccine (Figure, B). A. Sycheva et al. analyzed the for-
mation of T-cell response in volunteers vaccinated with
Tick-E-Vac and showed that in the peripheral blood of
the vaccinated individuals a low level of CD8+ specific
to the TBE virus was detected, and the overall response
to the vaccine clearly depends on CD4" [30, 31].

As mentioned above, the main epitopes of CD8"
T-cells are contained in nonstructural proteins of the
virus [24]. Since non-structural proteins are synthe-
sized only during active virus replication, such pro-
teins are found in small amounts or are completely
absent in currently used vaccines based on inactivat-
ed virus [32]. This fact may partially explain the low
CDS8" T-cell response during vaccination. That said,
TBE infection can induce a lifelong protective CD8*
response [14].

A number of vaccine platforms will be discussed
below in terms of the possibility of inducing a T-cell
immune response.

Vaccines against tick-borne encephalitis virus

Vaccines based on inactivated virus

There are currently a number of approved and li-
censed adult and pediatric TBE vaccines based on inac-
tivated strains of the virus [33]. In Europe, two vaccines
based on European strains of TBE virus are available:
K23 and Neudorfl. In Russia, the Tick-E-Vac vaccine
and its lyophilized analogue called TBE vaccine Mos-
cow (FSBSI“Chumakov FSC R&D IBP RAS”) and
EnceVir (Microgen), created on the basis of the Far
Eastern strains of the TBE virus, Sofyin and 205, re-
spectively, are licensed [12, 34-36]. The vaccine used
in China is based on the Sen-Zhang strain (Far Eastern
subtype of TBE virus) [37]. Vaccination against TBE
virus has proven to be effective, as evidenced by the
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results of mass vaccination campaigns in Austria [38]
and Russia [39-42].

All licensed vaccines are capable of providing suf-
ficiently effective prevention of TBE, especially when
large-scale vaccination programs are implemented.
However, the existing vaccines are not without disad-
vantages, including a complicated vaccination schedule
due to the inability to maintain an adequate level of im-
mune protection in the long term. Failure to adhere to a
patient's vaccination schedule can lead to low levels of
humoral immune response in the vaccinated, especially
in the elderly [2, 7].

Vaccination with inactivated virus provides lower
levels of antibodies than with natural infection [7]. It
is suggested that this may be due to a change in the
conformation of the E-protein as a result of the effect
exposure of formaldehyde on the viral particle during
the inactivation process. Thus, the availability of epi-
topes that bind to neutralizing antibodies is reduced
[43]. As already mentioned, there is a difference in the
immune response to infection and vaccination with
inactivated virus, which is associated with the limited
T-cell responses — a small number of specific CD8*
T-lymphocytes, as well as reduced functionality of
CD4* cells (Figure, B). In response to inactivated vi-
rus, mono- or bi-functional CD4"* T cells are formed,
capable of producing, for example, IL-2 alone or IL-2
and TNF-a alone, but the level of IFN-y secretion is
significantly reduced compared to natural infection [4,
8]. Vaccination leads to a shift of the response towards
the Th2-pathway, whereas in natural disease, the cellu-
lar response is usually formed along the Thl-pathway,
which may affect the efficacy of protection against the
virus [7, 44]. Ideally, vaccines should elicit more robust
responses of IFN-y-producing CD4* T-cells.

The disadvantages of vaccines based on inactiva-
ted viruses include the fact that they are produced using
only a specific strain of TBE virus and do not take into
account its genetic variability. As a result, in endemic
regions, the number of breakthrough infections among
vaccinated individuals can reach 23.8% of the total num-
ber of cases [11]. Despite this, the direction of creating
inactivated vaccines remains paramount. In 2017, phase
I/II clinical trials of the Evervac vaccine were completed.
The main difference of this vaccine from its analogs is
the absence of adjuvants in its composition, as well as
virus production in Vero cells, which allows for an im-
proved safety profile. However, the problem of incom-
plete T-cell response has not been solved yet [45].

Approaches to TBE vaccine development
and induction of cell-mediated immunity

To date, research on candidate vaccines against
TBE virus and other flaviviruses has focused on several
objectives at once:

« achieve high immunogenicity in all age and risk

groups;

* ensure rapid and high levels of seroconversion;
» ensure the development of a long-term immune
response by avoiding complex immunization
regimens;
* reduce side effects;
* provide cross-protective immunity against
several subtypes of TBE virus and induction of
an effective CD4"- and CD8"-cell response [7].
In addition to the widely used approach of creat-
ing TBE vaccines based on inactivated virus, various
experimental prophylactic vaccines based on different
platforms are currently being developed [7].

Live attenuated vaccines

Live attenuated viruses that have lost their patho-
genic properties at the genetic level, but contain the
same antigens as the original pathogen and retain the
ability to cause natural infection in the body in a weak-
ened form, contribute to the formation of a pronounced
and long-lasting B- and T-cell immunity, which is close
to post-infection immunity in terms of intensity [46].
The first attempts to attenuate the TBE virus were not
successful. Therefore, the Langat TR-21 virus, disco-
vered in 1956 [7, 19], was considered as a more promis-
ing source of strains for live attenuated vaccines against
TBE virus. However, a large study involving 650,000
volunteers showed that, in addition to induction of a
high level of immune protection, the development of
serious neurological consequences, including encepha-
litis, was often observed among those vaccinated with
attenuated Langat virus [7]. Subsequent studies on the
development of live-attenuated TBE vaccines have con-
tinued to improve their safety profile. Proteins such as C,
E and NS5 were selected as the main targets for pheno-
type attenuation, which eventually led to several candi-
date vaccines with low reactogenicity and high levels of
antibody production and T-cell response [47—49].

Work is actively underway to produce chimeric
viruses combining fragments of the genomes of the
TBE virus, most often the genes of the E and prM pro-
teins, as well as West Nile, dengue, and Langat viruses
[7, 50].

Although vaccines based on live attenuated viru-
ses raise serious safety concerns, several vaccines have
already been licensed worldwide against infections
caused by other flaviviruses: yellow fever (YFV-17D),
Japanese encephalitis (IMOJEV), and dengue fever
(Dengvaxia). Two quadrivalent live attenuated dengue
fever vaccines produced by Takeda Pharmaceutical and
NIH/Butantan have successfully completed Phase 111
clinical trials [50].

Subunit vaccines

Compared to live attenuated vaccines, the pro-
duction and use of subunit vaccines is characterized by
safety due to the possibility of including individual an-
tigenic components in the form of viral proteins or their
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fragments in the vaccine. However, subunit vaccines in-
duce mainly only a humoral immune response and a lim-
ited range of T-cell responses. They are unable to induce
a prolonged immune response and therefore require the
inclusion of adjuvants and booster immunizations.

Many potential vaccines being developed against
TBE virus and infections caused by other flaviviruses
have been based on structural protein E or its subunits
containing epitopes recognized by neutralizing anti-
bodies [7]. It was shown that immunization of mice
with recombinant EDIII-domain of protein E in com-
bination with various adjuvants allows to achieve not
only induction of neutralizing antibodies, but also par-
tial protection from virus infection [51]. Subunit vac-
cines against Dengue fever (V180) and West Nile fever
(WN-80E), which contain truncated forms of protein E
with adjuvants, have shown significant success in clin-
ical trials [50].

Virus-like particles

Virus-like particles (VLPs) are formed as a result
of simultaneous synthesis of structural proteins, most
often prM/E, in different expression systems. The struc-
ture of VLPs is close to the native structure of the TBE
virion, which allows the maximum number of T- and
B-cell epitopes to be presented to immunocompetent
cells. Such vaccines are characterized by the absence of
potential pathogenic properties and a high level of safe-
ty [50]. VLPs administration is accompanied by the in-
duction of a high titer of virus-neutralizing antibodies,
activation of CD4" T-cells, and formation of central and
effector memory T cells [7]. In one of the studies on the
immunogenic properties of VLPs in a mouse model, it
was shown that VLPs immunization promotes differen-
tiation of CD4" T-cells along the Th2-pathway with a
predominance of IL-4" phenotype [52]. A similar study
indirectly confirmed this result. After VLPs administra-
tion to mice, a robust humoral immune response was
observed; however, analysis of CD4" T-cells for IFN-y,
IL-2, and TNF-a showed no significant difference be-
tween experimental and control groups [53].

Vaccines based on viral vectors

Vaccines against TBE virus and diseases caused
by related viruses are also being developed using an
approach that has proven effective against other infec-
tions — viral vector-based vaccines. Such vaccines are
recombinant or modified viruses encoding specific an-
tigens and characterized by the ability or inability to
replicate after introduction into the body. The main ad-
vantage of vaccines based on viral vectors is their high
immunogenicity due to the intracellular expression
of antigens and the presence of the viral vector itself,
which can play the role of a natural adjuvant [50].

However, as with live attenuated vaccines, viral
vector-based approaches, especially those capable of
replication, raise questions about the safety of their use
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due to the increased risks of high viremia and the poten-
tial for acquisition of pathogenic properties. When viral
vector-based vaccines are administered, an anti-vector
immune response is formed, which reduces the efficacy
of the vaccines in re-immunization. The disadvantages
of such vaccines should also include complexity and
costliness of their production [50].

Vectors based on such viruses as recombinant in-
fluenza A virus, recombinant adenovirus, modified Vac-
cinia virus, etc. are used in works on the development
of experimental vaccines against flavivirus infections.
[7]. Various combinations of TBE virus antigens, which
are encoded in the genome of the viral carrier, make it
possible to modulate the immune response if necessary.
Thus, a number of studies have shown that various viral
vectors encoding NS1 sequences induce the synthesis
of virus-neutralizing antibodies and also provide partial
protection against TBE virus [54]. At the same time,
such vaccines can also activate the T-cell mediated im-
munity by inducing the formation of IFN-y, IL-2 and
TNF-a producing CD4*- and CDS8*-T-lymphocytes..
A modified Vaccinia virus Ankara encoding the TBE
virus prM and E protein sequence, when administered
to mice, also induced high levels of virus-neutralizing
antibodies and specific T-cell response, and provided
complete protection against virus infection [55]. Sim-
ilar results were obtained in a study investigating the
properties of a candidate vaccine against Zika fever
based on recombinant vesicular stomatitis virus encod-
ing prM, E and NS1 proteins [56].

Despite the effectiveness of using viral vectors as
a platform for vaccine development, only one vaccine
has reached the clinical trial stage to date. MV-ZIKV
against Zika fever has been developed on the platform
of the Schwarz strain of measles virus and is in Phase |
clinical trials [57].

MRNA and DNA vaccines

Recently, nucleic acid-based platforms, such as
DNA- and mRNA-based vaccines, have been active-
ly developed. The intracellular expression of antigens
encoded by nucleic acid-based vaccines allows for the
native structure of proteins due to posttranslational mo-
difications [58]. This is important for further processing
of the antigen, its presentation on the surface of immune
cells, and activation of both CD4*- and CD8" T cells.

The technology of production of such vaccines
does not require complex manipulations or work with
dangerous pathogens, which greatly facilitates the pro-
cess of their creation and reduces its overall cost [58].
Furthermore, the use of such vaccines is believed to be
safer compared to traditional approaches [59].

However, it should be noted that nucleic ac-
id-based vaccines in their naked form have low immu-
nogenicity; therefore, various delivery methods to im-
munocompetent cells, both chemical and physical, are
used to improve their efficacy [50].



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTNI. 2024; 101(4)

DOI: https://doi.org/10.36233/0372-9311-553

553

OB30PbI

Several studies on obtaining experimental vac-
cines against TBE virus based on nucleic acids have
been published. An experimental vaccine was obtained
based on self-replicating non-infectious RNA of TBE
virus containing several deletions in the C-protein gene
region and point mutations in the prM gene region,
but without loss of replicative function. The resulting
mRNA vaccine effectively induced not only humoral
but also cellular response, activating CD8" cells as well
as the response of Thl-type CD4" T cells [60—62].

DNA vaccines have an advantage over mRNA
vaccines due to their greater stability and less demand-
ing storage conditions. The works of Y. Omori-Urabe
et al. [63] and a group of researchers from University
of Vienna (Austria) [64] described DNA constructs in
the form of plasmid and viral vectors encoding E and
prM proteins. Immunization with these constructs in-
duced a strong immune response and a high level of
virus-neutralizing antibodies. As a rule, the Thl path-
way of CD4"-cell differentiation accompanied by the
production of IFN-y, TNF-a and IL-2 was observed
during the administration of such vaccines; however,
some variability in the shift of the Th1/Th2 ratio was
demonstrated depending on the use of certain delivery
methods [64].

Several experimental mRNA and DNA vaccines
against other flavivirus infections (caused by dengue,
Zika, and West Nile viruses) are also currently in clini-
cal trials, and many others are being considered in pre-
clinical studies [50].

Polyepitope vaccines

This vaccine platform specializes in the design of
specifically T-cell immunogens and relies on two main
strategies. The first polyepitope strategy is based on the
design of artificial genes, delivered either by plasmid
DNA or mRNA, or by a viral vector, encoding chains
of CD4* and CD8" epitopes of various virus proteins,
linked by linkers, lined up into a single artificial vac-
cine construct. This strategy gives the investigator the
freedom to choose epitopes, which provides a narrower
focus of responses on preferred epitopes [65]. Current
knowledge of the mechanisms of CD4*- and CD8"-re-
sponse formation to a productive viral infection allows
us to develop algorithms for optimal selection of T-cell
epitopes of the target pathogen, taking into account the
peculiarities of the major histocompatibility complex
(MHC) of a particular genotype. Currently, there are
epitope databases such as the Immune Epitope Database
[66], programs have been developed to predict T-cell epi-
topes in various viral proteins, and programs for rational
vaccine design, such as PolyCTLDesigner [67].

The second strategy is to construct chimeric im-
munogens created from longer stretches of proteins
covering the most conserved regions of viral proteins
where T-cell epitopes are concentrated [65]. Bioinfor-
matic approaches that are used in optimizing epitope

compounds for polyepitope vaccines are also used in
the design of conserved chimeric polyepitope proteins.

In the last three years, hundreds of papers have
been published on the design of polyepitope immuno-
gens for flaviviruses (Zika [68], dengue [69], Powas-
san [70, 71], and yellow fever [72] viruses), as well as
SARS-CoV-2 [73-77], Ebola virus [78-80], Marburg
virus [81], influenza [82—85], and others. The immuno-
genicity of polyepitope HIV-1 vaccines has been evalu-
ated in clinical trials [86, 87].

D.N. Kisakov et al. described an experimental
DNA TBE vaccine encoding an artificial polyepitope
immunogen of the TBE virus [88]. The immunogen in-
cluded predicted epitopes from the major proteins of
the TBE virus (NS1, NS3, NS5, and E) restricted by
the most common human allomorphs of HLA type I
molecules and allelic variants of MHC type [ molecules
characteristic of BALB/c mice. Administration of this
vaccine induces the formation of a protective virus-spe-
cific T-cell response in mice and provides 50% protec-
tion of immunised animals against infection with 100
LD50 of TBE virus (strain 205) [88].

Immunogens designed using computerized me-
thods of T-cell epitope prediction and rational design
of polyepitope antigens can become the basis for new
effective methods of immunoprophylaxis of infectious
diseases. They can be used to design both “universal”
antigenic constructs covering a significant part of the
target human population and personalized constructs
tailored to the genetic features of a particular patient
(taking into account his/her repertoire of allelic variants
of class I and/or Il MHC molecules).

With regard to vaccines against TBE virus the op-
timal way to improve vaccine efficacy may be an in-
tegrated strategy that combines the use of two immu-
nogens in a prime-boost system, one of which induces
virus-neutralizing antibodies (e.g., traditional inacti-
vated vaccine) and the other induces T-cell responses
(polyepitope immunogen).

Conclusion

With the accumulation of data on the peculiarities
of the adaptive immune response in TBE, the role of the
T-cell response in protective immunity during infection
and vaccination, as well as its influence on the outcome
of the disease, is becoming clearer. T-cell responses
following natural infection with TBE virus and after
vaccination with inactivated virus are different. During
viral infection, both Thl- and Th2-type CD4" T cells
and CD8* T cells are activated and play an important
role in the elimination of viral infection. The absence
of non-structural proteins of the TBE virus carrying the
main epitopes of CD8" T-lymphocytes in the composi-
tion of inactivated vaccines leads to the activation of
only a part of the T-cell immune response represent-
ed by CD4" T-cells of Th2-type, which mainly provide
support for the B-cell response. Thus, the incomplete-
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ness of the T-cell immune response occurring after vac-
cination with classical vaccines leads to reduced func-
tionality of memory cells, which may underlie the short
duration of the protective response to the vaccine.
Several questions regarding the T-cell response
remain unclear, including the role of CD8" in the de-
velopment of the pathologic process during infection.
Nevertheless, many researchers conclude that a high
level of virus-neutralizing antibodies combined with a
T-cell response, including the response of specific CD8*
T-cells, is a prerequisite for limiting the entry of TBE
into CNS organs and mitigating immune pathology.
Attention to the T-cell response continues to grow
also due to the need to improve classical inactivated
vaccines against TBE virus. Research into next-gener-
ation vaccines is focused on finding a strategy that pro-

REVIEWS

vides a balanced humoral and T-cell immune response.
To date, a number of different types of experimental
TBE vaccines are being studied, such as live-attenuated
vaccines, viral vector vaccines, subunit vaccines, vi-
rus-like particles, DNA and mRNA vaccines, and poly-
epitope immunogens. In our opinion, the most promis-
ing in terms of T-cell response activation are vaccines
based on T-cell polyepitope immunogens delivered in
the form of DNA or mRNA. The optimal way to im-
prove vaccine efficacy may be an integrated strategy
that combines the use of two immunogens in a prime-
boost system, one of which induces virus-neutralizing
antibodies and the other induces T-cell responses.

The development of a safe, effective TBE vaccine
that provides balanced T- and B-cell immunity will be a
major advance in the fight against TBE virus.



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTNI. 2024; 101(4)

DOI: https://doi.org/10.36233/0372-9311-553

555

OB30PbI

1.

10.

11

CIIMCOK UCTOYHHUKOB | REFERENCES

XacHatuHOB M.A. Ponv ecenemuueckozo pazHoobdpasus
supyca Kiewjegoco dHyeparuma u Opy2ux Kieujegvix
namozeHog € obecneueHul yCMOUYUBO20 CYUjeCmBOBAHUS
UX INUOEMUONOSUYECKU 3HAYUMBIX NPUPOOHBIX 0YA208 8
Bocmounoii Cubupu u Monzoauu: Jlucc. ... n-pa OHON. HayK.
Upkytck;2019. Khasnatinov M.A. The role of the genetic di-
versity of tick-borne encephalitis virus and other tick-borne
pathogens in ensuring the sustainable existence of their epi-
demiologically significant natural foci in Eastern Siberia and
Mongolia: Diss. Irkutsk;2019.

. Komsicaukoa H.M., HmmyxameroB A.A., Axumkun B.I.

CoBpeMEHHOE COCTOSIHHE MPOOIEMBI KIICHIEBOTO SHIehanuTa
B Poccun u mMupe. Dnudemuonozua u 8axyuHonpo@uiakmuxa.
2023;22(1):104-23. Kolyasnikova N.M., Ishmukhametov A.A.,
Akimkin V.G. The current state of the problem of tick-borne en-
cephalitis in Russia and the world. Epidemiology and Vaccinal
Prevention. 2023;22(1):104-23.

DOI: https://doi.org/10.31631/2073-3046-2023-22-1-104-123
EDN: https://elibrary.ru/yeynhd

. KonsacankoBa H.M., I'epacumo C.I., NmmyxameroB A.A.,

[Moroauna B.B. DBomorus kiemeBoro sHnedanmra 3a 80-neTHHi
MEPHOA: OCHOBHBIC TPOSIBICHHUS, BEPOSTHBIE HPHYNHBL
Onuodemuonozus u eaxyunonpopuraxmuxa. 2020;19(3):78-88.
Kolyasnikova N.M., Gerasimov S.G., Ishmukhametov A.A.,
Pogodina V.V. Evolution of tick-borne encephalitis over an
80-year period: main manifestations, probable causes. Epide-
miology and Vaccinal Prevention. 2020;19(3):78-88.

DOT: https://doi.org/10.31631/2073-3046-2020-19-3-78-88
EDN: https://elibrary.ru/kihhki

. Blom K., Cuapio A., Sandberg J.T., et al. Cell-mediated im-

mune responses and immunopathogenesis of human tick-borne
encephalitis virus-infection. Front. Immunol. 2018;9:2174.
DOI: https://doi.org/10.3389/fimmu.2018.02174

. Bogovic P., Lotric-Furlan S., Strle F. What tick-borne enceph-

alitis may look like: clinical signs and symptoms. Travel Med.
Infect. Dis. 2010;8(4):246-50.
DOI: https://doi.org/10.1016/j.tmaid.2010.05.011

. Bogovic P, Strle F. Tick-borne encephalitis: A review of epi-

demiology, clinical characteristics, and management. World J.
Clin. Cases. 2015;3(5):430-41.
DOI: https://doi.org/10.12998/wjcc.v3.i5.430

. Kubinski M., Beicht J., Gerlach T., et al. Tick-borne encephali-

tis virus: a quest for better vaccines against a virus on the rise.
Vaccines (Basel). 2020;8(3):451.
DOTI: https://doi.org/10.3390/vaccines8030451

. Aberle J.H., Schwaiger J., Aberle S.W., et al. Human CD4 + T

helper cell responses after tick-borne encephalitis vaccination
and infection. PLoS One. 2015;10(10):¢0140545.
DOI: https://doi.org/10.1371/journal.pone.0140545

. Varnaité R., Blom K., Lampen M.H., et al. Magnitude and func-

tional profile of the human CD4" T cell response throughout pri-
mary immunization with tick-borne encephalitis virus vaccine.
J. Immunol. 2020;204(4):914-22.

DOIL: https://doi.org/10.4049/jimmunol. 1901115

Jlyauauna C.B., CemenoB A.W., Cremanoa O.H. u mp. Bak-
uHonpoduiakTika Kiemesoro sHiedanuta B YensiOMHCKOI
obnacTi: MacIuTabbl BAKIHALMH, TOIY/ILHOHHBIA HIMMYHUTET,
aHaJIN3 CITydaeB 3a00JICBaHUS IPUBUTHIX. DNUOEMUOIOUA U BAK-
yunonpogunaxmuka. 2016;15(1):67-76. Luchinina S.V., Semen-
ov AL, Stepanova O.N., et al. Vaccinal prevention of tick-borne
encephalitis in Chelyabinsk region: dynamics of vaccination,
population immunity, analysis of TBE cases in vaccinated per-
sons. Epidemiology and Vaccinal Prevention. 2016;15(1):67-76.
DOI: https://doi.org/10.31631/2073-3046-2016-15-1-67-76
EDN: https://elibrary.ru/vlidhlb

. oromuua B.B., Illepounnna M.C., Ckpeinaunk C.M. u np.

OnuIeMHOIOTHYECKas CUTYalus [0 KICHIEBOMY SHIEPaTUTy U

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

BakiuHONpoduirakTika B Kypraunckoit oomactu (1983-2017 rr).
Onuoemuonozusn u sakyuronpogunaxmuxa. 2018;17(4):46-55.
Pogodina V.V., Shcherbinina M.S., Skrynnik S.M., et al. Epi-
demiological situation of tick-borne encephalitis in the Kurgan
region (1983-2017). Epidemiology and Vaccinal Prevention.
2018;17(4):46-55.

DOI: https://doi.org/10.31631/2073-3046-2018-17-4-46-56
EDN: https://elibrary.ru/xxfrcx

Koznosa TIO., Xantumupoa JI.M., PykaBumnukos A.B.,
[esmoB B.A. Ananu3 3¢ eKTHBHOCTH 1 6€30MaCHOCTH BaKIINH
T TpO(MIIaKTHKY KitelieBoro sHuedanura. b4 Onpenapamui.
Ipodhunaxmuxa, ouacnocmuxa, nevernue. 2018;18(1):33-41.
Kozlova T.Yu., Khantimirova L.M., Rukavishnikov A.V.,
Shevtsov V.A. Analysis of efficacy and safety of tick-borne en-
cephalitis vaccines. Biological Products. Prevention, Diagno-
sis, Treatment. 2018;18(1):33—41.

DOI: https://doi.org/10.30895/2221-996X-2018-18-1-33-41
Ackermann-Gaumann R., Lang P., Zens K.D. Defining the
"Correlate(s) of Protection" to tick-borne encephalitis vacci-
nation and infection — key points and outstanding questions.
Front. Immunol. 2024;15:1352720.

DOI: https://doi.org/10.3389/fimmu.2024.1352720

Remoli M.E., Marchi A., Fortuna C., et al. Anti-tick-borne en-
cephalitis (TBE) virus neutralizing antibodies dynamics in natu-
ral infections versus vaccination. Pathog. Dis. 2015;73(2):1-3.
DOI: https://doi.org/10.1093/femspd/ftu002

Dorrbecker B., Dobler G., Spiegel M., Hufert F.T. Tick-borne
encephalitis virus and the immune response of the mammalian
host. Travel Med. Infect. Dis. 2010;8(4):213-22.

DOIL: https://doi.org/10.1016/j.tmaid.2010.05.010

Worku D.A. Tick-Borne Encephalitis (TBE): From tick to pa-
thology. J. Clin. Med. 2023;12(21):6859.

DOIL: https://doi.org/10.3390/jcm12216859

Aberle J.H., Stiasny K., Kundi M., Heinz F.X. Mechanistic in-
sights into the impairment of memory B cells and antibody pro-
duction in the elderly. Age (Dordr.). 2013;35(2):371-81.

DOI: https://doi.org/10.1007/s11357-011-9371-9

Lindquist L., Vapalahti O. Tick-borne encephalitis. Lancet.
2008;371(9627):1861-71.

DOI: https://doi.org/10.1016/S0140-6736(08)60800-4

Gritsun T.S., Lashkevich V.A., Gould E.A. Tick-borne encepha-
litis. Antiviral. Res. 2003;57(1-2):129-46.

DOI: https://doi.org/10.1016/50166-3542(02)00206-1
Simmonds P., Becher P., Bukh J., et al. ICTV virus taxonomy
profile: flaviviridae. J. Gen. Virol. 2017;98(1):2-3.

DOI: https://doi.org/10.1099/jgv.0.000672

Schwaiger J., Aberle J.H., Stiasny K., et al. Specificities of hu-
man CD4+ T cell responses to an inactivated flavivirus vaccine
and infection: correlation with structure and epitope prediction.
J. Virol. 2014;88(14):7828-42.

DOIL: https://doi.org/10.1128/JV1.00196-14

Bomxosa T. /1., Kopoes J1.0., TuroBa M.A. n np. CuHTETHUYECKHE
¢dparmenTsl Oenka nsl Bupyca KiemeBoro sHuedanura, obna-
JTAfoLINe IPOTEKTUBHBIM JIEUCTBUEM. Buoopeanuueckas Xumus.
2007;33(2):213-7. Volkova T.D., Koroev D.O., Titova M.A., et
al. Synthetic fragments of the NS1 protein of the tick-borne en-
cephalitis virus exhibiting a protective effect. Russian Journal
of Bioorganic Chemistry. 2007;33(2):213-7.

DOI: https://doi.org/10.1134/S1068162007020021

EDN: https://elibrary.ru/lkjlvr

Garner-Spitzer E., Wagner A., Paulke-Korinek M., et al. Tick-
borne encephalitis (TBE) and hepatitis B nonresponders feature
different immunologic mechanisms in response to TBE and
influenza vaccination with involvement of regulatory T and B
cells and IL-10. J. Immunol. 2013;191(5):2426-36.

DOIL: https://doi.org/10.4049/jimmunol. 1300293

Lampen M.H., Uchtenhagen H., Blom K., et al. Breadth and
dynamics of HLA-A2- and HLA-B7-Restricted CD8" T cell



556

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(4)

DOI: https://doi.org/10.36233/0372-9311-553

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

responses against nonstructural viral proteins in acute hu-
man tick-borne encephalitis virus infection. /mmunohorizons.
2018;2(6):172-84.

DOI: https://doi.org/10.4049/immunohorizons.1800029

Blom K., Braun M., Pakalniene J., et al. Specificity and dynam-
ics of effector and memory CD8 T cell responses in human tick-
borne encephalitis virus infection. PloS Pathog. 2015; 11(1):
¢1004622. DOLI: https://doi.org/10.1371/journal.ppat. 1004622
Aregay A., Slunecko J., Bogovic P., et al. Poor virus-specific
T-cell responses early after tick-borne encephalitis virus infec-
tion correlate with disease severity. Emerg. Microbes Infect.
2024;13(1):2317909.

DOI: https://doi.org/10.1080/22221751.2024.2317909

Ruzek D., SalatJ., Palus M., etal. CD8+ T-cells mediate immuno-
pathology in tick-borne encephalitis. Virology.2009;384(1):1-6.
DOI: https://doi.org/10.1016/j.virol.2008.11.023

Ruzek D., Salat J., Singh S.K., Kopecky J. Breakdown of the
blood-brain barrier during tick-borne encephalitis in mice is not
dependent on CD8+ T-cells. PloS One. 2011;6(5):€20472.
DOT: https://doi.org/10.1371/journal.pone.0020472

Slon Campos J.L., Mongkolsapaya J., Screaton G.R. The
immune response against flaviviruses. Nat. Immunol.
2018;19(11):1189-98.

DOI: https://doi.org/10.1038/s41590-018-0210-3

Sycheva A., Komech E., Pogorelyy M., et al. Inactivated tick-
borne encephalitis vaccine elicits several overlapping waves of
T cell response. Front. Immunol. 2022;13:970285.

DOTI: https://doi.org/10.3389/fimmu.2022.970285

GomezI., Marx F., Saurwein-Teissl M., et al. Characterization of
tick-borne encephalitis virus-specific human T lymphocyte re-
sponses by stimulation with structural TBEV proteins expressed
in a recombinant baculovirus. Viral Immunol. 2003;16(3):407—
14. DOL: https://doi.org/10.1089/088282403322396190

Salat J., Mikulasek K., Larralde O., et al. Tick-borne encepha-
litis virus vaccines contain non-structural protein 1 antigen and
may elicit NS1-specific antibody responses in vaccinated indi-
viduals. Vaccines (Basel). 2020;8(1):81.

DOT: https://doi.org/10.3390/vaccines8010081

Hansson K.E., Rosdahl A., Insulander M., et al. Tick-borne en-
cephalitis vaccine failures: a 10-year retrospective study support-
ing the rationale for adding an extra priming dose in individuals
starting at age 50 years. Clin. Infect. Dis. 2020;70(2):245-51.
DOI: https://doi.org/10.1093/cid/ciz176

Smit R., Postma M.J. Review of tick-borne encephalitis and
vaccines: clinical and economical aspects. Expert Rev. Vaccines.
2015;14(5):737-47.

DOI: https://doi.org/10.1586/14760584.2015.985661
Bopob6seBaM.C., nmsbeptJI.B., payes B.I1. u np. PeaktoreHHOCTH
U UMMYyHONOrM4eckas 95(GHEKTHBHOCTh KOHIICHTPUPOBAHHOI
OYMILECHHOH BaKIMHBI INPOTHB  KIEIIEBOrO  SHUE(AIHTA.
Bonpocul  eupyconoeuu.  1983;28(5):622—6. Vorob'eva M.S.,
El'bert L.B., Grachev V.P, et al. Reactogenicity and immu-
nological effectiveness of a concentrated, purified vaccine against
tick-borne encephalitis. Problems of Virology. 1983;28(5):622—-6.
Boposuu M.®., MaiikoBa I'b., Uepnoxaesa JL.JI. u mp.
HNmmyHonorunueckast 3¢ (heKTUBHOCTE ¥ 0€301IaCHOCTh BaKLIMHbI
«Knem-2-Bak»: «B3pocias» ¢Gopma. Bonpocwl eupyconocuu.
2017;62(2):73-80. Vorovitch M.F., Maikova G.B., Chernokha-
eva L.L., et al. Immunogenicity and safety of the adult TBE vac-
cine «Tick-E-Vacy. Problems of Virology. 2017;62(2):73-80.
DOI: https://doi.org/10.18821/0507-4088-2017-62-2-73-80
EDN: https://elibrary.ru/yjkhft

Yoshii K., Song J.Y., Park S.B., et al. Tick-borne encephalitis in
Japan, Republic of Korea and China. Emerg. Microbes Infect.
2017;6(9):e82. DOL: https://doi.org/10.1038/emi.2017.69.
Heinz F.X., Stiasny K., Holzmann H., et al. Vaccination and
tick-borne encephalitis, central Europe. Emerg. Infect. Dis.
2013;19(1):69-76.

DOI: https://doi.org/10.3201/eid1901.120458

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

REVIEWS

INenseBckast H.A., Pynaxos H.B., Pynakosa C.A. IIpobnemusie
aCHeKThl OLEHKH SMUAEMHOJIOTHYECKOH 3((EeKTHBHOCTH
BaKIUHONPO(HIAKTHKY KIELEBOT0 SHIehaInTa. Inudemuono-
eua u gaxyunmonpogpurakmuxa. 2018;17(5):78-88. Penyev-
skaya N.A., Rudakov N.V., Rudakova S.A. Problematic aspects
of the evaluation of the epidemiological effectiveness of vacci-
nation against tick-borne encephalitis. Epidemiology and Vacci-
nal Prevention. 2018;17(5):78-88.

DOTI: https://doi.org/10.31631/2073-3046-2018-17-5-78-88
EDN: https://elibrary.ru/yqxvdv

Pomanenko B.B., Ectonmna M.C., Kunsuuna A.C., ITume-
HoBa T.A. MaccoBas ummyHH3anus HaceineHus CBepanos-
CKOM o0nacTy NPOTHB KIIEIIEBOro sSHiedanura, ee smuie-
MHOJIOTHYECKasl, KIMHUYECKass U UMMYyHoJorudeckas sdoek-
THUBHOCTb BaKIMHONPOGHUIAKTHKU. Meduyunckas 6upyconozus.
2006;23:116-25. Romanenko V.V., Esyunina M.S., Kilyachi-
na A.S., Pimenova T.A. Mass immunization Sverdlovsk region
population against tickborne encephalitis, its epidemiological,
clinical and immunological effectiveness of vaccination. Medi-
cal Virology. 2006;23:116-25.

Pomanenko B.B., Ecronumna M.C., Kwisunna A.C. OmneIT
peanu3alyy mporpaMMbl MACCOBOH MMMYHH3AILMH HAaCENCHHS
MPOTHUB KJIEmeBoro sHiedanura B CBepATIOBCKOH 007acTH.
Bonpocwvr  eupyconoeuu. 2007;52(6):22—5. Romanenko V.V,
YesyuninaM.S., KilyachinaA.S. Experience inimplementing the
mass immunization program against tick-borne encephalitis in
the Sverdlovsk Region. Problems of Virology. 2007;52(6):22-5.
EDN: https://elibrary.ru/icdged

lep6bununa M.C., bapxanesa O.A., Jlopoxosa O.C., Mosce-
csaH A.A. DddexTuBHOCTh creruduueckod MpodUIaKTUKH
kinemeBoro sHuedamura. bUOnpenapamer. [Ipogunaxmuxa,
Juaznocmuxa, newenue. 2020;20(3):174-86. Shcherbinina M.S.,
Barkhaleva O.A., Afonina O.S., Movsesyants A.A. Effective-
ness of specific prevention of tick-borne encephalitis. Biologi-
cal Products. Prevention, Diagnosis, Treatment.

DOTI: https://doi.org/10.30895/2221-996X-2020-20-3-174-186
EDN: https://elibrary.ru/xjyyhs

Kuivanen S., Hepojoki J., Vene S., et al. Identification of linear
human B-cell epitopes of tick-borne encephalitis virus. Virol. J.
2014;11:115. DOI: https://doi.org/10.1186/1743-422X-11-115
Morozova O.V., Bakhvalova V.N., Potapova O.F., et al. Evalu-
ation of immune response and protective effect of four vaccines
against the tick-borne encephalitis virus. Vaccine. 2014;32(25):
3101-6. DOL: https://doi.org/10.1016/j.vaccine.2014.02.046
Vorovitch M.F., Grishina K.G., Volok V.P., et al. Evervac: phase
I/II study of immunogenicity and safety of a new adjuvant-free
TBE vaccine cultivated in Vero cell culture. Hum. Vaccin. Im-
munother. 2020;16(9):2123-30.

DOI: https://doi.org/10.1080/21645515.2020.1757990
Anmaroa H.A., AsmeeBa X.U., TaiimepoBa JL.A. u nmp.
VIMMyHHBI OTBET NPH HMMMYHH3AlUH HPOTHBOBUPYCHBIMH
BakuuHaMu. A Onpenapamui. [Ipoghunaxmuxa, ouacHocmuxa,
neuenue. 2020;20(1):21-9. Alpatova N.A., Avdeeva Zh.1., Gay-
derova L.A., et al. Immune response induced by immunisation
with antiviral vaccines. Biological Products. Prevention, Diag-
nosis, Treatment. 2020;20(1):21-9.

DOIL: https://doi.org/10.30895/2221-996X-2020-20-1-21-29
EDN: https://elibrary.ru/tbqndr

de Fabritus L., Nougairéde A., Aubry F., et al. Attenuation of
tick-borne encephalitis virus using large-scale random codon
re-encoding. PLoS Pathog. 2015;11(3):e1004738.

DOI: https://doi.org/10.1371/journal.ppat. 1004738

Kofler R.M., Heinz F.X., Mandl C.W. Capsid protein C of
tick-borne encephalitis virus tolerates large internal deletions
and is a favorable target for attenuation of virulence. J. Virol.
2002;76(7):3534-43.

DOI: https://doi.org/10.1128/jvi.76.7.3534-3543.2002

Mandl C.W., Allison S.L., Holzmann H., et al. Attenuation of
tick-borne encephalitis virus by structure-based site-specific



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTNI. 2024; 101(4)
DOI: https://doi.org/10.36233/0372-9311-553

557

OB30PbI

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

mutagenesis of a putative flavivirus receptor binding site. J. Vi-
rol. 2000;74(20):9601-9.

DOI: https://doi.org/10.1128/jvi.74.20.9601-9609.2000

Dutta S.K., Langenburg T. A perspective on current flavivirus
vaccine development: a brief review. Viruses. 2023;15(4):860.
DOIL: https://doi.org/10.3390/v15040860

Ershova A.S., Gra O.A., Lyaschuk A.M., et al. Recombinant do-
mains III of Tick-Borne Encephalitis Virus envelope protein in
combination with dextran and CpGs induce immune response
and partial protectiveness against TBE virus infection in mice.
BMC Infect. Dis. 2016;16(1):544.

DOI: https://doi.org/10.1186/s12879-016-1884-5

Zhang M., Jin H., Jiao C., et al. An effective tick-borne encepha-
litis virus vaccine candidate based on virus-like particles in-
duced specific cellular and humoral immunity in mice. 2023.
Preprint. DOI: https://doi.org/10.2139/ssrn.4528843

Tang J., Fu M., Xu C., et al. Development of a novel virus-like
particle-based vaccine for preventing tick-borne encephalitis vi-
rus infection. Virol. Sin. 2023;38(5):767-77.

DOTI: https://doi.org/10.1016/j.virs.2023.06.003

Beicht J., Kubinski M., Zdora 1., et al. Induction of humoral
and cell-mediated immunity to the NS1 protein of TBEV with
recombinant Influenza virus and MVA affords partial protec-
tion against lethal TBEV infection in mice. Front. Immunol.
2023;14:1177324.

DOI: https://doi.org/10.3389/fimmu.2023.1177324

Kubinski M., Beicht J., Zdora 1., et al. A recombinant Modified
Vaccinia virus Ankara expressing prME of tick-borne encepha-
litis virus affords mice full protection against TBEV infection.
Front. Immunol. 2023;14:1182963.

DOI: https://doi.org/10.3389/fimmu.2023.1182963

LiA., Yul., Lu M, et al. A Zika virus vaccine expressing pre-
membrane-envelope-NS1 polyprotein. Nat. Commun. 2018;
9(1):3067. DOLI: https://doi.org/10.1038/s41467-018-05276-4
Niirnberger C., Bodmer B.S., Fiedler A.H., et al. A measles vi-
rus-based vaccine candidate mediates protection against Zika vi-
rus in an allogeneic mouse pregnancy model. J. Virol. 2019;93(3):
€01485-18. DOL: https://doi.org/10.1128/JV1.01485-18

Kisakov D.N., Kisakova L.A., Borgoyakova M.B., et al. Op-
timization of in vivo electroporation conditions and delivery
of DNA vaccine encoding SARS-CoV-2 RBD using the deter-
mined protocol. Pharmaceutics. 2022;14(11):2259.

DOI: https://doi.org/10.3390/pharmaceutics14112259.

Li L., Petrovsky N. Molecular mechanisms for enhanced
DNA vaccine immunogenicity. FExpert Rev. Vaccines.
2016;15(3):313-29.

DOI: https://doi.org/10.1586/14760584.2016.1124762

Aberle J.H., Aberle S.W., Kofler R M., Mandl C.W. Humoral
and cellular immune response to RNA immunization with fla-
vivirus replicons derived from tick-borne encephalitis virus.
J. Virol. 2005;79(24):15107-13.

DOI: https://doi.org/10.1128/JV1.79.24.15107-15113.2005
Kofler R.M., Aberle J.H., Aberle S.W., et al. Mimicking live fla-
vivirus immunization with a noninfectious RNA vaccine. Proc.
Natl Acad. Sci. USA. 2004;101(7):1951-6.

DOI: https://doi.org/10.1073/pnas.0307145101

Wollner C.J., Richner J.M. mRNA vaccines against flaviviruses.
Vaccines (Basel). 2021; 9(2):148.

DOT: https://doi.org/10.3390/vaccines9020148

Omori-Urabe Y., Yoshii K., Ikawa-Yoshida A., et al. Needle-free
jet injection of DNA and protein vaccine of the far-eastern sub-
type of tick-borne encephalitis virus induces protective immuni-
ty in mice. Microbiol. Immunol. 2011;55(12):893-7.

DOI: https://doi.org/10.1111/j.1348-0421.2011.00389.x

Aberle J.H., Aberle S.W., Allison S.L., et al. A DNA immuniza-
tion model study with constructs expressing the tick-borne en-
cephalitis virus envelope protein E in different physical forms.
J. Immunol. 1999;163(12):6756-61.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Korber B., Fischer W. T cell-based strategies for HIV-1 vac-
cines. Hum. Vaccin. Immunother. 2020;16(3):713-22.

DOI: https://doi.org/10.1080/21645515.2019.1666957

Vita R., Mahajan S., Overton J.A., et al. The Immune Epi-
tope Database (IEDB): 2018 update. Nucleic Acids Res. 2019;
47(D1):D339-43. DOI: https://doi.org/10.1093/nar/gky1006
Antonets D.V., Bazhan S.I. PolyCTLDesigner: a computation-
al tool for constructing polyepitope T-cell antigens. BMC Res.
Notes. 2013;6:407.

DOI: https://doi.org/10.1186/1756-0500-6-407

Ezzemani W., Windisch M.P., Altawalah H., et al. Design of a
multi-epitope Zika virus vaccine candidate — an in-silico study.
J. Biomol. Struct. Dyn. 2023;41(9):3762-71.

DOI: https://doi.org/10.1080/07391102.2022.2055648

Fadaka A.O., Sibuyi N.R.S., Martin D.R., et al. Immunoin-
formatics design of a novel epitope-based vaccine candidate
against dengue virus. Sci. Rep. 2021;11(1):19707.

DOI: https://doi.org/10.1038/541598-021-99227-7

Nguyen TL, Kim H. Immunoinformatics and computational
approaches driven designing a novel vaccine candidate against
Powassan virus. Sci. Rep. 2024;14(1):5999.

DOI: https://doi.org/10.1038/s41598-024-56554-9

Choi H., Kudchodkar S.B., Ho M., et al. A novel synthetic DNA
vaccine elicits protective immune responses against Powassan
virus. PLoS Negl. Trop. Dis. 2020;14(10):e0008788.

DOI: https://doi.org/10.1371/journal.pntd.0008788

Khan N.T., Zinnia M.A., Islam A.B.M.M.K. Modeling mRNA-
based vaccine YFV.E1988 against yellow fever virus E-protein
using immuno-informatics and reverse vaccinology approach.
J. Biomol. Struct. Dyn. 2023;41(5):1617-38.

DOI: https://doi.org/10.1080/07391102.2021.2024253
Borgoyakova M.B., Volosnikova E.A., Ilyichev A.A., Karpen-
ko L.I. Approaches to improve the immunogenicity of plasmid
DNA-based vaccines against COVID-19. In: Population Gene-
tics — From DNA to Evolutionary Biology. IntechOpen; 2023.
DOIL: https://doi.org/10.5772/intechopen.113945

boprosixoBa M.b., Kapnenko JL.U., PynomeroB A.Il. u ap.
HUckycctBennslii T-kneTounslit iMMyHoreH npotus COVID-19.
FBionnemenv  sxcnepumenmanvuoui  Ouonocuu u  MeOUYUHbL.
2023;175(6):767-72. Borgoyakova M.B., Karpenko L.I., Ru-
dometov A.P., et al. Artificial COVID-19 T-cell immunogen.
Bulletin of Experimental Biology and Medicine.

DOI: https://doi.org/10.47056/0365-9615-2023-175-6-767-772
EDN: https://elibrary.ru/ccsroy

Chakraborty A., Bayry J., Mukherjee S. Immunoinformatics
approaches in designing vaccines against COVID-19. Methods
Mol. Biol. 2023;2673:431-52.

DOI: https://doi.org/10.1007/978-1-0716-3239-0_29
Enayatkhani M., Hasaniazad M., Faezi S., et al. Reverse vacci-
nology approach to design a novel multi-epitope vaccine can-
didate against COVID-19: an in silico study. J. Biomol. Struct.
Dyn. 2021;39(8):2857-72.

DOI: https://doi.org/10.1080/07391102.2020.1756411

Sarkar B., Ullah M.A., Johora F.T., et al. Immunoinformatics-
guided designing of epitope-based subunit vaccines against
the SARS Coronavirus-2 (SARS-CoV-2). Immunobiology.
2020;225(3):151955.

DOI: https://doi.org/10.1016/j.imbio.2020.151955

Karpenko L.I., Apartsin E.K., Dudko S.G., et al. Cationic poly-
mers for the delivery of the Ebola DNA vaccine encoding artifi-
cial T-cell immunogen. Vaccines (Basel). 2020;8(4):718.

DOI: https://doi.org/10.3390/vaccines8040718

Alizadeh M., Amini-Khoei H., Tahmasebian S., et al. Designing
a novel multi epitope vaccine against Ebola virus using reverse
vaccinology approach. Sci. Rep. 2022;12(1):7757.

DOIL: https://doi.org/10.1038/s41598-022-11851-z

Shankar U., Jain N., Mishra S.K., et al. Mining of Ebola virus
genome for the construction of multi-epitope vaccine to com-



558

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(4)

DOI: https://doi.org/10.36233/0372-9311-553

81.

82.

83.

84.

85.

bat its infection. J. Biomol. Struct. Dyn. 2022;40(11):4815-31.
DOI: https://doi.org/10.1080/07391102.2021.1874529
Albagami F.F., Altharawi A., Althurwi H.N., et al. Computa-
tional modeling and evaluation of potential mRNA and pep-
tide-based vaccine against Marburg Virus (MARV) to provide
immune protection against hemorrhagic fever. Biomed. Res. Int.
2023;2023:5560605.

DOT: https://doi.org/10.1155/2023/5560605

Bazhan S.I., Antonets D.V., Starostina E.V., et al. In silico de-
sign of influenza A virus artificial epitope-based T-cell antigens
and the evaluation of their immunogenicity in mice. J. Biomol.
Struct. Dyn. 2022;40(7):3196-212.

DOT: https://doi.org/10.1080/07391102.2020.1845978

Mia M.M., Hasan M., Ahmed S., Rahman M.N. Insight into the
first multi-epitope-based peptide subunit vaccine against avian
influenza A virus (HSN6): An immunoinformatics approach. /n-
fect. Genet. Evol. 2022;104:105355.

DOI: https://doi.org/10.1016/j.meegid.2022.105355

Sharma S., Kumari V., Kumbhar B.V,, et al. Immunoinforma-
tics approach for a novel multi-epitope subunit vaccine design
against various subtypes of Influenza A virus. Immunobiology.
2021;226(2):152053.

DOT: https://doi.org/10.1016/j.imbio.2021.152053

Crapocruna E.B., Ilapabpun C.B., PymomeroB A.Il. u np.
Mmvmynneiit otBer Ha JIHK- u MPHK-Bakuunsl, koaupyromue
HCKYCCTBEHHbIE HMMMYHOI€Hbl BHpyca rpumma. Poccutickuti
ummyHonozuueckuti srcypran. 2022;25(3):321-6. Starostina E.V.,
Sharabrin S.V., Rudometov A.P., et al. Immune response against
DNA- and mRNA vaccines encoding artificial influenza virus im-

86.

87.

88.

REVIEWS

munogens. Russian Journal of Immunology. 2022;25(3):321-6.
DOI: https://doi.org/10.46235/1028-7221-1103-IRA

EDN: https://elibrary.ru/yuzmag

Stiech D.J., Barouch D.H., Comeaux C., et al. ASCENT/
HVTNI118/HPX2003 Study Team. Safety and immunogeni-
city of Ad26-vectored HIV vaccine with mosaic immunogens
and a novel mosaic envelope protein in HIV-uninfected adults:
A phase 1/2a study. J. Infect. Dis. 2023;227(8):939-50.

DOI: https://doi.org/10.1093/infdis/jiac445

Kapnenko JLU., baxan C.M., borpsauesa M.II. u np.
KombOunmpoBannass BakuumHa npotuB BHMY-1 Ha ocHOBe
HCKYCCTBEHHBIX ITOJIMAIUTONHBIX MMMYHOTCHOB: PE3yJbTaThl
1 da3bl KIMHUYECKHUX WCHBITAHUN. Buoopeanuueckas Xumus.
2016;42(2):191-204. Karpenko L.I., Bazhan S.I., Bogryantse-
va M.P, et al. Results of phase I clinical trials of a combined
vaccine HIV-1 based on synthetic polyepitope immunogens.
Russian Journal of Bioorganic Chemistry. 2016;42(2):191-204.
DOI: https://doi.org/10.7868/S0132342316020068

EDN: https://elibrary.ru/vlpwyv

Kucaxos /I.H., Aaronen I.B., lllabyposa E.B. u np. JJHK-Bak-
[[MHA, KOJAMPYIOLIas MCKYCCTBEHHbIH T-KJICTOYHBIN IONH-
SMUTONHBII HMMYHOTeH BHpYCa KICIIEBOrO OJHIehaInTa.
Bronnemenv  sxcnepumenmanvhoi  6uonocuu U MeOUYUHb.
2023;176(7):85-9. DOI:  10.47056/0365-9615-2023-176-
7-85-89 EDN: https://elibrary.ru/jlemud Kisakov D.N,,
Antonets D.V., Shaburova E.V., et al. DNA vaccine encoding
the artificial T-cell polyepitope immunogen of tick-borne
encephalitis virus. Bull. Exp. Biol. Med. 2023;176(1):72—6.
DOI: https://doi.org/10.1007/s10517-023-05970-4



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTNI. 2024; 101(4) 559

DOI: https://doi.org/10.36233/0372-9311-553

OB30PbI

Information about the authors

Elena V. Tigeeva™ — junior researcher, Bioengineering department,
State Research Center of Virology and Biotechnology «Vector»,
Koltsovo, Russia, tigeeva_ev@vector.nsc.ru,
https://orcid.org/0009-0001-5203-2130

Lily F. Nizolenko — Cand. Sci. (Biol.), senior researcher, Bioengi-
neering department, State Scientific Center of Virology and Biotech-
nology «Vector», Koltsovo, Russia,
https://orcid.org/0000-0002-9647-4969

Larisa I. Karpenko — D. Sci. (Biol.), Head, Laboratory of recombinant
vaccines, leading researcher, Bioengineering department, State
Scientific Center of Virology and Biotechnology «Vector», Koltsovo,
Russia, https://orcid.org/0000-0003-4365-8809

Author contribution: Tigeeva E.V. — writing the manuscript, critical
review and editing of the manuscript text, work with graphic material,
collection of literature data, analysis and generalization of literature
data; Nizolenko L.F. — manuscript design, collection of literature
data, analysis and generalization of literature data; Karpenko L.I. —
justification of the research concept (formulation of the idea, aims
and objectives), writing the manuscript, critical review and editing of
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 14.06.2024;
accepted for publication 10.08.2024;
published 29.08.2024

HHpopmayusi 06 asmopax

Tueeeea EneHa BumanbeeHa™ — M.H.C. otaena GuOMHXeHepun
'HL BB «Bektop», KonbuoBo, Poccus, tigeeva_ev@vector.nsc.ru,
https://orcid.org/0009-0001-5203-2130

Hu3zonexko Jlunusi @ununnoeHa — K.6.H., C.H.c. oTaena GuonHxe-
Hepuun MHL, BB «BekTtop», KonbLoBo, Poccusi, nizolenko@inbox.ru,
https://orcid.org/0000-0002-9647-4969

Kapnierko Jlapuca MeaHosHa — fA.6.H., 3aB. nabopatopueri pekom-
OMHaHTHbLIX BaKUWH, B.H.C. otdena oGuouHxeHepun ML, BB «Bek-
Top», Konbuoso, Poccus, https://orcid.org/0000-0003-4365-8809

Y4yacmue aemopos: Tueeesa E.B. — HanncaHve TeKCTa pyKonucw,
KPUTUYECKUI NepecMOoTp U pefakTMpoBaHue TekcTa pykonucy, pabo-
Ta ¢ rpadm4eckum matepuanom, coop AaHHbIX NMTepaTypbl, aHanm3
1 0606LeHne aaHHbIX nuTepatypbl; HusoneHko J1.®. — ocopmrie-
HMe pykonucu, c6op AaHHbIX NuUTepaTtypbl, aHamu3 u obobLieHne
OaHHbIX nutepartypsbl; KapneHko J1.A. — oBocHoBaHWe KoHuenumu
nccnenoBaHusa (dopmynupoBaHue uaew, Lenew v 3agad), Hanuca-
HMe TeKCcTa PYKOMUCU, KPUTUYECKUI NepecMoTp W pedakTMpoBaHue
TeKcTa pykonucu. Bce aBTopbl NoaTBEpXKAAOT COOTBETCTBUE CBOEMO
aBTOpCTBa KpuUTepusiMm MexayHapogHOro KoMMTeTa peakTopoB Me-
OVILMHCKMX >KypHanoB, BHECMMN CYLLECTBEHHbIN BKNaj B NpoBefAeHne
MOWNCKOBO-aHanMTM4eckon paboTbl M NOATOTOBKY CTaTbM, MPOYNM U
opo6punu uHanbHyo Bepcuto 4o nybnukaumm.
Cratbsi noctynuna B pepakumio 14.06.2024;
npuHsiTa k nyénukauum 10.08.2024;
ony6nukosaHa 29.08.2024
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HayuHbliin 0630p
https://doi.org/10.36233/0372-9311-512

OueHKa coBpeMeHHOro coctoaHnAa papmaneBTNUECKON
pa3paboTKm NpoTNBOCTaPUIOKOKKOBbIX
npodunakTnyecKnx npenaparos

Bynnosa U.A.%, CaBkuHa M.B., CaanuHa J1.B., Kpusbix M.A., O6yxos [0.1.

HayuHbI LleHTp 3KcnepTun3bl CPeacTB MeauUMHCKOro npumeHeHns, Mockea, Poccun

AHHOMauus

WHdpekums, BoidBaHHas Staphylococcus aureus, ABRNAETCS camoln pacnpoCcTpaHEHHON, NPUBOAALLEN K Pa3BUTUIO
CepbEé3HbIX OCMOXHEHWUI Y YenoBeka. S. aureus OTHOCMTCS K BbICOKOMeTallbHbIM natoreHam npu 6aktepnemmm co
CMEpPTHOCTLIO NpuMepHO 18% B GnarononyyHbix cTpaHax u 4o 27% — B pa3BMBaOLLMXCS.

OfHMM 13 caMbIX MOPA3UTENBHBIX U CIIOXHbLIX aCNEKTOB KMMHUYECKNX NPOSBNEHNN, BbI3BaHHbLIX S. aureus, cyuTa-
etcs cnocobHocTb BakTepum BelpabaTbiBaTh YCTOMYMBOCTbL K aHTUOMOTMKaM. CBoeBpeMeHHON Heo6X0AMMOCTbIO
ABnseTcs paspaboTka ansTepHaTUBHBIX CMOCOOOB NeYeHnss cTaunoKOKKOBOW MHpekumn. MNepcnekTMBHBIM Ha-
npaeneHvem cnegyet paccmaTpueaTb NPUMEHEHWE MMMYHOTEPanun u UMMYHONPOMUNAKTUKL ANs akTusaumu
NPOTUBOMHMEKLIMOHHOTO MMMYHHOTO OTBETa Y NauMeHTOB.

Llenb 0630pa — aHanu3 oOCHOBHbIX TEHAEHLMI B pa3paboTke BaKLUH, HanpaBneHHbIX Ha NPOdUIakTUKy MHAEK-
LuiA, Bbi3blBAaEMbIX S. aureus, 1 akTopoB BUPYNEeHTHOCTK S. aureus.

B 0630ope paccmoTpeHbl MPOBOAMMBIE B NOCnedHWe rofbl pa3paboTkv NekapCTBEHHbIX NpenapaTtos, Hanpas-
NeHHble Ha NPodUNAaKTUKYy U revyeHne uHdeKkunn, BbidbiBaeMbix S. aureus. Ocoboe BHMMaHue ygenserca
dhakTopam naToreHHOCTU (kancyna, NoBEPXHOCTHbIE Benkn n depMeHTbl), KOTopble MOryT BbITb NONe3Hbl Ans
CO3[4aHNA HOBbIX BaKLMH-KaHANAATOB UM UMMYHHbIX TepaneBTUYecKkMX cpeacTs. 3a nocrnegHne rogbl Npose-
AEeHNEe MHOTOYUCIIEHHBIX KITMHWYECKMX NCCNefoBaHUn KaHANAATOB-BaKUMH, CO3AaHHbIX HA OCHOBE Pa3fnyHbIX
aHTWUreHoB, ¢ Y4€TOM 0Ccob60 3HaUMMbIX DaKTOPOB MATOrEHHOCTU CTaPUIIOKOKKA, OKa3blBalOLMX BNUSHUE Ha
3aboneBaeMoCTb, He yBEHYANMUChb YCMEXOM M3-3a UX HU3KON 3MEKTUBHOCTM NN HEJOCTaTOYHO 06OCHOBAH-
How 6e3onacHOCTU (pa3BuTUE HexXenaTenbHbIX ABrneHni). OgHUM M3 BaXkHENLWmMX hakTopoB, COepXKMBaIOLLNX
pa3paboTKky BaKLWHbI, ABNSETCA OTCYTCTBME YCMNELIHOW TPAHCASALUN NPOTEKTUBHOCTU BaKLUHbLI, KOTOpas Ha-
6nopgaeTcs B AOKNMHUYECKMX MCCMEOOBaHNAX Ha aKCMepuMMeHTarnbHbIX MOAENsX, HO He NOATBepXAaeTcs B
KIMHWYECKNX MCCINEefOBaHUAX.

Takum 06pa3om, N0 MHEHWMIO MHOTOYMCIIEHHbIX UCCnegoBaTenen, HeobXxoauMo paccMaTprBaTbh UCMONb30BaHNe
B COCTaBe BaKLUWH HECKOSIbKO aHTUIeHOB, COCPEAOTOUMB BHUMAHME Ha Pas3fnyHbIX MexaHW3max naToreHHOCTH
S. aureus, Bkno4as MCNONMb30BaHVE aabIOBAHTOB.

Knroyeebie crioea: npomusocmaghurioKOKKO8bIe 8aKUUHbI, poghuniakmuka, cmaghusioOKOKKO8bIe UHGheKyUU

UcmoyHuk ¢puHaHcupoeaHusi. PaboTa BbINONHeHa B paMKax rocyfapcTBeHHOro 3agaHns ®IrbY «HayyHbli LeHTp
3KCMEepTU3bl CPeAcTB MEANLIMHCKOTO NpuMeHeHus» Munaapasa Poccumn Ne 056-00026-24-00 Ha npoBeaeHue npuknaa-
HbIX Hay4HbIX uccnegosaHuit (Ne roc. yuéta HAP 124022200103-5).

KoHgbniukm uHmepecoe. ABTOPbI AeKNapupyoT OTCYTCTBUE SIBHBLIX U NOTEHLMANbHBLIX KOH(PIUKTOB MHTEPECOB, CBSI-
3aHHbIX C Ny6rMKkaumen HacTosILLEN cTaTbu.
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Abstract

Infection caused by Staphylococcus aureus is the most common infection leading to the development of serious
complications in humans. S. aureus is among the highly lethal bacteremia-associated pathogens with a mortality
rate of approximately 18% in industrial countries; in developing countries, the rate is even higher, up to 27%.
One of the most striking and challenging aspects of clinical manifestations caused by S. aureus is the ability
of the bacterium to develop resistance to antibiotics. The development of alternative treatment options for
staphylococcal infection is urgently needed. The use of immunotherapy and immunoprophylaxis to activate the
anti-infection immune response in patients should be considered as a promising direction.

Objective: to analyze the main trends in the development of vaccines aimed at the prevention of S. aureus
infection and its virulence factors.

The present review discusses vaccine development in recent years aimed at preventing infection caused by
S. aureus. Particular attention is paid to pathogenicity factors (such as capsule, surface proteins and enzymes) that
may be useful for the development of new candidate vaccines or immune therapeutics. In recent years, numerous
clinical trials of candidate vaccines based on different antigens, taking into account particularly relevant S. aureus
pathogenicity factors that influence morbidity, have not been successful due to their low efficacy or insufficiently
substantiated safety (development of adverse events). One of the most important factors constraining vaccine
development is the lack of successful translation of vaccine protective activity, which is observed in preclinical
studies in experimental models but not confirmed in clinical trials.

Therefore, according to numerous researchers, the use of multiple antigens in vaccine formulations should be
considered with the focus on different mechanisms of S. aureus pathogenicity and the use of adjuvants.

Keywords: anti-staphylococcal vaccines, prophylaxis, staphylococcal infections
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Hens nanHOrO 0030pa — aHaAJIU3 OCHOBHBIX TCH-
JEHLUH 10 pa3pabOoTKe BaKLIMH, HATIPaBJIEHHBIX Ha MPO-
¢unakTiKy UHQEKUUH, BBI3BIBaeMbIX Staphylococcus
aureus.

3agaum: olLeHKa COBPEMEHHBIX MUPOBBIX HCCIIE-
JOBaHHUW MO pa3paboTKe JIEKAPCTBEHHBIX MPENapaToB,
HalpaBJCHHBIX Ha U JIeYeHUE NPO(UIAKTUKY HH(EK-
LU, BBI3BIBAEMBIX S. aureus, U MEPCIEKTUBBI X pa3-
BUTHSL.

Wndexuys, Bb3bIBaeMast S. aureus, SIBISETCS ca-
MO pacnpoCTpaHEHHOM, IPUBOIUT K PA3BUTHIO CEPBE3-
HBIX OCJIIO>KHEHUH y yenoseka. [Ipu aTom ornpeienéHHble
TPYIIIBI JIOACH, B TOM YHCIIE JIUIIA, TOTYYaloIIie reMo-
JHMan3, MalyMeHTsl ¢ AUuabeToM, UMEIOLINE CepAeHHO-
COCYIHCTBIE WU JPYTUE COMYTCTBYIOIINE 3a00JIeBaHMS,
MO/IBEPKEHBI OoJiee BEICOKOMY PHUCKY Pa3BUTHS OCIIOX-
HEHUH Tpy MHOUIMPOBaHNH OaKTEPUSIMU WM MPOLYK-
el TOKCMHOB, HAllpUMep, MPH MUIIEBOM OTPABICHUU
U CHHAPOME TOKCHYECKOTO 1moka [1]. S. aureus npuna-
JIEKUT K ceMeHcTBY Micrococcaceae W TpeaCTaBIsieT
co00ii TPaMIIONIOKHUTENBHBIE KOKKH, PACIIOIOKCHHBIC B
BUHOTPAIONONO0HBIX KilacTepax. Meronsl auddepen-
nuanuu S. aureus OT IPYTUX BUIOB CTA(HUIOKOKKOB OC-
HOBaHbI Ha ONPEAEICHUU 30JI0TOH MUTMEHTAIMK KOJIO-
HUI U OJIOXKUTENBHBIX TECTOB Ha Koaryinasy, epMeH-
TalMI0 MAaHHWUTA U JIC30KCUPHOOHYKIICas3sl [2].

© Builova |.A., Savkina M.V., Sayapina L.V., Krivykh M.A., Obukhov Yu.l., 2024

S. aureus sBNSETCA KOMMEHCAIBLHOH OakTepuew,
NpY 3TOM Ha3aJlbHOE€ HOCHUTEILCTBO B MOMYJISLUN Ye-
noBeka coctasisieT oonee 30% [1]. S. aureus sBnsercs
BE3/ICCYILIUM JUIS YelloBeKa MaToreHoM, Hanbosee da-
CTO BBI3BIBAIOIIMM MH(EKIUU KOXKU, MSITKUX TKaHEH,
SHJIOKapAUT, U CTAHOBUTCS OCHOBHOW NPUYMHON BO3-
HUKHOBCHHSI BHYTPUOOJIBHUYHBIX HUH(DEKIUH, B TOM
quciie BEHTHISTOP-aCCOLMUPOBAHHOW ITHEBMOHUH,
BHYTPUBEHHBIX KaTeTep-aCCOUMPOBAHHBIX HH(]EK-
Ui, MOCIIeONepalMOHHBIX PaHEeBBIX HH(EKLNH, a Tak-
K€ MHBa3UBHBIX HH(EKIIMIA y MAIIUEHTOB C UMMYHOCY-
npeccueit [3-9].

S. aureus OTHOCUTCSI K BBICOKOJIETAJIbHBIM I1aTO-
reHaM MpH OaKTePHEMHUH CO CMEPTHOCTHIO MPUMEPHO
18% B Onmaromony4HbIX cTpanax u a0 27% — B pa3Bu-
Batomuxcs [10, 11]. Uadekum, Bei3BaHHbIC S. aureus,
B HACTOsIIEE BpEMsI CUMTAIOTCS HanOoiee 4acToi npu-
YMHOW TOCMUTAIM3ALUN Il XUPYPTrUUECKOro ApPeHU-
pOBaHMS THOA y AeTeil u OaKkTepueMuu y JIHUI CTaplie
65 JieT, a TaKKe CEPbE3IHBIM OCIOKHEHUEM UHPUITPO-
BaHUS MPOTE30B U BHYTPHCOCYAUCTHIX KareTepoB [1].

OmHUM U3 CaMbIX TOPA3HUTEIBHBIX U CIIOKHBIX
aCICKTOB  KJIMHUYECKUX TMPOSBICHUMN, BBI3BAHHBIX
S. aureus, sBASETCS CIOCOOHOCTh OakTepuu BhIpaba-
THIBaTh YCTOWYMBOCTh K aHTUOUOTUKAM. DTOT dPPEKT
OBbUT IPOAEMOHCTPUPOBAH BO BPEMsl TIOSIBIICHUSI METHU-
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MH-pe3ucTeHTHoro S. aureus (MRSA) B 1960-x T
B mocnenHue roApl BBIBIAIOTCS IITaMMBI, POSIB-
JSIOIIME YMEPEHHYIO, @ B PENKUX CIydasx MOJTHYIO
yCTOWYMBOCTH K BaHKOMULMHY (VRSA) — ogHOMy U3
OCHOBHBIX IPenapaTroB, MCHONB3YEMbIX AJIS JICUCHHS
uHpekuuy, Bei3BanHoit MRSA [10].

Cpennsist nons mrammoB MRSA B EBponeiickom
COI03€ 3HAYUTENBHO PAa3IMUAETCs MEXKAY CTPaHAMU: OT
Menee 1% B Jlanuu, Ucnanauu, Hopeeruu u [Bennu
1o 6onee 25% B npyrux crpanax [1]. [Tpu atom MRSA
YacTO BBI3BIBACT PA3BUTHE BHYTPUOOIBLHUYHBIX HH-
(exnuii BO MHOTHX cTpaHax Mupa. Beicokue moka3zare-
mu (> 50%) mramMmmoB MRSA 6b11H 3aperucTpupoBaHbl
B A3uu, Ha Manste, B CeBepHoii u FOxHOI AMepuke
B Hadasne 2010-x rr. [11]. B A3uu HaOmonaercs Hau-
0oJbIas pacIpOCTPAHEHHOCTD BHYTPUOOIBHUYHOTO U
BHeOONbHUYHOTO MRSA B Mupe.

ComnacHo Jnoknany BcemupHoil opranuzanuu
3paBOOXpAaHEHUS] 1O OTYETaM, MPEACTABICHHBIM
u3 76 crpaH, MeauaHa METHLWIIHH-PE3UCTEHTHOTO
S. aureus, BBI3BIBAIOIIETO OAKTEPUEMUIO U, KaK CIIEA-
CTBHE, HHPHULIMPOBAHUE PA3TUYHBIX OPraHOB YeJIOBe-
Ka, coctaBiser 35% [13].

Ha ocHOBaHWM BBIIEH3IIOKEHHOTO CIIEYET, YTO
HeoOXomMa pa3palboTKa albTepPHAaTUBHBIX CIIOCOOOB
nedyeHus ctaduiokokkoBoii mHpekuuu. Kak mepcrek-
THUBHOE CJIEAyeT paccMaTpuBaTh NPUMEHEHUE UMMYHO-
Tepanuy 1 IMMYHOIPO(MMIIAKTUKY JUIs1 aKTUBALIUH TIPO-
TUBOMH(EKIIMOHHOTO KIMMYHHOTO OTBETa y MAI[MEHTOB.
3a nocJeHuE Ba ICCATUIICTUS HAYYHBIMU COOOIIICCTBA-
MU OblIa TpoJieNiaHa 3HaYMTENIbHAs PadoTa M0 CO3IaHUI0
NPOTUBOCTAPHIOKOKKOBBIX BaKIMH, U TEM HEe MEHee HU
OIIMH KaHIMJAT Ha BakKIMHY HE JI0Ka3asl CBOIO 3ddek-
TUBHOCTH BO BpeMs KIIMHUYECKUX ucmbiTanuit [10].

B nacrosiee BpeMsi B pa3paOOTKe BaKIMH MPOTHB
S. aureus MHUPOKO UCTIONIB3YIOTCS COBPEMEHHBIE HHHO-
BallMOHHBIE TIOIXOJbl, HANpaBJICHHbIC HAa COBEPIICH-
CTBOBaHHME TEXHOJIOTHYECKHUX IPOLIECCOB, YIydlIeHHE
napamMeTpoB MPOU3BOJMMBIX MPOAYKTOB, CHOCO0-
HBIX BBI3BIBaTh Pa3BUTHE T'YMOPAJIbHBIX U KIETOYHBIX
peaxuuii BposkAEHHOTO M MPUOOPETEHHOTO UIMMYHHUTE-
ta [10].

S. aureus MMeeT HECKOJIBbKO (PakTOpPOB MaToreH-
HOCTH, OPUEHTHPOBAHHBIX Ha TOJABICHHE KIIIOUEBBIX
KOMIIOHEHTOB UMMYHHOW CHCTEMBI. B MHOIO4YHCIEH-
HBIX UCCIICJOBAaHHUAX MTOKA3aHO, 4To S. aureus oOnamaet
CHOCOOHOCTBIO K KOJIOHU3AIMH, 8 UMEHHO: TIPUKpEILIe-
HHUE K TKAaHSM XO3sIMHA M Pa3MHOKEHHS, YTO, B CBOIO
odepe/b, MPUBOIUT K BKIIIOYEHHIO HECTEIH(DUISCKHX
MEXaHH3MOB 3amuThl [10].

B mpencraBneHHOM 0030pe paccMaTpHBAIOTCS
NPOBOANUMBIE B TOCIEAHNE TOABI pa3paOOTKU BaKIIMH,
HarpapJieHHbIC Ha TPOPUIAKTUKY WHPEKINH, BHI3bIBA-
embIx S. aureus. Oco0oe BHUMaHUE yaensercs GpakTo-
pam NaToreHHOCTH, KOTOPBIE MOTYT OBITh MOJIE3HBI IS
CO3J]aHMsI HOBBIX BaKIMH-KaHIUAATOB WIM UMMYHHBIX
TEpareBTUUECKUX CPEACTB.

REVIEWS

(dakTopbl NaTOreHHoOCTH S. aureus,
nmMeLwme 3HaYeHne
npu pa3paboTke BaKLuH

Paznuynble KOMIIOHEHTHI S. aureus, TaKue Kak
KarcyJa, IOBEpXHOCTHBIE OETIKU U (PEPMEHTBI, SBJISIOT-
sl BO3MOKHBIMHM MHIICHSMH AJIS1 UCTIONIb30BaHUS UX B
KaueCTBE OCHOBBI JJII HOBBIX BaKLUH, CIIOCOOHBIX 00e-
CICUUTh 3alUTY Jronel ot uHdpekmit [14, 15]. Pac-
CMOTPHUM OCHOBHBIE (DaKTOPBI TATOTEHHOCTH S. aureus
U MIPUBEAEM MIPUMEPHI UX TIPUMEHEHHUS 17151 pa3paboTKU
BaKLMH-KaHAUIATOB.

Kancyrnel

OOGHapykeHHe Kancyibl y S. aureus ObLIO BIIEp-
Bbie onucano I. Gilbert B 1931 . Ponb kamcynsl 3a-
KJIIOYAEeTCs B 3aIIKTe OaKTepuii oT pacno3HaBaHus (a-
TOUTHPYIOIMMHU KJIETKaMH, Jeflasi UX YCTOWYHBBIMU
K ¢arouuntosy [16, 17]. Ilpumepro 90% BbIIEIEHHBIX
KIMHUYECKUX HM30JIATOB MPOAYLUUPYIOT KarcyibHbIE
nonucaxapupl. OnpeneneHs! 11 cepoTunos HHKarcCy-
JUPOBAHHBIX IITAMMOB, U3 KOTOPBIX Hauboiee 4yacTo
BcTpedaroTes 5-i u 8-# ceporunsl. KancyiabHbli no-
nucaxapug (CPS) mpencraBisier co6oil BBICOKOMO-
JIEKYJSpHBIE YIIIEBOAHBIE MOJUMEPHI, COCTOSIINE W3
N-anerun-D-¢dykozamuna, N-anerui-L-¢pykozamuna
u N-anerun-D-MaHHOCAMUHYPOHOBOM KUCIOTHL. [Ipu
9TOM 5-# 1 8-11 CepOTHIBI Pa3IHUYaIOTCs MEXKAY COO0H
TOJIBKO CBSA3SMHU MEX]y caxapamu U caiftamu O-are-
TUIUPOBAHUSA OCTaTKOB MaHHO3aMHUHYpPOHOBOM KHC-
notel [17, 18].

KancynbHble aHTUTEHBI SIBISIIOTCS OOHUMHU U3
MEPBBIX IIETEBBIX AaHTHI'€HOB, MUCIIONB3YIOIINXCA B Ka-
YeCcTBE OCHOBBI B ICCIIEOBAaHUAX MIPU pa3pabOTKe Bak-
LUH, TPEAHA3HAYCHHBIX JUIS 3alIUTHl OT CTa()UIOKOK-
KOBOH MH(peKInN. MeXaHU3MBbl 3alUTHI KarCylbHBIMU
MPOTOTUIIAMU BAaKLUWH OOYCIIOBIEHBI COACHCTBUEM Ia-
TOTeHY MOCPEICTBOM orncoHodaronurosa. Ilpu paspa-
0OTKe BaKIIMH HOBOTO MOKOJICHUSI YUUTHIBAIUCH PaHee
[I0JTyYeHHBIE pe3yIbTaThl, KOTOPhIE TIOKa3au, YTO OUH-
LIEHHBIE [TOJIMCaXapH/Ibl, KOBAJEHTHO CBA3aHHBIE C MO-
JeKynamMu Oellka-HOCHUTEINS, MPHUBOIAT K YBEJIUYCHUIO
YPOBHSI aHTUTEN U aKTUBAIMU T-KJIETOK, CIIOCOOHBIX
BBIMOJHATH 3QQEKTOPHYIO pOJib, y4acTBOBAaTh B pac-
[MO3HABAaHMH AHTHICHOB M HMHAYLHPOBaTh MMMYHHBIE
peakuuu, Ipyu 3TOM YpPOBEHb aHTHUTEI COXpAaHSAETCS U
octaércs ctabunbHbM [1, 19-21].

benok A

CraduinokokKoBbIii 6e70K A (SpA), HaxoasIIuii-
cqa B 000JI0UKE KJIETOYHOH CTEHKHU S. aureus, CBA3LI-
BaeT Fcy-momen mmmyHnornoOynuHa (Ig) u cmmBaer
Fab-nomen B-knerounsix peuentopoB VH3-tuma
(IgM), Taksxe ObLI MPUBIEKATENbHBIM B KAY€CTBE MPO-
TEKTUBHOTO aHTUTEHA JIJIsl HOBOTO MPOTOTHUIIA BAKILIHU-
HbI [1]. U3BecTHO, uTO SpA, OJIIOKHpPYS ONCOHO(Aro-
LUTO3, MPEIOTBPAIIAET AKTUBALIMIO KOMIIOHEHTOB CH-
CTeMBI KOMIUIEMEHTA, APYyTruX MEIUaTopoB U KIIETOK
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MMMYHHOU CHCTEMBI X03s5IMHa, 3alllULIaeT S. aureus OT
pa3pylIeHus/THOCH.

F. Falugi u coaBt. mpoBeiu uccienoBaHus HA MbI-
[IaxX C UCTIOJIb30BAHMEM B KaUueCTBE BaKIMHbI-KaHIU/1a-
Ta SpA mpoTtuB HH(MEKUUH, BEI3BAaHHOH S. aureus. [o-
Jy4CHHBIE PE3YNIBTaThl MOKA3aJH, YTO CEKPETUPYEMBbIC
MPOIYKTHl HE CHOCOOCTBYIOT CBS3BIBaHWIO SpA c Ig
JUIs. IPOTUBOACHUCTBHSI (ParouTo3y M MEPEKPECTHOMY
CBSI3BIBAHHIO PELETITOPOB B-KieTOK, omocpenoBaHHbIX
SpA st 67I0KMPOBKH BBIPAOOTKM aHTHTEN Y MBILICH
[22], u 5TH CyObeIMHUYHBIC BAKIIMHBI HE OBLIN PEKO-
MEHJOBaHbl JUIs JalbHEHMX wuccienoBanuid. [lpen-
roJyiaraeTcsi, 4to 3kcnpeccuss SpA y S. aureus m ero
CBA3BIBAHME C [g MPENATCTBYIOT OTBETY B-KieTok npu
WHQEKIHUH, TEM CaMbIM TIOAABISIS pa3BUTHE crienudu-
4eckoro MMMyHuTera. OHaKO HapyLICHUE BHPYJCHT-
HOCTH CTa(MIIOKOKKa MOCPENCTBOM MYTallii B SpA,
WMMYHH3aI11 HETOKCUT€HHBIM SpPA W BBEACHUS MO-
HOKJIOHQJIBHBIX aHTUTEN, HEUTpaIu3yoomux SpA, mMo-
KET BBI3bIBATh y MBIIICH 3allUTHBIC aHTHTENA POTHB
BBICOKOBHUPYJIEHTHBIX mTamMmmMoB MRSA [22].

A02e3uHbl

3HauuTeNbHAs PONib B PALY (HAKTOPOB MAaTOreH-
HOCTH BO B3aUMOJEHCTBUU MEXIY S. aureus W KIeT-
KaMHU-X035MHa OTBOJMTCSl aAre3nHaM, KOTOpble o0e-
CIEUMBAIOT CIIOCOOHOCTH S. aureus MPUKPEIUIATHCS K
Pa3NUYHBIM KJIETKaM M BEIECTBAM MaKpOOpraHU3Ma,
TaKdM KaK BHEKJIETOUHBIA MAaTPUKC U OCJIKM TUIa3MBI.
Haunbonee oxapakrepu30BaHHBIMH TOBEPXHOCTHBIMHU
aAre3MHaMH, KOBAJCHTHO CBA3aHHBIMH C MENTHAOT-
JIMKaHOBOM KJIETOUHOW CTEHKOH M3 ceMelcTBa OEIKOB
MSCRAMM, seasirorcs 6enku CIfA u B, Cna, IsdA, B
u H, FnBPA u B, SdrC, D u E [23-25].

OnHUM M3 BapHAHTOB CO3J]aHUS IPOTOTHIIOB BaK-
LUH B Ka4€CTBE aHTUTCHOB HCCIIEIOBATENN paccMaTpu-
BatoT Oenok CIfA, siensttomuiics aHTH(arouuTapHbIM,
3alIMIIAIOIMM OaKTEpUU OT ONCOHO(MArouuTo3a, YTo
MOATBEPKAaeT (PakTOp MATOTEHHOCTH B HEKOTOPBIX
MOJIETISIX pa3BUTHs MHGEKLIUH, BKIIOYAs SHAOKAPAUT,
CeICHC U CEeNTUYECKUH apTpuT [26, 27].

[TpoBoannKCh pabOTHI O CO3AAHUIO MMPOTOTUIIOB
BaKIUH MPOTUB S. aureus ¢ UCTIOIB30BAHUEM Pa3IUY-
HBIX KaHTUIATOB B aHTHI'CHBI, B TOM YHCIIE IPOAYLHPY-
foumx S. aureus AByX ONM3KOPOICTBEHHBIX (PUOpOHEK-
TuH-cBs3bIBatonnx OcenkoB (FnBP): FnBPA u FnBPB,
KOTOpBIE YYaCTBYIOT B TaToreHe3e HHQpekuuu S. aureus,
CHOCOOCTBYs MPUKPEIJICHNUIO OaKTepHUi K KJIETKaM-XO-
3sieBaM. B skcnepuMenTansHbX padorax C. Heilmann
W COAaBT. YCTAHOBWJIM, YTO 3HAYMTEILHYIO POJIb B HMH-
OYKLUUHU DHIOKApIUTA, BBI3BAHHOTO S. aureus, UrpaeT
oenok FnBPA, oOnanaromuii criocOOHOCTBIO TPUKpPE-
IUIATBCS K TPOMOOLMTAaM M BBI3bIBaTh MX arperamuro
[28, 29]. KonnarenoBslii aare3us (Cna) npencrapisier
c000i1 O€II0K, OTBEYAOIIHI 3a CBI3BIBAHUE C HECKOIb-
KUMHU THNaMu KomjareHa. Cna sBusiercs (akTopom
BUPYJCHTHOCTH IMPHU CENTUYECKOM apTpUTE U OCTEO-

MUEJIUTE, KOTOPBIH OMOCPEayeT OaKTepHAbHYIO KOJIO-
HU3aLUI0 Xpswend u kocted. IIpoBenénHpiMu ncbiTa-
HUSMH YCTAHOBJICHO, YTO MBIIIN, UMMYHU3HUPOBAHHBIC
anturesoM Cna-FnBP, BepkMBanmu mocne 3apakeHHs
S. aureus 3HaYUTENHHO JOJIbIIIE, Y€M HEUMMYHHU3HUPO-
BaHHBIC MbIIH [30].

Kax npuBnekareiaprHOro KaHIuaara B MPOTEKTHUB-
HbIC AHTUTEHBI HEKOTOpPHIE YUYEHBIE paccMaTpUBAIOT
KOHCEPBaTUBHBIA TPaHCHOPTHBIN Oeiok mapranma C
(MntC), sBASIOMIMIACS BBHICOKOKOHCEPBAaTUBHBIM Oell-
koM cpenu mrammoB MRSA u VRSA, ciocobublit cBs-
3BIBaTh KACKaJ[ CBEPTHIBAHUS KPOBH, B TOM YHCIIC TIa3-
MUHOT€HA, MOCPEICTBOM JIM3UHA, C Pa3IMYHBIM BHE-
KJIETOYHBIM MaTpUKCoM. [loydeHHbIe pe3yabTaTsl Ipu
MOJISTIUPOBaHUYU HH(DEKIMH S. aureus y 1a00paTOPHBIX
JKMBOTHBIX TOKa3aliM, 4To BBeaeHue Oemka MntC obe-
CIICUMBACT PA3BUTHUE UMMYHUTETA, 3AIIUIIAIOIETO MbI-
e ot uHpeKuu S. aureus, 3a CYET 3HAYUTEIHHOTO
noBeleHus ypoBHs IgG B CHIBOPOTKE KPOBH MpHU He-
MOCPEICTBEHHOM YYacTHH T-MMMYHOKOMIIETEHTHBIX
kietok [1, 31, 32]. B nactosmee Bpemsa MntC siBnsiercs
KOMITOHEHTOM BakiuHbl SA4Ag, npoxomsuieii 11 dasy
KJIIMHUYECKUX UCTbITaHuit [32].

TokcuHsbl

[lpu wu3yyeHHH BIUSHUS Pa3NUYHBIX (AKTOPOB
MaTOTeHHOCTH, HCIOJNb3YEMBIX B KaueCTBE IMEpCIeK-
TUBHBIX KaHAMJATOB IIPH pa3paboTKe BaKLUH, yCTaHOB-
JICHO, YTO 3HAYUTENIbHAS POJIb B JAHHOM HalpaBliCHUN
OTBOAUTCS TOKCUHAM S. aureus, 001a1al01M T€MOJIN-
TUYECKUMH, IUTOTOKCHYECKUMH U LTUTOTUTUYECKHUMU
CBOWCTBAMH, a TaKXe CIOCOOCTBYIOIIMM YCHEIIHOH
WHBa3HH U Pa3MHOKEHUIO OaKTEepHid B OpraHU3Me X035~
uHa [33]. Cpenu TOKCHHOB CIEAYET BBIACIUTD 2 CEMEHi-
CTBa: MOpPOOOPa3yIOIINe TOKCHHBI U CYNEpaHTUTECHBI,
U3 KOTOPBIX HanOosee 3HAYMMBIMU MPEACTABUTEISIMY,
SIBIIIIOTCS cynepaHTuressl [34-38].

CynepaHTHIeHBl TPENCTABISAIOT cOO0i pazHOO-
Opa3Hylo Ipymmny OeNKOBBIX 3K30TOKCHHOB, OTHOCS-
mIMXCs K HamOoyiee MOIIHBIM MHUTOT€HaM T-KIIETOK.
OHu AEWCTBYIOT NMyTEM MEPEKPECTHOTO CBA3BIBAHUS
mexxay MHC-II u B-uensio T-kineTtodHoro peuenTopa,
WHAYLUPYIOT aKTHBALMIO aHTHICHIIPE3EHTHPYIOLINX
KJIeTOK U T-n1uM(OUUTOB, YTO MPUBOAUT K BBHICBOOO-
JKACHUIO OOJIBIIOTO KOJIMYECTBA MPOBOCHATUTEIHHBIX
uuTOKMHOB. K HacTosiemMy BpeMenu OblIn UaAeHTHDU-
UUPOBaHBl PAa3TUYHBIC THIIBI CTAQHUIOKOKKOBBIX JHTE-
POTOKCHHOB, BKJIIOYasl CIEAYIOIINE BapHAHTHI OCIKOB!
A-E, G-J u R-T (SEA-SEE, SEG-SEJ, SER-SET),
tSE-nogo6nbie Tokcuubl K—Q u U-X (SEIK-SEIQ,
SEIU-SEIX) u TSST-1 [1, 39, 40].

Oco60oro BHUMaHUsI 3aCITy>KUBAIOT 3KC(OITUATHB-
Hble TokcuHbI S. aureus ETA, ETB u ETD cnoco6Hbie
pacuIenIsITh A6CMOCOMaJIbHBIN KaAT€PHH AECMOTJICHH 1,
ONOCPENYIOINNA MEXKIETOUHYI0 aJIre3suto B MOBEpX-
HOCTHOM CJIO€ KOXKH, MPHUBOIS K CTa(UIOKOKKOBOMY
CUHJIpOMY OO0OXOKEHHOW Koku. JlaHHBIC CyIlepaHTH-
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reHsl 001ajaloT YHUKaJIbHBIMU CBOMCTBAMH, KOTOPbIE
aKTUBHUPYIOT mponudepanuto T-knetok [1, 41].

®epmeHmel

@depMeHTBl CIOCOOHBI MOCTABIATH MHUKPOOHOM
KJIETKE MUTaTeNbHbIe cyOCcTparel U oOecreunBaTh 3a-
HIUTY OT JEWCTBHUS (aKTOPOB MMMYHHOH CHCTEMBI.
S. aureus MOXET 3KCIIPECCUPOBATh MPOTEa3bl, JUMA3Y,
J€30KCUpUOOHYKJIeasy U (QepMeHT, Moau(UIHpyIo-
LIMH KUPHBIE KUCTIOTHL. B HECKOIBKUX HCCIIEI0BAHUIX
in vitro oKa3aHo, 4YTO PEPMEHTHI SBISIOTCS BaKHBIMH
(axTopaMu MaTOreHHOCTH S. aureus, KOTOPBIH H3-3a
IuQdy3un pazaTuuHbIX GaKTopoB (ParouTos, HUTOKH-
HBI, (PaKTOp HEKpO3a OMYXOJH-0. M JIp.) BHYTPU Opra-
HHU3Ma XO35MHA U3MEHsIeT CBOW (DEHOTHII ¢ aAre3UBHO-
ro Ha MHBa3UBHBIH [1].

BaxnpiM (akTOpoM HaTOreHHOCTH Mpu cradu-
JIOKOKKOBBIX MH(EKLUIX SBIsETCA Koarynasa (0enok),
HauboJIee U3BECTHAs CBOCH CIIOCOOHOCTBIO MHAYIIUPO-
BaTb CBEPTHIBAHUE KPOBU IIyTEM aKTUBALUU IPOTPOM-

6una [42].

Pa3pa60TKa ﬂpOTI/IBOCTa(I)VIJ'IOKOKKOBbIX
BaKUMWH-KaHANAATOB

3a mocnenHue rofsl MPOBEJCHUE MHOTOYHCIICH-
HBIX KIMHAYECKUX UCCIIEJOBAHMH KaHANIaTOB-BaKIIHH,
CO3JJaHHBIX HA OCHOBE Pa3JIMYHBIX AaHTUTCHOB C YUETOM
0Cc000 3HAYUMBIX (DAaKTOPOB MATOTEHHOCTU S. aureus,
OKa3bIBAIOIIUX BIMSHUE Ha 3a00JIeBA€MOCTb, HE yYBEH-
YaJioCh YCIEXOM U3-32 HU3KOH UX d(P(PEKTUBHOCTH HIIH
HEJI0OCTaTOYHO OOOCHOBaHHOW Oe3omacHOCTH (pa3Bu-
THE HEeXeNaTelbHbIX sABIeHUHN). Kak mepcrexkTuBHbBIE
HampaeJieHUs1 B pa3paboTke BakLUWH MPOTUB S. aureus,
10 MHEHUIO HCCIIeIoBaTeNeH, He0OX0ANMO paccMaTpu-
BaTh UCIOJb30BaHUE HECKOJIILKUX aHTHI'€HOB, BKIFOYAsI
aJBIOBAHTHI, COCPEIOTOYNB BHUMAHHE HA Pa3UYHBIX
MeXaHHU3MaX MaTOreHHOCTH S. aureus.

B Tabamue npuBecHb HAUMEHOBAaHUS CO3/1aH-
HBIX [MOTEHIMATBHBIX KaHJUJATOB B BaKLMHBI, HCCIIE-
JOBaHMs KOTOPHIX K HACTOSIIEMY BPEMEHU WJIM IPO-
XOIAT paznuuHble (a3bl KIMHUYECKUX HCCICAOBAHUN
WIH U3-332 HEJOCTATOYHOCTH IOJTBEPKACHUS dPPeK-
TUBHOCTH U 0€3011aCHOCTH OBLIN MPEKPAIICHBI.

OnHuM W3 HauboJiee NEPCIEKTUBHBIX KaHH]Ia-
TOB B BakKIMHBI ABJsIETCS OMBaJICHTHAS TIOJIMCAXapu/-
Has BakiuHa StaphVAX, paspaGoTtanHas koMIaHuei
«Nabi Biopharmaceuticals». [ToTeHunanpHas BakiuHa
BKJIIOYAceT JiBa Hanbojee pacipoCcTpaHEHHBIX KallCylb-
HbIx nonucaxapuna — CPS5 u CP8, ciocoOcTBytomue
pa3BuTHIO 0K0JI0 80% BHYTPHOOIHHUYHBIX HHDEKIUH,
BBI3BAHHBIX S. aureus, KOHBIOTHPOBAaHHBIX C JETOKCH-
nUpoBaHHOH (opMoll dK30TOKCMHA A Pseudomonas
aeruginosa. Knunudyeckue wuccienoBanusi ¢aser I
BaKIMHbI-KaHAWAaTa OWBAJICHTHOW MOJIHCAXaPUIHOM
StaphVAX npoBoAuiy y MamueHTOB C XPOHHYECKOM
MOYEYHON HEIOCTaTOUYHOCTHIO, MONyYaroImux amoya-
TOPHBII NEepUTOHEANBHBIN nuanu3. llomydeHHble pe-

REVIEWS

3yJBTaThl CBUAETENLCTBOBAIN O €€ 3((EKTHBHOCTH,
T. K. BBegenue StaphVAX oOecrneunBano pa3BUTHE
MIPOTUBOCTA(UIOKOKKOBOTO HMMMYHHOTO OTBETa y Ia-
LIMEHTOB IMOCJIE BaKIMHAIIMK K ObLI0 Oe3omacHbIM [1].
@azy III kIMHMYECKUX MCCIENOBAHUN KaHAWAATA
StaphVAX mpoBoguinu y mauuMeHTOB, KOTOPBIM TpE.-
cTosiya omnepanus depe3 3—54 Heq mocie BaKIIMHAIIMH.
Opnnako Bo Bpems ¢asbl 111 (uepe3 40 Hen) kivHHUYE-
CKUX HCCIICOBAaHUN HAOMIONany CHIDKCHHE YPOBHS
CBIBOPOTOYHBIX @HTUTEJ Y BAKIIMHUPOBAHHBIX MAaIlUCH-
TOB. B TO ke BpeMsl B paMKax HcCIelI0BaHMS B OIpe-
JenéHHbIe TIepUOAbl ObUIM OOHApYKEHBI M IOJIOXKHU-
TEJIbHBIC SIBICHHSA, XapaKTepU3YIOUIHeCs YaCTHYHBIM
CHIDKCHUEM OakTepreMuH, BbI3BaHHOU S. aureus. Jlo-
CTOBEPHBIX PAa3JIMYUil B KOJIMUECTBE CMEPTEN B BaKIIU-
HUPOBAaHHBIX M KOHTPOJILHBIX TPYIAX HE BBISBICHO
[17, 43, 44]. HecmoTpst HA TO, YTO IIPHU UCCIIECTOBAHUU
B (haze III ObLIM MOTYYEHBI MOJIOKUTEIBHBIE PE3YIIbTa-
Thl, A5 peructpanuu B CLIIA Vnpasienue no KOHTpo-
JII0 KayecTBa IMHUIIEBBIX MPOAYKTOB U JIEKAPCTBEHHBIX
CPEJICTB PEKOMEHIOBAJIO MPOBEJEHUE BTOPOTO HCCIe-
noBanust Qasel 1. Pesynbrarhl 3TOr0 HcClieaoBaHUS
nokazanu, uto StaphVAX cHikaeT 6akTepueMHIO, BbI-
3BaHHYIO S. aureus, Ha 64% uepe3 32 Hel HaOoneHUs,
Ha 57% — uepe3 40 nen, Ha 26% — uepe3 54 Hen.
Takum 00pa3zom, Mmociie aHajau3a MOyYeHHBIX Pe3ylib-
TaTOB MO 3P(PEKTUBHOCTU U OE30MACHOCTHU BBISBICHO
JOCTAaTOYHO OBICTPOE CHIDKEHHE THTPa aHTUTEIN, Ha-
yuHas ¢ 32-i HeJleu Moce BaKIUHAIIMY, YTO MOCITY-
JKUJIO OCHOBAaHHMEM HE PEKOMEHJI0BaTh KaHIuAaTra B
BakuuHy StaphVAX anst peructpaiuiyl 1 puMeHEHUs
B MEAMIIMHCKOM mpakTuke [19, 45, 46].
Paspaborannas  kommanusmMu — «Merck» u
«Intercell» Baknuua-kangunar V710, comepxarias
MOBEPXHOCTHYIO JeTepMuHanTy xeneza B (IsdB),
MPEACTaBIsET COOOH BHICOKOKOHCEPBAaTUBHBIN MOBEPX-
HOCTHBIH 0eJIoK S. aureus. B NOKIIMHUYECKUX UCCIIENO-
BaHMsIX KaHnuaara V710 moka3aHO pa3BUTHE MPOTEK-
TUBHOTO UMMYHHTETA IPU MOJECITUPOBAHUH 3aPaKCHUS
S. aureus y n1abopaTOpHBIX XHUBOTHBIX. [lonoxurens-
HbIE pe3yJbTaThl JOKIMHUYECKUX HCCIIEOBAaHUN KaH-
JUaTa TOCTYKWJIM OCHOBAaHHMEM [UIsl TPOBEIEHUS
JanbHEHIINX HccienoBanui. KimmHuyeckue uccieno-
BaHus ocymecTBisuiuch B 2007-2011 rr. B 2011 . ans
olileHKH 3(PdeKkTUBHOCTH H 0E30MacHOCTH Mpenapara
MIPOBOJIMIIM KJIMHUYECKUE uccienoBanus ¢aser [Ib/I11
y BaKUMHUPOBAHHBIX MalMEHTOB IEpe] MPOBEICHUEM
KapAUOTOpaKAJIbHBIX onepauuid. Ha ocHoBanuu mnosy-
YEHHBIX PE3yJIbTaTOB YCTAHOBIEHO, YTO CPEIN MallUeH-
TOB CO CPEJMHHON CTEPHOTOMHEN BBEJICHUE Mperapara
V710 He cHIXXAJIO YacTOTy CephE3HBIX MOCIEONepaLu-
OHHBIX MH(EKUUH, BEI3BAHHBIX S. aureus, M0 cpaBHE-
HUIO ¢ Myane0o, YTO MPUBOAUIIO K TOBBIIIEHHUIO pUCKa
cMepTHOCTU cpenu narueHtoB [47]. Ilpu stom ycra-
HOBJICHO, YTO Y BaKIIMHUPOBAaHHBIX MallUEHTOB, Iepe-
HECIIMX XMPYPTUYECKUE ONepaliy, B CBIBOPOTKE Kpo-
BU OOHAapYXMBAIHU CHIKCHHE YPOBHS LUTOKWHOB —
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Pestome KnMHUYeCKnx nccrnegoBaHni pasnmuyHbiX aHTUFEHOB BaKUWH-KaHAMAATOB NPOTUB S. aureus
Summary of clinical studies of different candidate vaccine antigens against S. aureus
BakuuHa kaHangat AHTUrEeHbI Paspabotunk KnuHnieckue AObloBaHT CchbInkn
; j . nceneaoBaHus >
Vaccine candidate Antigens Developer Clinical trials Adjuvant References
. MpoBan dasei I OtcyTcTBYeT
StaphVAX CP5 & CP8 «Nabi» Phase Il failure Absent [19, 49, 50]
Mposan dassbl il OTcyTtcTBYeT
VAL el AUIED Phase Ill Failure Absent 53]
SA75 LlenbHokneTouHasn BakunHa «Vaccine Research daza | OTcyTcTBYeT 20, 54]
Whole cell vaccine International» Phase | Absent ’
SA4Ag CIfA, MntC, CP5 & CP8 «Pfizer» ;;i':f’b OTZfs"eT:g’eT [19-21, 51, 52]
CP5, CP8, cTonbHAYHbIN
aHaTOKCUH, MyTaHTHble
dopmbl a-remonunsmnHa, CIfA S daza |
GSK2392103A CP5. CP8, «GlaxoSmithKline» Phase | AS03B [53]
tetanus anatoxin, mutant forms of
alpha-hemolysin, CIfA
. TLR7-3aBUcCUMBIN
4C-Staph Hla, FhuD2, Csa1A, EsxAB «Novartis» HoKU TLR7-dependent [54-56]
1. SEB + AntomuHuia | Aluminium
1. STEBVAX 2. SEB, SEA, TSST-1, LukS, LukF, «Integrated da3za l Anrugporenb 11,10, 57]
2. 1BT-V02 LukAB, BioTherapeutic» Phase | Alhydrogel e
Hla + AntomuHuia | Aluminium
o StaphVax A . S ®asa I/l OTcyTtcTBYeT
Pentastaph Tenxoesas kucnora | teichoic acid, «GlaxoSmithKline» Phase I/lI Absent [20, 59]
PVL (rLukS-PV/rAT), Hla
Hla, SpA, SEB, IsdB, MntC + da3za ll AntoMUHUIA
rFSAV AntoMuHMA | Aluminium «Olymvax» Phase Il Aluminum [60, 61]
S. aureus Luks-PV S veraty of the Gasa | ATIOMMHW/ [62, 63]
Toxoids Y Phase | Aluminum ’

Health Sciences

nntepnevikuna (MJI)-2 u NJI-17 u, xak cnencraue, pas-
BUTHE OCJIO)KHEHHH, BEI3BAHHBIX S. aureus, 3aKaHI1Ba-
[omuecs JeTanbHbIM ucxonoMm [ 19, 48]. YuureiBas, 4to
WNJI-17 u NJI-2 urpaioT pemarolyio poiib B 3aJEPKKe
pocra, pa3MHOXKEHHU U THOETH S. aureus B OpraHu3Me
MalueHTa, a BBeJICHHUE MperapaTa BbI3bIBACT X CHUKE-
HUE, MPUBOJAIICEe K MaHU(ecTalMu WH(EKIIMOHHOTO
3a00IeBaHus, CACNaHO 3aKIIOYeHHE O MpPEeKpalicHuU
MPOBEACHUS JATbHEHIINX KIMHUYECKUX HCCIICA0Ba-
Huil npenapara V710 u3-3a HU3KOH 3PPEKTUBHOCTH U
Pa3BUTHUS HEXKENATENbHBIX peakuuit [49].

B 2006 r. xommanus «Vaccine Research
International Plc» 3aBepmmna [ ¢a3y kmmHHYECKHX
HCCIENOBAaHNN BaKUMHBI-KaHAunata SA7S, npeacras-
Jromei coOol IeIbHbIE KIETKH S. aureus, NHAKTU-
BHUPOBaHHBIE XJIOPO(QOPMOM, MpeIHA3HAYCHHOH IS
NpOo(UIAKTUKH BHYTPUOOIBHUYHBIX MH(EKUUH, BbHI-
3BaHHBIX S. aureus. [1o pesynbraram wuccieqoBaHUR
MOTBEPKACHBI 3PPEKTUBHOCTh U 0E30MaCHOCTh BaK-
nuHbl. OJHaKo JaibHEHIme padoThl ObUTH MPHOCTA-
HoBieHsl [1, 50].

Pazpaborunkom kKaHaugaTHOW BakuuHBI SA4Ag,
cocrosimeii u3 4 antureHoB: Moinekynbl aaresuu CIfA,
nepeHocurka mapradna MntC u aHTH(aronuTapHbIX

Karcynsipasix nonucaxapunoB CPS u CP8, koHbIOTH-
poBaHHbIX ¢ Oenkom CRM197, BeicTynana KOMOaHus
«Pfizer». Bakumna SA4Ag nokaszana Xopouryro 3QQex-
TUBHOCTh TPOTUB MPOTPECCUPYIOLIETO Pa3BUTHUS MH-
¢dexuuu S. aureus B UCCIeIOBaHUIX Ha )KUBOTHBIX. VM-
MYHU3allUsS MBIIIEH KOMIUIEKCOM aHTHUreHOB SA4Ag
PE3KO CHU3MIIA Pa3BUTHE Y HUX OaKkTepHalbHON MOMy-
JSIIMU IPU UHQEKIHU [TyOOKUX TKaHel, OakTepuemMun
u Mojenu nuenoHedpura. OgHaKO OJaroNnpuUsITHHIC
pe3yNbTaThl AOKIMHUYECKUX HCCIICAOBAHUH, MTOMyYeH-
HBIE [IpU BBeJeHUM npenapara SA4Ag, B 1OCTaTOYHOM
Mepe He CMOINIM MPOAEMOHCTPUPOBATH €TI0 HCIOIb30-
BaHME Ui MPEAOTBpAIlleHHS WHBa3UBHON HH(EKIUU
S. aureus, CBSI3aHHOW C XMPYPIrHYECKUM BMEIIATENb-
ctBoM [51]. HecMoTpsa Ha TO YTO BaKlMHA-KaHIUIAT
SA4Ag wuHAaynMpoBajga CUIbHBIC (PYHKIMOHAJIbHBIC
WMMYHHBIE OTBETHI Ha Ka)KABI aHTUTEH 110 CPABHEHHIO
¢ ruiane0o, oHa He Mokasaina 3Q(HEeKTUBHOCTH B IPEIOT-
BpAalLCHUU TOCJICONePaluOHHON WH(EKIUH, BbI3BaH-
HOM S. aureus (14 ciydaeB B Kaxjoi rpynne 10 90-ro
JIHS TTocie onepanun) [52].

Baknuna-xkangugar GSK (GSK2392103A) npen-
CTaBIsieT cOOON YEeTHIPEXKOMIIOHEHTHYIO CTa(hUIIOKOK-
KOBYIO BaKIIMHY, COEp)KALIYI0 MOIHcaxapuasl S5 u 8§,



566

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(4)

DOI: https://doi.org/10.36233/0372-9311-512

KOHBIOTUPOBAHHBIE CO CTOJOHSYHBIM aHATOKCHHOM
(TT) (CPS5-TT, CPS8-TT), myrantHyio ¢opmy re-
monmsuHa-1 (a-tokcun; AT) u CIfA. ®aza I kimunuye-
CKHX HccienoBanuii 3asepurminachk B 2012 r. Bakuuna
OKazajach 0e30macHOW W BBI3bIBaJia TyMOpPaJbHBIC
UMMYHHbBIC peakuuu nocie 1-it 1o3el BakimHbl'. [Ipu
BBEICHUU 88 3M0pOBBIM JOOPOBOJIBIIAM B BO3pacTe
18-40 ner kammupmara-sakuuael CPSS5-TT/CPS8-TT/
AT/CIfA 5/5/10/10 mxr wm 10/10/30/30 MKT 10351, Ye-
pe3 0, 1, 6 Mec KOHIIEHTpAaLIUS AHTUTEN Y PELUIIUECHTOB
pe3ko Bo3pacTana K 14 cyT nocnie BakuuHauu [53].

Co3nanHas koMranueit «Novartisy 4eThIPEXKOM-
nmoHeHTHas: BaknuHa-kannugar 4C-Staph Bkiiodaer
5 aHTUTeHOB S. aureus: TEHETUYECKH NETOKCHUIIMPO-
BaHHOE NMPOU3BOJHOE CEKPETHUPYEMOTO 0.-TOKCHHA WU
a-remonuzuna (Hla), FhuD2 u Csal A, a takxe EsxAB
(coutsiii 6enok, copepxkamuii EsxA u EsxB). [penso-
JKEHHBIN COCTAaB aHTUI'CHOB IIPU BBEICHUHU MBIIIAM 3a-
MIMIIAT UX OT MHPEKuuu S. aureus 3a C4ET HHAYKLIUH
cneunguueckux anturen. Jaunnsnii npenapat 4C-Staph
HAXOJUTCS Ha CTaJuM JOKIMHUYECKHUX HCCIIEIOBaHUI.
[Tpu npoBeaeHNH SKCIIEpUMEHTANBHBIX padoT A. Torre
U COaBT. OOHapyxwiu, uyto BBeneHnue 4C-Staph MoxkeT
KOMIICHCUPOBaTh Ae(QUIHUT HEHTPO(UIOB y MBIIIEH C
HEUTpONeHnel, akKTUBUPYSd MakKpoharn U MOHOLUTEI
B ovare uH(eKkuuu. [lomydeHHbIE pe3ynbTaThl MOTYT
UMETh BaXKHOE 3HAYCHME B MOCIEIYIOMUX HCCIIEN0Ba-
HUSIX, HAIIPaBJICHHBIX Ha pa3paOOTKy HOBBIX MPOTHBO-
CTa(UIOKOKKOBBIX BakIMH [54—56].

Pazpaborannbiii kommnanued «Integrated Bio-
Therapeuticy» npororun Bakuuasl STEBVAX mpen-
CTaBJIsIeT CO0OW pEeKOMOMHAHTHYH (opMmy craduio-
KOKKkoBoro »HTepoTokcuHa B (SEB), comepxarryio
3 toueuynsle MmyTanuu (L45R, Y894 u Y944), xotopsble
ONOKMPYIOT B3aUMOJIEHCTBHE TOKCHHA C YEJIOBEUECKH-
Mmu perentopamu MHC knacca II. B skcniepumenTtax Ha
71a00paTOPHBIX KUBOTHBIX UMMYHHU3anus SEB 3amumia-
Jla MbIIIEH He TOJIBKO OT 3apa)kKeHHs SHTEPOTOKCHHOM,
HO U or SEA, SEC1 (uanpapneHHble cTaQHITOKOKKO-
BbIe SHTepoTOKCHHBI TUTa A 1 C1) nnu TSST-1 (Tokcun
cuHApoMa TOoKcuueckoro moka) [1]. B 2015 r. ananus
Ppe3yABTaToB, MONYyYeHHBIX B (a3e | KIMHUYeCKuX Huc-
CIICJIOBaHMIA?, TTOKA3aJl, YTO BBEICHUE Mperapara UHIY-
UPOBAJIO BHIPAOOTKY crieluuuecKux aHtuten [57].

Komnanus «Integrated BioTherapeutics» B cBoé
BpeMsl TaKke 3aHMMallach pa3pabdOTKOH 7-BaJEHTHOM
BaKIMHBI-KAaHUJATa TPOTHB S. aureus, COCTOSIICH
u3 7 anatoxkcuHoB S. aureus: Hla, F u S cyObennHub!
neiikonuauna [lanrona—Banenraiina (PVL), nelikonu-
muHa A/B, SEA, SEB u TokcMHa CHHIpOMa TOKCHYE-
ckoro moka 1 [10]. JlaHHbIe TOKTUHUYECKUX UCCIENO-

' A Study to Evaluate the Safety, Reactogenicity and Immunoge-

nicity of GSK Biologicals' Staphylococcal Investigational Vac-
cine in Healthy Adults. URL: https://clinicaltrials.gov/study/
NCT01160172?term=GSK2392103 A&rank=1

2 Phase I STEBVax in Healthy Adults.
URL: https://classic.clinicaltrials.gov/ct2/show/NCT00974935
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BaHUM mokasanu, yto npenapar IBT-V02, coznannblit
Ha OCHOBE aHATOKCHHOB, 00ECIIEUMBACT 3aILIUTy MbI-
med M KpOJHMKOB OT KOXHOM MH(EKIHH, BBI3BaHHON
S. aureus. Ilpu 3TOM 3alIuTa MOJHOCTHIO OMOCPEAO-
BaHa CIEUU(PUUECKUMH aHTUTEIaMH, WHIYLUPOBaH-
veiMu kanaunatom IBT-VO02 [58]. IlpeaBapurenbHbie
SKCHEPUMEHTHl Ha MBIIIMHON MOJIENH MPEAO0CTaBISAIOT
00HaIe)KMBAIOILY IO HH(OPMALIKIO [ MPOBEACHUS TIO-
CIEeIYIONINX KIMHUYECKUX uccienoBanuit [10].

[Mocne mposama StaphVAX xommanus «Nabi»
B 2006 1. BO300OHOBHJA Pa3pabOTKy MoaudUIKPO-
BaHHOW BakiuHbI-Kanaugata PentaStaph, xoropas
COCTOsIa M3 MCXOAHOTO cocTaBa StaphVax, Tteiixoe-
BOM KHCIIOTBI, O-TOKCHHA M JelkomuauHa PVL. Ilo-
cie 3aBepiieHus ¢a3pl | KIMHUYECKHUX HCCIenoBa-
Huil BakuumHa PentaStaph Opuma mpomana KoMIaHuu
«GlaxoSmithKline Biologicals». B Hacrosiee Bpems
npemnapar PentaStaph maxonutcs B daze I/I1 knmunuue-
cKkuX mccienosanmii [20, 59].

BezonacHocTh, MMMYHOTE€HHOCTh W 3(dekTuB-
HOCTh BakuuHbl-kaHaunata GSK npotuB S. aureus
(GSK3878858A) npu BBEIEHUH 30POBBIM B3pPOCIIBIM
1 B3POCIBIM B Bo3pacte oT 18 mo 64 ner ¢ HenaBHO Tie-
peHecEHHON MH(pEKIMelH KOKU M MATKUX TKaHEeH, BbI-
3BaHHOU S. aureus, u3y4daercs B KIMHHUYECKOM HCCIIe-
noBanuu ¢assl 1/11°.

Kommnanus «Olymvax» paspaborana npoTHBOCTa-
¢unokokkoBeid ipenapar rFSAV, B coctaB KOTOpPOro
BXOJIAT 5 pEKOMOMHAHTHBIX aHTUTCHOB S. aureus: Hla,
SEB, MntC, IsdB u SpA. Ilpu npoBeneHur KInHHYE-
ckux uccinenoBanuil B ¢ase Il mokazana MHoroobema-
romasi 3Q(HEeKTUBHOCTh, YCTAHOBIICHHAS B JOKIUHUYC-
CKHX JKCIIepuMeHTax Ha Mblmax [60]. B gomonnenue
K CTUMYJIUPOBAaHHUIO OINCOHO(]AronMTO3a, CHIBOPOTKU
MbIIIeH, UMMYHH3UpoBaHHBIX rFSAV, Takxe HellTpa-
JU3YIOT JIMTHYECKYI0 akTUBHOCTH Hla m mpemorspa-
IIaI0T JIETKOe HcTomicHHEe B-KiIeTok cene3éHku, Ha-
OmromaeMoe y MBbIIIeH, OmocpeoBaHHBIX 00paboTKOiM
SpA [61]. BaxxHO OTMETUTBH, UTO BaKIIMHA MPEACTaB-
asieT co00il anbTepHaTUBHBIA ACTIEKT K AMMYHOTE€HHO-
CTH» TPOTHB S. aureus: CTPaTETUH WHTHOUPOBAHHS
YKJIOHEHHs OT UMMYyHHTeTa S. aureus (Hanuuue Hla u
SpA) [10].

CoznanHasgs VYHUBEPCUTETOM 3/IpaBOOXpPaHEHUS
YHU(UIUPOBAHHBIX CIIYKO B coTpynHHuYecTBe ¢ «Nabi
Biopharmaceutical» komOuHanus npenapara S. aureus
Toxoids, conepxamast B cocraBe o-remonu3ut, LukS-
PV u xomnonenr neitkouuanHa PVL, npoxoaut kiu-
Hu4deckue uccienosanus ¢asel [. Anturen LukS-PV B
codyeranuu ¢ antureHom LukF-PV o6pasyroT mopoo6-
pasyroluil OKTAMEPHBIA TOKCUH, CEKPETUPYIOLIUICS

3

Safety, Immunogenicity and Efficacy of GSK S. Aureus Candidate
Vaccine (GSK3878858A) When Administered to Healthy Adults
(Dose-escalation) and to Adults 18 to 64 Years of Age With a
Recent S. Aureus Skin and Soft Tissue Infection (SSTI).

URL: https://classic.clinicaltrials.gov/ct2/show/NCT04420221
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OakTepueil OTAEIBHO B BHJIC MOHOMEpPOB. Molekyia
LukS-PV, cBsi3bIBasich O CBOMM pPeLENTOPOM Ha KJIET-
Ke-MHUIIEHH, CIIOCOOCTBYET CBSI3BIBAHHIO 4 MOJEKYI
LukF-PV ¢ skBuBaneHTHbIM KoiauuecTBOM LukS-PV,
YTO MPHUBOIUT K 00Pa30BaHUIO OKTAMEPHOTO KOMILIEK-
ca. TokcuH HaueneH Ha monuMopdHosaepHbIe dharouu-
TBI U MOHOIIUTHI [62, 63].

MunzapaB Poccun onoOpuin mpoBeneHue Kiu-
HUYeCKUX wuccienoBanuii mpemnapata GSK3878858A
(Sa-5Ag ¢ agproBaHTOM), 3aIUIIAIOIIECTO OT S. aureus,
npeacraBieHHoro  kommnanuen «GlaxoSmithKline».
Bwmecre ¢ TeM, HecMOTpsI Ha TOTy4eHHOE OT MuH3pa-
Ba Poccun pasperienne Ha MpoBeAeHUE KIMHUYECKUX
uccnenosanuii, ¢asza Il uccnenosanus npenapara GSK
He OyJIeT MPOBOJIUTHCS, T. K. KOMITAHUS COOOIIWIIA, YTO
OTKa3bIBAaCTCs OT HOBBIX KIMHUUYECKHUX HCCIIEIOBaHUM
B Poccun®.

B Poccun 3apeructpupoBaHa Bakununa cradu-
JIOKOKKOBas JiedeOHass (AHTU(AruH cTauIOKOKKO-
BBIif) JIs JieueHust cTapuIOKOKKOBBIX HHpekuuii (AO
«buomeny). Bakiuna npenacraBiseT co00il KOMIUIEKC
MEeNTUAONIMKAHA U TEHUXOEBBIX KUCIIOT, U3BJIECKAEMBII
U3 MHKPOOHBIX KJIETOK BOAHO-()€HOJLHOW SKCTpakK-
UEH.

B HMUU BakuuH u ceiBopoTok um. .M. Meunu-
KoBa OblIa pa3paboTaHa CTa(pUIOKOKKOBAsl BaKI[MHA
Ha OCHOBE KOMOWHAIIMM IPOTEKTUBHBIX AHTHICHOB
(menTHOOIIMKAH, TEWXO0EeBbIE KHCIOTHI, OEJIKOBEIC
AQHTUTEHBl KIETOYHOH CTEHKH) W3 HMMYHOTE€HHBIX
MTaMMOB S. aureus, 00IalalOUUX BHYTPUBUIOBOMN
MEPEKPECTHOMN MPOTEKTUBHON aKTUBHOCTBIO, a UCIIOJb-
30BaHME INAJAIIET0 METOAAa BBIJCICHUS AHTUTCHOB
(auieToH, BoAHAs SKCTPAKIIKS) 00ECIICUNIIO COXPaHEHHUE
MMMYHOTeHHOCTH. llpeanoxeHHas BaklMHa, Ha3BaH-
Has aBTopamu «CtaduaoBak», SBISETCS aKTHBATOPOM
U CTUMYJISITOPOM BPOXKIAEHHOTO W aalTHBHOTO UMMY-
Huteta. [lokazaHa 3amura OT CENTHYECKOU craduiio-
KOKKOBOHM WH(EKIMU Y MBILIEH U KPOJTUKOB. Bakinna B
KIMHAYECKUX MUCCIIEOBAaHUIX MPH BKIIOYEHUH B KOM-
IUIEKCHYIO TEPalHI0 XPOHUYECKUX CTa(UIOKOKKOBBIX
uHpekuuid (muogepmus, QypyHKYAE3 U JIp.) OKa3bIBa-
Ja JUIMTENIbHBIA TeparneBTHYeCKUi (P QeKT: CHUKaNa
TSHKECTh 00OCTPEHUi, 3HAYUTENBHO yBEJIHMYUBala Tie-
PO PEMHCCHH, COKpalllajia MoTpeOHOCTh B aHTUONO-
TUKOTEPAIINH, CIOCOOCTBOBAJIA HHTYKIMH UHTEpdepo-
Ha-y ¥ aHTutTen [64-66].

Kommnanus «Menraman» (pumuan  HULIDM
nM. H.®@. IlN'amanen, Poccust) 3apeructpuponasia AHa-
TOKCHH CTA(HIOKOKKOBBIH OYHINEHHBIN ajcopOu-
pOBaHHBIN Ui ipoduiakTuky uHGEKUUi S. aureus y
JIUII C TIOBBILICHHBIM PHCKOM 3a00JIeBaHUs, a IMEHHO:
MPOMBIIUICHHBIE U CEIbCKOXO35HCTBEHHBIE paboune,

4 GSK wue 6yner npoBomuth KW BakiMHBI OT 30JI0THCTOTO CTa-
¢unoxokka // @apmaneBrnueckuii BectHuk. 01.07.2022. URL:
https://pharmvestnik.ru/content/news/GSK-otkazalas-provodit-
KI-vakciny-ot-zolotistogo-stafilokokka.html

MOABEPTaIOIINECs M0 POAY CBOCH AEATEIbHOCTH 4acTO-
My TpaBMaTH3My, a TaKXke Y OOJIbHBIX, KOTOPBIM Tpel-
CTOSIT IUTAHOBBIC OTEPALIH’.

S. aureus siBIIsieTCs OMHUM U3 HanboJee 3HAYUMBIX
MaTOTeHOB AJIS YeoBeKa. Bricokuii mpoduib ycTonuu-
BOCTH S. aureus K aHTUOMOTHKAM BBI3bIBAE€T HEOOXOMHU-
MOCTb ITOMCKA HOBBIX CITIOCOOOB OOPHOBI, B TOM YHCIE
pa3paboTKu BaKLWH, B IOTIOJTHEHUE K UCCIICIOBAHHSAM,
HanpapJICHHBIM Ha Pa3pab0TKy HOBBIX aHTUOWOTHKOB.
BMmecTe ¢ TeM MHOTOJIETHHE TOMBITKH 3apyOeKHBIX
uccrenoBaTesnei co31aTb KOMOMHUPOBAHHBIC BAKIIUHBI
NPOTUB MHPEKUMH S. aureus HE YBEHYAIHCH YCIIEXOM.
Hexotopeie KaHAUIATHl B BAKLIWHBI, pa3paOboTaHHbIC Ha
OCHOBE pa3IMYHbIX aHTUTEHOB S. aureus, ObLIN 3a0pa-
KOBaHBl yX€ Ha CTaJuH TOKIMHHYECKHX HCCIeN0Ba-
Hui. ITpy 3TOM MHOTrHE NPOTOTHUIIBI BAKLUH YCIICIIHO
MPOXOIUIIN JallbHEHUIINE UCCIIEOBAHU, YaCTh U3 HUX
ycrnemHo npouutd ¢asy 1, Ho u3-3a HU3KOH 3 dek-
TUBHOCTH WM HEJlOKa3aHHOW 0e30macHOCTH Ha (ase
II1 3aBepmany cBOH MyTh U3-3a psifia OOCTOATEIBCTB U
BBISIBJICHHBIX HECOOTBETCTBHI 3asBJICHHOMY IIpUMEHE-
HUIO.

B Hacrosmiee BpeMst Mcciae0BaHHSA COCpeOTOYe-
HBl Ha BBISBJICHUH HOBBIX COCTaBOB BaKIHH, CIHOCO0-
HBIX BBI3bIBATh MOIIHBIE TYMOPAJIbHBIE M KICTOYHBIE
WMMYHHBIE peakuuu. TpaHCIAUUOHHbIC HAyYHBIE HC-
CJICIOBAHUS TIBITAIOTCSI OOHAPYKUTH KOPPEISATHI 3aIlIu-
THI C WCIOJIb30BAHUEM XKMBOTHBIX MOJICIICH, a TarKe
MOJIeJNICH in Vitro W ex vivo, OLIEHUBAIOIIUX dPPEKTUB-
HOCTh BaKLUWH-KaHAWAATOB. MHOTMMH Y4Y€HBIMH TIO-
Ka3aHO, YTO Pa3BUTHE HMCCIENOBAaHMM, HANPaBJICHHBIX
Ha TIOMCKH MPOTEKTHBHBIX KOMIIOHEHTOB, B YACTHOCTH
CpeAM TOBEPXHOCTHBIX U CEKPETUPYEMBIX S. aureus
0enKoB, TpeOyeT UCIOIb30BAHUS IKCIICPUMEHTAIBHBIX
MojeJield, TO3BOJSIOMINX ONPENeIUTh OeNKU, Mrparo-
mme OOJBIIYI0 POk B maToreHe3e nHpexnuu [30].

OnHuM H3 BaKHEWIIHMX (HaKTOPOB, CAEPIKUBA-
IOUIMX pa3palOTKy BakKLWHBL, SIBIAETCS OTCYTCTBHUE
YCIIEIIHOW TPaHCIALMHI NIPOTEKTUBHOCTH BaKLIMHBI, KO-
TOpast HabMIoAaeTCs B AOKIMHUYECKUX UCCIEIOBaHUIX
Ha 9KCIIEPUMEHTANBHBIX MOJIENISIX, HO HE IOATBEPkK/Aa-
eTCs B KIIMHUYECKUX uccaeaoBanusx [10].

B ciyuae Baknunbl-kanauaata SA4Ag Obu10 TO-
Ka3aHO, YTO HMHJYLMPOBAaHHBIM BaKIMHOW T'yMOpaib-
HBIH UMMYHHTET SIBIISICTCSI aHTUTCHCTICU(PUIESCKIM T10
NpUpose U COCOOEH MHAYLHMPOBATh OaKTepHalbHBIN
onconodaronuros. OncoHodaroquTapHeie ryMopalb-
HBIE OTBETHI OBUIM TaKXe MPOAECMOHCTPUPOBAHBI TS
BakiuH-KanauaaroB V710 u StaphVAX, kotopsie oka-
3a1ich HeAPPEKTUBHBIMU Ha TIO3AHUX CTAIUAX KIMHU-
yecKux ucciaeaopanui [10].

Takum o00pa3om, Bo3pacTaeT MOHMMaHHE TOTO,
YTO HCIOJB30BaHUE OINCOHO(ArOIMTO3a B KaueCTBE
WHINKATOpa aHTUCTA(QHUIOKOKKOBOH HMMYHOT€HHOCTH

5 AHATOKCHH CTa(UIOKOKKOBBIH OUHIICHHBIH.
URL: https://medgamal.ru/products/anatoxin
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HEJIOCTATOYHO JUIsS OTHOTO onpezecHus 3pdekTuBHO-
CTH TPOTHBOCTA(PHUIOKOKKOBOI BakIHMHBL. B CBs3U C
9THUM cIelyeT 3aKII0YNTh, YTO HU OJHA U3 BaKIIMH-KaH-
JUJIATOB, TPOLIEAIIAs MO3JHHE CTAANU KIMHHYECKHX
UCTIbITaHu# 3((EKTUBHOCTH, HE MOATBEpAMUIA MHAY-
OUPOBaHHBIC MPOTOTUIAMHU BakUUH T-KieTo4yHbIE pe-
aKIUH Yy JIIONEH, SIBISIOMNECS MOTEHIUAIBHO pellaro-
[IMM acleKToM B (JOpMUPOBaHUH HMMYHHUTETA MIPOTHB
WH(EKINH, BEI3BAHHBIX S. aureus.

Emé omaum ¢axropoMm, KOTOPBIA AOIKEH y4u-
TBIBAaThCS MIPU Pa3pabOTKe BaKUUHBI IPOTHUB S. aureus,
ABJISIETCSl BPOXKAEHHBIN (€CTECTBEHHBIN) IMMYHUTET Y
yenoBeka. CucreMa BpOXIEHHOTO MMMYHHUTETA CIIO-
cOOCTBYeT paHHEl 3amuTe oT S. aureus ¢ TOMOUIBIO pe-
LENTOPOB pacno3HaBaHus cTpyKTypsl: Toll-momoGHOTO
peuentopa 2 W HYKICOTHI-CBSA3BIBAIOLIETO JIOMEHA
OJIMTOMEPH3aLNH 2, a TAK:KE CTUMYJIUPYET BBIpabOTKY
MPOTUBOMHUKPOOHBIX HNENTUAOB U crenu(pUIecKux my-
teit mepenaun untokuHoB UJI-1o u UJI-1P, npusneka-
IOLIUX HEUTPO(UIIBI B MHPULIIMPOBaHHBIE TKAHU H TIpe-
JIoTBpalnaroiye pa3sutue nadekmuu [1].

ApantuBHBINA (IpUOOPETEHHBIN) UMMYHHBIH OT-
BET, BKJIIOYAIOIIUN T'yMOPAJIBbHBIA U KJIETOYHBIM HM-
MYHHUTETBI, TaKX€ CIOCOOCTBYET 3alllUTe XO3iMHA.
Pa3BuTHE ryMOpanbHOrO HMMYHHTETA SIBISIETCS BaK-
HBIM MEXaHU3MOM, YYaCTBYIOLIMM B CHH)KCHHU WHBA-
3un S. aureus. Panee coobmanocs, yto T-kieTku He
SIBIISIIOTCS HEOOXOOMMBIMU ISl 3aILUTEL OT S. aureus
y MBIIIEH, HO MOJIyYeHHBIC B TOCJENHEEe BpEMs pe-
3yabpraThl nokazanu, uto Thl- u Th2-knetkun mMoryT
UTpaTh Kak MOJOXHUTEIbHYI0, TaK U OTPHLATEIbHYIO
pouib nipu uHpekuuu S. aureus. AxtuBanus Thl npu-
BOJUT K CEKpeuuu HHTepdepoHa-y, KOTOPBIH MOXKET
YCKOPHUTh YCTpaHEHHE CHCTEMHOW HH(EKLUUH, TO-
paxkaromieil oprapl, ¢ MOMOIIBIO YCUJICHHUS OTBETOB
Makpo(}aroB W TOBBIMIEHUS DJKCIPECCHH MOJEKYI
[JIAaBHOTO KOMILJIEKCa THCTOCOBMECTHMOCTH. Kpome
TOTO, HHTEP(EPOH-Y CUMTACTCS CTUMYIISTOPOM Tepe-
KIIIOUYEHHUS] M30TUIa UMMYHOIIIOOYNHHA Ha aHTHUTEa
knaccoB IgG1 u IgG3 y yenoBeka Wiy roMOJIOTMYHBIH
[gG2A y mpbleit, KOTOPBIA MOXET EUCTBOBATh Kak
orncoHuH, a Th2-kJIeTKH MOTYT OBITh aKTHBHPOBAHEI
KOMIIOHEHTAMHU KIJIETOYHOH CTEHKH CTa(HIOKOKKA,
TaKUMH KakK TENTHAOIIMKAH M TeHxoeBas KHCIOTA.
Lutokuusl Th2-kj1€TOK HHAYUUPYIOT U MOOMIHU3YIOT
NPOTHBOMHUKPOOHBIE MENTH/BI, TAKHE KaK 4elloBeue-
ckuil B-nedeHCHH-3, SBISAIONIMICS 3apsDKCHHBIM Ka-
TUOHHBIM 3aI[UTHBIM TENTHAOM, COXPAHSIONIMM aK-
TUBHOCTH MPOTHUB S. aureus Naxe MPH MOBBIIICHHBIX
KOHI[eHTpauusx coneit [1, 47, 67].

VuuteiBasg, uro nurtoxkunbl WJI-17A u WUJI-17F
YYacTBYIOT B HPOAYKUUH M NPUBICUECHHUH HEHTpOPHU-
noB, Th17-k1eTku UrparoT BasKHYIO POJIb B IEPBUYHON
3alIUTe OT UH(EKIUH, BBI3BAHHBIX S. aureus. Accolu-
upoBanHbsle Thl7-nmumdpouuTaMn MMMYHHBIE OTBETHI
MOTYT OBITH HamlpaBlIeHbl Ha CTPATETHH CMATYCHUS
pa3BuTHA YNanEHHBIX MH(EKUWH, TPOUCXOAALIINX OT
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MIEPCUCTUPYIOIIETO HOCUTENbCTBA S. aureus y 4eno-
Beka [68]. IlpuHuMas BO BHUMaHHE JaHHbIE 00CTOs-
TENbCTBA, MOXXHO TNPEATNOJIOKUTh, YTO HEMpPU3HAHUE
kanauaata V710 B BaKUMHBEI POTUB S. aureus, a Tak-
JKe Hanuure HU3Kux koHuneHtpanuit NJI-2 u NJI-17A B
CBIBOPOTKE Y MPHUBUTHIX, MPUBOISIINX K JETATHHOMY
HCXONY, TOBOPUT O TOM, uTo 1uTokuH MUJI-17A umeer
pelaronee 3HaueHue Ui YCTpaHEHus S. aureus y ma-
uuenrta [1].

B nanHOM o0030pe mpencTaBieHbl MOCIEIHUE
pa3paboTku B Mupe u B Poccun kaHAWAATOB BaKIWH,
HanpaBiieHHbIE HA NPOQHUIAKTUKY HH()EKIUH, BBI3bI-
BaeMBIX S. aureus. BmecTe ¢ TeM co31aHue MHOTOKOM-
[TIOHEHTHOM BaKIMHBI, KOTOpas MOXKET MPEJOTBPATUTh
3apaxkeHue S. aureus, 0Ka3auoch JOCTATOUHO CIOKHOMN
3a1a4ei.

s ycrenHoro nmpoxoxaeHusl KINHUYECKUX HC-
CIIEZIOBaHUH HEOOXOOUMO MPOAEMOHCTPUPOBATH BaJIH-
JIAIMIo Ha JOKJIMHUYECKOM YPOBHE C HUCIOJIb30BaHUEM
MoJIeNiel, KOTOpbIe MOTYT KOPPEIUpPOBaTh C COCTOSHU-
€M YeJIoBeKa MU pa3BUTUN MHPeKIuY [69]. BakuuHsl,
MPOXOJAIIME KIMHUYECKUE HCCIEOBAHUSA, HCIIONb-
3yIOT ONpeAcNEHHbIe TPYMNIbl HACEIEHHUS C PUCKOM
3apakeHus, HalpaBlIeHbl Ha CHU)KEHUE MaTOT€HHBIX
CBOWCTB U (DaKTOPOB YKJIIOHEHHUSI S. aureus OT ICHCTBUS
KaK TyMOPAJNbHBIX, TaK U KJIETOYHBIX 3BEHHEB HMMYH-
HOU cuctembl. JlJis JIMIIEH3UPOBAHUS BaKIIMHBI HEOO-
XOOUMO JI0Ka3arh e€ 3((HEeKTUBHOCTD HA KIMHUYECKOM
YPOBHE, YTO HE OBUIO MPOAEMOHCTPUPOBAHO HU IS
OJTHOM BaKIMHBI-KaHAWJAaTa IPOTUB S. aureus.

Heo0x0auMo OTMETHTh, YTO MapajuiesIbHO C CO3-
JaHWEeM BaKUUH UAET pa3padoTKa HOBBIX TepaneBTHYC-
CKHUX MpenaparoB MpOTHB S. aureus, HapuUMep, OaKTe-
puo¢aroB, MOHOKJIOHAIBHBIX aHTHUTEJ, IEHTHPHUHOB U
HOBBIX KJIacCOB aHTHOMOTHKOB. [Ipu 3TOM 00Cy)aae-
MbI€ CIOCOOBI JIEYeHHs MPEACTABISAIOTCS KaK albTep-
HaTHBa BaKIUHALUK, BMECTO TOTO YTOObI B IaHHBIX Ha-
MIpaBJIEHUSAX MPOBOAUTD HapajlielbHbIE NCCIIE0BaHuUS,
0OMEHHUBAThCSl WHPOPMALEd U BO3MOXKHOCTSIMU JUISI
coTpyaHuuecta. Hampumep, mnpu mpenocTaBieHUH
JoKazaTenabcTBa 3 (HEKTUBHOCTH MIPU JI€UCHUH HH(EK-
uuu S. aureus KpaTKOCPOUHass UMMYHOTEPAIUS MOXKET
OIIPENEINTh U MPEAONPEASIUTh aHTUTEHHbIE MUILIEHH
BaKIMH MpoTHUB S. aureus. Kpome Toro, yunTeias, 4to
B KJIMHMYECKHUX HCCIIEJOBAHUAX B KayeCTBE OCHOBBI
ULl TepaneBTU4ecKol 3 (EKTUBHOCTU OYIyT UCTIOJNb-
30BaThCs CTaHAAPTHBIE CIIOCOOBI JICUCHUsI, TIOHUMaHUe
TOT0, KaK MMMYHOTEpanus, aHTHOMOTUKN U BaKLUHBI
MOTYT CHHEPTH3UpOBaTh IPYr ApPYyra, MOXET OBITh
OYCHb BAXHBIM IIPH IJIAHUPOBAHUHU OyIyIINX KIMHU-
YECKHUX MCCIICTOBAHUM.

BbiBOoAbI

IIpoBeneHue 3a mocienHUE Tofbl KIMHUYECKHUX
HCIBITAHUN KaHIUAATOB-BaKLIMH, CO3JaHHBIX Ha OC-
HOBE Pa3JIMYHBIX AHTUICHOB, OKA3BIBAIOLIVX BIIUSHHE
Ha 3a00J1eBaeMOCTb, BBHI3BAHHYIO HECKOJIBKUMH (hak-
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TOpaMM MAaTOreHHOCTH CTapHIOKOKKA, HE YBEHYAJIHCh
YCIIEXOM M3-332 X HHU3KOH 3(P(PEeKTUBHOCTH WM HEJO-
CTaToO4HO 0OOCHOBaHHOM 0€e30MacCHOCTH (Pa3BUTHE HE-
KeJaTeJIbHBIX SIBJICHUH).

HayuHoe cooOriecTBO, HECMOTPSI HA TPYIHOCTH,
MPOJOJKAET pa3padaThiBaTh Pa3IMUHbIC BapUAHTHI C
WCTIOJIb30BAHUEM COBPEMEHHBIX TEXHOJOTHH, BKIIIO-
Yasi CJIOXKHBIE KOHCTPYKLUHUH BaKLWH, CIIOCOOHBIC aK-
TUBUPOBATH Pa3JInUHbIC 3BEHbsI HMMYHHOH CHUCTEMBI,
OKa3bIBAIOIME BIMSHHE Ha OCHOBHBIE MEXaHH3MBI
MAaTOTEHHOCTU S. aureus: HAaIpUMeEp, WCIOJIB30BaHUE
UUTOKUHOB Th2-KJIETOK, MPOTEKTUBHBIX KOMIIOHEH-
TOB, B YACTHOCTH, MOBEPXHOCTHBIX U CEKPETHPYEMBIX
S. aureus 0€IKOB, OKTaMEPHBIX TOKCHHOB, a TaKXe
JanpHellee u3y4eHHe OINCOHO(AronUTapHBIX TyMO-
paJIbHBIX OTBETOB.

[lepceKTUBHBIMU HCCIEIOBaHUSAMH JAJISL CO3Ja-
HUS BaKUMH MPOTUB MH(EKUUH S. aureus ¢ HallpaBiIeH-
HOCTBIO Ha MHOTOYHCJICHHBIE (haKTOpPhI NaTOT€HHOCTH
S. aureus ciemyer paccMaTpHBaTh HCIIOJIb30BAaHHE B
COCTaBe BaKIMH KOMOMHALMN HECKOJIBKUX aHTHUTCHOB,
B TOM YHUCJIe peKOMOMHAHTHBIX OEJIKOB, a TaKXe MOJI-
00p aJBIOBAaHTOB, CIIOCOOCTBYIOIINX YCHUIICHHIO HMMY-
HOTCHHOCTHU OYMIICHHBIX OAKTEpUANBHBIX aHTHICHOB.
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