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PeueHanpyembin «XXypHan Mykpobuonorum, anMaemMmonorum n UMMyHobruonormmn»
paccMaTpuvBaeT akTyarnbHble Npobnembl MMPOBON Hayku U obecrneynBaeT CUHTE3 HOBENMLLIMX
pe3ynsTaToB MCCcnefoBaHunin B 06nactv MMKpobruonornm, BUpycornorum, anuaemMmonorim,
BaKLMHOMOrMN, UMMyHOBMOMOrMn, NponnakTUKN N KOHTPONS MHPEKLMOHHBIX 3abonesaHni.
MexgncumnnuHapHbIA NoaxXoA AaeT BOZMOXHOCTb MHTErpaLmy NnepeaoBbiX HayYHbIX 3HAHUA
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nekumm, a Takke MeToanyeckue Matepuarbsl U 3aKkoHodaTenbHble JOKYMEHTbI B 06nactu
COXpaHeHWs aNMAEMMNONOrMYeckoro bnaronony4ns HaceneHus.

XKypHan BxoauT B 6a3y AaHHbIx SCOPUS u pekoMmeHaoBaHHbIN BAK «[MepeyeHb
peLeH3npyeMbIX Hay4YHbIX 3AAHUIA, B KOTOPbIX AOMKHbI ObiTb ONyGNMKOBaHbLI OCHOBHbIE
Hay4Hble pesynbTaThbl AMCCepTaUmin Ha COMCKaHNe y4eHOW CTeneHn KaHanaaTa Hayk,
Ha COMCKaHWe yY4eHOW CTeNeHn [OKTopa Hayk» Nno crneumanbHOCTAM:

1.5.10. Bupyconorus (MeguumHckne n Guonornyeckme Haykm);
1.5.11. Mukpo6uonorusa (MeguumuHckue n bruonoruyeckne Haykm);
3.2.2. Snngemuonorns (MeguumHckne n Gruonormyeckne Haykm);
3.2.7. Annepronorus n UMMyHOnorus (MeauuuHCkue n bronornyeckne Haykm).

YposeHb Y1 B EANHOM rocygapCTBEHHOM NepeyHe Hay4YHbIX U30aHun.
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POEM: POpulation Epidemiological Model for anti-epidemic
measures efficiency prognosis in the Russian Federation
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Abstract

Introduction. The COVID-19 pandemic has revealed a whole complex of problems related to mathematical
modeling of the epidemic process and assessing the effect of preventive and anti-epidemic measures in modern
complex societies. Along with this, the accumulation of significant factual data has spurred the active development
of agent-based models, in which each agent (a hypothetical person) has a unique set of characteristics and

interaction methods determined based on real sociological and demographic data.

Aim and objectives. Development and demonstration of the capabilities of the epidemiological agent-based

model POEM platform (POpulation Epidemiological Model).

Materials and methods. The POEM platform is developed based on the source code of one of the most
widely used agent-based models worldwide, Covasim, taking into account the demographic and organizational-

administrative conditions specific to the Russian Federation.

Results. Computational experiments have shown that due to individual variability in the dynamics of infection
development and the specifics of disease registration, even mass events, while leading to an actual increase
in the number of infected individuals, do not have a significant impact on the shape of the curve of registered
disease incidence. It has been shown that intercity traffic flows at a level of 0.1% of the population per day have
a minimal effect on the dynamics of the epidemic's development, while the effect of a 1% population outflow per
day sharply reduces the effect of strict anti-epidemic measures implemented in only one particular city. Using
the example of the Voronezh region, the transition from the Delta variant to Omicron in early 2022 was modeled,
and a high degree of correlation was shown between the model dynamics and the actual ratio of virus variants

observed.

Conclusion. The model is fully implemented within the Russian system on the server of the Research Institute for
System Biology and Medicine of Rospotrebnadzor and can be used to conduct digital epidemiological experiments

to predict the effectiveness of proposed anti-epidemic measures.

Keywords: agent-based modeling, computational epidemiology, epidemic process, anti-epidemic measures
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MNOSMA: NOnynauynoHHana dnuaemnonornyeckaa Mogeno
AreHTHasa ana nporHosa 3¢ PpeKTUBHOCTN NPOTUBOINNAEMNYECKNX
meponpuaTun B Poccninckon Oepgepauyun

Monoga A.10.", AionoBa A.0.% ToBopyH B.M.?, Top6auéBa A.A.2, UnbuHa E.H.?%,
Kauanos B.H.??, Ko3nos WU.E.2, KnoukoB K.A.>?, Kytbipes B.B.%, Jlykawes A.H.??,
MaHonos A..2, MacnoBa WU.1.2, Camoiinos A.E.>, CappoHos B.A.%, Llypkuc B.W.2

'®epepanbHan cnyx6a no Haa3opy B cdhepe 3almnThl NpaB NnoTpebutenen n bnarononyuna yenoseka, Mockaa, Poccus;
2HayuHo-uccnefoBaTenbCkuin MHCTUTYT CUCTEMHON Gronornn n meagnumHbl, Mockea, Poccuns;

3MOCKOBCKUI GPU3NKO-TEXHNUYECKUIA MHCTUTYT (HaLMOHaNbHbIN NCCnefoBaTeNbCKkuii yHUBepcuTeT), lonronpyaHbin,
Poccus;

‘PoccnincKnin NpoTUBOYYMHBbIN MHCTUTYT «MurKpo6», CapaToB, Poccus;

SUHCTUTYT MeAULMHCKON NapasnToNiorim, TPONMYECKUX U TPAaHCMUCCKBHBIX 3a6oneBaHnin um. E.. MapumHoBCcKoro
MNepBoro MocKoBCKOro rocyaapCTBEHHOro MeauLMHCKOro yHmeepcmTeta nmeHun .M. CeueHoBa, MockBa, Poccusa

AHHOMauus

BeepeHue. MNaHgemmns COVID-19 BbisiBUna uenbii KOMMAEKe npobnem, cBsa3aHHbIX C MateMaTU4eckum Moge-
NMpoBaHMeM 3NNAEMNYECKOro npouecca 1 OLUeHKoM addekTa oT NPOBOAMMbBIX MPOPUNAKTUYECKUX U MPOTUBO-
3MMAEMUYECKNX MEPONPUATUI B COBPEMEHHOM CIOXHOOPraHNM3oBaHHOM obLecTBe. BmecTe ¢ 3TuM HakonneHune
3HaYUTENbHbIX MaccuBOB (PaKTUYECKUX AaHHbIX Aan0 UMMNYIbC aKTUBHOMY Pas3BUTUIO areHTHbIX MOAENeN, B KO-
TOPbIX KaXAbIN areHT (YCMNOBHbIA YErNoBeK) MMEET yHMKarbHbIN HAabop xapakTepucTuk n cnocoboB B3avMoaen-
CTBUSA, onpegensieMblX Ha OCHOBE pearbHbIX COLMONOrNMYecknx 1 Aemorpaduyeckmx JaHHbIX.

Lenn u 3apaum. PaspaboTka u [OeMOHCTpauusi BO3MOXHOCTEW 3MNUAEMMUOSIOMYECKON areHTHOW Moaenwu
MO3MA (MOnynsumMoHHaa Anugemuonormdeckas Mogenb AreHTHas).

Martepuanbl n metoabl. [Nnardopma NO3MA paspaboraHa Ha MCXOOAHOM Kode OOHOWM U3 Haubornee LIMPOKO
1Cnonb3yeMbiX BO BCEM MUpe areHTHow mogenu Covasim ¢ y4eTom gemorpadudeckmx 1 opraHu3aLuoHHo-aa-
MUWHWCTPATUBHBIX YCIOBUI, XapakTepHbix Ansa Poccuickon ®epepauun.

Pe3ynbraTbl. BolyvcnuTenbHble akCnepMMEHTLI MoKasanu, Y4To n3-3a MHAMBKAyanbHoW BapuabensHocTu B Aun-
HaMuVKe pas3BUTUS MHAEKUMM U O0COBEHHOCTEN perncTpaummn 3aboneBaeMocTy AaXe MacCOBble MeponpuaTUs
XOTS1 M NPYBOAAT K haKTUYECKOMY YBENTUYEHMIO YMCria UHULMPOBAHHbBIX, HO HE OKa3biBaloT CYLLECTBEHHOro
BMMSAHUA Ha hopMy KpMBOM pernctpupyemon sabonesaemocTtu. [lokazaHo, YTO TPAHCMOPTHbLIE NOTOKN Mexay ro-
ponamu Ha ypoBHe 0,1% HaceneHus B AeHb 0Ka3biBalOT MUHMMAaIbHbIA 3dEKT Ha AUHAMUKY Pa3BUTUS anuae-
MUK, B TO BpeMsi Kak acpdekT oT nepetoka 1% HaceneHusi B IEHb Pe3KO CHbKaeT achdekT OT BBEAEHUS CTPOrnx
NPOTMBO3NUAEMUYECKNX MEPONPUATUIA, MPOBOAMMbLIX TOMbKO B OOAHOM OTAENbHO B3STOM ropoge. Ha npumepe
BopoHexckorn obnactv npoBeAeHO MOAENMPOBaHUE CMeHbI LnpKynupytoLero BapnaHta SARS-CoV-2 ¢ lensta
Ha Omicron B Hayane 2022 r. 1 NoKa3aHa BbICOKas CTEMEHb KOPPEnAUMM Mexay MoaernbHON ANHAMUKOW U Ha-
6nogaemblM B peanbHOCTH COOTHOLLEHUEM BapuaHTOB BUpYca.

3akntouyeHue. Mogenb peanunsoBaHa NonHocTbio B Poccuiickom koHType Ha cepBepe HUW cuctemHon 6uonorum
1 MeguumnHbl PocnotpebHaasopa 1 MoxeT ObiTb MCMONb30BaHa AN NpoBeaeHns L poBbIX anungemuonornye-
CKNX 3KCMEPUMEHTOB C Lienblo NporHo3a adeKTUBHOCTN Npeanonaraemblx K NPOBEAEHUIO MPOTUBO3NUAEMUYE-
CKMUX MEPONpUATUN.

KnroueBble cnoBa: aceHmHoe ModesnuposaHue, 8blHuciumernbHas anuéemuosnnoaus, anudemudeckuli npouecc,
npomueoanudemuyeckue Mepbi

McmoyHuk ghuHaHcuposaHusi. Pabota nogaepxana cybeuamen PocnotpebHaasopa Ne141-02-2023-208.
KoHgbriukm unmepecos. ABTOpbI AEKapupyoT OTCYTCTBME SBHbIX M NOTEHLMArbHbIX KOH(MUKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ans yumupoeaHus: MNMonosa A.KO., Aonosa A.®., loBopyH B.M., Mopbauésa A.A., nbuHa E.H., Kauanos B.H.,
Kosnos W.E., KnoukoB K.A., KyTtbipeB B.B., Jlykawes A.H., MaHonos A.W1., Macnosa WU.W., Camonnos A.E., Cadpo-
HoB B.A., Lypkuc B.. MO3MA: NMOnynsiuMoHHasa dnuaemuonormyeckast Mogenb AreHTHas Ans nporHo3a ahekTune-
HOCTM NMPOTMBO3NMAEMUYECKUX MeponpuaTuin B Poccuiickon ®eaepaumnn. XKypHan mukpobuooauu, anudemuonoauu u
ummyHobuonoauu. 2025;102(5):515-529.
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Introduction

The COVID-19 pandemic has shown that socio-
economic factors are an objective constraint in imple-
menting the necessary set of anti-epidemic measures.
Different countries have chosen different approaches to
preventing the spread of the new coronavirus infection,
in all cases justifying the validity of the decisions be-
ing made. Against this backdrop, the need for computa-
tional epidemiological models became evident, which
would allow for the most objective assessment of the
potential effect of individual anti-epidemic measures
and correlate it with the socio-economic losses from
the epidemic. Thus, the COVID-19 pandemic served as
a catalyst for the development of methods for computer
modeling of epidemics.

Computational models for studying the spread of
infectious diseases can be divided into two main types:
compartmental and agent-based. Compartment models
appeared almost 100 years ago and were actively used
due to the speed and ease of calculations. In the basic
compartmental model (SIR — Susceptible, Infected, Re-
covered), all individuals are identical and can only be in
three states. Although modifications to the SIR model
have been described for analyzing additional parame-
ters, accounting for individual combinations of proper-
ties of the subjects within the population is practically
non-existent. Agent-based models allow each virtual
entity to be endowed with unique characteristics of any
complexity. They are much more computationally ex-
pensive, but they allow for the creation of a digital envi-
ronment that most accurately reproduces the conditions
of the epidemic process's development [1].

The complexity of development has led to the
widespread practice of using ready-made open-source
agent models, which are then customized by the user to
solve a range of specific tasks. Among the main com-
putational approaches considered for creating artificial
populations whose agents are humans, the FRED [2],
AceMod and Covasim [3] platforms have gained the
widest adoption in modeling respiratory infections.

The open-source platform Covasim stands out
because it contains numerous built-in algorithms for
modeling epidemic control measures and allows for
modification of the software code to implement addi-
tional functionalities. It has been used to address a wide
range of issues, such as determining the optimal testing
strategy for asymptomatic carriers [4], modeling the
circulation of different SARS-CoV-2 variants [5], the
effect of lifting school closures [6] and the likelihood
of a second wave [7] in the UK, developing pandemic
control strategies [8, 9] and vaccination strategies [10]
in Australia, and vaccination strategies in the USA [11]
and Italy [12]. In most of these works, a model was
used that was refined to take into account regional char-
acteristics and specific tasks.

The aim of the study is to develop an agent-based
epidemiological model POEM (Population Epidemi-

ological Model) based on the Covasim platform for
modeling epidemics, studying the influence of various
factors on pathogen spread, as well as evaluating the
effectiveness of anti-epidemic measures in an artificial
population. The application of the developed computa-
tional tool was demonstrated in a series of digital ex-
periments, comparing it with observed epidemiological
patterns.

Materials and methods

The development was based on the open-source
program Covasim, released under the Creative Com-
mons Attribution-ShareAlike 4.0 license and available
on the GitHub server (github.com/institutefordisease-
modeling/covasim). APOEM, like Covasim, is imple-
mented in the programming languages Python and Ja-
vaScript.

Modeling two or more settlements
and their interactions

The simulation of 2 or more settlements was imple-
mented using parallel computing as follows: during the
initialization phase, additional cells are created in each
city for agents who may arrive in that city. Then each
city is modeled in a separate computational thread. The
main simulation includes three stages: adding agents
who have arrived in the city, performing the main sim-
ulation step (one simulated day), and selecting agents
who will leave the city in the next simulation step. For
each displaced agent, the duration of their stay in anoth-
er city is chosen based on a Poisson distribution with a
mean value of 14 days (this parameter can be changed
by the user). An agent who has temporarily moved from
one settlement to another only has random interactions,
but their number increases by an average of 3 times (the
coefficient can be changed by the user). The graphical
interface has been enhanced with the ability to define
one or more transportation flows (agent movement be-
tween settlements). The user specifies the origin and
destination, as well as the proportion of agents moving
daily. The graphical interface also allows you to view
simulation results for individual locations in different
tabs or compare them on a single graph.

Modeling the conduct of mass gatherings

The simulation of mass gatherings is implemented
as follows: the user inputs a table (through a graphical
interface or by calling functions in Python) contain-
ing the date of each event, the number of participants
and the number of such gatherings. To implement this
module, a new contacts layer was added. This layer is
dynamic, with contacts updated daily to simulate new
events. An agent can only participate in one event per
day.

In the first step, a list of people who will partic-
ipate in mass events is randomly determined. Next,
participants break into groups for separate meetings.
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For each group, contacts are randomly established so
that each agent has an average of 9 connections, as litera-
ture suggests that even for large mass events, the average
number of contacts lasting 15 minutes or more, during
which the virus can be transmitted, is 9 [13]. The prob-
ability of infection transmission through contact at mass
events is assumed to be the same as workplace contacts.

Functional extensions of the Covasim model
implemented in the APOEM software platform

New variants of agent susceptibility distributions
and their infectivity have been introduced. A variant has
been implemented where agents have individual but
identical values for susceptibility and infectivity for a
given agent, with the aim of modeling the behavior of
agents with high values for both indicators.

Accounting for the time delay between receiving
a positive test result and the date the information is
submitted to state control bodies has been added. Each
agent is assigned a delay in receiving test results (a ran-
dom number from a given distribution), which is added
to the test date during the simulation.

To account for the socio-demographic characteris-
tics of the modeled regions of the Russian Federation,
an additional module for configuring the artificial popu-
lation construction has been implemented. The module
is implemented based on the open-source library Syn-
thPops (URL: https://github.com/InstituteforDisease-
Modeling/synthpops). The ability to upload the artifi-
cial population parameters in the Excel table format has
been added to the interface.

A set of pathogen parameters corresponding to
the Omicron variant has been added based on liter-

Table 1. Comparison of Covasim and APOEM

ORIGINAL RESEARCHES

ature data. The set of factors for modeling the Omi-
cron variant of the SARS-CoV-2 virus was selected
based on a literature search in the PubMed and Goo-
gle Scholar databases using the following keywords:
Omicron transmissibility, transmissibility of Omicron,
symptomatic factor, critical factor of Omicron, severe
factor of Omicron, death of Omicron, and recovery of
asymptomatic Omicron. The search was conducted for
articles published since 2021, and 45 publications were
selected that presented the parameters necessary for the
stochastic agent-based model. To calculate the average
median value of these parameters, only studies with a
sample size of at least 100 people were used.

Computational experiments were conducted in
two stages. The first stage involves using a web inter-
face, the results were evaluated under various scenarios
without repetitions. During the second stage, to assess
the variability of the results due to the stochastic nature
of the model, the most informative scenarios were exe-
cuted 30 or 100 times (in different tasks) using a Python
script.

Results

Covasim Source Code Modifications

The creation of the Population Epidemiologi-
cal Model (POEM) is based on the open-source pro-
gramming environment Covasim, with modifications
or additions of code to specific modules to implement
new features, increase the amount of information, and
localization (Table 1).

1. Assigning susceptibility and infectivity to distri-
bution agents

Covasim

POEM

The susceptibility of the agent to the pathogen is defined discretely
based on age category

The infectivity of an agent is determined by a distribution
that is independent of the susceptibility

Modeling the spread of SARS-CoV-2 variants — Wuhan variant,
Alpha, Beta, Gamma, Delta

The epidemic spread is modeled within a single synthetic population
(a hypothetical city) that is created based on average European
demographic and statistical data

The ability to model anti-epidemic measures — quarantine,
mask mandates, vaccination

Anti-epidemic measures are implemented simultaneously and with
equal intensity in all institutions of the same type in the hypothetical
city

The results of the agent testing are reflected on the incidence graph
on the day of testing

Basic programming skills are required for setup

The susceptibility of the agent to the pathogen is defined according
to the chosen distribution option

The infectivity of an agent can be defined in conjunction
with the susceptibility to that agent

The ability to model infection caused by the Omicron variant
of SARS-CoV-2 has been introduced; there is also the possibility
of creating a custom virus variant

The epidemic spread is modeled in parallel for multiple synthetic
populations (hypothetical cities) with different set parameters.
Model cities are defined as independent of each other or connected
by an interaction coefficient. It is possible to build model cities based
on real demographic and statistical data

The ability to model both one-time (single) and regular mass events
has been added

There is the possibility of selectively closing individual schools
and businesses when a certain percentage of diagnosed cases
is reached (the epidemic threshold)

The test results are displayed on an incidence graph with a delay,
calculated based on real data from Rospotrebnadzor (18 million
records)

Parameter settings and advanced features for visualization
in the web version
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The key parameters of the infectious process are
the susceptibility of individuals to infection (innate and
acquired immunity) and contagiousness — the ability of
the pathogen to be transmitted from one individual to
another. At the same time, contagiousness is considered
a characteristic of the pathogen, as individual charac-
teristics of subjects are averaged at the population lev-
el. In the agent-based model, it is possible to define an
individual agent's ability to spread the virus (e.g., due
to a higher viral replication rate, behavioral character-
istics, severity of respiratory infection symptoms, or a
reduced infectious dose). To describe this characteristic
of the agent (subject), the term "infectiousness" will be
used below.

The original Covasim code assumes that agents'
susceptibility to the virus is rigidly tied to the agent's
age (Table 2) [14]. However, the authors of Covasim
note that the susceptibility characteristics they adopt-
ed contradict the results of another study, where sus-
ceptibility to infection did not change with age [15].
At the same time, it is evident that the susceptibility
of agents should correspond to mathematical distribu-
tions commonly observed in biology, and other studies
have investigated, for example, the spread of infection
in a population using uniform, Gaussian, and bimodal
Gaussian distributions [16].

Since the exact characteristics of the distribution
of human susceptibility to SARS-CoV-2 and other re-
spiratory viruses are unknown, the possibility of apply-
ing the following normalized distributions was includ-
ed in the POEM model:

* age-stratified susceptibility distribution propo-

sed in the base Covasim model;

» normal (independent of age);

* lognormal (independent of age);

* lognormal, sharply peaked with a thin tail

(independent of age).

To ensure the comparability of the impact of the
susceptibility distribution on infection spread parame-
ters, the sum of the conditional susceptibility of agents
in the population (the area under the susceptibility dis-
tribution curve) in the APOEM model is a constant.

In the original Covasim code, the agent's suscepti-
bility characteristic is defined (Table 2), and infectious-
ness is determined by the probability of pathogen trans-
mission. However, during the spread of COVID-19,
significant heterogeneity in the number of infections
from a single patient has been described, with 80% of
secondary infections being caused by 15% of patients

[17]. It is also known that the variability in the amount
of SARS-CoV-2 virus detected by PCR testing among
different patients (and consequently, the possibility of
virus transmission) varied by several orders of magni-
tude [18]. In the POEM model, the ability to establish a
direct relationship between a subject's susceptibility to
the virus and its infectiousness was introduced, or to set
these parameters as independent, as there is evidence
in the literature supporting both options. For example,
the ability to become infected and maintain a high level
of replication could theoretically be linked to the level
of viral receptor expression [19]. On the other hand, it
has been shown that some people produce significantly
more microdroplets than others and may be more in-
fectious simply because of this [20], meaning that sus-
ceptibility and infectiousness may not be linked at the
individual level.

2. Implementing a temporary delay in displaying
test results

One of the drawbacks of the Covasim base code
is the instantaneous availability of results from testing
conducted on an artificial population of agents. Howev-
er, the actual registration of testing data in the overall
statistics may be significantly delayed under the in-
creased strain on the healthcare system. The integration
of realistic delay into the POEM model, as close as pos-
sible to the conditions for recording morbidity in Rus-
sia, was performed based on an analysis of records of
over 18 million cases of COVID-19, for which the date
of a positive sample collection was compared with the
date the information was received by Rospotrebnadzor.
The resulting distribution of the difference between
these dates for each sample was used to determine
the probability of receiving delayed data after testing
(Table 3).

3. Implementation of a block forming two or more
settlements, with or without their interaction.

The COVID-19 pandemic has demonstrated that
imposing isolation on a specific territory or settle-
ment cannot guaranty the prevention of the pathogen's
spread. For national health policy formation, modeling
an epidemic in a single region without considering its
interconnectedness with other regions has limited val-
ue. In the original Covasim code, there is an option to
model the importation of a fixed number of infected
individuals into the simulated population (a specified
number of agents become ill each day without a source
of infection), while the outflow of infected agents is
not provided for. This approach doesn't allow for the

Table 2. Age-specific coefficients of susceptibility to the SARS-CoV-2 virus, as defined in the original version of Covasim[14]

Age, years
Parameter
0-9 | 10-19 | 20-29 | 30-39 | 40-49 | 50-59 | 60-69 | 70-79 | 80-89 | 90+
Susceptibility*, % 0.34 0.67 1.00 1.00 1.00 1.00 1.00 1.24 1.47 1.47

Note. *The infection probability coefficient upon contact between agents, used as part of the formula that determines the probability of virus

transmission with each contact.
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Table 3. Distribution of the delay in reporting positive test results to Rospotrebnadzor, days after sample collection

Delay, days
Parameter
0|1|2|3|4|5|6|7|8|9|10|11|12|13|14
Percentage, % <1 14 22 12 10 9 7 6 5 4 3 2 2 2 2

dynamics of the epidemic's development in related re-
gions to be taken into account. To overcome this limita-
tion, the ability to model multiple populations (cities)
in parallel, with independent parameters for epidemic
control measures and the possibility of regulating the
movement of agents between them, was developed.
In the absence of interaction between cities, each can
be considered an independent epidemiological exper-
iment, allowing for a comparison of the effect of pop-
ulation characteristics or the nature of anti-epidemic
measures. The interaction coefficient between cities is
determined empirically as the percentage of the pop-
ulation travelling between cities each day, reflecting
hypothetical transportation flows.

4. Building a model artificial population based on
real demographic and sociological data

Modeling the epidemic process under conditions
close to real societies is implemented in the APOEM
model thru the ability to upload demographic and so-
ciological data for a specific locality or region. The
data is provided by the user in the form of an electro-
nic spreadsheet created according to a template and in-
cludes population size and its age distribution, house-
hold size distribution, educational institution sizes and
the number of teachers and other staff working in them,
the distribution of workforce sizes, and the employ-
ment rate.

As an example of implementing real data loading
into the POEM software model, profiles for the fol-
lowing Russian regions have been created: Blagovesh-
chensk and the Amur region, Nizhny Novgorod and the
Nizhny Novgorod region, Voronezh and the Voronezh
region.

5. Modeling the spread of the Omicron variant

In late November 2021, the WHO designated a
new genetic variant of SARS-CoV-2 as a variant of
concern (B.1.1.529), naming it Omicron [21]. At the
time this SARS-CoV-2 variant emerged, it had several
times more mutations in the spike protein than any oth-
er variant [22]. Thanks to these mutations, the Omicron
variant of the virus binds more effectively to the host
cell's ACE2 receptors compared to previous variants.
Most neutralizing antibodies produced by vaccinated
individuals or those who have recovered from other
SARS-CoV-2 variants are ineffective against Omicron,
but it is associated with milder symptoms and a higher
proportion of asymptomatic carriers compared to other
variants [23].

The degree of danger of a coronavirus variant
depends on factors such as contagiousness, immune

evasion, and the severity of the clinical course of the
infection [24]. The basic reproduction number (R ) of
the Omicron variant is 8.2 [25], which corresponds to
a much more effective spread compared to earlier vi-
rus variants. In the original Covasim environment, the
transmissibility of virus variants is implemented based
on coefficients relative to the original Wuhan variant.
In the POEM model, the probability of infection trans-
mission from agent to agent was set to 3.34 (relative to
the Wuhan variant), calculated as the average obtained
from the analysis of several publications. The probabil-
ity of symptomatic infection with the Omicron variant
was established at 0.1 based on a multicenter retrospec-
tive observational study conducted in Shanghai [26].
The risk of hospitalization with the Omicron variant
infection was 56% lower compared to the Delta variant
[27], and the risk of severe illness was 2-3 times lower
[28]. Based on a systematic review and meta-analysis
of severity and clinical outcomes in people infected
with the Omicron variant, an odds ratio of 0.46 for criti-
cal illness compared to the Delta variant and an odds
ratio of 0.39 for mortality were used. According to the
literature, the incubation period (in the terminology of
the Covasim platform, actually the latent period, the
time from infection to the onset of viral shedding) for
the Omicron variant is about 2—3 days, and the average
duration of the asymptomatic period is 2.2 days [29].

The median duration of virus detection was 9 days
(ranging from 7 days in asymptomatic cases to 10 days
in severe cases) [30]. Acute symptoms in those infected
with the Omicron variant were observed for a shorter
period — an average of 6.9 days, compared to patients
infected with Delta, who experienced symptoms for an
average of 8.9 days [24]. The length of stay in intensive
care units for Omicron variant infections was 5 days
shorter than for Delta variant infections, with a medi-
an value of 5.3 days [31]. The overall mortality rate
was higher for patients with the Delta variant, at 0.5%,
compared to patients with the Omicron variant (0.1%).
The average time from diagnosis to death when infect-
ed with the Delta variant was 13 days, compared to 10
days with the Omicron variant [31].

Computational experiments

1. Mass gathering modeling

Mass gatherings have a significant impact on the
dynamics of epidemics [32—34] and are one of the pri-
ority targets for epidemic control measures.

Two cities with a population of 100,000 agents
have been given, with anti-epidemic measures in place
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in the form of social distancing (reducing the frequency
of random contacts by 50%, and contacts at school and
work by 90%). On the first day in both cities, 30 people
were infected with the Delta variant of SARS-CoV-2.
The probabilities of testing asymptomatic and symp-
tomatic agents were 1% and 10%, respectively. Every
10 days, mass events are held in one of the cities, with a
total number of participants equal to 20,000. The results
of 10 simulations for each city are presented in Fig. 1.
The occurrence of mass events leads to a sharp increase
in the number of infected individuals in the model.
However, even a significant number of simultaneous
infections (500—1000 compared to the usual 1000-2000
infected per day) cannot be detected through daily test-
ing due to the smoothing of the incidence rate caused
by the varying lengths of the incubation period and the
uneven delay in reporting positive results, which ne-
gates sharp increases in infections.

2. Modeling of anti-epidemic measures

The most severe clinical course of COVID-19
was observed in older individuals. The most intensive
anti-epidemic measures were aimed at protecting the
at-risk age group. One of the common measures to re-
duce morbidity was the closure of schools to decrease
the spread of the virus in society and, consequently, the
risk of household transmission to the elderly. Individual
examples of the impact of school closures on reducing
infections in the elderly have been described [35], but
overall, epidemiological data do not confirm the effec-
tiveness of such measures with sufficient certainty, and
the results of mathematical modeling described earlier
have been contradictory [36, 37].

The following hypothetical scenarios were test-
ed on the POEM model. The most effective measures
(100% isolation of all contacts) were applied only to
young people (< 20 years old) or only to the elderly
(> 60 years old) on days 30-90 or 60—120 after the start
of the epidemic (at the time the measures were imple-
mented, approximately 1% or 20% of the population
was infected, respectively), with the assumption that
administrative resources allowed for restrictions to be
in place for only 60 days.

When measures were implemented early, during
low COVID-19 prevalence, there was a pronounced ef-
fect on the number of infected individuals. However,
due to the lifting of restrictions on day 90, by day 140,
the number of infected individuals in all groups was
practically indistinguishable (Fig. 2). Meanwhile, iso-
lation of both young people and, especially, the elderly
led to a 17% and 35% reduction in deaths, respectively,
although the confidence intervals for these results par-
tially overlapped.

The late implementation of measures to isolate
young people led to a 25% decrease in the number of
cases, but the reduction in fatalities was less pronounced,
at 16%. Late isolation of the elderly led to a smaller de-
crease in overall morbidity, but a significant reduction in
mortality (66%). Thus, isolating young people may have
an effect on the incidence of illness in the elderly, but less
noticeable than the direct isolation of the elderly.

The modeling results obtained are consistent with
the understanding that the later separation of organized
children's and adolescent groups, implemented during
the rise in COVID-19 incidence, is accompanied by an

1000 1500 2000 2500
1 |

Number of infected

500

=== City with mass gatherings

=== City with mass gatherings (registered)
City without mass gatherings

City without mass gatherings (registered)

100 150 200

Days

Fig. 1. The impact of holding mass gatherings on the number of SARS-CoV-2 infections in a city with a population
of 100,000 agents.
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Days 30-90

Total number of infected

Isolation of the young
Isolation of the elderly
Without implementation

Total number of deceased
Isolation of the young

Isolation of the elderly
Without implementation

Effective Reproduction number (Re)

Isolation of the young
Isolation of the elderly
Without implementation
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Days 60-120

Total number of infected

Isolation of the young
Isolation of the elderly
Without implementation

Total number of deceased

Isolation of the young
Isolation of the elderly
Without implementation

Effective Reproduction number (Re)

Isolation of the young
— Isolation of the elderly
Without implementation

Fig. 2. The impact of implementing anti-epidemic measures on morbidity and mortality across different age groups.

The blue line on the graph represents the results when young individuals were isolated, and the red line represents the results when elderly
individuals were isolated. The green line represents epidemic modeling in the city without the implementation of measures.

intensification of infection transmission within house-
holds due to longer and closer domestic contact (stu-
dents transferred to distance learning infect elderly in-
dividuals who are temporarily involved in supervising
minors).

3. Passenger flow modeling

During the COVID-19 pandemic, restrictions on
movement between cities and countries were almost
universal and aimed to prevent the virus from being
brought into the region from areas with an unfavorable
epidemiological situation. To model the effectiveness
of traffic flow restrictions, a simulation of the epide-
mic's spread was conducted in two cities. In both cities,
anti-epidemic measures were implemented on the 50
day of the simulation (soft measures in the first city,
strict ones in the second). On the 90" day of the simula-
tion, only mild epidemic control measures were imple-
mented in both cities, which continued until the end of
the simulation. Soft epidemic control measures includ-
ed only mandatory mask-wearing at work and in public
places with a conditional effectiveness of 25%, hard
measures included mandatory mask-wearing at work
and in public places with a conditional effectiveness of
75%, and school closures. The spread of the epidemic
was modeled under conditions of minimal transporta-
tion flows (0.01% of the population moving between
cities daily), average flows (0.1% of the population dai-
ly, roughly corresponding to transportation flows be-
tween Moscow and St. Petersburg), and intensive flows
(1% of the population daily).

In the city with mild measures, the number of
cases reached 60,000 by day 200 (compared to 72,000
without measures), and the number of deaths was 210
compared to 275 (Fig. 3). With minimal traffic flow, the
number of cases in the city with strict measures reached

50,000 by the 200" day, and the number of deaths was
130. With moderate traffic flow, the number of cases in
the city with strict measures has barely changed, while
the number of deaths has increased to 150. With heavy
traffic flow, the effect of strict epidemic control mea-
sures in the second city was practically nullified.

4. Modeling the introduction of measures when a
threshold number of cases is reached

A classic tool in epidemiology is the implemen-
tation of anti-epidemic measures upon reaching a set
level (epidemic threshold). This method is well-estab-
lished for influenza!. Since epidemic threshold values
have not been developed for COVID-19, three fairly
strict values were tested in the modeling: 20, 70 and
150 cases per 10,000 population. At the same time, it
was agreed that administrative resources are limited,
and strict measures (mask mandate with 70% effective-
ness in public places and at work, school closures) will
only be implemented for 30 days, followed by anoth-
er 30 days of less stringent measures (mask mandate
with 30% effectiveness in public places, at work, and
in schools). Epidemiological measures had an immedi-
ate effect on the pathogen transmission efficiency in the
model population (reducing the effective reproductive
number below 1). The total number of infected indivi-
duals was 30-35 thousand in all scenarios, but the num-
ber of deaths in the case of the latest implementation of
measures (when the total number of diagnosed cases
reached 150 per 10 thousand population) reached 145,

! State Sanitary and Epidemiological Rationing of the Russian
Federation. 3.1.2. Respiratory tract infections. Methodology
for calculating epidemic thresholds for influenza and acute
respiratory viral infections in the subjects of the Russian
Federation. Methodological recommendations. MP 3.1.2.0118-
17. Moscow; 2017.
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0.01% flow

Total number of infected

Maximal measures
Minimal measures
Absence of measures

Total number of deceased

Maximal measures
Minimal measures
Absence of measures

0.1% flow

Total number of infected

Maximal measures
Minimal measures
Absence of measures

Total number of deceased

Maximal measures
Minimal measures
Absence of measures

1% flow

Total number of infected

Maximal measures
Minimal measures
Absence of measures

Total number of deceased

Maximal measures
Minimal measures
Absence of measures

Fig. 3. The impact of intercity traffic flows on morbidity and mortality at different levels of implementation of anti-epidemic

measures.

The blue line on the graph shows the simulation results for the city with the most effective measures, and the red line shows the results for the

city with less strict measures. The green line shows modeling an epidemic in the city without the implementation of measures and with

no transportation. Dotted lines show the dates of the implementation and cancelation of measures and the end of the simulation.

while in all other scenarios the values were in the range
of 91-111 people (Fig. 4). Thus, the POEM model al-
lows for simulating the development of an epidemic
under the conditions of the response standards adopted
in Russia for disease spread, and accounting for regis-
tration delays based on real data allows for planning the
fight against the spread of infection, taking this factor
into account.

5. Modeling the circulation of two virus variants

The Voronezh region was chosen as a model,
because a sufficiently large number of SARS-CoV-2
virus whole-genome sequences were available on the
VGARus platform in December 2021 — January 2022,
allowing for a comparison of the calculated ratio of vi-
rus variants in the simulation and the actually observed
one. Demographic data was loaded into the model, and
based on this, a digital replica of the Voronezh region
was created. On April 1, 2021, 30 agents infected with
the Delta variant appeared in it, and on December 15,
2021, 30 agents infected with the Omicron variant ap-
peared. This simulation was repeated 100 times, and the
results are presented in Fig. 5. The Pearson correlation
coefficient between the average result from 100 simula-
tions and the real data for the proportion of the Omicron
variant among circulating SARS-CoV-2 in the popula-
tion was 0.9985.

Discussion

Computational epidemiology is a new field of
knowledge that combines the principles of classical
epidemiology, statistics, mathematics and computer
science to analyze large datasets, model the spread of
diseases in the human population, and inform public
health policy.

A successful example of implementing this ap-
proach is the Baroyan—Rvacev model for predicting
influenza epidemics in the USSR [38]. The model
used detailed data on intercity migration flows, which
allowed for highly accurate predictions of the start of
the epidemic process and its peak in the capitals of the
union republics.
The rapid development of computational technol-
ogies in the late 20th and early 21st centuries allowed
for the transition to large-scale agent-based modeling
with explicit interactions between individuals to simu-
late the spread of infectious diseases. The development
of such approaches allows for a number of fundamen-
tal features to be taken into account: the diversity of
agents (e.g., age, gender, social status, etc.), the hete-
rogeneity of social contacts, migration flows, the im-
plementation of disease control measures for specific
population groups, etc. The COVID-19 pandemic fully
demonstrated the need to utilize the predictive power of
stochastic discrete models for conducting computation-
al epidemiological experiments to select the optimal set
of response measures.
The Covasim agent-based modeling platform, com-
bined with the SynthPops synthetic population creation
module, is currently one of the most advanced in epide-
miology. Over the past 3 years, a significant amount of
research has been conducted using Covasim to develop
measures to prevent the spread of epidemics, such as:
* studying test strategies and impact of test
characteristics [4, 9, 39];

* studying the effectiveness of isolation and
quarantine [6, 39];

* modeling the achievement of herd immunity
[10];
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* analysis of vaccination strategies [6, 11, 12];
» assessing the risks of the consequences of
rescinding management decisions [8, 40].

In certain cases, the objectives were achieved by
expanding, calibrating, or modifying the Covasim mo-
del. The most extensive additions were proposed in the
new ProMES model based on Covasim [41].

This study presents the POEM model, which
overcomes the limitations associated with using the
Covasim platform for the population of various re-
gions of the Russian Federation and adds a number
of new features that allow for computational experi-
ments with greater detail and reliability than provided
by the original code.

Agent susceptibility profiles to SARS-CoV-2 have
been developed, reflecting the latest accumulated data,
which differ from the results of early COVID-19 stu-
dies. A population structure based on real demographic
data and a correct registration delay based on an ana-
lysis of 18 million COVID-19 cases have been imple-
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mented. The ability to assess the role of mass gather-
ings and traffic flows has been added, and based on a
meta-analysis of published data, the ability to simulate
Omicron variant morbidity has been added. The web
interface for running simulations and visualizing results
makes it possible for users without programming skills
to work with the POEM software platform. For scien-
tific research, it is possible to run multiple simulations
with statistical significance assessment and output of
results not only in graphical format but also as the raw
values of all parameters.

Digital epidemiological experiments performed to
demonstrate the model capabilities show that the mo-
del corresponds to the actually observed development
of epidemics and the effect of anti-epidemic measures.
At the same time, the model allows for practicing not
only standard but also extreme scenarios, such as the
emergence of highly contagious pathogens. Since the
key constraint during the COVID-19 pandemic was
public acceptance of restrictions, using the APOEM

Total number of infected

Per 10,000 population
Threshold = 20
Threshold = 70
Threshold = 150
Without implementation

Total number of deceased

Per 10,000 population

Threshold = 20
Threshold = 70
Threshold = 150
Without implementation

Effective Reproduction number (Re)

Per 10,000 population
Threshold = 20
Threshold = 70
Threshold = 150
Without implementation

Fig. 4. The impact of implementing epidemic control measures upon reaching the threshold of registered cases on incidence
and mortality.
The blue line on the graph shows the simulation results when measures are implemented upon reaching a threshold of 20 diagnosed cases,
the red line shows the results when the threshold is 70, the green line shows the results when the threshold is 150 diagnosed cases,
and the purple line represents the modeling of the epidemic in the city without the implementation of measures.
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Fig. 5. Simulation of the dominant SARS-CoV-2 variant change in the Voronezh region in the winter of 2021-2022.

a — graph of the daily number of infected individuals, broken down by SARS-CoV-2 variant. The Delta variant is marked in green, and the
Omicron variant is marked in red. The daily number of infections in 100 simulations is shown in pale colors, and the average values are
shown in bright colors;

b — the proportion of the Omicron variant among the SARS-CoV-2 circulating in the Voronezh region. The values calculated from the results
of 100 simulations are shown in light blue, the average value is in dark blue, and the real data from the whole-genome sequencing analysis
results are in red.

platform makes it possible to select the most effective
measures, taking into account limited administrative
resources. The Covasim model was developed with a
focus on performance, ease of use and flexibility: re-
alistic scenarios can be run on a standard laptop in less
than a minute [3]. In the POEM system, modeling an
epidemic in a population of 100,000 people over 180
days and generating all the graphs takes 30 seconds

on a single-core processor. Simulating a population of
1 million people over 180 days takes 6 minutes.

The limitation of the POEM platform is the lack
of epidemic development prediction functions. There
are studies where this possibility is implemented by
dynamically adjusting the virus transmission efficien-
cy based on current morbidity data. This approach can
be quite effective for short-term (around 2 weeks) dis-
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ease prediction, but the primary goal of this work was
to reproduce the population and epidemic spread in as
much detail as possible to develop epidemic control
strategies. Dynamically adjusting the model is an easy
way to compensate for model imperfections, but it can
reduce its value as a planning tool.

Conclusion

POEM is the first platform in Russia for agent-
based modeling of epidemics, which is expected to be
accessible to a wide range of professional epidemiol-
ogists in the future. The model flexibility allows for
virtually unlimited scaling of the platform by adding
regions and traffic flows based on demographic and sta-
tistical data, defining new variants of the coronavirus
and other pathogens. The model is fully implement-
ed within the Russian framework on the server of the
Research Institute of System Biology and Medicine of
Rospotrebnadzor and can be used to conduct digital ep-
idemiological experiments to predict the effectiveness
of anti-epidemic measures in the Russian Federation.
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Association of TRIM22 gene polymorphisms (N155D and T242R)
with HIV infection in the Northwestern Federal District of Russia

Yuliia V. Ostankova™, Vladimir S. Davydenko, Alexandr N. Schemelev, Areg A. Totolian
Saint Petersburg Pasteur Institute, St. Petersburg Russia

Abstract

Introduction. The human immunodeficiency virus (HIV) remains a global health challenge. The TRIM22 gene,
which encodes a protein with antiviral activity, is a promising candidate for research, but its role in the pathogenesis
of HIV infection in population of the Russian Federation has not been previously studied.

The aim of the study was to analyze the polymorphic variants rs7935564 (N155D) and rs1063303 (T242R) of the
TRIM22 gene in HIV-infected individuals in the Northwestern Federal District.

Materials and methods. Polymorphic variants rs7935564 (N155D) and rs1063303 (T242R) of the TRIM22 gene
were analyzed in groups of HIV-infected individuals with virological failure of antiretroviral therapy (n = 378)
and practically healthy individuals (n = 319). Genotyping was performed using the polymerase chain reaction
method followed by sequencing. Statistical analysis included testing for Hardy-Weinberg equilibrium of genotype
distributions, assessing associations under 3 inheritance models (dominant, recessive, additive) with odds ratio
(OR) and 95% confidence interval (CI) calculation, linkage disequilibrium analysis, and haplotype frequency
analysis.

Results. The distribution of genotypes for the analyzed polymorphic variants was conformed to Hardy-Weinberg
equilibrium expectations (p > 0.05). A significant association was found between the G allele of the rs7935564
polymorphism and the presence of HIV infection in both recessive (OR = 1.76) and additive (OR = 1.37) inheritance
models. For polymorphism rs1063303, a significant association was observed only in the dominant model
(OR = 1.40). Moderate linkage disequilibrium was found between the loci (D' = 0.4478; r> = 0.1572; p < 0.001).
The G-G haplotype (rs7935564_G — rs1063303_G) was associated with the presence of infection (OR = 1.57).
Conclusion. In the Russian population, the polymorphic variant rs7935564 (N155D) of the TRIM22 gene is a
significant genetic factor associated with HIV infection, while the results for rs1063303 (T242R) were statistically
ambiguous. The association of the G-G haplotype with the presence of infection suggests a potential synergistic
effect of these alleles. The data obtained highlight the importance of considering a population genetic background
when evaluating the genetic determinants of the interaction between HIV and the host organism.

Keywords: HIV infection, virus-host interaction, TRIM22, polymorphism, prognostic markers, laboratory
diagnostics
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Accouynauma nonumop¢HbiX BapnaHToB reHa TRIM22
(N155D n T242R) c BUM-nudekuynein B CeBepo-3anagHom
depepanbHOM oKpyre Poccum

OctaHkoBa 10.B.”, laBbiaeHkKo B.C., LLlemenes A.H., TotonaH A.A.

CaHkKT-lNeTepbyprcknin HayuYHO-UCCEeA0BATENbCKMI MHCTUTYT SNMAEMUONOTNUN U MUKpOobronorum nmenm Mactepa,
CaHkT-lMNetepbypr, Poccusa

AHHOMayus

BBepeHue. Bupyc nmmyHopedpuumta yenoseka (BUNY) octaetca rmobansHonm npobnemorn 3apaBoOXpaHeHus.
leH TRIM22, xogupytowmii 6enok ¢ NpoTMBOBMPYCHON aKTUBHOCTBLIO, SBMSIETCA MEPCNEKTUBHLIM KaHAMOATOM
ONs UCCNeaoBaHWI, OQHAKO ero ponb B natoreHese BUY-uHdekuun B nonynsaumax Poccuiickon depepaumm
paHee He n3y4anachb.

Llenbto paboTbl 6611 aHanma nonMMopdHbix BapuaHToB rs7935564 (N155D) n rs1063303 (T242R) reHa TRIM22
y BUY-nHdwmumposaHrHbix nuy B CeBepo-3anagHom dhegepanbHOM OKpyre.

Matepuansbi u metoabl. [poBeaéH aHanu3 nonMMopdHbIX BapnaHToB rs7935564 (N155D) nrs1063303 (T242R)
reHa TRIM22 B rpynnax BNY-uHdMUMPOBaHHbLIX UL C BUPYCOMNOrM4eckon HeadpdeKTUBHOCTbIO aHTUPETPOBU-
pycHowm Tepanuu (n = 378) n npakTnyecku 3gopoBbix nuy (n = 319). MeHOTMNMPOBaHME BINOMHEHO METOAOM MO-
NMMepasHon LIeNHOW peakumm ¢ NoCneayroLmMm cekBeHpoBaHmem. CTaTMCTUYECKUA aHanu3 BKIKOYan NnpoBepKy
COOTBETCTBUSI pacnpeaeneHusi reHoTUrNoB paBHoBecuio Xapan—BariHbepra, oueHky accoumaumii no 3 Mogensam
HacnegoBaHus (AOMUHAHTHON, peLeCCMBHOW, agaMTUBHON) C pacHETOM OTHOLLEeHMst waHcos (OLU) n 95% pose-
puTenbHoro nHtepsana (W), aHanua HepaBHOBECUS CLENMNEHNS N YaCTOT rannoTunos.

PesynbraTtbl. PacnpegeneHne reHoTuMnoB AnNs aHanuaupyemblX NONMMMOPMHBLIX BapMaHTOB COOTBETCTBOBAIIO
paBHoBecuio Xapau—BarH6epra (p > 0,05). BoisiBneHa goctoBepHasa accouunaumst annens G nonumopdusma
rs7935564 ¢ Hanuumem BUY-nndpekummn B peueccusHon (O = 1,76) n agamTtmneHon (OLWU = 1,37) mogensx Ha-
cnegoBaHus. Ans nonumopduama rs1063303 3Haummas accoumaums Habnioganacb TONMbKO B AOMWHAHTHOM
mogenn (OLWU = 1,40). OGHapyXeHO yMepeHHOe HepaBHOBecue cuenneHus mexay nokycamu (D' = 0,4478;
r2=0,1572; p < 0,001). Fannotun G-G (rs7935564_G — rs1063303_G) 6bin accoumnmMpoBaH ¢ Hanuyinem nHgek-
uun (OLL = 1,57).

3aknwoyeHue. B poccurickon nonynaummn nonmmopdHbiv BapuaHT rs7935564 (N155D) rena TRIM22 senseTca
3Ha4YMMbIM reHeTu4eckuMm aktopom accoumaummn ¢ BUY-nHdbekumen, B To Bpems kak ansa rs1063303 (T242R)
nony4eHbl CTaTUCTUYECKU HEOOHO3HauYHble pesynbraTtbl. Accoumaums rannotuna G-G ¢ Hanuumem MHdeKLmn
CBUOETENBCTBYET O MOTEHLMANIBHOM CUHEPreTUYEeCKOM 3chbdekTe AaHHbIX annenen. MNMony4YeHHble AaHHbIe NOA-
YEPKUBAKOT BAXXHOCTb Y4YE€Ta NONYNAUMOHHOM CneundUuK/A Npu OLEHKEe reHeTUYeCKUX AeTepMUHAHT B3anmoaen-
ctBua BUNY n opraHmama-xossuHa.

KnroueBble cnoBa: BUY-uHpekyus, ezaumodelticmaue supyc—xo3siuH, TRIM22, nonumopgbusm, npoeHocmuye-
CKue MapKepsl, nabopamopHas duagHoCmuKa

Amuyeckoe ymeepxdeHue. VlccnenoBaHne NnpoBoAWnock Npu A06pOBONLHOM MHPOPMMPOBAHHOM cornacuv nauu-
eHToB. [MpoTokon nccnegoBaHusa ogobpeH dTudecknm kommuteTom CaHkT-INeTepbyprckoro Hay4Ho-MccnenoBaTenbCKo-
ro MHCTUTYTa anuaemuonorum u Mukpobuonorum um. Macrepa (npotokon Ne 110/a ot 27.11.2020).

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

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

Ans yumupoearus: OctaHkosa H0.B., laBbigeHko B.C., Wemenes A.H., TotonsH A.A. Accoumaums nonmmopgHbIX
BapunaHToB reHa TRIM22 (N155D n T242R) c BUY-uHdekumen B CeBepo-3anagHom deaepansHom okpyre Poccun.
XKypHan mukpobuonoauu, anudemuonoauu u ummyHobuonoauu. 2025;102(5):530-538.
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Introduction

The human immunodeficiency virus (HIV) con-
tinues to be one of the most significant global public
health challenges. According to the latest epidemiolog-
ical data', over 40 million people are living with this
infection in 2024. Despite significant advancements in
the development of antiretroviral therapy (ART), which
has transformed the infection from a death sentence in-
to a manageable chronic disease, complete eradication
of the virus from the body remains an unattainable goal
[1]. One of the key obstacles along this path is the vi-
rus's high genetic variability and the complex nature of
its interaction with the host's immune system [2]. The
most important component of innate immunity against
viral infections is interferon-stimulated genes, whose
products form a multi-component antiviral system [3].
In recent years, increasing attention has been given to the
role of cellular restriction factors among these compo-
nents, which represent an evolutionarily ancient first line
of defense against pathogens [4]. These constitutively
expressed proteins are capable of recognizing and direct-
ly inhibiting viral replication in the early stages of its life
cycle, before the adaptive immune response is triggered.

Among the numerous factors of innate immunity,
the TRIM (Tripartite Motif) family is of particular in-
terest. It encompasses proteins with E3 ubiquitin ligase
activity that are involved in various cellular processes,
including proliferation, apoptosis, autophagy, and anti-
viral defense [5, 6]. The key mechanism of their action
is the ubiquitin-mediated degradation of viral compo-
nents or the activation of signaling pathways leading
to the synthesis of type I interferons and pro-inflamma-
tory cytokines [7, 8]. Members of this family, such as
TRIMS5a, are well-known for their ability to suppress
retroviruses, including HIV, by specifically binding to
the viral capsid and prematurely destabilizing it [9].
However, another member of this family, TRIM22, lo-
cated on chromosome 11 in a cluster with other TRIM
family genes, is attracting increasing attention as a po-
tent regulator of the antiviral response, although its role
in HIV infection has been much less studied and remains
controversial [10]. It has been shown that TRIM22 is
capable of suppressing the replication of a wide range
of viruses, but data on the function of this protein in
relation to HIV are complex and often contradictory.
Several studies demonstrate its direct antiviral activity.
Thus, it has been established that TRIM22 can inhibit
HIV-1 transcription by suppressing the activity of its
long terminal repeats (LTR), as well as disrupt virion
processing and assembly thru interaction with the Gag
precursor protein [12]. Furthermore, TRIM22 expres-
sion is negatively correlated with viral load in patients,
and its overexpression in vitro leads to effective sup-

! Global HIV & AIDS statistics — Fact sheet / UNAIDS 2024
epidemiological estimates. URL: https://www.unaids.org/en/
resources/fact-sheet (data of access: 14.08.2025).

ORIGINAL RESEARCHES

pression of HIV-1 replication [11, 12]. These data sug-
gest that TRIM22 is an important component of cellular
defense against HIV. On the other hand, there is evi-
dence of a potentially proviral role for TRIM22 in cer-
tain contexts. Some studies suggest that TRIM22 may
enhance the pro-inflammatory response thru NF-xB ac-
tivation, which could theoretically contribute to chronic
immune activation and disease progression [13]. Fur-
thermore, there are suggestions that depending on the
cell type and phase of infection, TRIM22 can have op-
posing effects, acting either as a restriction factor or as a
modulator of the immune response, indirectly influenc-
ing viral persistence [ 14]. This ambiguity highlights the
complexity of the host immune system's functioning
and the necessity for further research to elucidate the
precise role of TRIM22 in HIV infection.

An important aspect determining the functional
activity of TRIM family proteins is their genetic poly-
morphism. Single nucleotide polymorphisms (SNPs) in
the coding and regulatory regions of the TRIM22 gene
can affect its expression level, protein stability, or func-
tionality, thereby modulating individual susceptibility
to infection and disease progression rate. However, the
results of studies on the association between TRIM22
polymorphism and HIV infection are often contradic-
tory in populations with different genetic backgrounds.
Ethnic differences in allele frequencies, haplotype
structure and the presence of specific genetic modifiers
can profoundly influence the phenotypic manifestations
of polymorphic variants. Therefore, data obtained from
Asian, African or Western European populations can-
not be automatically extrapolated to the Russian pop-
ulation, which is characterized by a unique and com-
plex genetic landscape shaped by centuries of mixing
of Slavic, Finno-Ugric, Turkic and other groups [15].
Specifically, populations in the Northwestern Federal
District (NWFD) of Russia exhibit a distinct genetic
profile within the country, making them a particularly
interesting subject for population genetic research [16].
Furthermore, the HIV strains circulating in the region
are predominantly genotype A6 [17, 18], which has a
limited global distribution and is characterized by cer-
tain molecular biological features. The reciprocal adap-
tation that occurs between the genetic background of a
specific human population and the viral variants circu-
lating within it shapes a unique evolutionary dynam-
ic, the understanding of which requires local regional
studies. Despite its obvious importance and potential
clinical significance, the analysis of associations be-
tween TRIM22 gene polymorphisms and HIV infection
in Russian populations, particularly in the North-West-
ern Federal District, has been virtually non-existent
until now. Filling this gap is a necessary step toward
a deeper understanding of the pathogenesis of HIV in-
fection, identifying genetic markers of individual risk,
and, in the future, developing personalized approach-
es to the prevention and treatment of this disease. In
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light of the above, the polymorphic variants rs7935564
(A>G NI155D) and rs1063303 (C>G T242R) of the
TRIM22 gene, previously characterized in other geo-
graphical regions, are of particular interest.

The aim of the study was to analyze the poly-
morphic variants 1s7935564 (N155D) and rs1063303
(7242R) of the TRIM?22 gene in HIV-infected individu-
als in the Northwest Federal District.

Materials and methods

Whole blood samples were used as material for the
study, obtained from 378 HIV-infected patients experi-
encing virological failure of ART and 319 practically
healthy individuals without acute or chronic infectious
or somatic diseases at the time of examination, perma-
nently residing in the Northwestern Federal District. In
the control group, the age ranged from 18 to 60 years,
with an average of 38.9 years; there were slightly more
men (n = 166; 52.04%) than women (n = 153; 47.96%).
In the group of HIV-infected individuals, the age ranged
from 18 to 73 years, with an average of 38.3 years; the
proportion of men (n = 240; 63.49%) was significantly
higher than that of women (n = 138; 36.51%).

An important aspect of sample formation was the
control of HIV infection risk factors. All participants
in the study (both the target and control groups) are
natives and residents of the Northwestern Federal Dis-
trict, deny involvement in any high-risk groups for HIV
infection (injection drug users, commercial sex work-
ers, men who have sex with men, individuals who have
sexual contact with representatives of key risk groups),
and also practice risky sexual behavior (inconsistent
use of barrier contraception, multiple sexual partners),
which suggests a common social and epidemiological
environment. This approach was aimed at minimiz-
ing potential bias associated with unequal probability
of encountering the virus in the compared groups, and
allows for a more confident interpretation of the identi-
fied associations as being related specifically to genetic
characteristics rather than behavioral factors.

The choice of patients with virological failure of
ART as the target group was due to the necessity to en-
sure the inclusion of individuals with a confirmed diag-
nosis of HIV infection in the analysis, excluding possi-
ble errors or undetected seroreversion. This cohort of
patients is under constant observation, which ensured
the reliability of diagnosis verification and the avail-
ability of necessary biological samples.

All participants were informed about the purpose
and methodology of the study and signed informed
consent. A positive decision for conducting this study
was obtained from the local Ethics Committee of the
Pasteur St. Petersburg Research Institute of Epidemio-
logy and Microbiology (protocol No. 110/a dated No-
vember 27, 2020).

Total DNA/RNA extraction was performed using
the RIBO-prep reagent kit (Central Research Insti-

tute of Epidemiology) with the use of the Hemolytic
reagent. Primers described previously [19, 20] were
used to amplify gene fragments containing the target
loci of TRIM22 (rs7935564 A>G NI155D; rs1063303
C>G T242R). The amplification mixture consisted of
a buffer solution containing Tris-HCI pH 8.8 (at 25°C),
KCl, 6-7 mM MgCl,, deoxynucleoside triphosphates,
glycerol, Tween-20 and Taqg+Phusion polymerases.
PCR was performed under the following conditions:
after denaturation at 95°C for 15 minutes, 45 amplifica-
tion cycles were set up in the following mode: 95°C for
30 seconds, 52-64°C for 30 seconds, 72°C for 1 minute
30 seconds — 3 minutes 30 seconds; then final elonga-
tion at 72°C for 10 minutes. The quality of amplification
was determined visually in a 2% agarose gel (120 V,
40 min; 1xTBE) stained with ethidium bromide, using a
gel documentation system and subsequent analysis for
the presence of target fragments and their length.

Amplification products, as well as the subsequent
sequencing reaction products, were purified by etha-
nol precipitation. The purified fragment with a con-
centration of 50—100 ng, depending on the nucleotide
composition of the analyzed region, was used to set
up sequencing reactions with forward and reverse
amplification primers. The sequencing reaction was
performed using the ABI PRISM BigDye Terminator
v. 3.1 reagent kit (Applied Biosystems). The obtained
fragments of the analyzed samples were sequenced
using the ABI PRISM 3500 genetic analyzer (Applied
Biosystems).

Statistical data processing was performed using
licensed software: MS Excel (Microsoft) and Prizm
9.5.1 (GraphPad Software Inc.). We checked the geno-
type distribution for compliance with the Hardy—Wein-
berg principle. To assess the significance of the differ-
ences, depending on the characteristics of the samples,
Fisher's exact test or the y* test with Yates' correction
were used, and the odds ratio (OR) with a 95% con-
fidence interval (CI) was calculated. Additionally, the
values of the non-equilibrium linkage coefficient were
assessed, and haplotype frequencies were calculated.
The significance level for differences was set at a prob-
ability value of p < 0.05.

Results

The distribution of genotypes and allele frequen-
cies for the studied polymorphic variants rs7935564
(A>G NI155D) and rs1063303 (C>G T242R) of the
TRIM?2?2 gene, with an assessment of Hardy—Weinberg
equilibrium compliance, is presented in Table 1.

In the analyzed groups, the distribution of
genotypes for all polymorphic variants conformed to
Hardy—Weinberg equilibrium expectations (p > 0.05),
indicating the absence of significant deviations caused
by selection, migration, or inbreeding, confirming
the representativeness of the formed samples and the
reliability of the obtained genetic data.
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Based on the data obtained, the odds ratio (OR)
was calculated within the framework of 3 alternative
inheritance models: recessive, dominant and additive,
to comprehensively assess the association between
the studied polymorphic variants and the presence of
HIV infection. The results are presented in Table 2. We
assessed the equilibrium/disequilibrium of the analyzed
loci: D = 0.0969; D' = 0.4478; r* = 0.1572; p < 0.001.
Thus, moderate linkage disequilibrium is shown for the
two analyzed SNPs in the study groups.

ORIGINAL RESEARCHES

The frequency of haplotypes in the groups was
estimated and their association with HIV infection was
analyzed (Table 3).

Discussion

The TRIM22 protein exhibits a complex and
multi-level mechanism of antiviral activity, particularly
against HIV. Its expression in peripheral blood lympho-
cytes and its constitutive presence in a number of hu-
man tissues are induced by both type I and type II inter-

Table 1. Distribution of genotype and allele frequencies, and assessment of conformity to Hardy—Weinberg equilibrium

Control group (n = 319) HIV-infected individuals (n = 378)
Polymorphism Ge;g?;p;es, Distributio;}lglfe%enotypes, Distributio;”glfe%enotypes,
Puwe Prvwe
n % n %
A/A 103 32.29 98 25.93
A/G 165 51.72 195 51.59
rs7935564 (A>G N155D) G/G 51 15.99 0.3 95 25.13 0.68
A 0.58 0.5
G 0.42 0.5
c/Cc 127 39.81 121 32.01
C/G 140 43.89 197 52.12
rs1063303 (C>G T242R) G/G 52 16.3 0.24 60 15.87 0.2
C 0.62 0.58
G 0.38 0.42
Note. p,,,. — significance level under Hardy—Weinberg equilibrium.
Table 2. Assessment of the association of polymorphic variants with HIV infection
Polymorphism Model Genotype OR 95% ClI p
Dominant A/A 1
A/G-G/G 1.36 0.98-1.89 0065
rs7935564 (A>G N155D) Recessive A/A-A/G 1 0.0029
G/G 1.76 1.21-2.58
Additive 1.37 1.11-1.71 0.0035
Dominant Cc/C 1
C/G-G/G 1.4 1.03-1.92 0032
rs1063303 (C>G T242R) Recessive Cc/Cc-C/G 1 0.88
G/G 0.97 0.65-1.45
Additive 1.17 0.94-1.45 0.16
Table 3. Association of haplotypes rs7935564/rs1063303 with HIV infection
rs7935564 rs1063303 Control group HIV-infected individuals OR, 95% CI p
A c 0.454 0.3912 1 -
G G 0.2518 0.3065 1.57 (1.16-2.12) 0.0033
G C 0.1667 0.1895 1.21 (0.91-1.60) 0.2
A G 0.1275 0.1128 0.89 (0.61-1.30) 0.55
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ferons, and it is also modulated in response to various
viral pathogens and their antigens [21]. One of the key
mechanisms of TRIM22 antiviral action is the suppres-
sion of HIV replication, which has been demonstrated
in models of promonocytic cell lines and primary mac-
rophages differentiated from human monocytes. The
molecular mechanisms of this suppression are multifac-
eted: TRIM22 is capable of inhibiting the basal activity
of the HIV promoter without affecting Tat-dependent or
NF-kB-mediated transactivation, but effectively block-
ing LTR-mediated and phorbol ester and ionomycin-in-
duced viral gene expression.

Although TRIM22, like other members of the
TRIM family, does not have the ability to directly
bind to DNA, it mediates its effect by interfering with
cellular transcription factors. Specifically, it has been
shown that TRIM22 disrupts the binding of the tran-
scription factor Spl to its consensus sites in the HIV
LTR, which is explained by the coiled-coil (CC) ability
of the domain of these proteins to engage in heterotypic
protein-protein interactions [22]. The two-domain or-
ganization of TRIM22 defines the duality of its func-
tions: the N-terminal RING domain exhibits E3 ubiqui-
tin ligase activity, leading to the polyubiquitination of
viral target proteins and their subsequent degradation
via the proteasomal pathway [23]. At the same time,
the C-terminal CC domain is involved in the formation
of high-molecular-weight protein complexes, mediat-
ing more complex and less studied restriction mecha-
nisms that may include: disruption of virion assembly,
interference with intracellular transport of viral compo-
nents, or modulation of innate immunity signaling path-
ways [24]. It is important to note that this process is not
limited to the direct degradation of targets, but also me-
diates the activation of key components of the innate im-
mune system. Specifically, it has been shown that oligo-
merized TRIM22 is able to specifically activate NOD2
(nucleotide-binding oligomerization domain-containing
protein 2), an intracellular pattern recognition receptor
that plays a central role in initiating the pro-inflamma-
tory response upon pathogen detection [25]. Activation
of NOD?2 triggers a signaling cascade leading to the ac-
tivation of NF-kB and the production of pro-inflamma-
tory cytokines, which enhances the cell's antimicrobial
defense. Thus, amino acid substitutions in the coiled-coil
domain caused by the polymorphic variants studied in
this work could potentially disrupt the TRIM22 multi-
merization process, which in turn could alter its poly-
ubiquitination ability and weaken the activation of the
NOD2-mediated immune response, reducing the effec-
tiveness of antiviral defense [26]. In vitro data indicate
that these amino acid substitutions are associated with
reduced protein suppressor activity against HIV tran-
scription and correlate with a more severe disease course
in infected individuals [10], suggesting their critical role
in the protein's functional integrity and its ability to coor-
dinate a multi-component antiviral response.

The conducted study represents the first analysis
of the association between non-synonymous polymor-
phic variants of the TRIM22 gene, rs7935564 (N155D)
and rs1063303 (7242R), and HIV infection in the po-
pulation of the Northwest Federal District. The data ob-
tained revealed a complex and multifaceted nature of
the association between the studied genetic variants and
the presence of HIV infection.

The key finding of this study is the identification
of a significant association between rs7935564 and the
presence of HIV infection. Compelling evidence has
been obtained for the association of the G allele with
the presence of HIV infection. This is indicated by
the significance in the most powerful additive model
(OR =1.37;95% CI 1.11-1.71; p = 0.0035), as well as
in the recessive model (OR = 1.76; 95% CI 1.21-2.58;
p = 0.0029). This suggests that the effect of this vari-
ant is most pronounced in the homozygous state (G/G),
which may be related to a more significant change in
the charge and structure of the protein at position 155,
which is critical for its function. Our results are con-
sistent with the findings of a study in an Italian cohort,
where the G allele of the TRIM22 gene rs7935564 was
linked to HIV infection [10]. It is interesting to note that
in the cited study, the most significant association with
rapid HIV infection progression was identified within a
dominant inheritance model.

The observed discrepancy with our data, in which
the maximum association was found for the recessive
model, may have several explanations. Firstly, funda-
mental differences in the genetic background between
the Italian and Northwest Russian populations can sig-
nificantly influence patterns of genetic associations, in-
cluding the inheritance model, which is consistent with
the well-known phenomenon of population specificity
in the genomic architecture of complex traits. Secondly,
the study design appears to be a critical factor: unlike
our work, which analyzed the overall group of HIV-in-
fected individuals with virological failure of ART, the
study by S. Ghezzi et al. stratified patients into sub-
groups with different rates of disease progression. This
approach allows for the identification of genetic deter-
minants that specifically influence the rate of disease
progression, which may remain unnoticed when ana-
lyzing an unstratified cohort. Additionally, it cannot be
ruled out that different inheritance patterns reflect the
pleiotropic effect of the studied polymorphism, which
manifests differently at various stages of the infectious
process — from initial infection to the late stages of
immunopathology.

For the rs1063303 (7242R) polymorphism, our
results are less conclusive. Despite the identification
of a weak association in the dominant model (OR =
1.40; 95% CI 1.03-1.92; p = 0.032), the lack of sig-
nificance in the additive and recessive models, as well
as the wide confidence interval crossing unity, do not
allow for a definitive conclusion about its independent
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role in the studied sample. Similar studies in other
geographical regions have yielded conflicting results.
Thus, in the aforementioned study of HIV progressors
in Italy, no association was found between rs1063303
and the disease [10]. At the same time, in the aforemen-
tioned study, the haplotype 157935564 G + rs1063303
G showed a significantly higher prevalence among
HIV-infected individuals with rapid disease progres-
sion compared to those with slow progression. Addi-
tionally, it is known that the rs1063303 polymorphism
has the opposite functional effect, increasing TRIM22
expression and decreasing its antiviral activity [27],
and increased TRIM22 expression in peripheral blood
mononuclear cells of HIV-infected patients is associat-
ed with a lower viral load [28].

An important aspect of our analysis was the as-
sessment of linkage disequilibrium between the loci
studied. The observed values (D' =0.4478; > =0.1572)
indicate the presence of moderate but statistically sig-
nificant historical linkage, which, however, is not suffi-
cient to consider these polymorphisms markers for each
other. The low 72 value, in particular, indicates that only
about 15% of the variation in one locus can be explained
by variations in another. This confirms that the identi-
fied association for rs1063303 is likely independent and
not mediated thru linkage with rs7935564. It should be
noted that according to open genetic databases, such as
the 1000 Genomes Project [29], the analyzed SNP show
linkage disequilibrium ranging from weak to moderate.
Strong linkage disequilibrium (D' values can be high,
~0.8-1.0) can be expected in East Asian populations,
but even here the 7* value (which is most important for
prediction) often remains low (< 0.3), meaning that de-
spite a historical tendency for co-inheritance, one SNP
cannot be reliably predicted from another. In Europe-
an populations, linkage is weaker (7* values are often
low, < 0.2) or absent [10]. Despite weak or moderate
linkage, the "preferred" (co-occurring alleles) haplo-
type 157935564 - rs1063303 is A-C, while the haplo-
type associated with the presence of HIV infection is
G-G. In the current study, haplotype A-C was the most
common in both the control and target groups. How-

ORIGINAL RESEARCHES

ever, we did not find a logical protective effect of this
haplotype against HIV infection; only a trend toward a
protective effect was shown, which did not reach statis-
tical significance. Conversely, for the "risk haplotype"
G-G, an association with HIV infection was confirmed
(OR = 1.57; 95% CI 1.16-2.12; p = 0.0033), indicat-
ing a possible synergistic effect of the two amino acid
substitutions. This haplotype may determine a protein
conformation that is less effective at suppressing HIV
replication or modulates the immune response in a way
that indirectly contributes to viral persistence.

A limitation of this study is its case-control design,
which does not allow us to establish causality, as well as
the relatively small sample size, which may have lim-
ited the power to detect weak associations, particularly
for rs1063303. The results illustrate the phenomenon of
population-specific genetic associations, which is wide-
ly recognized in modern complex disease genetics [30,
31]. This highlights the necessity for further longitudi-
nal studies with increased sample sizes and thorough
clinical-genetic comparisons to fully elucidate the role
of TRIM?2?2 gene polymorphisms in the pathogenesis of
HIV infection.

Conclusion

The study conducted demonstrates a significant
association between the non-synonymous polymor-
phic variant rs7935564 (N155D) of the TRIM22 gene
and the presence of HIV infection in the population
of the North-Western Federal District, while statisti-
cally ambiguous results were obtained for the vari-
ant rs1063303 (T242R). The identified association of
haplotype G-G (rs7935564 G — rs1063303_G) with
the presence of infection suggests a potential syner-
gistic effect of these alleles. The obtained data con-
tribute to understanding the molecular mechanisms of
innate antiviral immunity, highlighting the role of the
TRIM22 protein in modulating the virus-host interac-
tion during HIV infection, and reflect the importance
of considering population specificity of genetic fac-
tors when studying the interaction between HIV and
the host organism.
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Genetic typing of DNA of isolates of Coxiella burnetii isolated
from patients with Q fever in the Stavropol Territory
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Abstract

The aim of the study is to genetically type DNA of isolates of Coxiella burnetii obtained in the Stavropol Territory
(ST) from 2009 to 2023, and to analyze the genetic structure of the Q fever pathogen population in the region.
Materials and methods. The study used blood sera from febrile patients obtained from the Center for Hygiene
and Epidemiology in the Stavropol Territory between 2009 and 2023. MST typing of C. burnetii was performed,
and the MST type was determined using an online resource (http:/ifr48.timone.univ-mrs.fr). The phylogenetic
tree was constructed using the MEGA software. Plasmid typing was performed using type-specific primers for the
QpH1, QpRS and QpDV plasmid loci, and the resulting amplification products were visualized by electrophoresis
in a 2% agarose gel. The territorial distribution of genetic variants was analyzed using ArcGiS 10.1 software.
Results. Molecular genetic typing of C. burnetii has established that strains of the pathogen of Q fever belonging
to two genotypes, MST7 and MST28 of monophyletic group |, are circulating in the Stavropol Territory. The
dominant genotype in the eastern regions of the Stavropol territory is MST7, and in the northern regions, it is
MST28. The pathogen of Q fever circulating in the Stavropol Territory is of a single plasmid type, QpH1.
Conclusion. Determining the plasmid and MST type allows for the genotyping of C. burnetii DNA isolates without
isolating a pure culture, which can be helpful in outbreak investigations and the creation of a regional DNA isolate
database.
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leHeTnueckoe TunuposaHune [IHK-nsonartos Coxiella burnetii,
BblZieNIeHHbIX OT 60nbHbIX Nnxopaakon Ky B CTaBpononbCcKom Kpae

Cnpwuua 10.B., YnbwuHa [1.B.”, BonbiHkuHa A.C., Bacunbesa O.B., lHycapeBa O.A.,
Mnxannosa M.E., Kynuuenko A.H.

CTaBpONObCKNIA MPOTUBOYYMHBIN MHCTUTYT PocnoTpebHaasopa, CtaBpononb, Poccua

AHHOMauus

Llenb pabotbl — reHeTndeckoe TtunupoBaHue OHK-uzonatoB Coxiella burnetii, Bbio€NEHHbIX HA TeppuUTopun
Craspononbsckoro kpasi (CK) B 2009—2023 rr., aHanu3 reHeTu4eckon CTPYKTypbl NonynsumMm Bo3byautensi nmxo-
pagku Ky B pervoHe.

Matepuansbi n metoabl. B paboTte ncnonbsoBany CbIBOPOTKM KPOBM OT NNXOPaAALLMX BOMbHBIX, NOMyYeHHble
u3 LeHTpa rurueHsl n anungemuonorun B CtaBpononbckom kpae B 2009-2023 rr. MpoBoaunu mynestucnemncep-
Hoe TunuposaHue (MST) C. burnetii, onpegenanu npyHagnexHocTb K MST-Tuny ¢ NOMOLLbI0 MHTEPHET-pecypca

© Siritsa Yu.V., Ul'shina D.V., Volinkina A.S., Vasilieva O.V., Gnusareva O.A., Mikhailova M.E., Kulichenko A.N., 2025
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(http://ifr48.timone.univ-mrs.fr). dunoreHetnyeckoe gepeso ctpounu B nporpamme «MEGA». lNMna3mngHoe Tunu-
poBaHMe OCYLLEeCTBASANM C UCMOMb30BaHWEM TUNOCNELMMUYHbIX NpanmMepoB K riokycam nnasmug QpH1, QpRS,
QpDV, Busyanusaumio NofnyyYyeHHbIX NPOAYKTOB amnnudukaumm — nyTéM npoBefeHus anektpodopesa B 2%
arapo3Hom rene. TeppuTopranbHOe pacnpoCTpaHeHMe reHETUYECKUX BapUaHTOB aHann3MpoBanu ¢ UCnonb30-
BaHMeM nporpammHoro obecneveHus ArcGiS 10.1.

PesynbraThl. B xoae monekynsapHo-reHeTudeckoro TunuposaHus C. burnetii ycTaHOBNEHO, 4YTO Ha TeppuTopumn
CK umpkynupytoT Wwtammel Bo3byanTens Kokcuennésa, oTHocswmecs Kk ABymM reHotunam: MST7 n MST28 moHo-
dunetumdeckon rpynnbl |. JOMUHMPYIOLWMM FEHOTMNOM Ha TeppuUTopun BOCTOUHBIX panoHoB CK ssnsietcs MST7,
ceBepHbIX panoHoB — MST28. Ha teppuTtopumn CK umpkynupyet Bo30yauTenb nuxopagdku Ky ¢ eanHCTBEHHbIM
nnasmugHbIM Tunom — QpH1.

3akntoyeHue. Onpegenenne nnasmugHoro 1 MST-Tuna nossonset reHotunmpoBatbk OHK nsonatel C. burnetii
6e3 BblAeNeHns YMCTON KynbTypbl, YTO MOXET MOMOYb MpU paccrnefoBaHUM BCrbIWeK U hopmmnpoBaHmn 6a3bl
AaHHbIX pernoHaneHbix JHK n3onaTos.

KnroueBble cnoBa: siuxopadka Ky, Coxiella burnetii, mynsmucnelicepHoe munupogaHue, niasmudHoe munupo-
gaHue, Cmasporonbckul Kpal

Amuyeckoe ymeepxxdeHue. VccnenoBaHve npoBoannock Npu A06POBOILHOM MHPOPMMPOBAHHOM COrfiacuu nauw-
eHToB. [MpoTokon uccneaoBaHWs ofobpeH nokasbHbIM 3TUYECKUM KOoMMTETOM CTaBpOMoOnbCKOro rocyAapCTBEHHOMO
MeAMLMHCKOro yHnsepcuteTa (3akntoverne Ne 112 ot 19.05.2023).

UcmoyHuk ¢huHaHcupoeaHusi. ABTOPbI 3asiBMNSAOT 06 OTCYTCTBUM BHELUHEro hMHaHCUpPOBaHWS Npu NPOBeAEHNN 1C-
cnenoBaHus.

KoHgbnnukm uHmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSi-
3aHHbIX C NyGnuKaLmeit HacTosILLei CTaTbu.

Ansi yumupoeaHnusi: Cupuua 10.B., YnbwwnHa [.B, BonbiHkuHa A.C., Bacunbesa O.B., MHycapeBa O.A., Muxawno-
Ba M.E., KynuuyeHnko A.H. leHeTnyeckoe tunuposaHue HK n3onstos Coxiella burnetii, BbiaeneHHbIX 0T 60MbHbIX Nn-
xopagkon Ky B CtaBpononbckoMm kpae. JKypHan mukpobuomnoauu, snudemuonozauu u ummyHobuonoauu. 2025;102(5):
539-546.

DOI: https://doi.org/10.36233/0372-9311-745

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

Introduction

The Q fever is a naturally occurring zoonotic dis-
ease characterized by polymorphic clinical symptoms,
capable of causing severe complications in humans and
becoming chronic.

The source of human infection is usually small
and large cattle. The main routes of infection are aspira-
tion and contact, and to a lesser extent, alimentary. The
transmission factors for the pathogen are raw animal
products, meat and dairy products, animal care items,
and other objects infected with Coxiella [1, 2].

Currently, sporadic and outbreak cases of Q fever
are observed in almost all regions of the world [3-9].
In Russia, coxiellosis is registered in more than 50 ad-
ministrative territories. In the Stavropol Territory, the
incidence of Q fever has been recorded annually since
2016. The regional incidence rate is 27.5 times higher
than the national average and 3.6 times higher than the
average for the North Caucasus Federal District!.

Thus, the current epizootiological and epidemio-
logical situation regarding coxiellosis necessitates the
implementation of systematic monitoring of Coxiella
burnetii circulation within the territory of the North
Caucasus.

The State report "On the state of sanitary and epidemiological
welfare of the population in the Stavropol Territory in 2023".
Stavropol; 2023. 129 p. URL:
https://26.rospotrebnadzor.ru/doc/gd/doklad23.pdf (In Russ.)

In recent years, the role of molecular genetic re-
search has increased in monitoring the state of popu-
lations of highly dangerous pathogens and in epide-
miological investigations of disease cases [10]. The
differentiation of C. burnetii strains and the study of
population structure are associated with difficulties due
to the complexity of cultivating Coxiella in laboratory
conditions, their high pathogenicity, and the low degree
of genetic heterogeneity within the species [4].

A combination of methods is used for genetic typ-
ing of C. burnetii strains and isolates: restriction frag-
ment length polymorphism analysis [11], pulsed-field
gel electrophoresis [12—14], selective amplification of
restriction enzyme-digested fragments [15], copy num-
ber typing of the mobile element IS1111 [16], and sin-
gle nucleotide polymorphism typing [17].

Methods based on the analysis of variable number
tandem repeats (VNTRs) in the genome [18], as well as
the multi-spacer typing (MST) method [19], have the
greatest differentiating power and versatility.

MST typing is based on the analysis of the se-
quence of intergenic regions located between open
reading frames. The main advantage of the method is
the use of potentially highly variable targets that are
not subject to evolutionary pressure, which allows for
better differentiation of strains within conservative bio-
logical species [19, 20]. Currently, the MST method is
used in most laboratories worldwide for identifying C.
burnetii strains and allows for intraspecies subtyping of

© Cupuua t0.B., YnbwwmHa [1.B., BonbeiHkmHa A.C., Bacunbesa O.B., MHycapesa O.A., Muxaiinosa M.E., Kynunyerko A.H., 2025
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genetic variants of different geographical origin with-
out culturing [21, 22].

The MST method can be successfully applied to
trace the origin of the pathogen isolates, which will be
most relevant in investigation of epidemic outbreaks
of this infection. Accumulating information about the
genetic characteristics of C. burnetii strains circulating
in individual regions will contribute to improving the
effectiveness of epidemiological surveillance for Q fe-
ver. Using the MST method for genotyping the Q fever
pathogen isolated in the territory of the North Caucasus
will provide new information about the genetic struc-
ture of the C. burnetii population in the region and form
a database for epidemiological investigations of coxie-
llosis cases.

The aim of the study is to perform DNA typing
of C. burnetii isolates obtained in the Stavropol Terri-
tory in 2009—2023 and to analyze the molecular genetic
structure of the pathogen population in the region.

Materials and methods

A total of 1472 blood serum samples from febrile
patients, obtained from the Center for Hygiene and Ep-
idemiology in SK between 2009 and 2023, were tested
for the presence of C. burnetii DNA. Work with clinical
material was carried out with the voluntary informed
consent of the patients.

DNA extraction from blood serum samples was
performed using the RIBO-prep reagent kit (Central
Research Institute of Epidemiology). The identifica-
tion of C. burnetii DNA in the tested material was per-
formed using the AmpliSens Coxiella burnetii-FL re-
agent kit (Central Research Institute of Epidemiology)
according to MR 3.1.0281-22% Plasmid profiling and
MST genotyping were performed for positive samples
with sufficient pathogen DNA concentration (Ct < 25).

MST typing was performed according to the
method proposed by O.0. Glazunova et al. [19]. For the
amplification of the nucleotide sequences of each of the
10 non-coding intergenic spacers, a separate reaction
mixture with a primer pair to a conserved region was
used (Table 1). Amplification was performed using the
BioMaster HS-Taq PCR-Color (2%) ready-to-use reac-
tion mixture (Biolabmix). Reaction mixture composi-
tion: primer F (C = 10 pmol/uL) — 1.25 pL, primer
R (C = 10 pmol/uL) — 1.25 pL, BioMaster HS-Taq
PCR-Color (2x) mix — 12.5 pL, sample volume —
10 uL. PCR was performed on a T100 DNA thermocy-
cler (Bio-Rad), with the following reaction profile: ini-
tial denaturation (95°C for 5 min); second stage for 40
cycles (95°C for 20 s, 57°C for 30 s, 72°C for 1 min);
final elongation (72°C for 5 min). Sanger sequencing
was performed on an Applied Biosystems 3500 cap-

2 Methodological recommendations MR 3.1.0281-22 "Epidemio-
logical surveillance, laboratory diagnostics and prevention of Ku
fever" (approved by the Head of Rospotrebnadzor on 04.08.2022).

Table 1. Primer sequences for MST typing

Locus/length Primer
of frag;nent, direction Sequence (5'-3’)
forward GAAGCTTCTGATAGGCGGGA
Cox2/397
reverse CAACCCTGAATACCCAAGGA
forward TGGTATGACAACCCGTCATG
Cox5/395
reverse CAGGAGCAAGCTTGAATGCG
forward TTCGATGATCCGATGGCCTT
Cox18/557
reverse CGCAGACGAATTAGCCAATC
forward TCTATTATTGCAATGCAAGTGG
Cox20/631
reverse GATATTTATCAGCGTCAAAGCAA
forward CGCAAATTTCGGCACAGACC
Cox22/383
reverse GGGAATAAGAGAGTTAGCTCA
forward ATTCCGGGACCTTCGTTAAC
Cox37/463
reverse GGCTTGTCTGGTGTAACTGT
forward GCGAGAACCGAATTGCTATC
Cox51/674
reverse TAACGCCCGAGAGCTCAGAA
forward ATGCGCCAGAAACGCATAGG
Cox56/479
reverse CAAGCTCTCTGTGCCCAAT
forward GGTGGAAGGCGTAAGCCTTT
Cox57/617
reverse TGGAAATGGAAGGCGGATTC
forward GGGATTTCAACTTCCGATAGA
Cox61/611
reverse GAAGATAGAGCGGCAAGGAT

illary sequencer. Sequence assembly was performed
using the VectorNTI program®. When determining the
MST group, a comparison was made with the reference
genomic sequences of 85 C. burnetii strains isolated
between 1945 and 2025 in different regions from the
online MST type database* (Fig. 2). The dendrogram
based on the MST typing results was constructed using
the MEGA 10 software”.

The analysis of the territorial distribution of genet-
ic variants and the creation of the map were performed
using ArcGIS 10.1 software.

Plasmid typing was performed using the PCR
method with type-specific primers for the QpH1, QpRS
and QpDV plasmid loci (Table 2) using the BioMas-
ter HS-Taq PCR-Color (2x) kit (Biolabmix). Reaction
mixture composition: primer F (C = 10 pmol/pL) —
1.25 pL, primer R (C = 10 pmol/uL) — 1.25 pL, Bio-
Master HS-Taq PCR-Color (2x) mix — 12.5 pL, sam-
ple volume — 10 pL. PCR was performed on a T100
DNA thermocycler (Bio-Rad) using the following pro-
gram: initial denaturation (95°C — 5 min), 40 cycles
(95°C —20's; 56°C — 30 s; 72°C — 45 5); final elon-
gation (72°C — 5 min). Visualization of the amplifi-

3 URL: https://vector-nti.software.informer.com/
4 URL: http://ifr48.timone.univ-mrs.fr
5 URL: https://www.megasoftware.net/
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Table 2. Primer sequences for plasmid type determination

Pl@zg'd dﬁgcmti%rn Sequence (5'-3’)

QpH1 forward CTCCAGTAGGGTAATGGTGTCA
reverse GCCTTGGCTGGCACCTG
forward ATGTCAACAGATGACTCATC

QpRS reverse CTAGGATAATGAGAGTCTATC
forward GAGTCTACTCAGTGATAG

QpDV reverse TTACCGGTATTTTCTCGA

cation products was performed by electrophoresis in
a 2% agarose gel with an intercalating dye (ethidium
bromide) [4].

Results

When examining 1472 blood serum samples
from febrile patients in Stavropol Territory, Coxiella
burnetii DNA was detected in 192 samples. Molecular
genetic typing (belonging to MST genotypes and plas-
mid profile types) was performed for 60 DNA isolates
of C. burnetii with a sufficient amount of the patho-
gen's target DNA for analysis (Ct < 25). The obtained
data were used to study the distribution of Coxiella
burnetii gene variants in the Stavropol Territory from
2009 to 2023.

Genetic typing of C. burnetii isolates by MST method

As a result of the MST typing performed, the C.
burnetii DNA isolates obtained from the territory of the
North Caucasus were found to belong to two genotypes:
MST7 (55 samples, 2009-2023) and MST28 (5 sam-
ples, 2010-2011, 2020). MST7 genotype DNA isolates
were detected in 55 samples from Q fever patients in 14
districts of the Stavropol Territory: Budennovsk (15),
Kursk (14), Ipatovo (4), Sovetsk (4), Shpakovskoe (4),
Neftekumsk (3), Blagodarnoe (3), Apanasenkovskoe
(1), Georgievsk (2), Krasnogvardeyskoe (1), Levo-
kumskoe (1), Turkmenskoe (1), Kirovskoe (1), and
Grachevskoe (1); Fig. 1. Five DNA isolates of C. bur-
netii from the Apanasenkovsky (2), Ipatovsky (2) and
Neftekumsky (1) districts were assigned to the MST28
genotype.

The C. burnetii DNA isolates studied in this re-
search belonged to monophyletic group 1 and were
located on the dendrogram within two separate clades
(Fig. 2).

Plasmid DNA typing of C. burnetii isolates

In addition to MST typing for all extracted DNA
isolates, the plasmid profile was determined. It was es-
tablished that the Coxiella burnetii pathogen, belonging
to the QpH1 plasmid type, is circulating in the Stavropol
Territory [23]. DNA isolates containing plasmids QpRS
and QpDV were not detected in the samples studied.

ORIGINAL RESEARCHES

Discussion

During the interpretation of the obtained data,
it was found that the genetic structures of C. burnetii
populations in the North Caucasus and other regions of
the Russian Federation differ. Previous genetic studies
of the Q fever pathogen strain collection isolated from
environmental samples in the Leningrad and Pskov re-
gions revealed that the dominant genotype of C. bur-
netii in the studied regions is MST23 (monophyletic
group II) [4].

Analysis of information contained in the MST7
genotype database of C. burnetii showed that MST7
genotype strains (3 strains) were previously isolat-
ed from clinical material in Russia (Leningrad, 1955,
1957) and France (1993). C. burnetii strains of geno-
type MST28 (4 strains) were isolated from clinical ma-
terial in Kazakhstan (1962, 1965).

MST7 genotype strains (monophyletic group I),
which are widespread in the North Caucasus region,
were first isolated in Russia during investigations in-
to Q fever outbreaks in Leningrad in 1955 and 1957
and were previously considered unique to Russia, hav-
ing been imported from Central Asian countries, as all
those who contracted Q fever were workers involved in
processing cotton brought from Central Asia, where Q
fever was enzootic at the time [4, 24].

C. burnetii DNA isolates belonging to genotype
MST28 were identified in Russia for the first time;
strains of this genotype were also previously isolated in
Central Asia (Kazakhstan).

All of the above allows us to hypothesize that both
genotypes (MST7 and MST28) circulating in the Stav-
ropol Territory were likely introduced to the region from
Central Asia. However, due to the limited data on the
genetic characteristics of C. burnetii strains prevalent in
Russia and other regions of the world, further study is
needed on the territorial distribution of C. burnetii gen-
otypes in various regions of Russia, including the Astra-
khan and Rostov regions, where a high incidence of Q
fever is registered annually, as well as in Central Asian
countries, to identify dominant genetic variants and es-
tablish probable routes of Q fever pathogen introduction
into individual regions of the Russian Federation.

The new information obtained in this study on the
distribution of C. burnetii strains belonging to geno-
types MST7 and MST28 in the North Caucasus region
can be used in the epidemiological investigation of Q
fever outbreaks and sporadic cases in Russian regions.

Based on the data from the conducted study, it is
suggested that the C. burnetii population in the North
Caucasus is homogeneous in terms of plasmid type.
It is known that belonging to the QpH1 plasmid type
is characteristic of strains from different geographical
origins. Strains and isolates with the QpH1 plasmid
genotype have been previously isolated in Russia and
in European countries (France, Switzerland, Germany,
Romania, Slovakia, Greece, Czechoslovakia, Ukraine,
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Fig. 1. Geographical distribution of C. burnetii MST genotypes in Stavropol Territory (2009—2023).

Fig. 2. Cluster analysis of 60 C. burnetii DNA
isolates based on MST typing data.

The dendrogram was constructed using the UPGMA
algorithm. Three monophyletic lineages (1, I, 1ll) were
identified. Isolates sequenced at the Stavropol Anti-Plague
Institute of Rospotrebnadzor are marked in bold.
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Austria), Central Asia (Uzbekistan, Kazakhstan, Mon-
golia), America (USA, Canada), and West Africa (Sene-
gal and the Republic of Guinea).

When comparing the plasmid profiles and MST
types of DNA isolates and strains from the online data-
base identified in the Stavropol Territory, it was estab-
lished that previously isolated strains of Q fever with
MST7 (Russia, France) and MST28 (Kazakhstan) gen-
otypes belonged to the QpRS plasmid type [19]. Con-
versely, the DNA isolates identified in this study with
similar MST types belonged to the QpH1 plasmid type.

To date, plasmid genes definitively associated with
pathogen virulence have not been identified. There is a
proposal that strains with the QpH1 plasmid are more
evolutionarily ancient representatives of the pathogen
population circulating in natural foci, characterized by
low epidemic potential [25]. Thus, the previously iso-
lated strains of C. burnetii (Leningrad-2, Leningrad-4)
that caused outbreaks in Leningrad (1955 and 1957)
belonged to genotype MST7, plasmid type QpRS [24,
26]. At the same time, the C. burnetii strain NL3262,
which caused a mass outbreak of Q fever in the Nether-
lands in 2007-2010 [1], belonged to the QpH1 plasmid
type. Therefore, the assumption about the insufficient
pathogenic potential of C. burnetii strains with the
QpHI1 plasmid type, which is necessary for the epide-

ORIGINAL RESEARCHES

mic process to occur, requires further experimental and
theoretical justification.

Conclusion

Molecular genetic typing of C. burnetii has estab-
lished that the pathogen of Q fever circulating in the
Stavropol Territory belongs to two genotypes: MST7
and MST28 of monophyletic group I. The dominant
genotype in the eastern regions of the Stavropol Ter-
ritory is MST7, while strains of genotype MST28 are
prevalent in the northern regions of the territory. It was
also established that Q fever pathogens with a single
plasmid type, QpH1, circulated in the Stavropol Terri-
tory from 2009 to 2023.

The information obtained during this study on the
C. burnetii genotypes found in the Stavropol Territory
(MST and plasmid typing) will allow for an analysis of
the genetic structure of the Q fever pathogen popula-
tion and can be used in epidemiological investigations
of potential outbreaks (imported cases) to determine the
source and routes of infection spread.

Determining the plasmid and MST type allows for
the genotyping of C. burnetii DNA isolates without iso-
lating a pure culture, which can be helpful in outbreak
investigations and the creation of a regional DNA iso-
late database.
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Suppression of biofilm formation and survival of clinical isolates
of uropathogens within epithelial cells under the effect
of Fluorothiazinone in vitro

Lydiya N. Kapotina', Elena Yu. Morgunova’, Stanislava A. Nelyubina', Elena D. Fedina',
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Abstract

The aim of this study was to investigate the effect of the innovative Russian antibacterial drug Fluorothiazinone,
an inhibitor of the type Ill secretion system and flagellar function, on the virulence properties of urinary tract
infection (UTI) pathogens.

Materials and methods. Clinical isolates of Escherichia coli, Klebsiella pneumoniae, and Pseudomonas
aeruginosa species were obtained from 4 patients with recurrent UTI. Cytotoxicity analysis was performed on
Hela cells using the CytoTox 96 kit. Bacterial flagellar motility was assessed in 0.25% agar by measuring the
zone of motility. Biofilms were cultivated in 96-well plates and stained with crystal violet and Congo red. Biofilm
structure was assessed by microscopy, and the bacterial biofilm and exopolysaccharide matrix were quantified by
measuring the optical density of the dye bound to the biofilm. Intracellular development was studied in PC-3 cells
by determining the number of intracellular bacteria using a cell lysate plating method and an immunochemical
method involving staining the bacteria with specific antibodies.

Results. The Fluorothiazinone antibacterial specifically inhibited the cytotoxicity and motility of E. coli and
P. aeruginosa. For K. pneumoniae, susceptibility to Fluorothiazinone was observed, associated with the
suppression of cytotoxicity. For all the isolates studied, inhibition of biofilm formation on an abiotic surface was
demonstrated. For E. coli and K. pneumoniae, a significant decrease in intracellular replication within human
prostate adenocarcinoma cells and suppression of intracellular bacterial community formation were observed.
Conclusion. Fluorothiazinone disrupts mechanisms that contribute to pathogen persistence in the formation
of chronic UTI, including biofilm formation on abiotic surfaces such as catheters, stents, and drains, and the
formation of intracellular bacterial communities and dormant intracellular reservoirs.

Keywords: Fluorothiazinone, Escherichia coli, Pseudomonas aeruginosa, Klebsiella, antibiotics, infectious
diseases, intracellular bacterial communities, urinary tract infections, biofilms, flagellum, cytotoxicity
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MNopaBneHne o6pasoBaHNA GMONNEHOK N BbDKUBAHUA
B SNUTENNANbHDBIX KNeTKaX KNNHNYECKMNX N301ATOB YpPOonaToreHoB
npwu gencreun npenapara Fluorothiazinone in vitro

KanotuHa J1.H.", MopryHoBa E.10.", Heno6uHa C.A.", ®eguHa E.[.",
Koponésa E.A.", boHgapesa H.E.", MepenaHoBa T.C.2, 3uraHruposa H.A.™

'HaumoHanbHbI nccnefoBaTeNbCKUiA LEHTP SNUGEMUONOMAN U MUKPOOMONOrMN UMEHM NOYETHOTO akageMuka
H.®. lamanen, Mocksa, Poccus;

2HayyHo-uccnefoBaTenbCKUA MHCTUTYT YPOSIOrMU U UHTEPBEHLUMOHHON pagnonoruv nm. H.A. JlonatkuHa —
¢dunmnan HMWL pagnonorum, Mocksa, Poccus

AHHOMauyusi

Llenbto faHHOrO nccnegoBaHus Gbino M3yvyeHve BNWSHWUS MHHOBaLMOHHOIO OTEYeCTBEHHOro aHTnbakTepuanbs-
Horo npenapata Fluorothiazinone, nHrméuTopa cuctemel cekpeumn |l TMNa n OYHKLUMOHUPOBAHMSA XIyTUKa, Ha
BUPYNEHTHbIE CBOMCTBA BO3GyaUTENEn MHAEKLMIN MoYeBbiBOAALLMX nyTen (MMI).

Matepuanbl u metoabl. KnuHnyeckue nsonatel BuaoB Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa 6bIny Nomny4yeHbl 0T 4 NAUWEHTOB C peuuanBupyowmMMmn nHdekumnsmm UMMM, AHanma uMTOTOKCUYHO-
CTV npoBoauny Ha knetkax HelLa ¢ nomoLbto Habopa «CytoTox 96». XKryTukoByto noaBMXHOCTb BakTepun oue-
HuBanu B 0,25% arape ¢ namepeHnem 30Hbl NOABMXHOCTU. BruonnéHkun kynstnenpoBanu B 96-nyHOYHbIX MiaH-
LIeTax 1 oKpalumBany KpucTannmyeckmm pronetoBbiM 1 KOHro KpacHbIM, OLIEHMBAnNmM CTPYKTypy G1onnéHok npu
MUWKPOCKOMMPOBAHWUU 1 MPOBOAMIN KONUYECTBEHHYH OLEHKY BakTepuanbHON OMOMMIEHKU 1 aK3oMonMcaxapuaHo-
ro mMaTpukca npyv u3MepeHun onTUYECKON NNOTHOCTM CBA3aBLUErocs ¢ buonnéHkow kpacutens. BHyTpukneTou-
HOe pa3BuTMe u3yyanu Ha knetkax PC-3 npu onpeaeneHumn KonuyecTsa BHYTPUKIETOUHbIX GakTepuii METO40M
BbICEBA NM3AaTOB KIETOK 1 UMMYHOXMMUYECKMM METOLOM NPpUY OKpacke 6akTepuin cneumdryeckuMy aHTutenamu.
Pe3ynkraTthl. [penapat Fluorothiazinone cneuuduryeckn nogaensan UUMTOTOKCUYHOCTb M NOABMXHOCTL E. coli
n P. aeruginosa. nsi K. pneumoniae Habnioganu 4yBCTBUTENLHOCTL K NpenapaTty Fluorothiazinone, cBs3aHHyto
C nogaBrieHNeM LMTOTOKCUYHOCTW. [INs BCex M3yyYeHHbIX N30MSTOB ObiNo nokasaHo MHrMbupoBaHne obpasoBa-
HUs BronnéHok Ha abrnoTnyeckon nosepxHocTu. [Ans E. coli n K. pneumoniae BbISsBUNN OCTOBEPHOE CHIDKEHME
BHYTPUKIIETOMHOIO Pa3MHOXEHMWS B KNeTkax afleHOKapLMHOMbI MpocTaThl YernoBeka 1 nogasneHme opMmpoBa-
HWSI BHYTPUKINETOYHbIX BakTepuanbHbIX COOOLLECTB.

3akntoueHume. MNpenapat Fluorothiazinone HapyliaeT mexaHM3mbl, CNOCOBCTBYHOLLME YCTAHOBINEHMWIO MEPCUCTEH-
Lun naToreHoB npu popmmpoBaHmmn xpoHndeckux NMI, cpeam koTopbix 06pa3oBaHue 6GuonnéHok Ha abnoTnye-
CKUX MOBEPXHOCTSAX, TAKUX KaK KaTeTepbl, CTEHTbI, ApEHaxu, 1 hopMmnpoBaHne BHYTPUKIETOYHbIX GakTepuanb-
HbIX COOBLLECTB U NOKOSLLUMXCS BHYTPUKIETOYHbIX pE3epByapoB.

KnroueBble cnoBa: Fluorothiazinone, Kuwe4Hasi nanoyka, cuHe2HoliHasi nasnoJyka, knebcuesina, aHmubuomuku,
UHbeKYUOHHbIe 3abonesaHusi, BHympuKrnemoyHsie bakmepuarsHble coobujecmea, UHeKyuU MoYe8bI800SUUX
nymed, 6UONNéHKU, XaymukK, YUmomoKCU4YHOCMb

Amuyeckoe ymeepideHue. ViccnenosaHve NpoBoaMock npu 4o6poBofibHOM MHGOPMUPOBAHHOM NUCbMEHHOM CO-
rnacum nauueHToB. [NpoTokon knuHudeckoro nccnegoanmsa Ne 07-dT-2024, PKA Ne 513 ot 30.10.2024.

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

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

Ana yumuposeaHusi: KanotvHa J1.H., MopryHosa E.1O., Hentoburna C.A., ®eannHa E.[., Koponésa E.A., BoHpape-
Ba H.E., MNepenaHosa T.C., 3uraHruposa H.A. NogaBneHne o6pasoBaHms GMONMEHOK U BbKMBaAHWUA B 3NUTENManbHbIX
KrneTkax KMMHUYECKUX M30MSTOB yponaToreHoB npu Aencteum npenapara Fluorothiazinone in vitro. XKypHan mukpobuo-
noeuu, anudemuonoauu u ummyHobuonoauu. 2025;102(5):547-559.
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Introduction

Recurrent urinary tract infections (UTIs) are
characterized by the reappearance of an acute bacte-
rial infection caused by the same pathogen. Recurrent
UTIs (rUTlIs) are typically defined as 2 or more epi-
sodes of uncomplicated UTIs in the past 6 months or
3 or more episodes in the past 12 months [1-4]. Ev-
ery year, 5-10% of adult women suffer from UTIs
[5], which affects treatment costs and reduces quality
of life, especially considering that more than 60% of
women are diagnosed with a UTT at least once in their
lifetime [6, 7]. The pathogen of most UTIs is uropatho-
genic Escherichia coli (UPEC) [8-10]. However, Kleb-
siella pneumoniae is increasingly becoming the sec-
ond most common etiological agent of rUTIs [11, 12].
This gram-negative bacterium has become a common
pathogen responsible for both community-acquired and
nosocomial UTIs, particularly in individuals with risk
factors for infection, weakened immune systems, and
chronic comorbidities [13—15].

The pathogens of UTIs are characterized by a
rather complex mechanism of infection development in
the bladder, where bacteria, after adhering to the blad-
der mucosa receptors, cause an inflammatory response
and penetrate the urothelium, forming intracellular bac-
terial communities (IBC) [16, 17]. Intracellular UPEC
undergo several stages in their development: invasion,
IBC formation, IBC maturation and the formation of
dormant intracellular reservoirs. IBC is a transient bac-
terial state that persists until the bacteria multiply and
exit the host cells. Quiescent intracellular reservoirs are
formed in the deeper layers of the urothelium. Bacteria,
capable of forming biofilms and dormant intracellular
reservoirs can evade phagocytosis, survive within host
cells while protected from antibiotics and immune fac-
tors. They form reservoirs of persistent pathogens in the
urinary tract and periodically cause UTIs.

One significant risk factor in the development
of rUTIs is bladder catheterization. Catheter-associat-
ed infections account for up to 40% of all nosocomial
infections [18]. The risk of infection with short-term
catheterization (up to 7 days) is up to 10% and increas-
es by 3—7% each day the catheterization continues [19].
With prolonged catheterization (over 30 days), bacte-
riuria develops in almost 100% of patients [18]. In pa-
tients with catheter-associated UTIs, the formation of
biofilms on the surfaces of catheters, stents, drains, etc.
is a factor in the development of urosepsis, leading to
significant complications in the course of the infection
and treatment inefficacy [20].

UTlIs are also largely associated with the rise of
antibiotic resistance in uropathogens. Antibiotics re-
main the cornerstone of treatment and prevention of
UTIs— approximately 25% of antibiotic prescriptions
are issued for UTIs [21]. Worldwide spread of antibiot-
ics, prolonged antibiotics prophylaxis or frequent use of
different antibiotic combinations in patients with rUTIs

can contribute to the development of further resistance.
The accumulation of resistant forms of bacteria can de-
velop within a few weeks. For example, E. coli resistant
to at least 4 antibiotics was identified in fecal isolates
from over 90% of patients who received prophylactic
treatment with low-dose antibiotics for 2 weeks [22].
Identifying the characteristics of the complex in-
teraction between uropathogens and the host organism
is necessary for both a deeper understanding of the
pathogenesis of UTIs and for selecting new treatment
approaches for these widespread bacterial infections.
The aim of the study was to investigate the effect
of the innovative Russian antibacterial drug Fluorothi-
azinone (FT; N.F. Gamaleya Research Institute of Ep-
idemiology and Microbiology, RU LP-No. (005077)-
(RG-RU)) on the virulence properties of isolates ob-
tained from the urine of patients with chronic UTI.

Materials and methods

Bacterial isolates

Clinical isolates of K. pneumoniae 5811, 5672,
P aeruginosa 5595, and E. coli 5424/1 were isolated
from the urine of 4 adult patients of both sexes from dif-
ferent age groups with clinical signs of UTI who were
hospitalized at the N.A. Lopatkin Research Institute of
Urology and Interventional Radiology, a branch of the
National Medical Research Center of Radiology of the
Ministry of Health of Russia. The study was conducted
with the informed consent of the patients. Urine isolates
were collected as part of a clinical trial according to
Protocol 07-FT-2024, RCT No. 513 dated 10/30/2024.

Bacteria culturing

The bacterial species were confirmed by streak
plate method on solid media: LB agar (BD Difco),
cetrimide agar (“Himedia”), followed by analysis of
the protein profile of single colonies using the Bruker
MALDI Biotyper instrument (Beckman Colter Diag-
nostics).

Clinical uropathogenic isolates were grown for
18 hours at 37°C in Luria—Bertani broth (LB broth) with
continuous aeration on a shaker (240 rpm) to a concen-
tration of 10° microbial cells/mL, which was assessed
using a McFarland standard on a Densi-La-Meter II
densitometer (ERBA Lachema). The resulting bacterial
suspension was diluted to the desired concentrations in
fresh LB broth.

Study drug

The active pharmaceutical substance FT was used
in the study.

To study the effect of FT on motility and biofilm
formation by clinical isolates, a stock solution with a
concentration of 2 mg/mL in 0.3 M CH,COONa buffer,
pH 7.0 £ 0.2, was used. The solution was prepared as
follows: 0.021 g of the substance was added to a solu-
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tion of 0.120 g of sodium hydroxide in 10 mL of dis-
tilled water. The mixture was then stirred on a magnetic
stirrer until the FT crystals were completely dissolved,
and subsequently acidified with glacial acetic acid to a
pH of 7-8. The resulting solution was filtered through
a 0.22 um syringe filter into a sterile tube. In the tests,
the antibacterial drug was used at a final concentration
of 100 pg/mL.

To study the cytotoxicity and intracellular survival
of the bacteria, a solution of FT in dimethyl sulfoxide
at a concentration of 10 mg/mL was used, with a final
concentration of FT in the medium of 20 pg/mL.

Cytoxicity analysis

Cytotoxicity analysis was performed according to
the method [23] with some modifications. HeLa cells
(cervical carcinoma cells, ATCC CCL-2™) grown in
IMDM culture medium (BioloT) with 10% fetal bovine
serum (HyClone) without the addition of antibiotics
were infected with a bacterial culture at a multiplicity
of infection (MOI) of 10 and 50, with 1 x 10° cells per
well. FT at a concentration of 20 pg/mL was added im-
mediately after the bacterial culture was introduced and
incubated at 37°C and 5% CO, for 20 hours. The plates
were centrifuged for 20 minutes at 1500 rpm.

The activity of released lactate dehydrogenase
(LDH) was determined in the supernatants using the
CytoTox 96 non-radioactive cytotoxicity assay kit
(Promega). LDH is a cytosolic enzyme present in nu-
cleated cells that is released into the extracellular en-
vironment after the cell membrane is damaged. The
percentage of LDH release was calculated relative to
an uninfected control (0% LDH release) and HeLa cells
lysed with Triton X-100 (100% LDH release). LDH in
bacterial cultures in the medium without a cell mono-
layer was not detected.

Swimming motility

To assess swimming motility, cultures were grown
for 18 hours at 37°C with aeration on a shaker (240 rpm),
diluted 100-fold in LB broth, and cultured for 3 hours un-
der the conditions described above. 2 pL. were inoculated
into the depth of 0.25% agar containing 1% tryptone and
0.5% NaCl in 90 mm diameter Petri dishes. They were
observed for 48 hours. Bacterial motility was assessed by
measuring the diameter of the bacterial migration zone
from the center of the plate. These values served as posi-
tive controls when assessing bacterial motility.

To assess the effect of FT on the motility of clin-
ical isolates, an FT solution in acetate buffer at a con-
centration of 100 pg/mL was used. For this purpose, the
solution of FT was added to the prepared and cooled
to 45-50°C 0.25% agar, mixed thoroughly, and poured
into Petri dishes. After the agar solidified, the bacterial
culture was introduced into the depth of the agar in a
volume of 2 pL.. The samples were cultured at 30°C in
a humid chamber for 48 hours. The effect of FT was
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evaluated by measuring the diameter of the bacterial
movement zone. Isolates with a zone of motility less
than 10 mm after 48 hours were classified as non-mo-
tile, while those with a zone greater than 10 mm were
classified as motile. Acetate buffer without FT was add-
ed to the control cups.

Biofilm formation

The ability of the isolates to form biofilms was
studied using a modified method by G.A. O'Toole et al.
[24]. Biofilm cultivation was performed in TC-treated
96-well polystyrene microplates (Corning 3599). Bac-
terial cultures were grown in LB broth at 37°C overnight
on a shaker at 240 rpm. Overnight cultures were grown
to ~ 10" CFU/mL in sterile LB broth supplemented with
an FT solution in acetate buffer at a final concentration
of 100 pg/mL, and 200 puL were added to each well of
the plate. The drug was not added to the wells selected
as a positive control. Sterile LB broth was added to the
wells as a negative control.

The plates were incubated statically at 37°C for
48 hours. After incubation, the contents of the wells
were aspirated and washed three times with 200 pL of
sterile phosphate-buffered saline, air-dried, and fixed
with 96% ethanol for 15 minutes. The ethanol was then
removed and the wells were dried.

Staining was performed using two methods: for
15 minutes with 0.1% crystal violet (Merck) or for 30
minutes with 0.1% Congo red (Merck). After the speci-
fied time, the dye was aspirated, the wells were washed
with distilled water and air-dried. For quantitative anal-
ysis, the dyes bound to the biofilm were extracted with
200 pL of 96% ethanol, and the extract was transferred
to the wells of a clean plate.

Optical density was measured using a Multiskan
EX spectrophotometer (Thermo Scientific) at a wave-
length of 540 nm for crystal violet dye and 492 nm for
Congo red. To study the biofilm structure, staining was
performed similarly; the wells were washed and thor-
oughly air-dried, then the plates were examined under
a light microscope (Nikon Eclipse 50i, Nikon) at 200%
magnification. For each isolate, 3 parallel experiments
were performed and each were repeated thrice.

Internalization and survival of bacteria in PC-3 cells

The study used the PC-3 cell line (human pros-
tate adenocarcinoma cells, ATCC CRL-1435). The cells
were incubated in RPMI-1640 cell culture medium
(BioLot) supplemented with 10% fetal bovine serum
(HyClone) without the addition of antibiotics, at 37°C
with 5% CO, for 24 hours. Cell counts were determined
using a Scepter 2.0 cell counter (Millipore).

Clinical isolates were grown for 18 hours at 37°C
in LB broth with continuous aeration on a shaker
(240 rpm) to a concentration of 10° microbial cells/mL.

A monolayer of PC-3 cells, grown in a 24-well
culture plate with sterile 12 mm diameter round cov-
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erslips, was infected with a bacterial culture. Infection
doses for the intracellular model were selected based
on the cytotoxicity results obtained for the clinical
isolates.

To assess cell invasion, cells were incubated for 1
hour, then washed three times with medium to remove
unattached bacteria, and incubated for 1 hour at 37°C
and 0.5% CO, in medium containing gentamicin (Gib-
co) to kill extracellular bacteria. The concentration of
gentamicin was determined by the minimum inhibitory
concentration (MIC) for each isolate. The cells were
washed three times to remove gentamicin. To deter-
mine the number of bacteria, PC-3 cells infected with
bacterial cultures were lysed with 0.25% Triton X-100
(Sigma) for 10 minutes at room temperature. Uninfec-
ted PC-3 cells were used as a negative control. Next, the
lysates were plated on cetrimide or LB agar (depend-
ing on the species of the isolate being studied) using
the serial dilution method. The number of intracellular
bacteria was expressed in CFU/mL. The average value
was calculated from the bacterial population of 2 wells
in 3 experiments.

To assess the onset of intracellular reproduction,
the cell monolayer was cultured for 4 hours, and all pro-
cedures for removing extracellular bacteria and reseed-
ing were performed as described above.

Intracellular survival of bacteria in PC-3 cells was
assessed 24 hours after infection with the bacterial cul-
ture. After this, 4 hours after infection, the cells were in-
cubated with gentamicin for 1 hour to eliminate extra-
cellular bacteria. The plate was then washed three times
to remove the gentamicin, and fresh nutrient medium
with a maintenance concentration of gentamicin was
added. All procedures for removing extracellular bac-
teria and culturing were performed similarly to those
described above.

To study the effect of FT, a solution of FT in di-
methyl sulfoxide was added to the culture medium at
a concentration of 20 ug/mL at different stages of the
experiment: 1 hour before infection, at the moment of
cell infection, 2 and 5 hours after infection and washing
off gentamicin, followed by incubation in the presence
of FT for 24 hours from the moment of infection.

For microscopic analysis, cells were fixed with
acetone and stained with mouse polyclonal antibod-
ies (antibodies were obtained for each isolate) for
30 minutes at 37°C and 5% CO, and with anti-mouse
IgG-FITC conjugate (“Merck”) for 30 minutes at 37°C
and 5% CO,. Samples were analyzed using a Nikon
Eclipse 50i fluorescence microscope (Nikon) at 1000%
magnification.

Statistical analysis

Statistical processing and visualization of the anal-
ysis results for in vitro bacterial studies were performed
using GraphPad Prism v. 8.4.3 (GraphPad Software).
The data from the experimental and control groups

were compared using the Student's t-test. The criterion
for statistical significance of the difference in the data
obtained was considered to be p<0.05. All experiments
were conducted in triplicate.

Results

Characteristics of clinical isolates

Antibiotic susceptibility analysis of the studied
clinical isolates was performed in the clinical diagnos-
tic laboratory of the N.A. Lopatkin Research Institute
of Urology and Interventional Radiology, a branch of
the National Medical Research Center of Radiology of
the Ministry of Health of Russia, and the results are pre-
sented in the Table.

FT does not affect the viability of clinical isolates

The effect of FT on bacterial viability was assessed
by culturing in nutrient LB broth in the presence of FT
at concentrations of 60, 80 and 100 pg/mL for 24 hours
with continuous aeration on a shaker (240 rpm) and de-
termining CFU by the streak/spread plate method. Ac-
cording to the mechanism of action, and as previously
shown for bacteria of different species, FT did not affect
the viability of the studied clinical isolates.

FT suppresses the cytotoxicity of clinical isolates

Both K. pneumoniae isolates were characterized
by significant cytotoxicity. For K. pneumoniae 5811
isolate, cytotoxicity at MOI, j was 65%, and at MOIL,, it
was 78%. For K. pneumoniae 5672 isolate, cytotoxicity
at an MOI of 10 was 70%, and at an MOI of 50, it was
76%.

The cytotoxicity of P aeruginosa 5595 and
E. coli 5424/1 on the HeLa cell line was less pro-
nounced. At MOI, , the cytotoxicity of the P. aerugi-
nosa 5595 isolate was 50%, and at MOI, , it was 61%.
For E. coli isolate 5424/1, 38 and 60% at MOI, and
MOI, , respectively.

Inthepresence of FT ataconcentration of20 pg/mL,
cytotoxicity after 20 hours of culturing was significant-
ly reduced, by 1.5-2.0 times at MOI, j and MOI,  for all
4 clinical isolates.

FT suppresses swimming motility

In a semi-liquid medium, bacterial cells are capa-
ble of swimming motility, moving by means of flagel-
la. K. pneumoniae belongs to bacteria that do not have
swimming motility via to flagella. In light of this, the
effect of FT on swimming activity was evaluated for
2 uropathogenic isolates: P. aeruginosa 5595 and
E. coli 5424/1.

It has been established that both clinical isolates
exhibit swimming motility. In the presence of FT at a
concentration of 100 pg/mL in the culture medium, a
pronounced suppression of motility associated with fla-
gellar activity was observed (Fig. 1).
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E. coli 5424/1

P. aeruginosa 5595

K. pneumoniae 5811 K. pneumoniae 5672

Antibiotic susceptibility testing
for isolated microorganisms quality MIC, quality MIC, quality MIC, quality MIC,
result mg/L result mg/L result mg/L result mg/L
Amikacin S <8 S S <8 S <8
Amoxicillin/clavulanic acid R R R
Ampicillin R >16 R R >16 R > 16
Ampicillin/sulbactam R
Gentamicin R 128 16 R 512 S <2
Imipenem S <0.25 S R >8 S <05
Colistin R
Levofloxacin S R >2 R >4
Meropenem S <0.125 S R >8 | 8
Nitrofurantoin R
Piperacillin/tazobactam S <4/4 S R S <4/4
Tigecycline S <1 R
Tobramycin S <2 S S <2
Trimethoprim/sulfamethoxazole S <2/38 | S <2/38
Fosfomycin with glucose-6-phosphate S <16 S <16
Cefazolin R >32 R R >32 R > 32
Cefepime S R >8
Ceftazidime R R >8 > 16
Ceftriaxone S <1 R R >4 R >4
Cefuroxime R >16
Ciprofloxacin S <0.25 R >1 R >1
Ertapenem S <0.25 R R >1 R >2
Note: S — susceptible; R — resistant; | — intermediate.

The diameter of the bacterial growth zone in
semi-solid agar for P. aeruginosa 5595 after 48 hours
was 65—-67 mm, and in the presence of FT, it was 25—
27 mm. For E. coli 5424/1 isolate, the diameter of the
zone of motility after 48 hours was 35-37 mm; in the
presence of FT, the zone decreased to 12—14 mm. In
control dishes with acetate buffer without the addition
of FT, motility was not inhibited. This demonstrated the
suppression of flagellar motility by FT.

FT suppresses biofilm formation

The ability to form biofilms and the effect of
FT on this process were evaluated for 4 isolates. The
biofilm density was quantified by staining the bacte-
ria with crystal violet. After 48 hours, P. aeruginosa
5595 formed an intense multi-layered mature biofilm,
K. pneumoniae 5672 and E. coli 5424/1 isolates formed
a dense monolayer with areas of multi-layered struc-
ture, and K. pneumoniae 5811 isolate showed the slow-
est biofilm formation rate: by 48 hours, a monolayer
with the formation of microcolonies was observed.

Adding FT simultaneously with the introduction
of the bacterial culture led to a significant reduction in

biofilm density and disruption of its structure. All iso-
lates formed a sparse monolayer with a cellular struc-
ture on an abiotic surface under the influence of FT, but
microcolony formation and biofilm maturation did not
occur (Fig. 2).

When quantifying bacterial density in biofilms un-
der the influence of phototherapy, a significant reduc-
tion in the number of bacteria within the biofilm was
observed: the maximum suppression (by 85%) was for
K. pneumoniae 5672, 79% for E. coli 5424/1, 75% for
P aeruginosa 5595, and 71% for K. pneumoniae 5811
(Fig. 2).

The formation of the biofilm exopolysaccharide
matrix (EPM) was assessed by Congo Red staining. It
was found that all the isolates studied are capable of
forming EPM, but the K. pneumoniae 5811 biofilm was
characterized by the lowest EPM intensity. Under the
effect of FT, all isolates lost their ability to synthesize
EPM (Fig. 3).

Quantitative assessment showed a significant de-
crease in biofilm formation for all isolates: K. pneu-
moniae 5811 — 76%, K. pneumoniae 5672 — T4%,
P aeruginosa 5595 — 70%, E. coli 5424/1 — 67%
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a mm
P. aeruginosa 5595 P. aeruginosa 5595

+FT
FT, 0 pg/ml
FT, 100 pg/ml

b mm

E. coli 5424/1 E. coli 5424/1

+FT
FT, 0 ug/ml
FT, 100 pg/ml

Fig. 1. Suppression of swimming motility of isolates after 48 hours of incubation in the presence of FT.

Representative images of swimming motility on Petri dishes and assessment of the change in the diameter of the zone of motility
of P. aeruginosa 5595 (a) and E. coli 5424/1 (b) in the presence of FT at a concentration of 100 pug/mL.
Error bars represent the SD of 2 replicates.

a b c d
K. pneumoniae 5811 K. pneumoniae 5672 P. aeruginosa 5595 E. coli 5424/1
K. pneumoniae 5811 K. pneumoniae 5672 P. aeruginosa 5595 E. coli 5424/1
+FT +FT +FT +FT
K. pneumoniae 5811 K. pneumoniae 5672 P. aeruginosa 5595 E. coli 5424/1

Fig. 2. FT alters the structure and biomass of biofilms formed by isolates K. pneumoniae 5811 (a), K. pneumoniae 5672 (b),
P. aeruginosa 5595 (c) and E. coli 5424/1 (d).
Microphotographs of formed biofilm fragments from control and experimental samples with the addition of FT at a concentration of 100 ug/mL

after 48 hours of incubation are presented. Biofilm biomass accumulation was assessed by staining with crystal violet at an optical density of
540 nm.
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(Fig. 3). The solvent without FT had no effect on bio-
film formation.

Thus, all the isolates studied are capable of forma-
tion of a biofilm on an abiotic surface, and FT inhibited
the formation of a mature biofilm.

FT suppresses the invasion and intracellular replication
of uropathogens

The ability of the studied uropathogenic isolates
to form biofilms was assessed using the PC-3 cell line
model (human prostate adenocarcinoma cells) by in-
fecting the cells with the isolates and observing them
during the invasion and intracellular replication stages
at 4 and 24 hours. To assess the effect of FT on these
processes, the drug was introduced 1 hour before infec-
tion, simultaneously with infection, and also after the
medium was changed (at 2 and 5 hours).

The number of viable intracellular bacteria was
assessed by culturing dilutions of the cell lysate after
removing extracellular bacteria by gentamicin treat-
ment for 1 hour. Simultaneously, the cell monolayer
was analyzed by microscopy after staining with specific
antibacterial antibodies.

For the E. coli 5424/1 isolate, an inoculum of
1.5 x 10® CFU/mL was used for infection, which result-
ed in MOI,,. After 1 hour, the invasion rate was 0.47%,
while under the effect of FT, it was 0.053%. After 4 hours,
the number of intracellular bacteria in the control group
was 2.1 x 10° CFU/mL, while in the presence of FT, it

a b
K. pneumoniae 5811 K. pneumoniae 5672

K. pneumoniae 5811 K. pneumoniae 5672

+FT +FT
0.5 0.8+
I
049 1 0.6

0.34
0.44
0.2+

N -
0.0

0.24
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was an order of magnitude lower, at 1.1 x 10* CFU/mL.
After 24 hours, an increase in the number of E. coli
5424/1 was observed to 2.4 x 10° CFU/mL in the con-
trol samples, while bacterial growth was significantly
reduced in the presence of FT to 7.5 x 10> CFU/mL.

In the micrographs of the infected cell monolayer
in the control samples, intracellular cell conglomerates
were detected as early as 4 hours, which formed typical
IBC by 24 hours. In the presence of FT, IBC were prac-
tically not identified (Fig. 4).

For the K. pneumoniae 5811 isolate, IBC forma-
tion was also observed, and it was suppressed in the
presence of FT. This isolate showed lower rate of inva-
sion, which was 0.005% for the control, while almost
similar rate of invasion was observed under FT treat-
ment. This isolate showed lower rate of invasion, which
was 0.005% for the control and similar for the FT treat-
ment group. (01 st ucnpasuna) This isolate showed to
have effective intracellular replication: after 4 hours, the
number of intracellular bacteria was 5 x 10° CFU/mL,
and after 24 hours, it was 2.0 x 10° CFU/mL. Under the
effect of FT, bacterial replication? was suppressed —
5.9 x 10 CFU/mL after 24 hours. The inhibition of IBC
formation in the presence of FT is clearly demonstrated
in the microphotographs (Fig. 5).

Discussion

The diagnosis of UTIs, which can mean both in-
fectious disease and asymptomatic bacteriuria, is some-

c d
P. aeruginosa 5595 E. coli 5424/1

E. coli 5424/1
+FT

P. aeruginosa 5595
+FT

0.8 0.8

T
1

0.6 0.6
1
0.4 0.4

0.24 0.24

K. pneumoniae 5811 K. pneumoniae 5672

P. aeruginosa 5595 E. coli 5424/1

Fig. 3. FT inhibits the production of EPM biofilm by K. pneumoniae 5811 (a), K. pneumoniae 5672 (b), P. aeruginosa 5595 (c),
and E. coli 5424/1 (d).
Microphotographs of biofilm fragments from control and experimental samples with the addition of FT at a concentration of 100 pg/mL are

presented after 48 hours of incubation. EPM biofilm products were evaluated by the degree of Congo Red staining of the matrix at an optical
density of 492 nm.
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times difficult to establish, especially in recurrent cases,
due to complex mechanism of interaction between uro-
pathogens and tissues of the urinary tract and the body's
immune system. International guidelines recommend
relying solely on clinical symptoms of the disease [1].
Although UTlIs are caused by pathogens from various
taxonomic groups, and most of these bacteria are ex-
tracellular, they nevertheless utilize a common strategy
for developing an infectious process: effective adhe-
sion, invasion of epithelial cells, and the formation of
pathogen reservoirs in the form of biofilms, dormant in-
tracellular reservoirs, or surface biofilms (on catheters,
foreign bodies). This strategy allows them to evade the
action of antibiotics and host immunity factors, which
determines clinical and epidemiological relevance of
recurrent UTIs.

New approaches in treating such chronic infec-
tions should be based on understanding the pathoge-
nesis mechanisms and on blocking of specific links
of these mechanisms. In the current study, we evalu-

1h 4 h
E. coli 5424/1

a E. coli 5424/1

b E. coli 5424/1 + FT

c 2.5x106

CFU/mI
[
®
[
<

0 T

1h 4h 24 h

B £ coii5424/1 B2 E. coli5424/1 + FT

E. coli 5424/1 + FT

=

ated the effect of the active pharmaceutical substance,
antibacterial drug FT, on the expression of virulent
properties of clinical isolates of 3 different species:
K. pneumoniae, P. aeruginosa and E. coli under in vitro
conditions.

FT is an original domestic antibacterial drug that
differs from antibiotics in its mechanism of action, as it
does not kill the bacteria but suppresses their virulence.
The specific inhibition of the type III secretion system
(T3SS), which is responsible for the production of tox-
ins that destroy immune cells and promote intracellular
bacterial survival, has been demonstrated for this anti-
bacterial drug. FT also inhibits bacterial flagellar motil-
ity and biofilm formation. Suppression of the virulence
factors leads to the halting of infectious process in the
host organism, as demonstrated in animal experiments
[25-27]. FT therapy is effective against bacteria resis-
tant to different classes of antibiotics because the target
of action is present regardless of the presence of resis-
tance determinants [28].

24 h
E. coli 5424/1

E. coli 5424/1 + FT

Fig. 4. The effect of FT on the invasion and
intracellular reproduction of E. coli 5424/1 in PC-3
cells over 24 hours.

a — micrographs of PC cells infected with E. coli 5424/1
at 1, 4 and 24 hours; b — micrographs of PC-3 cells
infected with E. coli 5424/1 at 1, 4 and 24 hours under
the effect of FT. TRITC/Cy3/TagRFP/Alexa Fluor 546
filter; c — the number of intracellular E. coli 5424/1
bacteria in PC-3 cells. Data are presented as M + SEM
of 3 independent experiments (p < 0.05).
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a K. pneumoniae 5811 K. pneumoniae 5811 K. pneumoniae 5811
b K. pneumoniae 5811 + FT K. pneumoniae 5811 + FT K. pneumoniae 5811 + FT
c 2x106
1.5x10° 1
1x10°
5x10% -
£ A . . .
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In clinical trials on patients with acute UTI, it was
found that FT reduced the development of recurrences
by 10 times at 2 and 3 months after the end of therapy
compared to cefepime, which can be explained by the
effective eradication of uropathogens from their reser-
voirs, including the intracellular ones [29].

It is known that P. aeruginosa and E. coli secrete
cytotoxins directly into eukaryotic cells via the T3SS.
In this regard, we evaluated the effect of FT on the cy-
totoxicity of these isolates. The presence of the T3SS
is not demonstrated for K. pneumoniae, but a cytotoxic
effect associated with the presence of the capsular poly-
saccharide has been described [30].

For all analyzed isolates that were characterized
by significant toxicity toward epithelial cells, a statisti-
cally significant suppression of cell death was demon-
strated in the presence of FT.

Along with the flagellum, the target of FT is the
cilium, which has a similar structure at the base of the
organelle. For motile isolates of P. aeruginosa and
E. coli, almost complete blockage of flagellar function
was observed, which was expressed by the absence of

in PC-3 cells. Data are presented as M £+ SEM
of 3 independent experiments (p < 0.05).

a spreading zone in semi-solid agar. It should be noted
that bacterial growth was not inhibited in the presence
of FT, as shown in preliminary experiments.

The presence of surface structures in uropatho-
gens, such as pili, fimbriae and flagella, facilitates adhe-
sion to urothelial receptors as the first stage of bladder
colonization, and thus they are an important target for
suppression of infection development. One example of
confirmation of the efficacy of this adhesion-blocking
approach is the use of D-mannose in a clinical study,
which showed a statistically significant reduction in the
likelihood of recurrent UTIs [31].

Thus, the suppression of bacterial motility ob-
served under the effect of FT, which is related to the
function of flagella, is aimed at blocking of the first
stage of infection development — the stage of urothe-
lial colonization.

The key link in the development of a chronic in-
fectious process with a recurrent course, caused by the
long-term persistence of pathogens, is the bacteria's
ability to actively invade urothelial cells and form in-
tracellular biofilm-like communities.
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The effect of FT on the 24-hour development cycle
of K. pneumoniae and E. coli isolates in human prostate
adenocarcinoma cells was evaluated. It was previously
established that FT has high tissue availability due to its
pharmacological properties, it penetrates cells, and re-
tains activity in eukaryotic cells [32]. The introduction
of FT into the culture medium significantly reduced
the number of bacteria forming intracellular bacterial
communities, as demonstrated by determining viable
microorganisms and identifying intracellular structures
under microscopy 24 hours after the pathogens came
into contact with the cells.

Currently, the mechanisms by which FT suppress-
es intracellular bacterial replication are being studied.
Given that FT does not have a direct antibacterial effect,
the proposed mechanism involves blocking bacterial
virulence factors responsible for interaction with the
host cell during bacterial coexistence and persistence.

The ability of FT to suppress biofilms has been
previously demonstrated for various pathogens, includ-
ing carbapenem-resistant hospital-acquired infection
agents. Studying the dynamics of biofilm formation in
vitro and the effect of FT on this process showed that
the FT blocks biofilm formation at the stage of micro-
colony aggregation and multilayer structure formation.
Cultivation in the presence of FT has an inhibitory
effect on the ability of isolates to form biofilms and,
consequently, reduces the production of exopolysac-
charides [26, 27]. The obtained results are of significant
practical importance, as the EPM is a key factor in bio-
film resistance to antibiotics and protection against the
immune response.

Conclusion

In experiments conducted to study the effect of
FT, the inhibitor of the type III secretion system and
flagella, on the virulence properties of clinical isolates
of three species of uropathogens under in vitro condi-
tions, it was shown that FT suppresses key stages of
bacterial persistence development in chronic infections,
such as invasion of epithelial cells and the formation of
pathogen reservoirs in the form of intracellular bacteri-
al communities and surface biofilms. Properties of FT,
such as biofilm suppression and intracellular replication
inhibition, are a significant advantage of the innovative
Russian antibacterial drug over currently used antibio-
tics.
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Abstract

Introduction. Molecular epidemiological monitoring is aimed at obtaining up-to-date information on the genetic
variants of healthcare-associated infections (HAIs) circulating in the region. Currently, special attention is being
paid to monitoring representatives of the ESKAPE group, as they are a frequent cause of HAls, complicate the
course of the underlying disease, and are becoming an increasingly serious threat to the health and lives of
patients due to their complex pathogenicity genes and diverse antibiotic resistance mechanisms.

The aim of the study is to analyze the results of whole-genome sequencing of epidemic strains of pathogens
of HAls — Klebsiella pneumoniae ssp. pneumoniae and Staphylococcus aureus — circulating in the Nizhny
Novgorod region.

Materials and methods. Classical bacteriological methods, MALDI-TOF mass spectrometry, whole-genome
sequencing, and bioinformatics methods were used.

Results. In-depth analysis revealed the circulation of a population of classical K. pneumoniae strains of sequence
type (ST) 3-K type (K) 3 in the neonatal intensive care unit, containing a number of virulence genes and the
blag,, , beta-lactamase. Circulation of a population of K. pneumoniae strains of the convergent pathotype ST395
and K39 was detected in a multidisciplinary hospital, and strains of the convergent pathotype K. pneumoniae
ST395-K2, K47, as well as strains of the classical pathotype K. pneumoniae ST5209-K35, ST441-K62,
ST147-K64, containing a spectrum of pathogenicity genes and beta-lactamases in their genome, including New
Delhi metallo-beta-lactamase bla,,, ,, were identified. S. aureus strains associated with catheter-associated
bloodstream infections have significant pathogenic potential, belonging to 13 different STs and 19 spa types (t).
Circulation of methicillin-resistant (SCCmec IV, ST8, t008) and methicillin-susceptible (ST1, t127) staphylococcal
strains has been detected in hemodialysis centers and departments.

Conclusion. The data obtained indicate the circulation of convergent and classical strains of K. pneumoniae
and virulent strains of S. aureus in medical and preventive organizations, which justifies the need for molecular
epidemiological monitoring.

Keywords: Klebsiella pneumoniae, Staphylococcus aureus, healthcare-associated infections, whole-genome
sequencing, microbiological monitoring
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annpgemuyeckux wrammos Klebsiella pneumoniae n Staphylococcus
aureus — Bo36yauTtenen nHpeKLNN, CBA3AHHbIX C OKa3aHNeM
MeAVLVNHCKON NOMOLLM, INPKYINPYIOLWNX Ha TeppuTopnn
Huxeropoackon obnactu
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AHHOMauus

BeeageHune. MonekynsapHoO-annaeMuonormyeckuini MOHMTOPUHI HanpaBneH Ha NoryyYeHne akTyanbHON MHGOop-
MaLMM O TEHETUYECKMX BapunaHTax Bo30yauTenen MHEKUMNA, CBA3aHHbIX C OKa3aHMEM MeOWLIMHCKON MoMOoLLu
(MCMIM), umpKynupyoLWwnx B permoHe. B HacToswwee Bpemsa ocoboe BHUMaHWE yOENseTCA CreXeHno 3a npea-
ctaButensamm rpynnsl ESKAPE, T. k. oHM aBngatoTcs yacton npuymnHon MCMIT, oCnoxXHAT TedeHne OCHOBHOTO
3aboneBaHusl U CTAHOBATCS BCE Gornee cepbE3HOI Yrpo30i 300POBbLI0 U XKMU3HW MaLMEHTOB, MOCKOMNbKY obnagatoT
KOMMNIIEKCOM FEeHOB MaTOreHHOCTUN U PasHOOOPa3HbIMMN MexaHU3MaMn aHTUOMOTMKOPE3UCTEHTHOCTMH.

Llenb paboTbl — aHanusa pesynsratoB NOMIHOFEHOMHOTO CEKBEHMPOBAHWSA 3NNMAEMUYECKMX LUTaMMOB BO3byamTe-
nen UICMI — Klebsiella pneumoniae ssp. pneumoniae n Staphylococcus aureus, LMPKYNUpYOLNX Ha TeppuTo-
pun Huxeropoackor obnactu.

Matepuanbi n metoabl. Vicnonb3osaHbl knaccuyeckue 6aktepuonornyeckue metogsl, MALDI TOF macc-cnek-
TPOMETpPUSI, NOMTHOFrEHOMHOE CEKBEHUPOBaHNE, BONHOPMaTUYECKNE METOAbI.

Pesynbratbl. YrnybnéHHbln aHanua nokasarn LUpKYNaumio B OTAENEHMN HOBOPOXAEHHBLIX MOMNyNAuMM Knaccu-
Yyecknx wrtammoB K. pneumoniae cukseHc-Tuna (ST) 3-K-tuna (K) 3, cogepxalumx psag reHoB naToreHHoCTu
n Gera-naktamasy blag,, .. B MHoronpodwunbHoM crauuoHape obHapyxeHa LMPKynaums nonynauuy wtam-
MOB KOHBepreHTHoro natotmna K. pneumoniae ST395-K39, a Takke BbIsIBNEHbI LWUTAMMbl KOHBEPrEHTHOrO na-
Totna K. pneumoniae ST395-K2, K47 n wTtammbl knaccudeckoro narotmna K. pneumoniae ST5209-K35,
ST441-K62, ST147-K64, cogepxallume B reHoMe CreKkTp reHoB MaToreHHOCTU W BGeTa-naktamas, B TOM 4ducne
Heto-[lenn metanno-6eta-nakramasy bla,,,,, WTammbl S. aureus, cBAzaHHblE C KaTeTep-acCOLMUPOBAHHLIMM
MHEKUMAMMN KPOBOTOKA, 006nafaloT BblpaXKeHHbIM MaToreHHbIM NoTeHumanoMm, otHocaTes K 13 pasnuyHbiv ST
n 19 spa-tunam (t). B reMoamanmaHbIxX LEHTPax M OTAENEHUAX reMofmanu3a BbisBeHa LMPKYNauMs LWTaMMOoB
METULMNIMH-pe3NCTEHTHLIX (SCCmec IV, ST8, t008) n meTuumnnmnH-yyBcTBUTENBLHLIX (ST1, t127) CTadMnOKOKKOB.
3akntoyeHue. NonyyeHHble faHHbIE CBUAETENbCTBYIOT O LMPKYNAUMM B nedebHo-npodunakTmyecknx meam-
LUMHCKUX OpraHM3auusix KOHBEPreHTHbIX M Knaccuyeckux wrtammoB K. pneumoniae v BUPYNEHTHbIX LITAMMOB
S. aureus, 4T0 060CHOBbBIBAET HEOOXOAMMOCTE MOMEKYNAPHO-3NUAEMUONIOrMYECKOr0 MOHUTOPUH .

KnioueBble cnoBa: Klebsiella pneumoniae, Staphylococcus aureus, uHgbekyuu, ceszaHHbIe ¢ OKa3aHuUemM mMeou-
UUHCKOU romMouu, rnosTHO2eHOMHOE CEK8eHUpO8aHUe, MUKpPObUOI02UYECKUU MOHUMOPUH2

Omuyeckoe ymeepkdeHue. ViccnenosaHne NPoOBOANNIOCE NpK A06POBOILHOM MH(OPMUPOBAHHOM COFMacum naum-
€HTOB UMK UX 3aKOHHbIX NpeacTaBuTenen. MNMpoTokon nccneposaHus ogobpeH ATnyeckum komuteTom Ne 1 no npose-
[EHWI0 HayYHbIX UCCMEAO0BaHUIA C yHacTeM YenoBeka B kayecTBe obbekTa nccnenosanust MNpuBoOmMKCKOro nccnenosa-
TenbCKOro MeguumHckoro yHmeepcuteta (npotokon Ne 7 ot 05.07.2018).

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

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

Ansi yumupoeaHusi: ConosbeBa W.B., TouunuHa AT, benosa W.B., 3anuesa H.H., Kyyeperko H.C., CagbikoBa H.A.,
MonoguoBa C.B., KponotoB B.C. XapaktepucTuka MOneKynspHO-TEHETUHECKUX CBOMCTB 3MMOEMUYECKMX LUTAMMOB
Klebsiella pneumoniae n Staphylococcus aureus — Bo3byautenen MHPEKLUIA, CBA3aHHbIX C OKa3aHWEM MEAULIMHCKOW
MOMOLLIM, LIMPKYNMPYIOLLMX Ha TeppuTopumn Himkeropopckon obnactu. XKypHan mukpobuonoauu, anudemuono2uu U um-
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Introduction

Molecular epidemiological monitoring is becom-
ing an integral task in organizing a system for epide-
miological surveillance of infectious diseases, as it
allows for tracking the circulation of opportunistic mi-
croorganisms and timely identification of signs of po-
tential outbreaks, which include: isolation of a homo-
geneous spectrum of microorganisms from examined
individuals; an increase in the incidence of infectious
diseases caused by a single species or group of species
of pathogens; and an increase in the detection rate of
hospital strains. The objectives include monitoring the
population structure of infectious agents, including
healthcare-associated infections (HAIs), MLST typing
of strains, analysis of pathogenicity genes and antibi-
otic resistance determinants, detection of new variants
of hospital strains, and observation of their variability
to assess epidemiological forecasting and justify timely
intervention in the course of the epidemic process [1].

ESKAPE pathogens are a frequent cause of
healthcare-associated infections, complicate the course
of the underlying disease, and pose a serious threat to
the health and life of patients, as they are able to quick-
ly adapt and find new ways to resist the effect of drugs,
disinfectants and antiseptics, and also transmit this abil-
ity to other pathogens at a genetic level [2, 3].

Among the bacteria that cause hospital infections,
Klebsiella pneumoniae and Staphylococcus aureus are
the leading causes, with an increasing proportion of car-
bapenem-resistant K. pneumoniae and the widespread
prevalence of methicillin-resistant Staphylococcus au-
reus (MRSA) belonging to the MRS A group, which can
cause outbreaks and lead to catheter-associated blood-
stream infections (CABSI) [4,5].

The aim of the study is to analyze the results
of whole-genome sequencing of epidemic strains
of pathogens of healthcare-associated infections —
K. pneumoniae ssp. pneumoniae and S. aureus, circu-
lating in the Nizhny Novgorod region.

Materials and methods

Strains under study

55 epidemic strains of pathogens were studied:
17 strains of K. pneumoniae ssp. pneumoniae and 38
strains of S. aureus. Based on their place of isolation,
the strains were divided into three groups:

The 1% group consisted of 7 K. pneumoniae strains
isolated from sick children (gastric contents) (n = 4) in
the neonatal intensive care unit of a pediatric hospital,
and from equipment and care items (swabs from suc-
tion tubing, feeding syringe) (n = 3);

The 2™ group — 10 strains of K. pneumoniae iso-
lated from patients in the multidisciplinary hospital
departments (wound discharge) (n = 9) and from the
department's external environment (swab from the in-
tensive care unit sink faucet) (n = 1);

ORIGINAL RESEARCHES

The 3™ group — 38 strains of S. aureus, including
31 strains from patients with CABSI who were receiv-
ing outpatient treatment at hemodialysis centers in the
city and region and were hospitalized in medical orga-
nizations in the city (blood, wound at the catheter site,
peritoneal fluid, nasal swab); 3 strains isolated from
medical personnel (nasal swab), and 4 from the medical
organization environment (equipment swabs).

Cultivation and identification of bacteria

Isolation of strains of conditionally pathogenic
microorganisms was carried out using the classical bac-
teriological method, and identification was performed
by MALDI-TOF mass spectrometry using an Autoflex
mass spectrometer (Bruker Daltonics). The susceptibil-
ity of bacteria to antibiotics was studied using the disk
diffusion method on "Nutrient Medium for Determin-
ing the Susceptibility of Microorganisms to Antibacte-
rial Drugs — Mueller-Hinton II Agar (State Research
Center for Applied Microbiology and Biotechnology
of Rospotrebnadzor) using extended sets of disks for
enterobacteria (set No. 7) and staphylococci (set No.
14) (Pasteur Research Institute of Epidemiology and
Microbiology). The susceptibility of the strains to cef-
tazidime-avibactam was studied using ceftazidime +
avibactam 10/4 mcg disks (Mast Group), and to tige-
cycline using tigecycline 15 mcg disks (Mast Group).
The assessment was conducted in accordance with the
clinical guidelines "Determination of the Susceptibility

"

of Microorganisms to Antimicrobial Drugs"'.

Whole-genome sequencing

Libraries were prepared using the TrueSeq kit
(Illumina Inc.), and sequencing was performed on the
MiSeq platform (Illumina Inc.). The raw reads were
processed using the Trimmomatic utility, while the
SPAdes v. 3.11.1 and Prokka v. 1.12 programs were
used for de novo read assembly [6, 7]. All nucleotide
sequences were deposited in the international GenBank
database.

Whole-genome sequence analysis was performed
using VFDB? [8], ResFinder® [9], the BIGSdb-Pasteur
web platform? [10], the PubMLST resource® [11], and
the Spa-typer and SCCmecFinder programs [12, 13].
Dendrograms were constructed using the maximum
likelihood method to determine the genetic distance
between microbial strains using the parsnp v. 1.7.4
program. The FastTree 2.1.1 algorithm and the Shi-
modaira—Hasegawa test [14] were used to assess the

! MACMACH Recommendations version 2024. URL: https://
www.antibiotic.ru/minzdrav/category/clinical-recommendations

2 Virulence factor database. URL: http://www.mgc.ac.cn/VFs

3 ResFinder. URL: http://genepi.food.dtu.dk/resfinder

Institut Pasteur. Klebsiella pneumoniae species complex.

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

5 PubMLST. MLST Database. Staphylococcus aureus.
URL: https://pubmlst.org/organisms/staphylococcus-aureus
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primary tree topology. Sequences from the GenBank
database were used as references: GCF_000240185.1,
GCA_000013425.1, and then the reference genome
branch was removed. Phylogenetic trees were visua-
lized using the iTol service [15].

Results

As aresult of studying the molecular genetic prop-
erties of K. pneumoniae strains of group 1, it was found
that all strains possess colibactin gene clusters, yersini-
abactin genes, and genes responsible for the formation
of type 3 fimbriae, and the rmpA gene, which regu-
lates the hypermucoviscous phenotype, was detected
in 3 strains (Table). A species-specific antibiotic resis-
tance (ABR) determinant was identified in the genomes
of all strains — the beta-lactamase bla,, ,, which con-
fers natural resistance of microorganisms to aminope-
nicillins — ampicillin and amoxicillin. Phenotypically,
the strains were susceptible to all antibiotics from oth-
er groups: 395" generation cephalosporins (cefazolin,
cefotaxime, ceftriaxone, ceftazidime, ceftazidime/avi-
bactam, cefepime, ceftaroline), aminoglycosides (genta-
micin), fluoroquinolones (ciprofloxacin), carbapenems
(ertapenem, imipenem, meropenem), monobactams (az-
treonam), polymyxins (colistin), tetracyclines (tigecy-
cline), and trimethoprim/sulfamethoxazole. As a result
of the analysis of constitutional genes (housekeeping
genes) and wzi gene alleles, the strains were identified
as belonging to ST 3 and capsular type K 3 (Table).

K. pneumoniae strains of group 2 differed in their
molecular genetic properties. Complete aerobactin sid-
erophore gene clusters (iucABCD and iutA) were found
in the genomes of K. pneumoniae strains 3254, 3260
and 3263, while K. pneumoniae strain 3263 was dis-
tinguished by the presence of the yersiniabactin gene
cluster (Hud, irpl,2, ybtAEPQSTUX) (Fig. 1). All
strains were found to have a spectrum of ARGs — be-
ta-lactamases and carbapenemases bla,,, ., bla ., .
blag,, . bla,, , bla,, ., . and the fosfomycin resis-
tance determinant — fosA. This explains the fact that all
3 strains had an MDR phenotype and were resistant to
penicillins, cephalosporins, aminoglycosides, fluoro-
quinolones, monobactams and carbapenems (ertapen-
em). Based on the analysis of constitutional genes and
wzi gene alleles, the strains were identified as belonging
to ST395 and K39.

The virulence gene spectrum of K. pneumoni-
ae strains 3245 and 3251, like that of K. pneumoniae
strains 3254 and 3260, was represented by the aer-
obactin gene cluster (iucABCD and iutA) (Fig. 1).
K. pneumoniae strain 3245 was found to have an iden-
tical spectrum of antibiotic resistance genes (bla,,,, .
bla,..» blag, . bla,. ., bla, . in its genome,
with the exception of fosA. This strain had the same an-
timicrobial susceptibility and resistance phenotypes as
the strains described above. K. pneumoniae 3251 was

characterized by the presence of the bla,,, , . determi-

nant, the absence of the bla,, , and bla_,, . . genes,
and was susceptible to carbapenems. K. pneumoniae
3245 and 3251 also belonged to ST395, but differed
from K. pneumoniae strains 3254, 3260, and 3263 in
their wzi gene alleles and belonged to K47.

K. pneumoniae strains 3255 and 3259 were char-
acterized by the presence of complete aerobactin (iu-
cABCD and iut4) and yersiniabactin (fiud, irpl,2,
ybtAEPQOSTUX) gene clusters, with the salmochelin
gene (iro) being detected in K. pneumoniae 3259. Their
ABR gene spectrum was identical to the spectrum of
determinants in K. pneumoniae 3254, 3260, 3263, 3245
(b laTEM—I’ b Zacrfofzy b laSHV—II’ blaox/u’ b ZaOXA—48’ JosA).
K. pneumoniae 3255 and 3259 also had an MDR phe-
notype and were resistant to penicillins, cephalosporins,
aminoglycosides, fluoroquinolones, carbapenems (er-
tapenem), and tigecycline. These strains also belonged
to ST395, but to K2.

Only one aerobactin cluster determinant, iutA,
was found in K. pneumoniae strains 3247, 3253, and
3256 (Fig. 1). K. pneumoniae isolate 3256 contained
the beta-lactamases bla ., , ..bla, .. andblag,,  in
its genome, exhibited phenotypic resistance to cepha-
losporins and aminoglycosides, and was susceptible to
carbapenems. Its affiliation with ST5209 and K35 was
established. K. pneumoniae 3253 was found to have
2 AMR determinants: blag,, .. and fosA. The strain
was susceptible to all groups of antibacterial drugs
except aminopenicillins and was classified as ST441
and K62. In the genome of K. pneumoniae 3247, the
blaNDM—I’ blaTEM—]’ blaCTX—M—U’ blaSHV—II and blaox/u genes
were detected. The strain was phenotypically resistant
to penicillins, cephalosporins, aminoglycosides, fluo-
roquinolones, all carbapenem group drugs (ertapenem,
imipenem, meropenem), and susceptible to colistin,
tigecycline, and ceftazidime-avibactam, and was clas-
sified as ST147 and K64.

Adhesin genes, a type VII secretion system, and
gamma-hemolysins were identified in the genomes of
all group 3 S. aureus strains.

Strains S. aureus 2226, 3092, 3110, 2211, 3196,
3197, and 3198 were characterized by an identical spec-
trum of virulence genes, which included, in addition to
those listed above, the serine protease genes sp/ABCDE,
the immune evasion genes sak, scn, enterotoxin A sea,
exfoliative toxin efa, and leukotoxins /ukDE. SCCmec
type IV cassettes were detected in strains 3196, 3197,
3110 and 3092, the blaZ beta-lactamase gene was
identified in S. aureus strains 3198, 2211 and 2226,
and the erythromycin and chloramphenicol resistance
genes ermC and cat were found (Fig. 2). The strains
showed phenotypic resistance to oxacillin and cefoxi-
tin, which may indicate their belonging to the MRSA
group. As a result of MLST typing and analysis of the
protein A gene sequence repeats, their belonging to
ST8 and spa-type (t) t008 was established. Also be-
longing to ST&, but to t024, was the S. aureus strain
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Molecular genetic characterization of K. pneumoniae strains isolated in the neonatal intensive care unit

Pathogenicity genes

Sequence
type (ST)

Capsule

Strain type (K)

hypermucoid
phenotype

regulator genes

colibactin synthesis gene

ABR
genes

Yersiniabactin
synthesis
genes

type 3 fimbriae
genes

n=3 3 3
K. pn 849

JAVGJO000000000

K. pn 852

JAVHUDO000000000

K. pn 862

JAVBWS000000000

n=4 3 3 -
K. pn 850

JAVCZJ000000000

K. pn 854

JAVGJN000000000

K. pn 863

JAVBWT000000000

K. pn 893

JAVHUE000000000

rmpA

clbABCDEFGHLMNOPQ

cIbABCDEFGHLMNOPQ,

mrkABCDFHIJ  bla

SHV-1

fyuA, irp1,2,
ybtAEQPSTUX

mrkABCDFHIJ ~ bla

SHV-1

fyuA, irp1,2,
ybtAEQPSTUX

Fig. 1. Phylogenetic tree for genomes of K. pneumoniae strains of group 2.

1 — microorganism type, strain number, ST, K-type, GenBank database accession number; 2 — determinants of pathogenicity genes
(green — presence of the trait, white — absence); 3 — determinants of ABR (green — presence of the trait, white — absence)

3107, which was distinguished by the absence of the
SCCmec cassette.

Pathogenicity genes sp/ABCDE, eta and [ukDE
were identified in the genomes of S. aureus strains
3086, 3087 and 3088, while S. aureus 2203 and 2213
were characterized by the presence of sak and scn genes
(Fig. 2). The blaZ and ermC antibiotic resistance genes
were found in S. aureus 3086, 3087, and 3088, while
only blaZ was found in S. aureus 2213. All 5 isolates
were resistant to amoxicillin, tetracycline and lincos-
amides. It was established that strains 3086, 3087, and
3088 belonged to ST1 t127, while S. aureus 2203 and
2213 belonged to ST1 t177.

As a result of analyzing the molecular genetic
properties of S. aureus strains 3082, 3094, 3111, 3102,
2212, and 2204, the genes for exfoliative toxin eta and

staphylokinase sak were identified, and the absence of
serine protease determinants (spl) and leukotoxins D
and E (lukDE) was established. Enterotoxin genes sec
and sell were found in S. aureus 3082; sec, sell and selo
were found in 3094. The blaZ gene was present in S.
aureus 3082, 3111, 3094, and 3082; the blaZ gene and
the aminoglycoside resistance determinant aph(3')-111
were present in strain 3094; and aph(3')-la was present
in S. aureus 2212. All 5 isolates were phenotypically
resistant to amoxicillin and amikacin. The strains were
identified as belonging to ST45, but to different spa-
types: t102, t362, t8416, t5599, t5132 (Fig. 2).

S. aureus strains 3084, 3085, and 2219 were char-
acterized by the presence of the pathogenicity genes
splABCDE, eta, lukDE and blaZ. Genes for enterotox-
ins sei, sej, selo and selr were detected in 3085 strains.
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All strains were phenotypically resistant to amoxicillin
and were identified as belonging to ST5, t002, and t688
(Figure 2). S. aureus strains 3096 and 3089 were char-
acterized by the presence of the splABCDE, lukDE, sak,
scn, and blaZ genes; strain 3096 contained the zsst gene,
while strain 3089 contained the sea gene. They are also
resistant to amoxicillin and were classified as ST707
and ST6, although the program used in the study did not
allow their spa-type to be determined. S. aureus 3100
and 3133 were characterized by the absence of serine
protease genes (sp/) and leukotoxins D and E (lukDE);
strain 3133 was resistant to oxacillin and cefoxitin, and
a type IV SCCmec cassette was found in its genome.
Both strains belonged to ST398, t571 and t011 (Fig. 2).

The remaining 12 strains belonged to different
ST and spa-types. The genes sp/ABCDE, eta, lukDE
and sak were detected in S. aureus strains 2210, 3104,
3102 and 2207, and the toxic shock syndrome gene zsst
was detected in S. aureus 3104. The strains belonged
to ST97 and different spa types: t267, t3380, t11521
(Fig. 2). S. aureus strains 2208, 2209 and 2214 were
characterized by the presence of the sp/ABCDE, luk-
DE, sak, and scn genes and were assigned to ST12 and
t156. Genes splABCDE and lukDE were identified in
S. aureus 2206, 2217 and 2215, and their belonging to
ST49 and ST1027 was established, but the program
used in the study did not allow for the determination
of their spa-types. Strain S. aureus 2222 was found to
have the sp/ABCDE, lukE, sak, scn, eta and tsst genes
and was classified as ST426 and t764. S. aureus 3295
was characterized by the presence of sak and eta de-
terminants and was classified as ST 4. All 12 strains
lacked antibiotic resistance determinants and exhibited
phenotypic susceptibility to antibacterial drugs from all
groups.

In total, strains of S. aureus belonging to 13 dif-
ferent STs and 19 spa types were isolated from patients
with CABSI, medical personnel and the external envi-
ronment of the city and region.

Discussion

Circulation of the pathogen refers to its continu-
ous and sequential transmission from one susceptible
organism to another, ensuring its existence as a biologi-
cal species, as well as the spread of the pathogen within
healthcare facilities, characterized by the colonization
of environmental surfaces and the involvement of pa-
tients and staff.

One of the most important criteria for a hospital
strain is its belonging to a homogeneous (uniform in
composition) population of circulating microorganisms
[16]. The homogeneity of a population can be most re-
liably assessed by studying the genetic characteristics
of the strains, which involves identifying and analyz-
ing virulence genes, antibiotic resistance genes, and
determining the ST through the analysis of alleles of
housekeeping genes. For the genetic typing of K. pneu-
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moniae, determining their K-type, which depends on
the sequence of the wzi gene encoding a surface protein
involved in capsule assembly on the cell's outer mem-
brane, is of significant importance. Establishing the be-
longing of strains to one of the known pathotypes is
also important [17].

In recent years, the existence of three K. pneu-
moniae pathotypes has been recognized: hypervirulent
(hvKp), classical (cKp), and convergent (hv-MDRKp).
The hypervirulent pathotype is associated with the de-
velopment of serious invasive infections in healthy im-
munocompetent individuals. Currently, the main char-
acteristic correlated with hypervirulence is the secretion
of the siderophores aerobactin, salmochelin, yersinia-
bactin and the exotoxin colibactin [18]. The classical
pathotype is globally widespread; these Klebsiella are
representatives of the human microbiome, cause dis-
eases in weakened patients, and are among the leading
causes of nosocomial infections. Their genome invari-
ably contains a complex of beta-lactamases and carbap-
enemases, and individual pathogenicity genes (exclud-
ing aerobactin and salmochelin) can also be detected.
K. pneumoniae of the convergent pathotype combine
the characteristics of hypervirulent and classical K/eb-
siella, meaning they have high pathogenic potential and
multiple antibiotic resistance, and are capable of caus-
ing disease in both healthy immunocompetent individu-
als and immunocompromised patients [17, 18].

K. pneumoniae strains of group 1 isolated from
sick children in the neonatal intensive care unit, as well
as from equipment and care items, were similar in their
virulence determinants and did not contain the aerobac-
tin and salmochelin genes. However, the rmpA gene
(hypermucoid phenotype) was detected in 3 strains,
which was previously associated with hypervirulence.
Currently, it is recognized that it is advisable to assess
the entire complex of pathogenicity genes, and the pres-
ence of this determinant is not a significant indicator
[5, 18]. The presence of the gene in only 3 out of the
7 strains studied (table) can be explained by its plas-
mid origin and high mobility within the microorganism
population [19]. One beta-lactamase, bla,,, , was iden-
tified in the genomes of all strains. Molecular typing
revealed that the strain population belonged to a rare se-
quence type, ST3, and capsule type K3, which had not
been previously isolated in Russia (only 16 isolates of
this ST are registered in the BIGSdb-Pasteur database).

The homogeneity of the molecular-genetic and
phenotypic properties of the strains isolated from pa-
tients and the external environment indicates the circu-
lation of a population of classical K. pneumoniae strains
within the hospital. The identification of this population
is unfavorable from an epidemiological perspective and
confirms the fact that cases of HAIs in the neonatal in-
tensive care unit can be associated not only with hyper-
virulent strains of K. pneumoniae but also with classical
strains that do not possess multiple antibiotic resistance
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and a wide range of pathogenicity genes [20]. This ne-
cessitates continuous molecular-epidemiological moni-
toring of K. pneumoniae strains belonging to different
pathotypes in the microbiota of newborns, mothers,
medical personnel, and surrounding objects in neonatal
units of pediatric hospitals and perinatal centers, study-
ing their properties, as well as integrating the data into
the VGARus Russian database.

Analysis of K. pneumoniae strains from group 2
isolated in a multidisciplinary hospital revealed that
strains K. pneumoniae 3254, 3260, and 3263 had an
identical pathogenicity and antibiotic resistance gene
spectrum, as well as the same antibiotic resistance phe-
notype. These strains belonged to ST395-K39 and were
classified as a convergent pathotype due to the presence
of aerobactin and a spectrum of beta-lactamase and car-
bapenemase genes. The strains were isolated from both
patients and the external environment, indicating the
circulation of K. pneumoniae ST395-K39 strains with-
in the hospital. The presence of the yersiniabactin gene
cluster in K. pneumoniae 3263 can be explained by hor-
izontal gene transfer processes associated with a trans-
poson, which has high mobility [21]. K. pneumoniae
strains 3255 and 3259 (ST395-K2) and K. pneumoniae
3245 and 3251 (ST395-K47) were isolated in single
cases only from patients, contained the aerobactin gene
and AMR determinants in their genomes, and were also
classified as a convergent pathotype.

Thus, 7 out of 10 strains isolated in a multidis-
ciplinary hospital belonged to ST395, which could be
considered evidence of their circulation. This is con-
sistent with scientific literature data on the widespread
distribution of this ST, among which strains with signif-
icant pathogenic potential are frequently found, capable
of causing severe systemic infections [5, 17]. However,
in-depth analysis of the strains' molecular genetic prop-
erties revealed their heterogeneity even within a single
ST and led to the conclusion that only the K. preumo-
niae ST395-K39 strain populations were circulating in
the hospital.

All other K. pneumoniae strains: 3256
(ST5209-K35),3253 (ST 441-K62), 3247 (ST147-K64)
were classified as classical and were isolated only in
isolated cases from patients. It should be noted that the
bla,,, . gene for New Delhi metallo-beta-lactamase
was found in the genome of the K. pneumoniae 3247
strain, which explains this strain's high degree of an-
tibiotic resistance. It is known that this determinant is
associated with plasmids and is capable of active hor-
izontal transfer [17], so the detection of such a strain
is unfavorable from an epidemiological perspective, as
it can lead to the rapid global spread of a polyresistant
population within medical facilities.

Within the phylogenetic tree, all strains from group
2 clustered according to their ST and K-types. K. pneu-
moniae ST 395 strains formed 3 subclusters according
to their K-types, and 3 K. pneumoniae ST395-K39

strains were included in a single cluster, uniting strains
isolated from patients and the external environment of
the medical organization (Fig. 1).

Analysis of pathogenicity gene spectra, antibiotic
resistance profiles, MRSA or MSSA (methicillin-sus-
ceptible staphylococci) group affiliation, and ST and
spa-typing [22] is crucial for studying the circulation
of S. aureus strains. This is based on the analysis of
the sequence of repeats in the gene for staphylococcal
surface protein A (protein A) [4]. During investigations
of local outbreaks of illness, determining the spa-type
is an important step, as it allows for differentiation be-
tween strains belonging to the same ST.

Molecular genetic analysis of S. aureus group 111
strains associated with CABSI revealed that the ge-
nomes of 7 strains of S. aureus 2226, 3092, 3110, 2211,
3196, 3197 and 3198 contained a type IV SCCmec
cassette, they had identical virulence gene profiles, the
same resistance phenotypes, and belonged to ST 8 t008.

The strains were isolated from both a healthcare
worker and patients diagnosed with CABSI who were
receiving outpatient treatment at a hemodialysis cen-
ter and inpatient treatment at medical institutions in the
city, which confirms the fact of their circulation. The
difference in strains based on the spectrum of blaZ, er-
mC and cat determinants (Fig. 2) can be explained by
the fact that these genes are located on plasmids and
have high mobility [23-25]. According to scientific
literature, S. aureus ST8 t008 SCCmec 1V strains are
common, often associated with HAIs, and have been
identified in Russia since the 1990s [4].

Strains S. aureus 3086, 3087 and 3088 are also
identical in their pathogenicity genes, determinants,
and antibiotic resistance phenotype. They belonged to
the MSSA group, were typed as S. aureus ST1 t127,
and were isolated from 3 patients (peritoneal catheter
exit site). At the same time, strains of S. aureus of other
sequence types were isolated from the peritoneal fluid
of these same patients — ST5 (t688), ST97 (t267), and
ST45 (t8416). This indicates that the population of S.
aureus ST1 t127 strains is circulating in this medical
organization.

All other group III S. aureus isolates were hetero-
geneous in their determinant spectrum, antibiotic resis-
tance phenotype, sequence types, and spa types, which
prevents an assessment of their epidemiological signif-
icance in this study.

Phylogenetic analysis of whole-genome sequenc-
es of the strains revealed the presence of five clus-
ters, grouping strains belonging to the same sequence
types and clonal complexes (CCs), which are groups
of genetically closely related sequence types. S. aureus
strains STS, 97, 12, and 1 formed independent groups
(A, B, C, D), while strains of various sequence types:
ST6 and ST5 belonging to clonal complex 5 (CC5), S.
aureus ST4 and ST45 belonging to CC45, as well as
strains ST49, ST1027, ST707, ST398 and ST426 not
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belonging to specific clonal complexes but having phy-
logenetic relatedness to each other, were included in a
single large cluster E (Fig. 2).

Thus, in the hemodialysis units of the city and re-
gion, 13 different sequence types and 19 spa-types of
S. aureus strains were identified, and the circulation of
populations of epidemic S. aureus MRSA (SCCmec 1V)
of molecular type ST8 t008 and S. aureus MSSA of mo-
lecular type ST1 t127 was demonstrated.

Conclusion

As a result of the study conducted in the Nizhny
Novgorod region, a large genetic diversity of K. pneu-
moniae and S. aureus strains was identified. In-depth
analysis revealed the circulation of a population of
classical K. pneumoniae ST3-K3 strains in the neona-
tal intensive care unit of a pediatric hospital, isolated
from the gastrointestinal tracts of children, from med-
ical equipment and products, containing a number of
virulence genes and the bla,,,  beta-lactamase.

The circulation of strains of the convergent
K. pneumoniae ST395-K39 pathotype was detected in a
multidisciplinary hospital, and strains of K. pneumoni-
ae ST395-K2, ST395-K47, ST5209-K35, ST441-K62,
ST147-K64 were identified, containing a spectrum of
pathogenicity genes and beta-lactamases in their ge-
nome, including the New Delhi metallo-beta-lactamase
bla,, ., which could lead to the formation and spread
of a polyresistant clone in the hospital, capable of re-
placing the circulating pathogen and causing outbreaks
of healthcare-associated infections.

Circulation of S. aureus MRSA (SCCmec IV) ST8
t008 and S. aureus MSSA ST1 t127 populations was
identified in the hemodialysis units of the city and re-
gion, and other S. aureus strains belonging to 11 dif-
ferent STs- and 17 spa-types, potentially capable of
forming hospital clones and spreading widely within
the medical facility, were also detected. In this regard,
to prevent the occurrence and spread of healthcare-as-
sociated infections (HAISs), it is necessary to conduct
mandatory continuous microbiological monitoring in
hospitals, an integral part of which should be molecular
epidemiological monitoring aimed at obtaining up-to-
date information on the genetic variants of circulating
pathogens, including K. pneumoniae and S. aureus.
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DNA-protein COVID-19 combination vaccine containing
multiepitope T-cellimmunogen and receptor binding domain
of the SARS-CoV-2 S protein

Mariya B. Borgoyakova®, Andrey P. Rudometov, Ekaterina V. Starostina,

Vladimir A. Yakovlev, Elena V. Tigeeva, Anna V. Zaykovskaya, Ekaterina A. Volosnikova,
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Larisa I. Karpenko, Alexander A. llyichev

State Research Center of Virology and Biotechnology «Vector», Koltsovo, Novosibirsk region, Russia

Abstract

Introduction. During the COVID-19 pandemic, the development of preventive vaccines, including those based
on new platforms, became extremely relevant. One such platform is vaccines, which combine, for example, DNA
and protein components into a single vaccine.

The aim of this study was to investigate the immunogenicity of a DNA vaccine encoding a polyepitopic T-cell
immunogen of the SARS-CoV-2 virus, combined with the recombinant RBD protein (the receptor-binding domain
of the SARS-CoV-2 virus S protein, Wuhan-Hu-1 strain) conjugated to a polycationic carrier — polyglucin-
spermidine (PGS), and to assess the contribution of individual components to the development of an immune
response in BALB/c mice.

Materials and methods. To create the DNA vaccine (pBSI-COV-Ub), we used a strategy of designing an artificial
polyepitope immunogen consisting of conserved immunodominant fragments of various structural proteins of the
SARS-CoV-2 virus, containing a large number of T-lymphocyte epitopes: helper and cytotoxic. The recombinant
RBD protein was conjugated with the polycation PGS, and upon mixing it with DNA, it formed the vaccine complex
CCV-BSI, whose immunogenic properties were investigated in this work.

Results. Immunization of BALB/c mice with the CCV-BSI combined construct resulted in the induction of high
antibody titers with neutralizing activity against live SARS-CoV-2 virus, as well as the formation of a virus-specific
T-cell response, as demonstrated by ELISA, neutralization assay and ELISpot. It has been shown that the protein
component contributes to the humoral immune response, while DNA contributes to the cellular immune response.
Administration of the recombinant RBD protein led to the induction of only antibodies, administration of the DNA
vaccine led to the induction of only a T-cell response, and administration of the combined preparation led to the
induction of both a humoral immune response and specific T cells.

Conclusion. The unique combination of DNA and protein within a single vaccine construct allows for overcoming
the limitations of each of these vaccine types and leads to the induction of both arms of immunity. The protein
component can be replaced according to the current viral strain, and a universal T-cell immunogen can provide
a response to a wide range of circulating variants. This platform can be further used to develop vaccines against
various highly variable viruses.

Keywords: SARS-CoV-2, DNA vaccines, subunit vaccines, immunogenicity, artificial T-cell immunogen
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Komb6uHunpoBaHHasa [JHK-6enkoBas BakLuuHa,

coaepiKaiiaa NoNSNUTONHbIN T-KNeTOUYHbIN UMMYHOTreH

N peuenTop-cBA3biBalOWMN gomeH 6enka S supyca SARS-CoV-2
boproskoea M.b.”, PygoméToB A.l., CrapoctuHa E.B., AkoBnes B.A., Tureesa E.B.,
3ankoBckas A.B., BonocHukosa E.A., MepkynbeBa l0.A., caeBa A.A., HecmeaHnosa B.C,,

WaHbwwuH [.B., 3anyes b.H., Kucakos [l.H., Kucakosa J1.A., Lep6akos [1.H.,
KapneHko J1.U., Unbnués A.A.

fOCYAQPCTBEHHDbIN HaYUHbIN LIEHTP BUPYCONOrin 1 6rotexHoorumn «Bektop», p. n. KonbLoso, HoBocnbupckas o6nacTb,

Poccus

AHHOMauus

BeepeHue. B nepuog naHgemmn COVID-19 ctana ypesBblvaiHO akTyarnbHOW pa3paboTka NpodunnakTuyecknx
BaKUWH, B TOM YMCIle OCHOBaHHbIX Ha HOBbIX Nnatdopmax. OgHoM 13 Takmx NnaTtopM ABNATCA KOMOUHMPO-
BaHHble BaKLMHbI, COYETAIOLLME B OAHOM npenapate, Hanpumep, [IHK 1 6enkoBble KOMNOHEHTHI.

Llenbto faHHow paboTbl ABNSANOCh uccnenoBaHne MMMyHoreHHocT JHK-BakuuHbI, Kogupytowen nonanuTon-
HbI T-KNeTo4HbIN MMMyHOreH Bupyca SARS-CoV-2, B coyeTaHum ¢ pekoMbuHaHTHbIM 6enkom RBD (peuen-
TopcBs3bIBalOLWMA JomeH Genka S Bupyca SARS-CoV-2, wrtamm Wuhan-Hu-1), KOHbHOMMpoBaHHbLIM C MOMnuKa-
TMOHHBIM HOCUTENEM — MONUIMIOKNH-cnepMuanHoM (PGS), a Takke oueHKa BKraja oTAENbHbIX KOMMOHEHTOB
B pasBuUTME MMMYHHOIO OTBETA Y Mbilwen nuHum BALB/c.

Matepuansl u metoabl. [Insa co3gaHuns OHK-sakumHbl (pBSI-COV-Ub) mbl Bocnonb3oBanucb ctparernen gu-
3ariHa WCKYCCTBEHHOMO MOMM3MNUTOMHOIO MMMYHOreHa, COCTOSILLENO U3 KOHCEPBATUBHBIX UMMYHOLOMUHAHTHbIX
hbparMeHTOB pa3nnyHbIX CTPYKTYpHbIX 6enkos Bupyca SARS-CoV-2, cogepxalymx 6onbLioe KonmyecTso anuTo-
noB T-NMMOLIMTOB: XeNnepHbIX U LMTOTOKCMYECKUX. PekoMBrHaHTHbIN 6enok RBD 6bin KOHBIOrMpOBaH ¢ nonu-
kaTtnoHom PGS, B pesynerate cmewwmBaHus ero ¢ JHK o6pa3oBbiBan BakUMHHBIA komnnekc CCV-BSI, ummyHo-
reHHble CBOMCTBA KOTOpPOro Obinv nccrnegoBaHbl B 4aHHON paboTe.

Pesynbratbl. VIMMyHu3aums Mblwei nuHun BALB/c kombuHmupoBaHHoM KoHCTpykumen CCV—-BSI npusena k nH-
OYKUUN BbICOKMX TUTPOB aHTUTEN, obnajatolimx HeMTpanmuayoLLen akTUBHOCTbIO B OTHOLLIEHWUM XXMBOTO BMpyca
SARS-CoV-2, a Takke k hopMMpoBaHniO0 BUpYC-CNeumndu4eckoro T-KNeTOYHOro OTBeTa, YTO ObINIo NoKasaHo
C MOMOLLbI0 UMMYHODEPMEHTHOIO aHanuaa, peakuuy HenTpanusaummn n ELISpot. MNokasaHo, 4To BKNag B rymo-
panbHbIi UMMYHHbI OTBET BHOCUT MMEHHO GENKOBLIA KOMMOHEHT, a B knetouHbii — [JHK. BBegeHue pekom-
OuHaHTHOro 6enka RBD npuBeno k MHAyKUMW Tonbko aHTuTen, BBeaeHme [JHK-BakUMHbI — K MHAYKUMM TONBKO
T-kneTo4Horo oTeeTa, BBeAeHWEe KOMOUHMPOBAHHOIO Npenapata — K MHAYKUMW U TyMoparibHOro MIMMYHHOTO OT-
BETA, U crneumdunyeckmnx T-KNeTok.

BbiBoAgbl. YHukanbHas komouHaums JHK 1 6ernka B coctaBe 0AHON BaKLMHHOW KOHCTPYKLIMM MO3BONSAET NPE0Ao-
NeTb OrpaHUYeHUsT KaXkaoro 13 AaHHbIX TUMOB BaKUMH Y MPUBOAUT K MHAYKLMN 060MX 3BEHLEB UMMYHUTETA. Ben-
KOBbI KOMMOHEHT MOXET OblTb 3aMEHEH B COOTBETCTBUU C aKTyarbHbIM BUPYCHBLIM LUTAMMOM, @ YHUBEpPCAaIbHbIN
T-KNETOYHbI MIMMYHOreH MOXeT 06ecneynTb OTBET Ha LUMPOKUIA CMEKTP LMPKYNMPYIOLWMX BapuaHToB. [aHHas
nnartcopma B fanbHeLeM MOXET ObiTb MCMONb3oBaHa ANst pa3paboTku BakLMH NPOTUB PasfnnYHbLIX BUPYCOB
C BbICOKOW U3MEHYMBOCTHIO.

KnioueBble cnoBa: SARS-CoV-2, [JHK-eakyuHbI, cybbeOUHUYHbIE 8aKUUHbI, UMMYHO2EHHOCMb, UCKYCCMBEH-
HbIU T-KnemoyHbIl UMMYHO2EH

Amuyeckoe ymeepxdeHue. ABTOpbl NOATBEPXAAIOT COOMIOAEHNE UHCTUTYLIMOHATBHBLIX U HAUMOHAanNbHbIX CTaHaap-
TOB MO MCMOMNb30BaHWI0 NTabopaTOPHbBIX XMBOTHBIX B COOTBETCTBMU C MPMHLMNAMWU NYMaHHOCTU, U3MNOXEHHbIMW B AW-
pekTuBax EBponelickoro coobuuectsa (86/609/EEC) n XenbcuHkckol Aeknapauuu. MNpoTokons! 6binv ogobpeHsbl Ha
3acenaHunax bruoatnyeckon kommceun MU BB «Bektop» (npotokon Ne 1 ot 21.03.2023).

UcmoyHuk gpuHaHcupoeaHusi. ViccrnenoBaHue Gbino BeIMOMHEHO Npu nopaepxke MuHUCTEpCTBA HayKM U BbICLLIEMO
obpasoBaHus Poccuiickon Pepepaumm (Cornawenune ot 30.05.2025 Ne 075-15-2025-526).

KoHgbniukm uHmepecos. ABTOpbI AEKapupyoT OTCYTCTBME SBHbIX Y NOTEHLMArbHbLIX KOH(UKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ans yumupoeaHus: boprosikoa M.B., PynoméToB A.l., CtapoctnHa E.B., Akoenes B.A., Tureesa E.B., 3aikos-
ckasi A.B., BonocHukoBa E.A., Mepkynbesa FHO.A., Ncaesa A.A., HecmesiHosa B.C., WWaHblvH [.B., 3anues B.H., Kuca-
koB [.H., Knucakosa J1.A., Wep6akos [O.H., Kapnenko J1.1., Unbnués A.A. KombuHmnpoaHHasa [JHK-6enkoBasi BakumHa,
cogepxallasi NonManuUTONHbIA T-KNETOUHbIN UMMYHOIEH U peLenTop-CBsi3blBaloLLmMin AoMeH Genka S Bupyca SARS-
CoV-2. XKypHan mukpobuonoauu, anudemuornoauu u ummyHobuonoauu. 2025;102(5):571-582.
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Introduction

The COVID-19 pandemic led to the adoption of
unprecedented measures in global healthcare. Specif-
ically, for mass vaccination in emergency situations,
vaccines based on innovative approaches have been
approved: mRNA vaccines [1], DNA vaccines [2] and
viral vector vaccines [3, 4]. It has been established
that vaccines of these types are capable of inducing
T-cell responses that are important for combating viral
infection.

For related viruses SARS-CoV (the coronavirus
that causes severe acute respiratory syndrome) and
MERS-CoV (the coronavirus that causes Middle East
respiratory syndrome), it has been shown that the vi-
rus-specific T cell response persists for decades, while
neutralizing antibody titers decline significantly with-
in six months after the illness [5, 6]. A decrease in the
neutralizing activity of sera has also been shown with
the emergence of new SARS-CoV-2 virus strains [7].
It should be noted that the long-lasting T cell response
is specific not only to the main antigen — the S glyco-
protein, the primary target of the humoral immune re-
sponse — but also to other proteins that are not usually
used as immunogens in subunit vaccines [8]. Since pro-
teins N, M, E and others are less prone to accumulat-
ing mutations [9], their sequences are more conserved
[10], and the T-cell immune response directed against
their epitopes can be specific to emerging strains [11].
The promising strategy is creating artificial T-cell poly-
epitope immunogens containing immunodominant epi-
topes of viral/bacterial/tumor proteins recognized by
CD4" and CD8" T cells. The DNA vaccine platform is
capable of stimulating cytotoxic and T helper lympho-
cytes through intracellular synthesis and processing of
the immunogen, followed by its presentation by anti-
gen-presenting cells in complex with class I and Il ma-
jor histocompatibility complex (MHC) molecules.

However, in the case of SARS-CoV-2, the impor-
tance of the humoral immune response should not be
forgotten, since high titers of neutralizing antibodies
correlate with vaccine efficacy [12]. The most suitable
immunogens for inducing antibody production are re-
combinant proteins [13]. They are limited in stimulat-
ing a specific cytotoxic response, but they activate B
cells and T helper cells, especially well in the presence
of adjuvants [14]. Such adjuvants can be aluminum
salts, various emulsions and polysaccharides. One of
the most studied a-glucans used for drug delivery is
polyglucin (high molecular weight dextran) [15]. Poly-
glucin provides prolonged release of the active sub-
stance and is also an immunomodulator, which makes it
work as an adjuvant. Thanks to the presence of hydrox-
yl groups, polyglucin is easily modified, particularly by
the attachment of substances containing amino groups,
such as proteins [16].

Combining different types of immunogens (DNA
and protein) in a single construct appears to be a promis-

ing approach that can overcome the limitations of each
type of vaccine and lead to the induction of both arms
of immunity. In most studies investigating the possi-
bility of combining different immunogens, immuniza-
tion is performed using prime-boost strategies, where
the first immunization is most often done with a DNA
vaccine, and the booster is with a protein complexed
with an adjuvant [17]. Certain studies have shown
that co-administration of DNA and protein leads to in-
creased immunogenicity compared to groups receiving
the components separately, as well as groups receiving
vaccines in a prime-boost system [ 18-21]. Thus, the ad-
ministration of a mixture of DNA vaccine encoding the
SARS-CoV-2 virus S protein and recombinant S pro-
tein, combined with an aluminum hydroxide adjuvant,
resulted in the inducing of a strong protective immune
response in Syrian hamsters, significantly exceeding
the values in groups of animals immunized with indi-
vidual components [21]. It was also shown that co-ad-
ministering DNA and protein at the same site is more
effective than administering them simultaneously but at
different sites (e.g., in different paws) [19].

For other vaccines that induce a T-cell response,
such as mRNA or vector vaccines, co-administration
with protein is not found in the literature. Howev-
er, there are studies dedicated to the positive effect of
boosting the immune response to these types of vac-
cines with subunit drugs [22-25].

The aim of this study was to investigate the immu-
nogenicity of a DNA vaccine encoding a polyepitopic
T-cell immunogen of the SARS-CoV-2 virus, combined
with the recombinant RBD protein (receptor-binding
domain of the SARS-CoV-2 virus S protein) conjugat-
ed to a polycationic carrier — polyglucin-spermidine
(PGS), and to assess the contribution of individual
components to the development of an immune response
in BALB/c mice.

Materials and methods

Construction of the pBSI-COV DNA vaccine

The DNA component was the plasmid pBSI-CoV-
Ub, which we obtained earlier [26]. T-cell epitope pre-
diction was performed using the NetMHCpan-4.1 pro-
gram and the Immune Epitope Database 2.22, IEDB
2.22. The sequences of the S, N, M and E proteins were
obtained from genome sequencing the SARS-CoV-2
virus strain Wuhan-Hu-1 (GenBank MN908947). The
fragments selected for the study were analyzed for con-
servation using the GISAID database, then sequential-
ly linked into a single construct, with ubiquitin added
to the N-terminus, and the PADRE epitope (Pan DR
Epitope, a universal T helper epitope that enhances the
induction of B cell-regulating CD4" T cells and cyto-
toxic T lymphocytes), and the EPFRDYVDRFYKTLR
marker epitope added to the C-terminus. The coding
genetic sequence was optimized for efficient transla-
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tion in mammalian cells using the Jcat program (http://
www.jcat.de). The gene synthesis was performed by the
DNA Synthesis company. Cloning into the pVAX1 vec-
tor was performed at the PspLI and Apal sites.

Target gene expression was assessed using reverse
transcription PCR and Western blotting [26].

Obtaining a combined DNA-protein vaccine

The RBD protein and its conjugate with PGS
were obtained as previously described [27]. The
RBD sequence was sourced from the genomic data
of the Wuhan-Hu-1 isolate (GenBank: MN908947.3).
A combined DNA-protein preparation was obtained by
mixing 2 parts of plasmid DNA with 1 part of RBD
protein conjugated to PGS (by mass ratio of DNA and
protein), and then adding an excess of PGS at a mass
ratio of 1:10 relative to the DNA. Complex formation
was evaluated by the shift in electrophoretic mobility
in a 1% agarose gel, as well as by electron microscopy:
staining with a 2% aqueous solution of uranyl acetate,
JEM-1400 microscope (Jeol).

Animal immunization, sample preparation

Work with laboratory animals was conducted in
accordance with the "Guide for the Care and Use of
Laboratory Animals" and the principles of humanity
outlined in European Community directives (86/609/
EEC) and the Helsinki Declaration. The protocols were
approved by the Bioethics Committee of the State Re-
search Center of Virology and Biotechnology "Vector"
(protocol No. 1 dated March 21, 2023).

To assess the immunogenicity of the constructs,
female BALB/c mice weighing 16—18 g, obtained from
the nursery of the State Research Center of Virology
and Biotechnology "Vector", were used. The animals
were divided into groups of 6 mice and immunized
intramuscularly twice, 3 weeks apart. Each mouse re-
ceived 200 pL of the injectable drug into both quadri-
ceps muscles of the hind legs (100 pL into each):

* CCV-BSI group — a combination vaccine

containing 100 pg of DNA and 50 pg of protein;

» pBSI-COV-Ub group — 100 pg of plasmid;

* RBD-PGS group — 50 pg of RBD protein

conjugated with PGS;

* intact group — non-immunized animals.

Two weeks after the second immunization, blood
was taken from the mice to analyze the humoral im-
mune response, and spleens were taken to analyze the
cellular response.

Sera were separated from cellular elements by
centrifugation (9000g, 15 min), heated for 30 minutes at
56°C, and tested for the presence of antibodies that spe-
cifically bind to the RBD protein in an enzyme-linked
immunosorbent assay (ELISA), and their virus-neutra-
lizing activity was also analyzed.

Spleens were sequentially minced on 70 and
40 um pore diameter nylon cell strainers (JET Biofil).

ORIGINAL RESEARCHES

Splenocyte preparation was performed as previously
described [27].

Enzyme immunoassay

Recombinant RBD protein was adsorbed onto
96-well plates (Nunc) in 2M urea at 4°C overnight (1
pug/mL). The ELISA was performed as previously de-
scribed [27]. The results were analyzed at a wavelength
of 450 nm using a Feyond A-300 spectrophotometer
(Allsheng).

Virus neutralization reaction

The neutralizing properties of blood serum anti-
bodies were analyzed in a virus cytopathic effect inhi-
bition assay on cell culture in vitro, as previously de-
scribed [27]. The study used the SARS-CoV-2 strain
nCoV/Victoria/1/2020, obtained from the State Collec-
tion of Viral Infection and Rickettsial Pathogens at the
State Research Center of Virology and Biotechnology
"Vector" of the Federal Service for Surveillance on
Consumer Rights Protection and Human Well-being
(Rospotrebnadzor). The neutralizing activity of the sera
from immunized animals was assessed by serum dilu-
tion, at which the protection of cells from the cytopathic
effect of the virus was recorded in 50% of the wells.

ELISpot

ELISpot was performed using the ELISpot Plus:
Mouse IFN-y (ALP) kit (Mabtech) according to the
manufacturer instructions. Splenocytes were seeded at a
density of 2.5 x 10° cells per well and were then treated
with RPMI medium containing 10% fetal bovine serum
(for the negative control), or a mixture of virus-specific
peptides at a concentration of 20 ug/mL for each pep-
tide, or concanavalin A (for the positive control). Spot
counting was performed visually using an ELISpot
reader (Carl Zeiss). The number of spot-forming units
(SFU) per 10° cells was calculated by subtracting the
values in the negative control wells.

Stimulating peptides were identified using the
IEDB Analysis Resource tools and synthesized by Ata-
Genix Laboratories. The purity of the peptides was over
80%: VYAWNRKRI, FERDISTEI, CGPKKSTNL,
RFASVYAWNRKRISN, VGGNYNYLYRLFRKS,
GGNYNYLYRLFRKSN, YNYKLPDDFTGCVIA,
KNKCVNFNFNGLTGT, QPTESIVRF, VSPTKL-
NDL, LLHAPATVCGPKKST, ASVYAWNRKRISN,
YNYLYRLFRKSNL, AYSNNSIAI, QYIKWPWYI,

LPPLLTDEM, SAPHGVVFL, WPWYIWLGF,
YYRRATRRIRGGDGK, GTWLTYTGAIKLDDK,
DDQIGYYRRATRRIR, VKPSFYVYSRVKNLN,

CFVLAAVYRINWITG, YYRRATRRI, TPSGTWLTY,
KHIDAYKTF, SPDDQIGYY.

Statistical processing

The data were analyzed using GraphPad Prism 6.0
software. Differences between groups were determined
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using the non-parametric Mann—Whitney method; dif-
ferences were considered significant at p < 0.05.

Results

Design of an artificial polyepitopic T-cellimmunogen

The T-cell immunogen was designed using an
approach that allows for the selection of immunodom-
inant epitopes and then combines them into a single
sequence. Based on the analysis, 5 fragments from the
S protein, 2 fragments each from the M and N pro-
teins, and 1 fragment from the E protein were selected,
which contain the highest number of CD4" and CD8"
epitopes restricted by human and mouse MHC class
I and II molecules. Homology analysis of these frag-
ments for different virus strains, including variants
relevant for 2024, showed a high degree of conser-
vation (85.4-100%). A sequence encoding ubiquitin
was added to the construct to increase the efficiency
of intracellular processing of the synthesized protein.
The amino acid sequences of the selected fragments
and the overall structure of the immunogen are pre-
sented in Fig. 1. The designed immunogen was named
BSI-COV-Ub.

The pBSI-COV-Ub plasmid (Fig. 2, a) was pro-
duced in preparative quantities and characterized
previously [26]. The expression of the target gene en-
coding the artificial BSI-COV-Ub immunogen was de-

termined at the RNA and protein levels using reverse
transcription polymerase chain reaction (RT-PCR) and
Western blotting. According to RT-PCR data, the size
of the amplified fragment was approximately 1470
bp, which corresponds to the theoretically calculat-
ed fragment when using specific primers (Fig. 2, b).
Immunoblotting revealed discrete proteins, the largest
of which corresponded to the theoretically calculated
product of the BSI-COV-Ub gene (54.5 kDa; Fig. 2,
¢). The presence of a ladder of discrete proteins in-
dicates effective processing of the T-cell immunogen
within the cell.

The recombinant RBD protein and its conjugate
with PGS were produced, purified and characterized
previously [27].

Obtaining a DNA-protein complex

The combined complex of DNA and the RBD—
PGS conjugate was obtained by mixing the components,
and their interaction scheme in the mixture is presented
in Fig. 3, a. Complex formation was determined by the
change in the electrophoretic mobility of plasmid DNA
in an agarose gel: the encapsulated plasmid showed sig-
nificantly less mobility in an electric field compared to
the naked plasmid (Fig. 3, b).

Electron microscopy (Fig. 3, ¢) showed that the
particle sizes range is from 50 to 200 nm. A number
of researchers suggest that nanoparticles of this size

Fig. 1. Schematic representation of the artificial polyepitopic T-cell immunogen BSI-COV-UDb,
composed of fragments of SARS-CoV-2 virus proteins
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are optimal for vaccine development because they ac-
cumulate in B-cell follicles and elicit a strong immune
response [28].

Analysis of the humoral immune response

To assess the immunogenicity of the created vac-
cine constructs, BALB/c mice were immunized twice
on days 0 and 21, and were sacrificed at the endpoint
(day 35). The sera were tested for the presence of
RBD-specific antibodies using ELISA, as well as for
their ability to neutralize live virus. Sera from the mice
immunized with pBSI-COV-Ub plasmid DNA and
RBD protein conjugated to PGS, as well as sera from
intact mice, were used as controls (Fig. 4, a).

According to the results of the RBD-speci-
fic ELISA two weeks after the second immunization,
the average titers of specific antibodies in animals
immunized with the CCV-BSI vaccine, which com-
bines protein and DNA, were 1 : 1,557,215. In the
group immunized with the RBD protein conjuga-
ted to PGS, the average titer was 1 : 391,951, which
was not significantly different from the first group
(p = 0.2739). In the sera of mice that received only the
pBSI-COV-Ub plasmid and in the sera of intact ani-
mals, antibodies specifically binding to the RBD pro-
tein were detected at background levels (Fig. 4, b).

The results of the serum neutralization ana-
lysis using the nCoV/Victoria/1/2020 strain of the
SARS-CoV-2 virus on cell culture in vitro also showed
no significant differences between the groups immu-
nized with the CCV-BSI combined construct and
the RBD protein conjugated to PGS: the mean
neutralizing titers were 1:238 and 1 : 263, respectively
(p = 0.7780). Animal sera from those who received
only the pBSI-COV-Ub plasmid and sera from in-
tact animals did not show virus-neutralizing activity
(Fig. 4, o).

4387 bp

a b
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Analysis of the cellular immune response

To assess the ability of the created constructs to
induce cellular immunity in mice, spleens were taken at
the end of the experiment, homogenized, and examined
using the ELISpot method. Splenocytes from mice im-
munized with plasmid DNA pBSI-COV-Ub and RBD
protein conjugated to PGS, as well as splenocytes from
intact mice, were used as controls. The response was
evaluated based on the ability of splenocytes to respond
with interferon-y secretion to specific stimulation,
which was carried out using a pool of peptides from
the RBD protein and the BSI-COV-Ub immunogen
(Fig. 5, a).

ELISpot showed that the highest cellular immu-
nity responses were achieved in the groups immu-
nized with the DNA vaccine or the combined complex
(Fig. 5, b). The average number of splenocytes respond-
ing to stimulation in both groups was 46 and 54 SFU per
10° cells, respectively (p > 0.9999 between groups and
p<0.01 compared to the other two groups). In the group
receiving the RBD—PGS conjugate, a low response was
recorded at the negative control level (2 SFU).

Discussion

The global spread of SARS-CoV-2 necessitat-
ed the rapid development of a vaccine. The global
population vaccination campaign provided a unique
opportunity to compare different strategies and plat-
forms of the developed vaccines. Almost all existing
approaches used by researchers were employed in the
development, and as a result, not only classic vaccine
types (inactivated, subunit) but also new-generation
vaccines (mMRNA, vector, DNA vaccines) have entered
the world market.

It is not only the induction of a humoral immune
response and neutralizing antibodies in particular that
is critically important, but also the activation of a vi-

M12 1 2
=== 75 kDa

= 50 kDa

3000 bp

=== 37 kDa

=== 25 kDa

1000 bp

= 20 kDa

c = 15 kDa

Fig. 2. Structure of plasmid pBSI-CoV-Ub (a) and target gene expression analysis after transfection of HEK293T cells.

b — RT-PCR products using total RNA from HEK293T cells transfected with plasmid pBSI-CoV-Ub (lane 7) (electrophoresis in a 1% agarose
gel). Lane 2: PCR products obtained from total RNA preparations without reverse transcription.
¢ — protein products identified in HEK293T cells transfected with pBSI-CoV-Ub plasmid by Western blotting using monoclonal antibody 29F2
against the marker epitope.
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Fig. 3. DNA-protein complex.
a — schematic representation of the complex: the negative phosphate groups in the plasmid DNA electrostatically bind to the positive amino
groups in spermidine conjugated with polyglucin.
b — confirmation of DNA encapsulation within the RBD-PGS shell by electrophoresis in a 1% agarose gel: 1 — CCV-BSI; 2 — pBSI-COV-

Ub.

¢ — electron micrographs of CCV-BSI particles.

rus-specific T-cell response [29]. In this work, to cre-
ate a vaccine construct, we combined two platforms: a
DNA vaccine and a recombinant protein. The resulting
mixture is DNA surrounded by positively charged PGS
molecules conjugated to the RBD protein. The RBD
was chosen as the antigen because this region of the S
protein is the dominant target for the neutralizing re-
sponse during COVID-19 infection.

Previously, we developed a polyepitope artificial
immunogen containing CTL and Th epitopes from the
SARS-CoV-2 virus proteins S, N, M and E (Fig. 1) and
obtained the pBSI-COV-Ub DNA vaccine encoding
this immunogen (Fig. 2) [26]. The fragments selected
for inclusion in the final construct contain epitopes re-
stricted by a wide range of human and mouse MHC
class I and II molecules, which have been confirmed to
be immunodominant in studies of SARS-CoV-2-specif-
ic cellular immunity and are conserved across different
virus variants [30-32]. After the fragments were joined
into a single sequence, ubiquitin was added to its N-ter-

minus. The attachment of ubiquitin to a protein facili-
tates its targeting to the proteasome, leading to efficient
processing and the release of peptide epitopes that are
presented by MHC class I on the surface of an anti-
gen-presenting cell and contribute to the activation of
cytotoxic T lymphocytes [33], and through cross-pre-
sentation, they also activate T-helper cells.

The PGS conjugate used in this study was previ-
ously used to deliver candidate DNA vaccines against
HIV-1, Ebola and COVID-19 [27, 34, 35]. In studies of
these constructs, their safety and effective enhancement
of the immunogenicity of DNA vaccines through the
use of PGS have been proven. PGS protects DNA from
the action of nucleases, promotes prolonged release of
the immunogen, and has an immunomodulatory effect
[15, 16]. PGS components are biodegradable and allow
for the lyophilization of the vaccine preparation. The
RBD-PGS conjugate is positively charged and, when
DNA is added, begins to interact with its negatively
charged phosphate groups, forming a complex (Fig. 3, a).
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CCV-BSI (100 pg of DNA, 50 pg of protein)
pBSI-COV-Ub (100 pg of DNA)
RBD-PGS (50 ug of protein)

Humoral response

Day 1 Day 21
BALB/c
n=7
Cell response
Titers of SARS-CoV-2 Titers of neutralizing
RBD-specific 1IgG antibodies

RBD-PGS
Intact
RBD-PGS
Intact

b c

CCV-BSI
pBSI-COV-Ub

CCV-BSI
pBSI-COV-Ub

Fig. 4. Humoral immune response in BALB/c mice immunized with CCV-BSI, pBSI-COV-Ub, and RBD-PGS constructs.
Intact, unvaccinated mice are the negative control.

a — schematic representation of the immunogenicity study experiment: mice were immunized twice with a 3-week interval, and samples were
taken from the mice for analysis 2 weeks after the second immunization.
b — titers of SARS-CoV-2 RBD-specific IgG, determined by ELISA.
¢ — titers of neutralizing antibodies, determined using the SARS-CoV-2 strain nCoV/Victoria/1/2020.
The data for fragments b and c are presented as geometric means of the inverse titers with a geometric standard deviation, and individual
values are marked with dots. The significance of the differences between the groups was calculated using the non-parametric Mann—Whitney
method (*p < 0.01, **p < 0.05, n.s. — statistically non-significant).

SFU per 108 splenocytes

Intact

CCV-BSI
RBD-PGS

CCV-BSI pBSI-COV-Ub RBD-PGS Intact  MwurtoreH

pBSI-COV-Ub

b

Fig. 5. Cellular immune response in BALB/c mice.

a — images of representative wells in ELISpot.

b — number of splenocytes releasing interferon-y in response to specific stimulation with peptides from the RBD protein and the artificial
BSI-COV-Ub immunogen, counted using ELISpot. Data are presented as geometric means with geometric standard deviation, individual
values are marked with dots. The significance of the differences between the groups was calculated using the non-parametric Mann—Whitney
method (*p < 0.01, **p < 0.05, n.s. — statistically non-significant).
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Complex formation was confirmed by a decrease in
DNA mobility in an agarose gel (Fig. 3, b).

The study of the humoral immune response in
BALB/c mice after two intramuscular injections of
the CCV-BSI complex showed that the combined
construct, along with the RBD protein conjugated
to PGS, induces the production of high titers of spe-
cific antibodies with neutralizing activity against the
nCoV/Victoria/1/2020 strain of the SARS-CoV-2 vi-
rus in cell culture in vitro (Fig. 4, a, b). Recombinant
RBD protein without an adjuvant has less pronounced
immunogenicity compared to the conjugate [36]. The
higher RBD-specific response in the group immunized
with CCV-BSI compared to the group immunized with
RBD-PGS (mean titer 1 : 1.5 million versus 1 : 0.3
million) may indicate the contribution of antigen mul-
timerization resulting from DNA interaction with mul-
tiple molecules of the RBD-PGS conjugate, as well as
the stimulation of a specific T-helper response by the
DNA vaccine. A similar synergistic effect on the induc-
tion of a humoral immune response was noted by most
researchers who studied the co-administration of DNA
and subunit vaccines [18-20, 34].

When assessing the cellular response by deter-
mining the number of splenocytes producing IFN-vy in
response to stimulation with viral peptides using the
ELISpot method, the highest level of specific cellular

immunity was found in the groups immunized with
preparations containing the pBSI-COV-Ub DNA con-
struct. This indicates that the DNA vaccine, both in its
free state and when encapsulated, is capable of induc-
ing a specific T-cell immune response against a wide
range of viral strains, whereas immunization with the
RBD protein conjugated to PGS does not induce a
T-cell response (Fig. 5). In many studies, the use of
DNA vaccines in conjunction with subunit vaccines
leads to the induction of a T-cell response. Moreover,
its development is only slightly dependent on the ad-
ministration regimen, meaning that a DNA vaccine,
whether used as a prime immunization or co-admin-
istered with protein, stimulates T-cells to a level com-
parable to that achieved by administering the DNA
vaccine alone [20, 21, 34].

Conclusion

The unique combination of DNA and protein
within a single vaccine construct allows for overcom-
ing the limitations of each of these vaccine types and
leads to the induction of both arms of immunity. The
protein component can be replaced according to the
current viral strain, and a universal T-cell immunogen
can provide a response to a wide range of circulating
variants. This platform can be further used to develop
vaccines against various highly variable viruses.
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Criteria for assessment of the quality of Pseudomonas aeruginosa
genome sequences

Alexey A. Kovalevich™, Alexey S.Vodopianov, Ruslan V. Pisanov
Rostov-on-Don Antiplague Scientific Researsh Institute, Rostov-on-Don, Russia

Abstract

Introduction. With the development of sequencing technologies, the volume of genomic data is increasing,
which necessitates the development of metrics for assessing the quality of genome assembly. Despite the unified
nature of modern instruments (Plantagora, SQUAT, QUAST, BUSCO, CheckM2, etc.), they do not take into
account the specific genome organization of particular species. The issue of import substitution of bioinformatics
tools is particularly acute given limited access to foreign technologies. Furthermore, there are no specialized
methods for assessing the quality of Pseudomonas aeruginosa genome assemblies, which is limited to general
metrics (N50, number of contigs).

The aim of the study is to develop an algorithm and criteria based on a comprehensive approach for the specific
assessment of the quality of whole-genome sequencing of P. aeruginosa.

Materials and methods. The study was conducted on 108 strains of P. aeruginosa. The proprietary software is
developed in Java and Python languages.

Results. An algorithm for assessing the quality of P. aeruginosa whole-genome data has been developed
based on the analysis of key housekeeping genes (fur, algU, dinB, etc.), genome size, GC content, and the N50
value. Genomes lacking key genes or with structural errors are classified as poor or medium, with the latter not
recommended for phylogenetic analysis. The algorithm offers simple and clear parameters for assessing the
quality of whole-genome data.

Conclusion. Based on the analysis of essential genes, genome size, GC content, and the N50 index, we have
developed a classification of the quality of P. aeruginosa genome assemblies (good, medium, low). An algorithm
and the Genomes Validator program have been created for rapid assessment.

Keywords: Pseudomonas aeruginosa, whole-genome sequencing, housekeeping genes, quality assessment
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KpuTepum oueHKn KauectBa reHomoB Pseudomonas aeruginosa

Kosanesuu A.A.”, BoponbaHos A.C., MnucaHos P.B.

PocTtoBckuii-Ha-loHy opaeHa Tpygosoro KpacHoro 3HameHn Hay4yHO-UCCNefoBaTeNbCKUA MPOTUBOYYMHbIA MHCTUTYT
PocnoTtpe6Haazopa, PoctoB-Ha-[loHy, Poccusa

AHHOMauus

BBepeHue. C pa3ButnemMm TEXHONOIMA CEKBEHMPOBAHUA PacTET OOBbEM reHOMHbIX AaHHbIX, YTO TpebyeTt paspa-
60TKM nokasaTtenen ons oueHkn kadectsa cbopok reHomoB. CoBpeMeHHble MHCTpyMeHTbI (Plantagora, SQUAT,
QUAST, BUSCO, CheckM2 u gp.) sBnsioTca yHUOULMPOBAHHBIMU, HO MPU 3TOM HE YYUTLIBAOT OCOBEHHOCTEN
opraHv3aummn reHoMa KOHKpeTHbIX BuaoB. OCOBeHHO OCTPO CTOUT BOMPOC MMNopTo3ameLleHns bronHdopmaum-
OHHbIX MHCTPYMEHTOB B YCMOBUSAX OrpaHNYEHHOro AoCTyna K 3apybexHbiM TexHonorusiM. Kpome Toro, oTcyTCTBY-
0T creumanuaMpoBaHHble MeToabl OLEHKN KadecTBa cO0pok reHoma Pseudomonas aeruginosa, 4to orpaHuyn-
BaeTcs o6wmmu meTtpukamum (NS0, KONNMYecTBO KOHTUMOB).

Llenb pabotbl — pa3paboTka anropytmMa v KpUTEPMEB HA OCHOBE KOMIMIIEKCHOrO Noaxo4a ANns cneunduyeckon
OLIEHKM KayecTBa NONTHOreHOMHOro CEeKBEHUPOBaHUS nNpeacTasuTenen Buga P. aeruginosa.

© Kovalevich A.A., Vodopianov A.S., Pisanov R.V., 2025
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Martepunanbl n meToabl. Viccneposanme npoesognnu Ha 108 wtammax P. aeruginosa. ABTopckoe nporpammMHoe
ob6ecneyeHne paspaboTaHo Ha si3bikax Java u Python.

Pe3synbraTbl. Pa3dpaboTaH anroputm oLeHKU KayecTBa NOMHOMEHOMHbIX AaHHbIX P. aeruginosa Ha ocHoBe aHa-
nn3a Kno4eBbIX reHoB XnsHeobecnevenus (fur, algU, dinB v gp.), pasmepa reHoma, GC-coctaBa 1 nokasarensi
N50. MeHOMbI C OTCYTCTBMEM KITHOYEBbLIX FEHOB UMW CTPYKTYPHBIMU OLUMOKaMM KraccuduumpyroTcs Kak nnoxue
UnNn cpegHve, NocneaHne He pekoMeHAykTCca Ans unoreHeTMYeckoro aHanusa. Anroputm npegnaraet npo-
CTbl€ 1 MOHATHbIE NapaMeTpbl OLEHKN Ka4eCTBa MONTHOr€HOMHbIX AaHHbIX.

3aknto4yeHue. Ha ocHoBe aHanun3a reHoB XunsHeobecneyeHus, paamepa reHoma, GC-coctaea v nokasarens N50
Hamu pa3paboTaHa knaccudmkaums kadyectsa cbopok reHoMoB P, aeruginosa (xopoluee, cpegHee, Hnskoe). Cos-
AaHbl anroputm n nporpamma «Genomes Validator» ana onepaTtMBHON OLIEHKN.

KnroueBble cnoBa: Pseudomonas aeruginosa, MosIHO2EHOMHOE CEeK8eHUpPOoBaHUe, 2eHb! JKU3HeobecrnevyeHus,

OUeHKa Ka4yecmea

McmoyHuk ¢pbuHaHcuposaHusi. ViccnegosaHne NpoBefeHoO B pamMkax OTPacneBon Hay4YHO-UccrneaoBaTenbCKon npo-

rpammbl PocnotpebHaasopa (2021-2025).

KoHgpnniukm uHmepecoe. ABTOpbl AeKNapUpyOT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB MHTEPECOB, CBSI-

3aHHbIX C I'Iy6]'|VIKaLlVIeI7I HacTodLen cTaTbu.

Ans yumupoeaHus: Koeanesuy A.A., BogonbsiHoB A.C., lNMucaHoB P.B. KpuTepum oueHkM kayecTBa reHOMOB
Pseudomonas aeruginosa. KypHan mukpobuonoauu, anuéemuosnioauu u ummyHobuonoauu. 2025;102(5):583-591.

DOI: https://doi.org/10.36233/0372-9311-704

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

Introduction

With the development of high-throughput se-
quencing technologies and the decrease in their cost,
the volume of genomic data produced is growing ex-
ponentially. Projects using large datasets of whole-ge-
nome sequencing (WGS) have many advantages: statis-
tical power is increased, and it becomes possible to test
various hypotheses about the micro- and macroevolu-
tion of genomes.

The continuous improvement of sequencing tech-
nologies and bioinformatics analysis has increased
the significance of WGS in biology, medicine, phar-
maceuticals, and agriculture, stimulating comparative
genomic research. However, the growth in the number
of sequencing projects and laboratories has led to an
increase in the number of genome assemblies that are
not always suitable for analysis. This highlighted the
need to evaluate the quality of whole genome assembly
data for researchers, who use it. This in turn created a
necessity to develop standard metrics for comparing the
quality of genome assemblies and annotations, as well
as for evaluating the effectiveness of different methods
used to obtain them.

Recent studies on genome assembly quality assess-
ment have focused either on pre-assembly quality con-
trol or on the assembly evaluation in terms of contiguity
and correctness. However, the assessment of correctness
depends on the reference and is not applicable to de novo
assembly projects. Therefore, it is worth studying meth-
ods that allow for quality assessment reports to be ob-
tained both after and before assembly, to check the qual-
ity/correctness of de novo assembly and input data [1].

For genome assemblies, metrics such as the num-
ber of contigs, the number of scaffolds, and N50 (the
maximum contig’s length at which the total length of all

© Koaneswuy A.A., BogonbsiHoB A.C., MNucaHos P.B., 2025

contigs no shorter than this value accounts for at least
50% of the total length of all contigs in the assembly)
provide only a brief overview of genome quality, not
always reflecting its analytical suitability.

In turn, there are currently a sufficient number
of resources and methods for the post-analysis stage
of work, as well as for assessing genome quality:
Picard [2], SQUAT [1], Plantagora [3], QUAST [4],
CheckM1 [5], CheckM2 [6], GenomeQC [7], BUSCO
[8]. However, they are unified and represent algorithms
with different orientations, sometimes suitable for ana-
lyzing only eukaryotic organisms, while not taking into
account the specific genome organization of a particu-
lar species. One of the most versatile and widely used
instruments that utilizes genes to assess WGS data is
BUSCO. Unlike the solutions mentioned above, BUS-
CO focuses on genome analysis using evolutionarily
conserved orthologous genes, which are considered
universal for certain taxonomic groups (bacteria, fungi,
plants or animals). However, BUSCO does not provide
an answer about the quality of the analyzed genome, on-
ly indicating the percentage of found/not found ortholo-
gous genes, and the final conclusion must be drawn by
the specialist themselves. However, orthologous genes
can be lost without affecting bacterial viability, unlike
housekeeping genes, which can lead to an underestima-
tion of genome quality.

Currently, WGS of infectious disease pathogens is
widely used to study them, determine their origin, and
track their spread. To assess the quality of such a large
amount of data, domestic software tools are necessary.
The latter is particularly important given that import
substitution is becoming one of the strategic objectives
in conditions where access to foreign technologies and
foreign databases is difficult [9].

There are currently no evaluation criteria for WGS
data for Pseudomonas aeruginosa. There are software
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services that perform assessments based on general
(non-specific) criteria (N50, number of contigs, etc.)
and do not take into account the characteristics of a spe-
cific microorganism.

The aim of the study is to create an algorithm
and criteria for assessing the quality of WGS data from
P. aeruginosa representatives, as well as to develop a
domestic software capable of evaluating the quality of
WGS data.

Materials and methods

The study used 108 genomes of P. aeruginosa
strains: 24 strains were obtained from the Collection
of Pathogenic Microorganisms of the Rostov-on-Don
Antiplague Institute of Rospotrebnadzor (isolated in
Rostov-on-Don, Khabarovsk, and Mariupol in 2022—
2024), and 84 strains were obtained from the interna-
tional NCBI database. WGS was conducted as part of
the implementation of the federal project for the so-
cio-economic development of the Russian Federation
until 2030, “Sanitary Shield of the Country — Health
Security (Prevention, Detection, Response)”. Sequenc-
ing was performed on the MiSeq platform (Illumina)
using the MiSeq Reagent Kit v2 (500-cycles) (Illumi-
na). This method allows for reads 2 x 251 nucleotides
long, with genome coverage ranging from 8 to 20.

The assessment of the primary sequencing data
was performed using the FastQC program. The collect-
ed WGS data was analyzed using the QUAST program
[4, 10]. The Trimmomatic [11] and Lighter [12] algo-
rithms were used for trimming and for reads correction.
Genome assembly from reads was performed using the
Spades program [13]. All genomes have passed an ini-
tial assessment using the Kraken 2 program, which al-
lows for the identification of DNA fragment belonging
to various prokaryotic species [14]. The WGS data of
strain PAO1 from the international NCBI database [15]
were used as a reference genome.

The proprietary software was developed in the
Java and Python programming languages. The algo-
rithm for searching for gene sequences in the assembly
was performed with the use of Smith-Waterman local
alignment with a minimum similarity threshold of 80%.

The confidence interval was calculated, differenc-
es were considered significant at p < 0.05.

Results

It is known that the genome of the causative agent
of Pseudomonas aeruginosa infection contains a num-
ber of genes that are critical for its viability. These
genes are called housekeeping genes. It is evident that
if any of these genes are missing from the WGS data,
it is a sequencing and/or genome assembly error. This
very feature was the basis of our proposed algorithm —
all essential genes should be detected in a good-quality
sequence. Of course, the selection of genes to be used
for quality control is of great importance in this process.

One of the criteria we devised for the algorithm to
assess genome quality is the selection of genes based on
the following criteria:

* nucleotide sequences must be within 1000 bp;

* the gene must be a single-copy;

* the gene must be directly involved in the micro-
organism's physiological activity, performing
essential functions for its life processes;

* the gene must present in all strains of P. aeru-
ginosa.

The oprl gene was chosen for rapid species identi-
fication of P. aeruginosa. The main task is to assess the
quality of sequencing data not only based on the iden-
tification of essential genes but also on translating their
sequences. Taking in account that these genes are crit-
ical for the existence of a microbial cell, their absence
from the genome or critical translation errors (stop co-
dons) are considered as sequencing errors.

Housekeeping genes used for validating the se-
lected whole-genome sequences of P. aeruginosa: fur,
algU, dinB, dnaQ, hold, holB, PA0472, fpvl, tonBl,
cntl, sigX, capB, cspD, groES, rpoH. The selected
genes are essential for functioning and survival in the
environment and in a macroorganism. The follow-
ing parameters were chosen as criteria for evaluating
the whole-genome sequences: the GC content of the
P aeruginosa genomes, the size of the P. aeruginosa
whole-genome sequence, and the N50 scaffold value.

After conducting the research and selecting the
quality assessment criteria for genomes, the Genomes
Validator software was developed, which, for conve-
nience, operates in "batch mode," analyzes an unlimited
number of genomes, and presents the results in tabular
form. For each genome, the original file name, species,
quality (poor, average, good), length, N50 value, GC
content, as well as the reason for the invalidity of the
genome are indicated (Fig. 1).

The developed program Genomes Validator is a
cross-platform, which has a graphical interface, does
not require installation, allows to analyze multiple ge-
nomes at the same time, and is available for download-
ing at https://github.com/alexeyvod/Genomes Validator.
It has an intuitive interface and is user-friendly for those
without programming skills.

The program was validated on a sample of 108
whole-genome sequences of P. aeruginosa strains. Fol-
lowing validation, genomes of good (63%), medium
(29%), and poor (8%) quality were identified. Further
analysis identified 37% of the genomes analyzed (of me-
dium and poor quality), which can help avoid errors in
subsequent calculations using bioinformatics methods.
The average N50 value among the sample was 1,250,527.

The parameters N50, genome length, and GC
content were identical to the values obtained from the
programs used for comparison: CheckM2 and QUAST.
However, these programs do not provide genome qual-
ity assessment metrics.
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When assessing the quality of bacterial genomes
using CheckM2 software, we found out that genomes
with a Completeness value of 100 showed significant
variability in the Contamination index. At the same
time, the use of the Genomes Validator made it possi-
ble to estimate additionally the size of the whole-ge-
nome sequence, which may be more informative for
practical analysis of WGS data. (Fig. 2). This param-
eter allows for a preliminary assessment of the pres-
ence of extrachromosomal elements in the genome of
the strain under study. It should be noted that contam-
ination with foreign DNA usually affects the overall
GC content and causes a significant change in genome
size, whereas the presence of plasmids or other mobile
genetic elements does not lead to significant changes
in this parameter.

Based on the statistical analysis of the Complete-
ness and Contamination parameters (Table), it was
found that Contamination values in the range of 2 to 8

ORIGINAL RESEARCHES

may indicate a possible low reliability of the obtained
WGS data. However, such results could also be due to
specific characteristics of the clinical isolate's genome.
Thus, the genome of strain Ps-agn-2889, analyzed in the
CheckM?2 program, has a Completeness score of 100
with a Contamination score of —35.65, but the reason for
the contamination is not clear from the data obtained.
Analysis in the program Genomes Validator revealed
a 1.5-fold increase in genome size and GC content,
indicating clear contamination with foreign bacterial
DNA. The genome of clinical strain 44269, analyzed
using the CheckM2 program, has a Completeness score
of 100 with a Contamination score of —12.04, which
casts doubt on its quality. Nevertheless, when using the
Genomes Validator program, the genome size and GC
content indicate the clear presence of extrachromosom-
al elements that affect the Contamination score, rather
than contamination with foreign DNA, as evidenced by
the research of the strain authors [16].

Fig. 1. Practical demonstration of the program Genomes Validator; the results of genome analysis are presented
in table format.
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Discussion

The oprl gene was chosen as the species-defin-
ing gene for several reasons: its nucleotide sequence
is 253 bp long, which allows for species identification
even with very poor WGS data quality; the Oprl pro-
tein plays an important role in binding to peptidogly-
can, participates in immunological reactions, and is
responsible for susceptibility to antimicrobial peptides
[17-19]. This gene was chosen because one meta-ana-
lysis showed that it is successfully used to identify the
P. aeruginosa species with high accuracy [20].

Housekeeping genes (fur, algU, dinB, dnaQ, ho-
IA, holB, PA0472, fpvl, tonB1, cntL, sigX, capB, cspD,
groES, rpoH) were selected for validation of the chosen
whole-genome sequences of P. aeruginosa based on
their functional significance, as determined by a liter-
ature data analysis.

The fur gene is the main regulator of iron uptake
in prokaryotic organisms, is essential for P. aeruginosa
to cause pathogenesis, and for survival under iron-defi-
cient conditions [21].

The sigma factor algU is a key stress response reg-
ulator that controls the expression of over 300 genes,
plays a crucial role in virulence factor synthesis and
pathogenesis thru quorum sensing, and enhances al-
ginate production by increasing the expression of the
algD operon [22].

SOS-mediated mutagenesis involves the products
of the dinB gene, which perform translesion DNA syn-
thesis, TLS (through damage), exhibiting low accuracy
but helping to rapidly replicate DNA in response to
various damaging agents. However, mutations accumu-
late, which in turn help acquire adaptive mechanisms in
response to antibacterial drugs [23].

The DNA polymerase Il € subunit, encoded by
the dnaQ gene, is very important and provides 3'-5'
exonuclease activity, correcting mismatches encoun-
tered during DNA repair, which allows for the remo-

Comparison of the quality metrics of the CheckM2 and
Genomes Validator programs

«CheckM2»

«Genomes validator»

completeness contamination

Good/High 99.99 + 0.001 0.98 £ 0.203
Average 83.89 + 1.865 2.23 £0.222
Poor/Low 81.01 + 6.667 8.72 + 3.708

Note. The confidence interval is indicated at p < 0.05

val and correction of mismatched base pairs. Mutations
in the dnaQ gene can disrupt these processes, leading
to more than 1000-fold increase in the mutation rate
in the genome [24]. The DNA polymerase III holoen-
zyme consists of & and &' subunits, which are encoded
by the holA4 and holB genes, forming a complex with
the € subunit of the dnaQ gene and jointly participat-
ing in DNA repair [25]. The PA0472 gene encodes the
RNA polymerase ¢ factor. It's difficult to judge what
role a specific ¢ factor plays in the P. aeruginosa ge-
nome, but it is known that RNA polymerase ¢ factors
perform a huge range of vital functions: promoter rec-
ognition, double-stranded DNA unwinding, binding to
RNA polymerase, and transcription control. They are
also involved in the transcription of specific regulons
associated with the response to environmental changes
and are included in iron transport [26].

One of the RNA polymerase c-factors involved in
iron assimilation processes is the FpvI protein, encoded
by the fpvl gene, which is involved in regulating the
uptake of the high-affinity siderophore pyoverdine, an
important virulence factor as it can displace iron from
the iron—transferrin complex [27].

P. aeruginosa has 3 genes in its genome that en-
code TonB proteins (fonB1, tonB2, and tonB3), and on-
ly the TonB1 protein, encoded by fonB1, interacts with
TonB-dependent transporters involved in iron or heme
uptake [28].

In addition to the main siderophores, P. aerugi-
nosa produces another metallophore encoded by the
cntL gene, called pseudopalin, which is essential for
the uptake and utilization of zinc, cobalt, and nickel in
its pathogenesis. Urease, which is a nickel-dependent
enzyme, is produced by P. aeruginosa, while cobalt is
essential for the cobalamin-dependent ribonucleotide
reductase (NrdJab), which functions in biofilm forma-
tion under oxygen-limited conditions [29].

It is known that in P. aeruginosa, sigX is involved
only in the transcription of its own gene and is large-
ly responsible for the transcription of oprF, which en-
codes the major outer membrane protein OprF, which
in turn is involved in several crucial functions: main-
taining cell structure, outer membrane permeability,
and recognition by the host immune system [30]. De-
letion or knockout of the algU and sigX genes in the
PAO1 genome disrupts biofilm formation [31].

The capB and cspD genes are responsible for en-
coding cold shock proteins involved in adaptation to
cold in the environment [32].

Fig. 2. Fragment of a table comparing the performance characteristics of the CheckM2 and Genomes Validator programs.
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The groES gene encodes a heat shock protein
that helps the microorganism survive at 42°C [33]. As
is known, these resistance mechanisms are an integral
part of the physiology of P. aeruginosa cells [33].

The o* factor, encoded by the rpoH gene, is the
main regulator of the heat shock response, controlling
the function of groES, among others [34].

The selected housekeeping genes confirmed their
relevance in terms of their key role in the viability of
P aeruginosa, demonstrating the importance of their
functioning for the biological processes of this micro-
organism. Furthermore, gene identification is not only
based on the nucleotide sequence but is also translated
into an amino acid sequence. This method was chosen
to detect the stop codon in the gene and demonstrate not
only its location in the genome but also its functional-
ity. Thus, when assessing data quality, the absence of
one or more of the selected genes will be considered a
criterion for poor genome quality. If the N50 values for
the genome selected for analysis are 10,000 or higher,
but one of the candidate genes has a stop codon, it can
be classified as a medium-quality genome. However, in
our opinion, using a genome of this quality for phylo-
genetic analysis, SNP typing, or MLST analysis is not
recommended. At the same time, searching for certain
genes in the genome is possible, but without using them
for typing the analyzed strain.

Despite the high N50 score and other evaluation
parameters, the absence of two or more genes indicates
poor WGS data quality. The N50 parameter is used to
assess and compare the quality of genome assembly,
allowing for the selection of the best among good/
high-quality options.

The next criterion used to assess the quality of
the WGS data was the GC content of the P. aeruginosa
genomes. Analyzing the genomes of the strains using
the CheckM?2 program, we observed that genomes with
Completeness scores > 97% and Contamination < 3%
have a GC content ranging from 63.8% to 66.6%, which
led us to establish threshold values of 65.2 + 2.5%. The
range was chosen wider to account for possible chang-
es in the genomic composition. This criterion was sup-
ported by a literature review, which did not contradict
our results and allowed us to include this parameter in
a comprehensive quality assessment criterion for ge-
nome assemblies [35, 36]. This criterion demonstrates
whether there is contamination of foreign DNA or reads
from related species in the selected genome(s) for sub-
sequent analysis.

WGS data validation using this criterion works as
follows: if the genome selected for analysis falls with-
in the established GC content values, it is considered a
high-quality genome. If the selected genome does not
fall within the established GC content values, it is con-
sidered a low-quality genome.

The quality of the genome is also assessed by
the size of the P. aeruginosa whole-genome sequence.

ORIGINAL RESEARCHES

Thus, to evaluate the WGS data, the criteria for the min-
imum and maximum permissible genome sizes were
used. The minimum genome size was 5.84 Mb, and the
maximum was 8.26 Mb. The decision to use these val-
ues was based on literature data: for example, studies
have reported that the auxiliary genome can vary within
the range of 6.9—18.0% [38, 39]. The standard value for
the length of the P. aeruginosa whole-genome sequence
was taken as 67 Mb [37, 39].

Based on the above, the criterion for assessing
the good quality of the P. aeruginosa genome will be
a genome ranging in size from 5.84 to 8.26 Mb. If the
analyzed genome falls outside the specified values, its
quality will be assessed as poor or average, or the op-
tion of a more detailed and thorough analysis of this
genome should be considered to exclude its structural
features.

Genomes with an average level can be used lim-
itedly for phylogenetic analysis, SNP typing, or MLST
analysis, but they can be used to search for specific
genes (without typing them) or for INDEL analysis.

Genomes with a low quality level are recommen-
ded not to be included in bioinformatics analysis and
should be corrected by re-sequencing.

In addition to the CheckM2 and QUAST pro-
grams, which were selected as comparison tools, there
are the SQUAT and Plantagora programs, but they do
not meet the criteria of our research objects, as they are
primarily developed for eukaryotic organisms. At the
same time, CheckM?2 is a tool developed for assessing
the quality of prokaryotic genomes, while QUAST is a
universal program. In developing our evaluation crite-
ria, we tried to move away from complex tables with
mathematical parameters assessing the quality of the
WGS data provided by QUAST after the analysis. This
involves the participation of bioinformatics specialists
in the analysis and, in our opinion, does not fully re-
flect the quality of the WGS data, but rather assesses
how well the genome assembly was performed [4]. At
the same time, CheckM2 provides digital data on the
parameters of the analyzed genome across various met-
rics, without drawing clear conclusions about the qual-
ity of the genome or whether it can be used for further
research. The Contamination index does not always
reflect the quality of the genomes of clinical isolates
containing extrachromosomal elements.

Thus, we have tried, on the one hand, to select
clear and concise parameters for evaluating WGS data,
and on the other hand, to simplify the process for the
user to obtain a specific result without resorting to in-
depth bioinformatics analysis or using command linesk.

Conclusion

A comprehensive study was conducted in which
we selected housekeeping genes that allow us to assess
the quality of the P. aeruginosa WGS data. Quality
assessment criteria have been defined: genome length



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUUN N UMMYHOBUOJOIUI. 2025; 102(5)

DOI: https://doi.org/10.36233/0372-9311-704

589

OPUTVHANbHbBIE NCCJTIEAOBAHNA

and GC content, which allow for the evaluation of the
P. aeruginosa genome assembly.

Based on validated assessment criteria tested on a
sample of genomes, the assembly of the P. aeruginosa
genome can be classified into three categories based on
the quality level of the source material: good, medium,
and low. Good quality — the genome length is within
the average genome size for the species + 18%, the GC
content is + 2.5% of the average for P. aeruginosa, all
essential genes have been found, and their protein prod-
uct translation is not disrupted by a stop codon. Average
quality — all essential genes found, but errors in their
translation were detected due to the formation of a stop
codon as a result of a sequencing error. Low quality —
at least one gene in the life support system is missing,
or the genome size or GC content does not match the
value characteristic of the species.

An algorithm and a publicly available program
for rapid analysis based on WGS data of P. aeruginosa,
Genomes Validator, have been developed.
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Abstract

Introduction. The two-component BvgAS system regulates the transcription of the pathogen's virulence genes
and plays a key role in the pathogenesis of whooping cough, an anthroponotic infectious disease. Currently, the
factors affecting the BvgAS system of Bordetella pertussis bacteria in the human organism have not been studied
in practice. It is known that disruption of the bvgAS operon structure leads to phase modulations and changes
in virulence. IS-elements intergation into the bvgAS operon and other virulence genes of B. pertussis bacteria
is important mechanism in regulating their expression, potentially leading to the long-term persistence of this
pathogen in the human body.

Aim. |dentification and description of spontaneous IS-elements insertions in B. pertussis into bvgAS, cya and
fhaB virulence genes responsible for hemolytic activity during in vitro bacterial cultivation.

Materials and methods. B. pertussis strains from the collection of the N. F. Gamaleya National Research Center
for Epidemiology and Microbiology were used: virulent B. pertussis 475 strain and its isogenic attenuated strain
B. pertussis 4MKS; virulent B. pertussis strain Tohama | and its avirulent mutant B. pertussis 347. Bacteria were
cultivated on casein-charcoal agar with blood addition. The formation of haemolysis zones was assessed visually.
PCR, real-time PCR and sequencing were used for the genetic characterization of the obtained insertion mutants.
Results. B. pertussis mutants containing insertions of IS-elements in fhaB and bvgAS genes with impaired
hemolytic activity (Hly- phenotype) have been isolated in vitro, as well as B. pertussis mutants that retained
hemolytic activity (Hly* phenotype), containing IS-elements in a previously undescribed orientation in the bvgAS
gene. The frequency of insertional mutant formation depended on conditions of cultivation and bacteria genotype.
Conclusion. Arguments are made for the hypotheses about the 1S-elements involvement in B. pertussis bacteria
transition to a state of reduced virulence, which provides the possibility of long-term persistence of this pathogen
in the human body.

Keywords: Bordetella pertussis, 1S-elements, regulation of transcription, virulence, persistence, hemolytic
activity, Hly- phenotype
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Ha reMoONINTNYECKYI0 aKTUBHOCTb 6aKTepuii
Bordetella pertussis npn KynbTuBMpOBaHuUM in vitro
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AHHOMayus

BBeaeHue. KntoueBylo pornb B naToreHese KOKIMoLa, aHTPOMOHO3HOIO MHAEKLMOHHOro 3aboneBaHus, urpaet
OBYXKOMMOHEHTHas cuctema BvgAS, perynvpytoLias TpaHCKpUNUMIO reHOB BUPYNEHTHOCTW Bo3byanTens. dak-
TOpbI, OKa3biBalOLne BO3AeNCTBUE Ha paboTy cuctembl BvgAS Gaktepun Bordetella pertussis B opraHuame ye-
rnioBeka, NPaKTUYECKN He U3yYeHbl. MI3BECTHO, YTO HapyLUeHWe CTPYKTYpbl onepoHa bvgAS npueoguT K ha3oBbiM
nepexogam M U3MEHEHUIO BUPYNEHTHOCTU. MNepeMelleHne I1S-anemeHToB B onepoH bvgAS u gpyrue reHsl BUpy-
NEHTHOCTM BO3ByauTEns KOKMNoLwa ABNSETCA BaXHbIM MEXaHU3MOM B PErynsaumnm nx aKCnpeccum, noTeHumansHo
NPUBOASILLMM K ANUTENbHOW NepcucTeHunn 6akTepuii B opraHnamMe YenoBeka.

Llenb paboTbl — MOUCK U XapakTepUcTMKa CNOHTaHHbIX UHCEPLMOHHBIX MyTaHTOB 6akTepui B. pertussis no re-
HaMm BUpPYNeHTHOCTU bvgAS, cya u fhaB, 0OTBETCTBEHHbLIM 3a reMONUTUYECKYI0 aKTUBHOCTb NPU KYNbTUBMPOBAHUN
GakTtepwii in vitro.

MaTtepuanbl u meToabl. Vicnonb3oBaHbl WTaMmmbl B. pertussis n3 konnekunn HALOM um. H.®. Famaneun: Bupy-
NEHTHbIA WTamMMm B. pertussis 475 v N30reHHbIV eMy aTTEHYMPOBaHHbIN WTamm B. pertussis 4MKS, BUpyneHTHbI
wTtammMm B. pertussis Tohama | n ero aBupyneHTHbIN MyTaHT B. pertussis 347. Baktepuu KynsTMBMpOBanu Ha Ka-
3eMHOBO-YIoNbLHOM arape ¢ gobasneHnem Kposu. PopmrpoBaHme 30H remMonunaa oLeHMBanu BudyanbsHo. [ns mMo-
NeKynspHO-reHeTUYECKOW XapakTePUCTUKN MOMYYEHHbIX MHCEPLIMOHHBIX MyTaHTOB Mcnonb3osanu metoas! MNLP,
MUP-PB, cekBeHMpoBaHus.

Pe3ynbrarthbl. In vitro BblaeneHbl MyTaHTbl B. pertussis ¢ HapyLIeHHON reMONUTUYECKOM aKTUBHOCTLIO (heHoTUN
Hly-) ¢ nHcepuusamm IS-anemeHToB B reHax fhaB n bvgAS, a Takke MyTaHTbl, COXPaHMBLLNE FEMONUTUYECKYIO
akTnBHoCTb (peHoTun Hly*), cogepxalwime IS-anemMeHTbl B paHee He ONUCaHHOW opueHTauuu B reHe bvgAS.
YacToTa o6pa3oBaHns MHCEPLIMOHHBIX MYTaHTOB 3aBMCENa OT YCIOBUI KyNbTUBUPOBaHNUS 1 reHoTuna 6aktepui.
3akntoyeHue. NprBeaeHbl apryMeHTbl, CBUAETENLCTBYOLME O BOSMOXHON ponu |S-anemeHToB B nepexoae 6ak-
Tepuin B. pertussis B COCTOSIHUE MOHWXEHHOW BUPYNEHTHOCTU, YTO obecneunBaeT ANUTENbHYI0 NEPCUCTEHLNIO
BO30yaMTENs KOKIOLWA B OpraHn3me Yernoseka.

KnioueBble cnoBa: Bordetella pertussis, 1S-anemeHmbi, peaynsayusi mpaHCcKpunuyuu, eupyrneHmHoCmb, nepcu-

CmMeHYus, eeMonumudeckasi akmusHocms, Hly--gbeHomun

HUcmoyHuk dJUHchuposaHun. ABTOpr 3aABnsaT 06 OTCYTCTBUM BHELUHEro CbVIHaHCI/IpOBaHMFl npu nposegeHun mnc-

crnefoBaHus.

Kompnuxm UHmMepecos. ABTOpr AEKNapupyrT OTCYTCTBME ABHbLIX U NOTEHUMalbHbIX KOHq)J'WIKTOB NHTEpecoB, CBA-

3aHHbIX ¢ NyGnnKaument HacTosLen cTaTbu.

Ansi yumupoeanusi: Kynukos C.B., Megkosa A.1O., JlokteB M.A., CunsiwmHa J1.H., Kapataes I"W. eHeTn4eckoe pas-
Hoobpasue MyTauuii, BNUSIOWMX Ha reMONUTUYECKYI0 aKTUBHOCTL BakTepuin Bordetella pertussis npu KynsTMBuMpoBa-
HWM in vitro. XKypHan mukpobuormnoauu, anudemuonoauu u ummyHobuomnoauu. 2025;102(5):592-604.
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Introduction

The Gram-negative bacterium Bordetella pertus-
sis causes an acute contagious infectious disease in
humans called whooping cough. The genus Bordetel-
la is traditionally divided into "classical" species —
B. pertussis, B. parapertussis and B. bronchiseptica —
and "new" species — B. avium, B. petrii, B. holmesii,
B. hinzii, B. trematum and B. ansorpii. In recent years,
3 more species have been described: B. bronchialis,
B. flabilis and B. sputigena [1].

Among the virulence factors of the whooping
cough pathogen, two main groups are distinguished:
toxins and adhesins. Toxins include pertussis toxin,
adenylate cyclase toxin (ACT), tracheal cytotoxin, der-
monecrotic toxin and lipopolysaccharide endotoxin.
Adhesins include filamentous hemagglutinin, aggluti-
nogens, or fimbriae 2 and 3, the outer membrane protein
pertactin, the BrkA protein and other components of the
Bordetella type 111 secretion system. It is believed that
the hemolysin in the bacterium B. pertussis is ACT [2],
however, there is currently data on the influence of the
FhaB protein on erythrocyte hemolysis in vitro when
interacting with ACT [3].

An important feature of the genomes of bacte-
ria of the genus Bordetella is the presence of repeated
insertion sequences — IS elements — in the chromo-
some [4]. The number and diversity of IS elements dif-
fer among different members of the genus. The maxi-
mum number of IS481 and IS1002 is registered in the
B. pertussis chromosome [4]. It is believed that IS ele-
ments were involved in the evolution of bacteria of the
genus Bordetella from a common ancestor, B. bronchi-
septica [5].

The two-component system BvgAS, consisting of
the histidine kinase BvgS and the transcription regulator
protein BvgA, plays a special role in the pathogenesis
of whooping cough. The BvgAS system acts as a key
regulator, controlling the transcription process of genes
responsible for the virulence of the bacterium B. per-
tussis [6—8]. Furthermore, the BvgAS system regulates
many intracellular processes, including B. pertussis
metabolism and microbe-host interaction [8]. The level
of BvgA~P production and phosphorylation determines
the level of transcription of Bvg-dependent genes. The
level of BvgA~P phosphorylation is determined by
the activity and quantity of the BvgS phosphokinase,

© Kynukoe C.B., MegkoBa A.1O., lNokteB M.A., CunswwuHa J1.H., Kapartaes I'U., 2025
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which depends on a number of factors, including cul-
ture conditions. Depending on the functioning of the
BvgAS system, B. pertussis bacteria can be in a virulent
state — Phase [ (Bvg"), an avirulent state — Phase IV
(Bvg), or an intermediate phase Bvg!, each of which
contributes to the pathogenesis of whooping cough,
the persistence of bacteria in the human body, and their
transmission to a new host.

Despite the lack of information about factors af-
fecting the BvgAS system's function in a living organ-
ism, certain conditions that alter the virulence of B. per-
tussis bacteria have been described when cultured in vi-
tro on solid media [6—8]. Thus, lowering the cultivation
temperature to 27°C, adding 50 mM magnesium sulfate
or nicotinic acid to the nutrient medium promotes the
bacteria's transition to an avirulent phase.

Changes in the phase state of B. pertussis bacteria
can occur as a result of disruption of the bvgAS viru-
lence operon structure. Two types of induced mutations
that cause changes in the phenotype of B. pertussis are
described. The first mutants without hemolytic activ-
ity (lacking zones of hemolysis on blood agar plates,
Hly™ mutants) were selected by culturing the laboratory
virulent strain B. pertussis Tohama I in the presence of
erythromycin [9]. The main phenotypic characteristic
of Hly mutants was the absence of zones of hemolysis
around individual colonies grown on Bordet—Gengou
medium supplemented with sheep blood. The frequen-
cy of Hly™ mutant detection was characterized by the
authors as 10°-107%. In 1989, a study by S. Stibitz et
al. was published, in which the region of the B. per-
tussis Tohama I mutant responsible for hemolytic ac-
tivity was mapped and sequenced. It has been shown
that Hly- mutants contained a frameshift (f.s.) muta-
tion associated with the acquisition of a cytosine in a
sequence of 6 cytosines in the bvgS gene [10]. Anoth-
er type of B. pertussis mutant in the Tohama I strain
was isolated by S. Stibitz in 1998 [11]. Mutants with
the bvgAS operon were found to be viable under se-
lective conditions characterized by the overproduction
of the mutant BvgA protein cloned within a plasmid.
The author characterized 15 B. pertussis insertion mu-
tants that survived under the specified conditions, and
corresponding sequences were identified in 7 of them.
Five mutants contained IS481, and 2 mutants contained
IS1002 at the bvgAS operon ctag site [12]. The research
has shown that B. pertussis mutants similar to those ob-
tained in in vitro experiments have been found in late-
stage whooping cough convalescents, in asymptomatic
carriers in contact with whooping cough patients [13],
and in experimental whooping cough in Old World
monkeys at a late stage of the infectious process [14].

In recent decades, various types of knockout and
regulatory mutants for the fhaB, katA, prn and brkA
virulence genes of B. pertussis, containing IS ele-
ment insertions, have been isolated from patients with
whooping cough. The accumulation of such B. pertus-

ORIGINAL RESEARCHES

sis mutants in the population is thought to be linked
to the widespread use of acellular pertussis vaccines in
several countries [15-18].

We have proposed a hypothesis that IS elements
are involved in the regulation of the expression of vir-
ulence genes and housekeeping genes of the whooping
cough pathogen, which is one of the mechanisms for
the long-term persistence of B. pertussis bacteria and
the formation of persistence in the human body, and
which determines the circulation and maintenance of
anthroponotic infection foci.

The aim of this study was to identify and char-
acterize spontaneous insertion mutants of B. pertussis
bacteria in the virulence genes bvgAS, cya and fhaB,
responsible for the Hly~ phenotype, which are formed
during in vitro bacterial cultivation.

Materials and methods

The study used B. pertussis strains from the Ga-
maleya Research Institute of Epidemiology and Mi-
crobiology collection: virulent B. pertussis 475 and its
isogenic attenuated B. pertussis 4MKS Str®Nal*CmR®
[19]; virulent B. pertussis laboratory strain Tohama I
and its avirulent mutants B. pertussis 347 bvg AS::TnS
StrRKmR.

B. pertussis bacteria were cultured on casein-char-
coal agar (Medgamal) supplemented with 15% sheep
blood at 35°C for 24-36 hours for culture growth and
for 72-96 hours for the formation of colony-forming
units (CFU). The number of colonies, their size, and
shape were counted and characterized visually. The
absence of extraneous microflora was monitored using
light microscopy after Gram staining.

DNA from B. pertussis bacteria was extracted
using the Sorb-B DNA extraction kit (AmpliSens).
For purification of amplification products, a DNA ex-
traction and purification kit from an agarose gel (Euro-
gen) was used.

For real-time polymerase chain reaction (QPCR),
a CFX96 Touch thermocycler (Bio-Rad) was used, and
for PCR, a device from the company Tercik was used.

The nucleotide sequence of the amplification
products was determined using a 3130 Genetic Analyz-
er (Applied Biosystems/Hitachi).

Results

Method for registering the integration of IS elements
into the bvgAS operon

Among the described mutations in the virulence
genes of the whooping cough pathogen, insertion muta-
tions — the integration of IS elements into the specific
site of the B. pertussis bvgAS operon — deserve special
attention, according to our hypothesis. In previous stud-
ies, we described a method and test systems for detect-
ing mutations in the bvgAS operon, which contains IS
elements 481 and 1002 integrated in a specific, at that
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time the only known, orientation, which we condition-
ally designated as orientation (1) [13].

To identify B. pertussis mutants containing IS ele-
ments 481 and 1002 integrations in a previously unde-
scribed opposite orientation relative to the known ori-
entation (1), we have modified a previously developed
real-time PCR system. The new orientation is provi-
sionally designated as orientation (2).

Integration of IS elements 481 and 1002 in orien-
tation (2) — IS481 (2) and 1S1002 (2), the positions of
the primers and probes are schematically represented in

Fig. 1. Table 1 presents the nucleotide sequences of the
probes and primers, including those flanking the speci-
fic NctagN sites located within the structure of the cya
and fhaB genes.

The temperature-time profile for real-time PCR
and PCR to detect [S481 and [S1002 integrations in ori-
entation (2) and at the NctagN site of the bvgAS operon
and cya and fhaB genes is presented in Table 2.

The specificity of the selected primers and probes
was confirmed by determining the nucleotide sequence
of the corresponding amplification products. The num-

Fig. 1. Structure of the B. pertussis chromosome region containing the integration of IS 481 (2) or IS 1002 (2) at the cctagg
site of the bvgAS operon.
The shaded arrows indicate the position of the integrated element IS 481 (blue arrow) or IS 1002 (red arrow) within the bvgAS operon in the
cctagg site (blue solid arrows). The position of the primers used for amplification is indicated by dark pentagons. Colored triangles indicate the
position of the DNA probes used in the real-time PCR hybridization reaction.

Table 1. Nucleotide sequences of primers and probes used to detect integrations of IS elements 481 and 1002 in orientation
(2) — 1S481 (2) and IS1002 (2) — into the bvgAS, cya and fhaB genes

Nucleotide sequence

Primer/probe
qPCR
Bp111 GGTCAATCGGGCATGCTTATGG
BVG300 ACGTCGAACGGAGGAATGTC

R6G481, probe
Rox1002, probe

(R6G)TCGCCGACCCCCCAGTTCACTCAAG(BHQ1)
(ROX)ACCACGCCATCGCAACTCAGGGCA(BHQ2)

PCR bvgAS::IS; PCR cya::IS; PCR fhaB::IS

CyaF CCATGTCGAGCTGGCCCGTG
CyaR GGCCACTTCTCGACCGTGCC
FhaB1-F GGCTGAGCCGTTTCGACCTT
FhaB1-R CACGGTCGTTCAGCGCAACA

S GTCGCTGGTGGAACTGATAG

F
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Table 2. Temperature-time profiles of real-time PCR and PCR for detecting IS element integrations in the NctagN site of the

bvgAS, cya and fhaB operons

Target Mpanmepsl/30Ha Temperature, °C Time, s | Number of cycles
PCR 95 300 1
q -
bugAS:1S481 (2) Bp111-BVG300/R6G481 gg gg } 40
95 300 1
gPCR ]
bvgAS:1S1002 (2) Bp111-BVG300/Rox1002 28 gg } 40
95 300 1
PCR _ 95 20
bvgAS::IS S¢BVG300 63 30 40
72 30
95 300 1
PCR
. CyaF-CyaR 95 20
cya:IS yary 67 30 40
72 30
95 300 1
PCR F- . 95 20
A FhaB1-F-FhaB1-R % 20 }40
64 30

ber of genome equivalents (GE) of B. pertussis DNA
and IS 481 (1) and IS 1002 (1) integrations were deter-
mined using the real-time PCR test systems (BpIS-Q)
and real-time PCR BpIS-INT1 [13], respectively. The
number of IS 481 (2) and IS 1002 (2) integrations was
estimated based on the values of the reaction threshold
cycle. The corresponding set of reagents, analogous to
the set for quantifying IS element integrations in orien-
tation (1), is designated as BpIS-INT2. The frequency
of integrations was calculated as before using the ratio
N, /N> where N ¢ is the number of integrations and
N, is the number of GE in 5 pL of the DNA solution
being studied.

Phenotype of B. pertussis bacteria 4MKS, 475,
Tohama I, and Tohama 347 and molecular genetic
characterization of their populations

Within the framework of this study, populations
of the laboratory strain B. pertussis Tohama I and its
Bvg™ mutant B. pertussis Tohama 347, as well as vir-
ulent bacteria B. pertussis 475 and isogenic attenuated
bacteria B. pertussis AMKS, were analyzed to identify
insertion mutants in the bvgAS, cya and fhaA virulence
genes, which are responsible for the Hly~ phenotype
that develops when B. pertussis bacteria are cultured
in vitro.

B. pertussis are slow-growing, fastidious bacteria.
For the phenotypic differentiation of the phase states of
B. pertussis bacteria when cultured on solid media with
blood added, the following characteristics of the colo-
nies can be used: size, shape, and the presence of hemo-
lysis zones. Bvg" colonies are convex, smooth, shiny,
small (1-2 mm), and form distinct zones of hemolysis;
Bvg colonies are flat, rough, larger (2.0-2.5 mm), and
do not form zones of hemolysis.

Colonies of B. pertussis bacteria grown on ca-
sein-charcoal agar (CCA) blood agar were analyzed
for the listed parameters. B. pertussis culture from an
ampoule was streaked onto a Petri dish containing CCA
agar with added blood (primary culture), and after incu-
bation at 35°C for 24-36 hours, it was re-streaked in a
dense line onto the same Petri dish (first passage). After
checking for microbiological purity using light micros-
copy, another subculture was performed (2 passage).
The 3™ passage culture was used to seed the ampoule
culture into individual colonies by the titration method
(ampoule culture analysis). Simultaneously, individual
colonies from the second passage, grown on CCA me-
dium with blood, were analyzed for morphology and
the presence of hemolysis zones. Three CFUs of each
strain meeting the criteria for virulent B. pertussis bac-
teria were streaked onto fresh blood agar plates, DNA
was extracted from the resulting culture, and the bacte-
ria were simultaneously serially diluted to form CFUs
on the blood agar medium. Colony morphology and the
presence of hemolysis zones were analyzed (culture
analysis from individual colonies). This study charac-
terized 500-1000 CFU of each strain of virulent and
attenuated B. pertussis bacteria, grown from ampoule
cultures and individual colonies.

Phenotypic and molecular biological analysis
was performed on B. pertussis bacteria dried at differ-
ent times in different laboratories. The vast majority of
B. pertussis AMKS and B. pertussis 475 ampoule cul-
tures from the 3™ passage contained bacteria in the viru-
lent Bvg" phase; IS element integration into the bvgAS
operon was detected by real-time PCR at a low frequen-
cy — less than 10 per bacterial cell. In the ampoule
culture spreads, all the colonies that grew had a Bvg*
phenotype.
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In certain cases, in B. pertussis 4MKS bacteria
from the 3rd passage of an ampoule culture dried more
than 4 years ago, the total frequency of insertion mu-
tants in both orientations was (2-5) x 102 (Table 3).
During sieving, approximately 2—-3% of Hly-CFU were
recorded. The colonies were flat and rough in shape and
2.0-2.5 mm in size, while Hly* colonies were 1-2 mm.

Similar results were obtained in a study of am-
poule cultures of B. pertussis Tohama 1. The frequency
of IS481 (1) integrations into the bvgAS operon, detect-
ed by real-time PCR, ranged from 10~ per bacterium
to several percent. No integrations of other IS elements
were found in the B. pertussis Tohama | bacteria. The
maximum number of non-hemolytic CFU, reaching
95% of the total number of colonies, was identified
when bacteria dried on April 13, 1974 (30 years ago)
were streaked. The frequency of IS element integra-
tions into the hvgAS operon was 4 x 107 per bacterium
(Table 3).

B. pertussis Tohama 347 bvgAS::Tn5 strain was
expected not to form zones of hemolysis, and the size
and shape of the colonies corresponded to the Bvg™ phe-
notype. The frequency of integrations in all B. pertussis
Tohama 347 cultures analyzed by real-time PCR was
less than 10 per bacterium.

A similar study was conducted with cultures
grown from individual Hly" colonies of B. pertussis
475, B. pertussis 4AMKS, and B. pertussis Tohama 1.
When each strain of bacteria was streaked from indi-
vidual colonies onto CCA medium with added blood
from 10° CFU, no colonies that did not form zones of
hemolysis were observed. The size and shape of the
colonies corresponded to the Bvg™ phenotype described
above. The frequency of IS element integration into the
bvgAS operon did not exceed 10107 per bacterium.

Colonies of Hly™ strains of B. pertussis AMKS and
B. pertussis Tohama I were selectively subjected to fur-
ther analysis. 46 colonies of each strain were transferred
to Petri dishes containing CCA with blood and antibio-
tics to test their antibiotic resistance and hemolytic abi-
lity. As a result, all individual B. pertussis 4AMKS colo-
nies were resistant to streptomycin, nalidixic acid, and
chloramphenicol, while B. pertussis Tohama | bacteria
were sensitive to all antibiotics tested. The identified

antibiotic resistance is fully consistent with the char-
acteristics of the parent strains B. pertussis 4AMKS and
B. pertussis Tohama 1. Colonies of both strains main-
tained a pronounced Hly~ phenotype in the replicates.

In PCR with SF-BVG300 primers on DNA ex-
tracted from the 3™ passage of ampoule cultures and
the CFU of the tested strains, no large fragments were
detected, despite the presence of IS element integra-
tion in some bacteria within the population. The ab-
sence of amplification products with the insert is due
to the significantly lower efficiency of amplifying
large fragments compared to small fragments without
an insert.

Thus, in the cultures of virulent and attenuated
B. pertussis strains analyzed, grown from ampoule cul-
tures, Hly- mutants lacking hemolytic activity and con-
taining IS element integrations in the bvgAS operon are
detected with varying frequency. Cultures grown from
single bacterial colonies are homogeneous and contain
insertion mutants at a frequency of less than 10 per
bacterium. Bacterial populations grown from individu-
al colonies contain non-hemolytic bacteria colonies of
the Hly™ phenotype in insufficient numbers for pheno-
typic analysis.

Molecular genetic characterization of Hly- mutants
of B. pertussis 4MKS and Tohama |

DNA was extracted from 40 replicas of each
strain of B. pertussis AMKS and B. pertussis Tohama
I, with an Hly phenotype. The obtained samples were
analyzed using PCR with the primers SF-BVG300,
FhaB1-F-FhaB1-R, and CyaF-CyaR.

The size of the amplification products from the
SF-BVG300 primer-investigated Hly mutants of B.
pertussis AMKS was approximately 1300 bp in 25% (10
clones) and approximately 300 bp in 75% (30 clones).

Table 4 presents the results of the PCR product
analysis of some Hly™ clones of B. pertussis 4MKS
with primers SF-BVG300, FhaB1-F-FhaB1-R, and
CyaF-CyaR.

Integration into the cya gene was not detected in
any of the clones, whereas integration into the fhaB gene
was recorded in 26 out of 30 Hly~ mutants of B. pertus-
sis 4AMKS that did not contain IS element integration

Table 3. The proportion of Hly~ colonies and the registration of IS element integration events in the bvgAS operon of B.
pertussis 475, B. pertussis 4MKS and B. pertussis Tohama | strains when cultured on CCA blood agar

Ampoule culture

Culture from CFU

Strain
Hly=,% bvgAS :1S* Hly-, % bvgAS ::1S*
B. pertussis 475 N/A 5x10° N/A 3x10°
B. pertussis 4MKS 2 (2-5) x 102 N/A 2x 10+
B. pertussis Tohama | 95 4 x 102 N/A 5x 10+
B. pertussis Tohama 347 100 <10° 100 <10

Note. *The total integration frequency for all IS elements is given. DNA extracted from the 3 passage of the ampoule culture or colonies was

used for PCR; N/A — not found.
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in the bvgAS operon. For 3 Hly mutants, the nucleotide
sequence of the amplification products of the fhaB gene
fragment, 1300 bp in size, has been determined. In all
cases, [S481 (1) was found integrated at a specific site,
fhaB.

Clone #33, which did not contain integrations in
the bvgAS or fhaB genes, was found to have a 2-nu-
cleotide deletion near the cctage site in the bvgS gene
(Fig. 2). In 3 Hly clones (No. 32-2, 15-2, and 17-2),
no IS element integrations or other nucleotide sequence
disruptions were detected in the analyzed amplicons.

Out of 10 insertion Hly-BvgAS mutants with a
specific nucleotide sequence, 5 contain an IS481 in-
sertion (2), and 5 mutants contain an IS1002 insertion
(1). Fig. 3 shows a fragment of the sequence containing
IS481 (2) at a specific site in the hvgAS operon.

Among the analyzed Hly clones, no integrations
of IS1002 (2) and 1S481 (1) were detected, whereas the
corresponding integrations are recorded in the popula-
tion when analyzed by real-time PCR.

a

ORIGINAL RESEARCHES

The PCR products of 40 analyzed Hly- mutants of
B. pertussis Tohama I, using primer pairs SF-BVG300,
FhaB1-F-FhaB1-R, and CyaF-CyaR, had a size close
to the calculated one — approximately 300 bp, 388
bp, and 261 bp, respectively. Nucleotide sequencing
of 3 amplicons: bvgAS, cya and fhaB confirmed the ab-
sence of IS element integrations in them and did not
reveal any structural alterations compared to the native
sequence.

Given the presence of IS element integrations in
the bvgAS operon in 4% of the B. pertussis Tohama I
bacterial population and their absence in the DNA of
bacteria with the Hly~ phenotype, we searched for IS
element integrations in the bvgAS operon in bacte-
ria with the Hly" phenotype. PCR with SF-BVG300
primers on DNA extracted from 12 CFU with the Hly*
phenotype revealed products approximately 1300 bp in
size in 5 (41.7%) CFU, presumably containing an IS
element insertion at the analyzed site. qPCR analysis
confirmed that all of them contain an IS481 (1) integra-

GGAACTGATAGACCTCGCCAAACGCAACAATCTCGCCTAGCGCCGCGCATGCCCGCCCCGCACCG
CCTGTACCCCCGCAGTCTGATCTGCCTGGCTCAGGCGCTATTGGCATGGGCTTTGCtgGCATGGGC

GCCCGCGCA

b

GGAACTGATAGACCTCGCCAAACGCAACAATCTCGCCTAGCGCCGCGCATGCCCGCCCCGCACCG
CCTGTACCCCCGCAGTCTGATCTGCCTGGCTCAGGCGCTATTGGCATG

Fig. 2. Sequence fragment of the wild-type bvgAS operon of B. pertussis (a) and the Hly mutant B. pertussis No. 33 (b).

Nucleotide sequences of the bvgAS operon are shown in capital letters; ATG is the methionine codon of the bvgAS gene; tg is a deletion;
CCTAGC is a specific integration site for IS elements.

Table 4. Results of PCR analysis of DNA from B. pertussis 4MKS clones with the Hly~ phenotype (selectively)

Clone number on strain

Genes, mutation types

templates

bvgAS::IS fhaB:1S cya:1S
1S481 (2)* N/A* N/A
1S481 (2)* N/A N/A
49 1S481 (2)* N/A N/A
48 1S481 (2)* N/A N/A
22 1S481 (2)* N/A N/A
9 1S1002 (1)* N/A N/A
10 1S1002 (1)* N/A N/A
32 1S1002 (1) * N/A N/A
34 1S1002 (1) * N/A N/A
43 1S1002 (1) * N/A N/A
31 N/A* 1S481 (1)* N/A
33 ATG* HO N/A
3-2 N/A* 1S481 (1) * N/A
32-2 N/A* N/A* N/A
15-2 N/A* N/A N/A
17-2 N/A* N/A N/A
28-2 N/A 1S481 (1) * N/A

Note. *The structure has been confirmed by sequencing. N/A — integration was not found by PCR.
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atttccagtttctcaaatccggttcggatgaaccatgcatacaacctattgaatctTcacaCCTAGCGCCGCGCATGCCCG
CCCCGCACCGCCTGTACCCCCGCAGTCTGATCTGCCTGGCTCAGGCGCTATTGGCATG

tgaaccatgcatacaacctattgaatctTcacacctaacgagcacggacttctccgcgccacgcgggacgcgaagaacgceccggac
aggccgceggttaccaacatggtatccggecgggcetggtigecgtcgececgegegecgceatccggecatcgecgecccaaccacgga

ggacccgcacatg ttgagcaac

Fig. 3. Sequence fragments of the bvgAS operon of B. pertussis 4MKS HIly- mutant, clone 49 (a), and an insertion mutant
of B. pertussis with 1S481 integrated into a degenerate ccfaac site located upstream the start of transcription
of the bteA gene (b) [16].

The sequence of the bvgAS operon is indicated in capital letters, and the specific integration site CCTAGC is underlined; the sequence of the

bteA gene is italicized, and the specifically degenerate integration site cctaac is underlined; the methionine start codons of the proteins VvgS

and BteA are in bold; the 3' end sequence of IS481(1) is indicated in lowercase letters; and the presumed transcription start is indicated by a
bold capital letter T.

tion into the bvgAS operon. Sequencing of the 1300 bp
PCR products of SF-BVG300 confirmed the presence
of the IS481 insertion in 3 of them (1) and the preserva-
tion of the native sequence around the integration site.

Thus, the emergence of B. pertussis bacteria with
the Hly™ phenotype when cultured on solid media is not
only due to previously known frameshift mutations in
bvgS, deletions and insertions in the hvg4 gene, inte-
gration of IS481 (2) and IS1002 (1) into the interge-
nic space of the bvgAS operon, or deletions in the bvgS
gene, which were found in this study, but also to newly
identified insertions of IS elements into the fhaB gene.
The insertion of 1S481 (1) into the hvgAS operon of
B. pertussis Tohama I does not lead to the formation of
a pronounced Hly™ phenotype in the bacteria. PCR ana-
lysis of virulence gene fragments bvgAS, cya and fhaB,
containing specific NctageN sites, did not reveal any
visible structural changes in the analyzed gene regions
in Hly” mutants of B. pertussis Tohama .

Discussion

A previous study conducted by us showed that a
population of virulent B. pertussis bacteria cultured on
solid CCA medium is not homogeneous; it contained
a certain proportion of mutants characterized by IS el-
ement insertions at a specific site in the bvgAS oper-
on. Such mutants were not only described by us, but
were also obtained and characterized under selective
conditions by S. Stibitz et al. In our studies, insertion
mutants of BvgAS were found in convalescents and
contacts of whooping cough patients, and in laboratory
animals in the late stages of whooping cough infection.
The qPCR test system we developed earlier, used in
the experiments, allowed for the detection of IS1002
and IS481 integration events in only one orientation,
which we designated as (1). We hypothesized that IS
elements are capable of moving and integrating into a
specific site within the bvgAS operon in reverse orienta-
tion (2). Therefore, this study aims to develop a method
for identifying integration events of IS elements into
the bvgAS operon in orientation (2) and to register the
corresponding insertion mutants of B. pertussis when

cultured in vitro.

The same primers and probes complementary to
the IS element sequences were used for PCR and the
registration of amplification products resulting from
the integration of IS elements in both orientations, but
in pairs with primer SF for orientation (1) and with
BVG300 for orientation (2) (Fig. 1). To estimate the
number of integrations in the orientation (2) in this
study, the values of the reaction threshold cycle were
used instead of calibration curves, as in previous ex-
periments, which slightly reduces the accuracy of the
integration quantification.

In independent experiments, when screening bac-
teria of all strains grown from CFU, except for B. per-
tussis Tohama 347, the frequency of integration events
detected by real-time PCR did not differ significantly
from what we had previously determined and was 10—
1075 per bacterium.

In this study, we analyzed B. pertussis 4AMKS and
B. pertussis 475 cultures dried at different times in our
laboratory, as well as B. pertussis 475 cultures obtained
at different times from various sources, including the
L.A. Tarasevich State Research Institute of Standard-
ization and Control of Medical Biological Preparations
collection. IS element integrations were identified in
all ampoule cultures in both orientations (1) and (2).
During the analysis of 16 preparations, IS1002 integra-
tion into the HvgAS operon was absent in 7 of them,
either in one or both of the orientations studied. IS481
integration was present in the bvgAS operon in orienta-
tion (1) in 75% of cases and in orientation (2) in 25%
of cases. Integration of IS 481 was not detected in only
one ampoule culture of B. pertussis strain 475. In 25%
of cases, IS1002 (1) integration was not detected, and
in 3 (16%) samples, neither IS1002 (1) nor IS1002 (2)
integrations were detected. Thus, the frequency of IS
element detection in the bvgAS operon of two isogenic
strains is reduced in the sequences 1S481 (1), [S481 (2),
IS1002 (1) and IS1002 (2). The reliability and signif-
icance of the identified patterns for other B. pertussis
strains remain to be determined in subsequent studies.

Among the analyzed Hly™ clones of B. pertussis
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4MKS ampoule cultures, no integrations of IS1002 (2)
and [S481 (1) were detected (Table 4), while they are
identified by real-time PCR in the overall population
of B. pertussis 4MKS. Presumably, such insertion mu-
tants are among the bacteria with the Hly* phenotype.
Analysis of 10 colonies forming zones of hemolysis did
not reveal any changes in the size of the corresponding
amplicon, indicating a low percentage of possible inser-
tion mutants in the Hly" clone population. The results of
gqPCR analysis of the bacterial population, including the
studied Hly~ and Hly" clones, support this conclusion:
the frequency of detection of IS1002 (2) and IS481
(1) integrations is 10 times lower than that of IS1002
(1) and IS481 (2), which are detected at a frequency
of approximately 10 per bacterium. However, finding
integrants without phenotypic markers at the expected
frequency of less than 107 per bacterium appears diffi-
cult. For this reason, Hly" clones with possible IS1002
(2) and IS481 (1) integrations were excluded from this
study.

In the B. pertussis Tohama I bacterial population,
only IS481 (1) integration was detected in the hbvgAS
operon, and no IS1002 integrations were found. When
streaking the test cultures grown from CFU on blood
agar, no colonies with the Hly~ phenotype were detect-
ed, which is consistent with the frequency of integra-
tion events identified by real-time PCR. The fact that
IS481 (1) is predominantly integrated into a specific
site within the HvgAS operon of B. pertussis Tohama I
bacteria, as well as the different integration frequencies
of [S481 and IS1002 in isogenic variants of B. pertussis
strain 475, requires further study and may be related to
the specific movement characteristics of IS elements in
different strains.

The frequency of IS481 integration in B. per-
tussis Tohama 347 bacteria cultures grown from am-
poules and colonies is approximately 100 times lower
(10°-1077 per bacterium) than in isogenic virulent B.
pertussis Tohama I bacteria. This fact was noted by us
in previous studies [20, 21]. Analysis of the B. pertus-
sis Tohama 347 DNA amplification product with SF-
BVG300 primers showed that the Tn5 insertion in the
bvgAS operon is located outside the analyzed fragment
of the virulence operon and is likely unable to prevent
the movement of IS elements into the analyzed site.
This circumstance indicates the dependence of transpo-
sition frequency on the integrity of the bvgAS operon. It
should be noted that we were unable to register a depen-
dence of the IS element transposition frequency in the
bvgAS operon on modulating conditions when culturing
B. pertussis Tohama I, 4MKS, and 475 bacteria in the
presence of MgSO, and at reduced temperature. On the
one hand, this observation does not support the depen-
dence of transposition on modulating conditions, and
on the other hand, considering the identified decrease in
integration frequency in B. pertussis Tohama 347, it can
be suggested that the BvgA and BvgS proteins are not

ORIGINAL RESEARCHES

directly involved in the regulation of transposition. The
empirical result obtained requires further study.

The high frequency of B. pertussis insertion mu-
tants we found in certain ampoule cultures suggests a
strong dependence of the transposition frequency on
the bacterial culture conditions, including, likely, with-
in the host organism. This circumstance may be respon-
sible for the instability in obtaining frameshift mutants
and their revertants, as noted by A. Weiss et al. [9].

Thus, the presented results show that our proposed
real-time PCR test systems allow for the detection of IS
element integration events in both orientations within
the bvgAS operon. The frequency of their transposition
depends on the genotype, including the integrity of the
virulence operon, and the conditions under which the
bacteria are cultured.

Analysis of the structure of the virulence gene
fragments bvgAS, cya and fhaB in Hly- mutants showed
that they contain the integration of IS481 (2) or IS1002
(1) at a specific cctagc site in the bvgAS operon (B.
pertussis AMKS), or IS481 (1) at a similar site in fhaB
(B. pertussis Tohama I). Four Hly mutants were also
found whose chromosomes do not have insertions in
the virulence gene fragments tested. A 2-nucleotide de-
letion was found in the hvgS$ gene of one of them, which
disrupts the expression of the BvgS phosphokinase in-
volved in the regulation of a large number of pertus-
sis pathogen genes, including all virulence genes. In 3
out of 4 Hly mutants, the methods used did not reveal
any abnormalities in the structure of the bvgAS or fhaB
genes. There were no integrations into the cya gene in
any of the analyzed clones. It is likely that these 3 mu-
tants contain the IS element insertions in the bvg4 gene
characterized by S. Stibitz, or other mutations, such as
frameshift mutations in the bvgS gene, which were not
identified using the methods employed.

The presence of an IS element integrated into the
intergenic space of the bvgAS operon, blocking the
transcription of the bvgS gene, appears to be a perfectly
expected reason for the formation of the Hly~ mutant
phenotype of B. pertussis 4AMKS. However, there are
several examples of [S481 integration into specific sites
located upstream of the brkA, kat and bvgS genes, at
least, not accompanied by the termination of their ex-
pression [16, 18, 20, 22]. In one study, not only was
the hypothesis formulated that transcription from a pro-
moter located at the end of IS481 regulates the expres-
sion of the brkA gene product, but the start of the cor-
responding transcript was also determined (Fig. 2). The
promoter identified by the authors is located at the same
end of IS481 (2) in the genome of clone 49 of B. per-
tussis 4AMKS, but it apparently does not provide a suf-
ficient level of bvgS gene transcription, resulting in the
formation of the Hly~ phenotype of clone 49 (Fig. 2).
It can be assumed that the disruption of the bvgS gene
transcription in mutants containing the IS1002 insertion
(1) occurs by the same mechanism or as a result of its
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complete cessation. The lack of experimental data on
the presence of promoters within the IS1002 structure
currently prevents a definitive conclusion. Apparently,
in this way, the IS481 insertion ensures the transcrip-
tion of the hvgS gene and the differential expression of
virulence genes in selected S. Stibitz mutants, manifest-
ed by the preservation but significant reduction in the
expression of the p#x genes and a less pronounced re-
duction in fha [20]. An interesting case of transcription
regulation is discussed by A. D'Halluin et al. [22]. Re-
gulation of fim2 gene transcription/translation is shown
as a result of antisense RNA synthesis from the [S481
internal promoter integrated upstream of the fim2 gene.
It is suggested that the described changes in the regu-
lation of B. pertussis virulence genes, particularly the
bvgAS operon, may be one of the "triggering" mech-
anisms for the formation of B. pertussis persistence in
the body of its only host — humans. Or they can in-
crease the viability of bacteria outside the body, facili-
tating the transmission of infection to a new susceptible
organism.

In all Hly- mutants containing an insertion in the
fhaB gene, [S481 integration was detected (1). Because
the integrations are located within the coding sequence
of the fhaB gene, they disrupt its transcription and
translation, regardless of the direction of the IS element
integration. While the link between mutations in the bv-
gAS operon and the Hly~ phenotype appears obvious,
the effect of a knockout mutation in the fhaB gene on B.
pertussis hemolytic activity requires further investiga-
tion. According to current understanding, the FhaB pro-
tein is not directly related to the hemolysis reaction of
blood erythrocytes. This function is attributed to ACT,
specifically its C-terminal region. However, recent data
suggest that the FhaB protein interacts with ACT. Most
likely, the hemolytic activity of ACT in vitro is realized
after interaction with filamentous hemagglutinin on the
surface of the bacterial cell and delivery of ACT into
the eukaryotic cell [3].

The absence of the described bvgAS::1S481 or
bvgAS::1S1002 insertion mutants among the bacteria
isolated from whooping cough patients is noteworthy,
while clinical isolates containing IS element insertions
in the fhaB, prn genes and those involved in the regula-
tion of kat4 and brkA have been described in the liter-
ature [16, 18, 20, 22]. In the experiments of this study,
such mutant bacteria bvgAS::1S481 (1) were detected
in populations of B. pertussis bacteria persisting in the
bodies of whooping cough convalescents and asymp-
tomatic carriers. It can be assumed that this state of the
whooping cough pathogen is optimal for persistence
in the human body and survival in the external envi-
ronment, and upon entering a susceptible organism,
precise excision of the IS element (or inversion) oc-
curs, the bacteria regain their virulence, the organism
is infected, and the disease develops. A similar role is
assigned to bacteria in a state of reduced virulence by

M.R. Farman et al., who studied the transcription pro-
files of a large group of genes in B. pertussis bacteria
inside macrophages [23]. Our demonstration of the ex-
istence (accumulation) of Bvg-mutants of B. pertussis
at late stages of infection suggests a regulatory role for
IS element integrations in the formation of persistent
bacteria in the human body and possibly their involve-
ment in bacterial transmission to a new host. It can be
expected that the precise excision of an IS element from
a virulence operon restores its structure and the abil-
ity of the bacteria to cause disease. The mechanisms
and conditions that typically cause rare events of pre-
cise exclusion remain unclear. It is also unclear at what
stage of pathogen persistence or transmission it occurs.
The ability of the IS element to be precisely excised
was previously demonstrated by us in the Escherichia
coli model [21, 24].

The results of the analysis of Hly™ mutants of B.
pertussis Tohama I, which we registered in approxi-
mately 95% of the analyzed individual colonies grown
from one of the series of lyophilized cultures from the
Gamaleya Research Institute of Epidemiology and Mi-
crobiology Museum, appear unexpected. Among 40
Hly™ colonies, no B. pertussis mutants containing inte-
grations in the specific NctagN sequence in the bvgAS,
cya and fhaB genes were found. The mutations respon-
sible for the genotype formation of the Hly clones of B.
pertussis Tohama [ isolated by us remain unidentified.
It is quite likely that they, like the 3 unidentified muta-
tions in Hly™ clones of B. pertussis 4AMKS, belong to the
class of reading frame shift mutations in the bvgS gene,
insertions in the specific site of bvgA4, or contain other
unidentified disruptions in the structure of the bvgAS
operon, the fhaB gene or the cya gene.

The absence of integrations at the cctagg site of
the bvgAS operon analyzed in Hly™ colonies against the
background of their reliable detection by PCR in the
population before its dispersion (up to 4% IS481 inte-
grations (1)) allowed us to suggest that integrations at
the corresponding site may be present in the genome
of some bacteria that have retained hemolytic activity
(with the Hly" phenotype). Indeed, among the Hly* phe-
notype bacteria, 41.7% of insertion mutants containing
IS481 (1) in the bvgAS operon were found, while the
native sequence of the operon around the integration
site was preserved. Considering the analysis above and
the orientation of IS481, it can be expected that an ef-
fective promoter, which ensures the transcription of the
bvgS gene and the Hly" phenotype in B. pertussis inser-
tion mutants, is located at the end of the IS481 element
opposite to that described by H. Han et al. [18] and in a
study by S. Stibitz, who showed a differential decrease
in the expression of the fhaB and ptx genes and less
pronounced zones of hemolysis in B. pertussis insertion
mutant bacterial colonies [12].

For a more detailed characterization of the bv-
gAS::1S481(1) Hly" phenotype mutant, we have
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planned a comparative study of the toxic activity of
pertussis toxin and dermonecrotic toxin, agglutination
titers, and electron microscopic analysis of the mor-
phology and structure of B. pertussis Tohama I and its
mutant genotype, as well as a bioinformatics analysis
of the IS481 sequence aimed at identifying and com-
paring the putative promoters located at the ends of
the IS elements.

Thus, during in vitro cultivation of B. pertussis
bacteria, IS481 integrations (1) are more frequently de-
tected in the bvgAS operon, which we previously iden-
tified in the genomes of B. pertussis bacteria isolated
from whooping cough convalescents and experimental
animals. Previous data on the analysis of the integration
events of IS elements in one orientation (1) largely re-
flect the accumulation dynamics of all bvgAS::IS inser-
tion mutants in B. pertussis bacteria.

Conclusion

The data obtained allow for several significant
conclusions to be drawn regarding the characteristics
of B. pertussis IS elements:

* IS clements are capable of moving between
specific sites on the B. pertussis chromosome,
causing gene inactivation or changes in their
transcriptional regulation when the bacteria are
cultured in vitro;

* the frequency of IS element movement and the
types of spontaneous mutations they induce
depend on the genotype and culture conditions
of B. pertussis bacteria;

» factors influencing the frequency of IS element
movement and the formation of spontaneous,
insertion, or other mutations induced by IS
elements require further study;

* during the cultivation and storage of B. pertussis
bacteria, conditions may arise that induce the
formation of a population heterogeneous in
the structure of fhaB, bvgAS and likely other
bacterial virulence genes;

* the movement of IS elements to a specific site in
the intergenic space of the bvgAS operon leads to
changes in the regulation of virulence genes and
other bvg-dependent genes, possibly ensuring
the long-term persistence of B. pertussis bacteria
in the host organism.
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Monitoring for Clostridioides difficile-associated infection in hospital

Alina V. Gospodarik™, Natalya D. Prokhorova, Victoria K. Kulikova, Tatiana N. Kalachnuk,
Nikolay I. Khromykh, Yulia V. Kudryavtseva, Julia A. Bespyatykh
Lopukhin Federal Research and Clinical Center of Physical-Chemical Medicine, Moscow, Russia

Abstract

Introduction. Clostridioides difficile — an anaerobic, spore-forming, Gram-positive bacteria — is a component
of the normal intestinal microflora. C. difficile-associated infection develops during its overcolonisation, when
vegetative forms produce exotoxins that cause inflammation n the colon wall. Toxigenic strains of C. difficile are

the main cause of healthcare-associated infections in hospitals.

The aim of the study is to investigate the frequency of detecting C. difficile (both toxigenic and non-toxigenic
strains) in patients admitted to the gastroenterology department of the Yu.M. Lopukhin Federal Scientific Clinical
Center for Physical and Chemical Medicine of the Federal Medical Biological Agency of Russia in 2021-2023 with

diarrhea syndrome and other established diagnoses.

Materials and methods. The study included 547 patients aged 19-88 years (46.6% male, 53.4% female).
Real-time polymerase chain reaction was used to detect C. difficile DNA and its toxin A and B genes, and a
bacteriological examination of stool was also performed. Upon detection of clinical signs of bacterial infection, a

C-reactive protein (CRP) test was performed.

Results. C. difficile DNA was detected in 65 (11.9%) patients, and toxins A and B genes were found in 32 (5.9%)
patients. Non-toxigenic strains were more frequently detected in men (55%) under 40 years, while toxigenic
strains were equally frequent in both sexes under 40. CRP analysis indicated that inflammatory processes were
more likely in patients over 40 years old. The predominant diagnosis in toxigenic strain carriers with high CRP was
C. difficile-associated enterocolitis (ICD-10: A04.7), whereas in the non-toxigenic group, it was ulcerative colitis
(ICD-10: K51). Extended bacteriological analysis revealed significant gut microbiota imbalances in all patients.

Conclusion. Over the three-year surveillance period, the prevalence of C. difficile-positive patients increased
from 6.6 to 7.9%, and the proportion of samples positive for toxin A/B genes rose from 5.2% to 7.9%. These
findings underscore the necessity for enhanced preventive measures to mitigate risk factors for CDI in hospital
settings. Therefore, preventive measures are necessary to reduce the impact of risk factors for the development

of C. difficile-associated infection in hospitals.

Keywords: diarrhea syndrome, Clostridioides difficile, fecal microbiota transplantation, hospital epidemiological

monitoring, hospital microbiological monitoring
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MouuTtopuHr Clostridioides difficile-accounnpoBaHHon
nH$eKu N B yCNOBUAX CTaLMOHapa

lfocnogapuk A.B.%, Mpoxoposa H.[., Kynukosa B.K., KanauHiok T.H.,
Xpombix H.U., Kyapasuesa [0.B., becnatbix [0.A.

QepepanbHbIi HAYYHO-KINHUYECKUI LEHTP GU3NKO-XMMUYECKOW MeQULUHbBI MMeHn akagemuka FO0.M. JlonyxumHa,
Mocksa, Poccnsa

AHHOMauyusi

BeepeHue. Clostridioides difficile — Bna aHasapobHbIX cnopoobpasytoLmx rpamnonoxuTensHblix 6aktepnin — sB-
NSIETCS COCTAaBHOW YaCTbio HOpMarbHOM MUKpodriopbl kuwedHuka. C. difficile-accounnpoBaHHas MHGEKLNS pas-
BMBAETCA Npu n3bbITouHON KonoHu3aumm C. difficile, BeretaTnBHble (hOPMbI KOTOPO CNOCOOHBLI NPOAYLMPOBaTL
3K30TOKCUHbI, Bbi3biBaloLLMe BOCManeHne B CTEHKE TONCTON KuWKKW. TokcureHHble wtammel C. difficile apnsatotcs
OCHOBHbIM BO30yauTENEeM MHAEKLNIA, CBA3AHHBIX C OKa3aHWeM MEOMLMHCKOM NOMOLLM B CTaLMOHape.

Llenbto uccnenoBaHuA ABNSETCA u3ydeHue yactoThbl BeigBneHus C. difficile (kak TOKCUreHHbIX, Tak U HETOK-
CUreHHbIX LWITaMMOB) Yy NauMEHTOB racTpoaHTeponornyeckoro otgeneHns ®HKL XM um. KO.M. JlonyxuHa
®MBA Poccuu, rocnutanuampoBaHHblix B 2021-2023 . ¢ CMHOPOMOM AMapen U ApyruMu YCTaHOBMEHHbLIMU
AvarHo3amm.

MaTtepuanbi u metoabl. B nccnegosaHue 6binn BkntoveHsl 547 naumeHToB B Bo3pacTe 19-88 net (46,6% Myx-
4nH, 53,4% xeHwmnH). Ang seissnenuns OHK C. difficile n reHoB eé TokcnHoB A 1 B npumeHanu meTtod nonmmepas-
HOW LIENHON peakuun B pearbHOM BPEMEHW, JOMOMHUTENBHO nNpoBoannu Bakteprnonormyeckoe nccnegoBaHve
kana. MNpu oBHapyXeHWUM KNMHUYECKNX NPU3HaKoB BakTepuanbHON MHEKLUN NPOBOAMN aHanm3 Ha C-peakTume-
Hbl 6enok (CPB).

Pesynsratbl. HK C. difficile BbisiBneHa y 65 (11,9%) nauneHToB, reHbl TOKCMHOB A 1 B 06HapyxeHbl y 32 (5,9%)
naumeHToB. HeTokcurenHsle wrammel C. difficile yawe aetektupoBanucb y MyxunH (55%) B BospacTte go 40 ner.
TokcureHHble wtammel C. difficile ¢ oguHaKoBOM YacTOTOW BCTpeYanuchb y MY>XYMH M XEHLUMH B Bo3pacTe A0
40 net. AHanus Ha CPB nokasan, 4To BocrnanuTenbHble NPOLECChl Yalle pa3BuBalTCHA y MaLMEHTOB CTapLue
40 nert. NpeobnagatoLee 3abonesaHne ¢ BbiICOkMM nokasaTtenem CPB y nauneHToB C TOKCUTEHHbIM LUTAMMOM —
3HTepokonuT, Bbl3BaHHbIN C. difficile (koanposaHue no MKB-10: A04.7), B rpynne ¢ HETOKCUreHHbIM LUTaMMOM —
Yy NaUMEHTOB C ANArHo30M: i3BEHHbIV konuT (kognpoBaHue no MKB-10: K51). Y Bcex naumeHToB Habnoganvcb
Bblpa)KEHHbIE HapyLlleHUsa BanaHca KULIEYHON MWKPOMropbl COrMacHo pa3BEpPHYTOMY GakTepuonormyeckomy
aHanuay kana.

3akntoyeHue. B pesynsrate TpéxneTHero MOHMTOPUHIa YCTaHOBIEHO yBenuyeHue gonv nauueHTos ¢ C. difficile
¢ 6,6 0o 7,9%. [onsa o6pa3uoB, nonoxuTenbHbIX Ha reHbl TokcnHoB A/B C. difficile, Taoke yBennyunace ¢ 5,2 oo
7,9%. Takum obpa3omM, HeobxoaMMO NPOBOAUTL NPOUNAKTUYECKUE MEPONPUATUS ANS YMEHbLUEHNUS BNUSHUSA
dakTopoB pucka passutus C. difficile-accoummpoBaHHO MHEKUMM B CTaUMOHape.

KnroueBble cnoBa: cuHOpom Ouapeu, Clostridioides difficile, mpa+Hcrnnanmauusi gpekansHolU MuKpobuomel,
anudemMuono2u4ecKull MOHUMOPUHE 8 yCII08USIX cmauuoHapa, MUKpobuonoau4ecKkuli MOHUMOPUHE 8 yCIio8usiX
cmauyuoHapa

BnazodapHocmb. ABTOpbI BbipaxatoT 6narogapHoctb cotpyaHukam ®HKL @XM um. KO.M. JlonyxuHa PMBA Poccuu:
Bpady KN UMMu[ B.I". KapgawsH v denbawepy-nabopaHTty E.C. Bacuy 3a nomolps B cbope AaHHbIX 13 naboparop-
HOW MHOPMALMOHHOW CUCTEMBI.

Amuuyeckoe ymeepxdeHue. ViccrienoBaHue npoBoaniock Npyu 4o6poBoNbEHOM MHEPOPMUPOBAHHOM COFnacumn naum-
eHToB. [poTokon nccnenoBaHusi ogobpeH nokanbHbIM aTudeckuM kommutetom GHKL ®XM um. KO.M. JlonyxuHa PMBA
Poccum (npotokon Ne 2022/05/31 ot 31.05.2022).

UcmoyHuk ¢huHaHcupoeaHus. PaGota no onpeaeneHnio YacToTbl BCTPEYAEMOCTU U NEKapCTBEHHON YCTOMYMBOCTH
BbIMOMHEHa npuv hrMHaHcoBon nogaepxke Poccuiickoro HayyHoro cdpoHaa (npoekt Ne 23-19-00788). PaboTa no BbisiB-
NEHWI0 KoppensLmMn ocHoBHOro 3abonesaHust u uHdekumn C. difficile, aHanua conyTcTByOLWMX BUOXMMMYECKUX Map-
KepoB, BO3MOXHOCTb HOCUTENbLCTBA CNop BHE BONbHULBI BLINOMIHEHA B paMKax rocyAapCTBEHHOro 3adaHusi «Amarnb-
Tes-1» (Homep rocygapcTBeHHoro yyéta HUOKTP 124031500113-3).

KoHgbnnukm uHmepecoe. ABTOpbl AEKNapupyoT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB MHTEPECOB, CBSi-
3aHHbIX C NyGnuKaLmeit HacTosILLei CTaTbu.

Ans yumupoeaHus: Tocnogapuk A.B., MNMpoxoposa H.O., Kynukosa B.K., KanayHiok T.H., Xpombix H.U., Kyapsisue-
Ba K0.B., becnateix KO.A. MonuTopuHr Clostridioides difficile-accoummnpoBaHHON MHEKUMN B YCNOBUSIX CTalMoHapa.
XKypHan mukpobuornozuu, anudemuonoauu u ummyHobuonoauu. 2025;102(5):605-614.
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Introduction

Ensuring a safe environment for patients and
healthcare workers and maintaining quality control of
medical care are top priorities for healfcare institutions.
Reducing morbidity and mortality associated with nos-
ocomial infections is of particular importance. A key
factor in mitigating the risk of healthcare-associated
infections (HAIs) is establishing an effective epidemio-
logical surveillance system. Such a system enables the
timely detection of infectious diseases in both patients
and healthcare workers, thereby improving the safety
and quality of medical care. Furthermore, preventive
measures aimed at reducing HAIs can help mitigate
social risks and the likelihood of insurance claims for
patients and healthcare workers'.

The causative agents of HAIs are diverse, includ-
ing microorganisms, protozoa, helminths, viruses, and
prions. Among them, toxigenic strains of Clostridioides
difficile are the most common. Numerous factors con-
tribute to the development of C. difficile infection, the
primary one being the use of antibacterial therapy and
the associated alteration of gastrointestinal microflora.
The highest risk is associated with antibacterial drugs
from the penicillin, cephalosporin, fluoroquinolone,
and clindamycin groups. Other risk factors include age
over 65, theuse of proton pump inhibitors in treatment
regimens, and comorbidities. The transmission mecha-
nism for C. difficile-associated infection is fecal-oral,
occurring through contact with contaminated hands of
healthcare personnel, used medical equipment, and sur-
faces in hospital rooms. C. difficile is part of the normal
intestinal microflora, and carriers of its spores can be
both patients and healthcare workers. The emergence of
vegetative forms can be associated with individual host
factors, disruption of the intestinal microflora compo-
sition, its stability, and a decrease in the abundance of
Firmicutes and Bacteroides.

The clinical manifestation of C. difficile infec-
tion is due to the pathogenic properties of the vegetative
forms, which can produce exotoxins: enterotoxin A,
cytotoxin B and binary toxin CDT. Certain strains pro-
duce both toxins A and B, others only toxin A or binary
toxin, and less commonly, only toxin B. The presence
of a high titer of antitoxic antibodies and colonization
resistance of the normal intestinal microflora can result
in clinically asymptomatic forms of the disease.

Etiological identification of C. difficile-associated
infection is relevant in the presence of clinical forms of
the disease. Laboratory diagnosis should employ multi-
ple methods to improve accuracy. In Russia, according

! Methodological recommendations "Epidemiological diagnosis of
infectious diseases related to the provision of medical care, based
on standard definitions of the case." 2024.

URL: https://nasci.confreg.org/libs/files/mr_sos.pdf (data of
access: 08.06.2025). (In Russ.)

to clinical guidelines?, and considering the ACG clin-
ical guidelines [1], a three-stage algorithm for labo-
ratory confirmation is recommended for diagnosing
C. difficile infection:

1. Isolation of a toxigenic C. difficile using bacte-
riological methods and determination its susceptibility
to antibacterial drugs.

2. Detection of glutamate dehydrogenase in fecal
samples using serological methods (immunochromato-
graphic assay, enzyme-linked immunosorbent assay) or
polymerase chain reaction (PCR)..

3. Detection of toxins A and B in fecal samples
using serological methods and PCR [2].

The gold standard for establishing disease etiol-
ogy is the bacteriological method of isolating a pure
culture and determining its cytotoxicity on cell culture.
However, assesing toxin production by isolated C. dif-
ficile strains via cell culture assay is burdensome for
practical laboratories in medical organizations, despite
its high sensitivity and specificity. Furthermore, the iso-
lation of a pure C. difficile culture from patients with
signs of acute intestinal infection is not routinely per-
formed and is not included in the standards of medical
care for intestinal infections of unknown etiology.This
significantly hinders timely diagnosis when diarrheal
syndrome occurs in a hospital setting within 48 hours
of admission or when a clinical episode of diarrhea is
linked to a hospital stay within the previous 4 weeks.
Such cases should be considered healthcare-associated
infections (HAIs) regardless of whether the infection is
exogenous or endogenous [3, 4].

Enzyme-linked immunosorbent assay (ELISA)
for the detecting C. difficile toxins A and B in fecal
samples is the most widely used method in multidisci-
plinary hospitals in Russia.

Real-time PCR (qPCR) is a highly sensitive and
prioritized method due to its rapid turnaround time. It
is used in medical organizations with PCR capabilities
for the simultaneous detection and identification of C.
difficile DNA and genes for toxin A and B in biological
material (feces). Combining PCR with other methods
can increase the predictive value of a positive result [5].

The aim of the study was to investigate the frequen-
cy of C. difficile detection (both toxigenic and non-toxi-
genic strains) in patients admitted to the gastroenterolo-
gy department of a multidisciplinary hospital.

Materials and methods

A retrospective observational, open, descriptive
study was conducted in the gastroenterology depart-
ment of the Y.M. Lopukhin Federal Scientific Clinical

2 Clinical recommendations "Clostridial infection: diagnosis,
treatment and prevention". 2022. URL: https://www.rnmot.ru/
public/uploads/RNMOT/clinical/2022/®@UHAJIBHBIE%20
KIIMHNYECKHNE%20PEKOMEH AN %20KnocTpuanans-
Hasn1%20uHpexnns%209112022.pdf (data of access: 08.06.2025).
(In Russ.)
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Center of Physical and Chemical Medicine from Janu-
ary 1, 2021 to December 31, 2023.

Inclusion criteria were: male and female patients
aged 18-89 years hospitalized in the gastroenterology
department, presenting with clinical signs of diarrhea
syndrome, and diagnosed with various conditions in-
cluding irritable bowel syndrome (ICD-10 code: K58),
inflammatory bowel diseases (ulcerative colitis (K51),
Crohn's disease (K50)), C. difficile-associated entero-
colitis (A04.7), pseudomembranous colitis (K52.8) and
megacolon (K59.3).

Exclusion criteria were: patients with diarrhea
without a confirmed diagnosis; the presence of men-
tal or behavioral disorders preventing proper histo-
ry taking; immunodeficiency conditions ( HIV, bone
marrow or organ transplantation, primary immuno-
deficiency); a concomitant illness requiring hospital-
ization/surgery or considered life-threatening within
30 days prior to or at enrollment, as assessed by the
investigator; and a history of severe alcohol, drug, or
narcotic dependence.

The study was conducted with voluntary in-
formed written consent from all patients. The study
protocol was approved by the local ethics committee
of the Y.M. Lopukhin Federal Scientific Clinical Cen-
ter of Physical and Chemical Medicine of the Fede-
ral Medical Biological Agency of Russia (protocol
No. 2022/05/31 dated May 31, 2022).

All included patients underwent a bacteriologi-
cal stool examination and PCR detection of C. difficile
DNA and the genes encoding toxins A and B (fcdA,
tcdB). Patients with clinical signs of bacterial intestinal
infection (persistent fever > 3 days despite antipyretic,
leukocytosis with neutrophilic shift presence of patho-
logical impurities in the stool — blood, mucus) also
had blood test for C-reactive protein (CRP).

Stool analysis for C. difficile DNA and detection
of toxin A and B genes

Stool samples for C. difficile testing were col-
lected within the first 24 hours of admission to ensure
standardization. DNA extraction from feces was per-
formed using the NK-SORBENT nucleic acid isolation
kit (NPF Lytech). Extracted DNA was stored at -20°C
prior to PCR.

Detection and differentiation of C. difficile DNA
and toxins A and B genes were performed using the
Fluoroplex Clostridioides difficile + Toxin A + Toxin B
reagent kit (NPF Lytech) via real-time PCR on a CFX96
thermocycler (Bio-Rad Laboratories). An internal ex-
ogenous control (detected in the HEX channel) was in-
cluded to monitor DNA extraction quality and prevent
false-negative results. PCR conditions were: 80°C for
2 minutes, 95°C for 1 minute 30 seconds, followed by
40 cycles: 95°C for 15 seconds, 60°C for 30 seconds
and 72°C for 40 seconds. A total of 547 DNA samples
were tested.

ORIGINAL RESEARCHES

Bacteriological stool culture

Analysis was conducted according to the meth-
odological guidelines "Bacteriological Diagnosis of
Dysbacteriosis" (approved on April 14, 1977) and OST
91500.11.0004-2003 "Patient Management Protocol."
Intestinal dysbacteriosis. One gram of the native stool
sample was homogenized in 9 mL of physiological sa-
line (1/10) and left at room temperature for 10—15 min-
utes. From the original dilution (10"), a series of subse-
quent dilutions were prepared up to 108. The resulting
suspension was inoculated onto culture media for culti-
vating various groups of microorganisms.

Bacteriological analysis was evaluated:

* after 20-22 hours on Endo, blood agar, SS agar

and XLD agar;

« after 48 hours on Sabouraud's medium, yolk salt

agar and milk-inhibitory;

« after 72 hours on Blaurock, MRS-2 and iron

sulfite agar.

Statistical analysis

The sample size was not calculated a priori. Sta-
tistical analysis was perfomedusing SPSS Statistics v.
27 (IBM). To analyze the prevalence assessment of
toxigenic and non-toxigenic strains, indicators such as
the incidence rate and the structure of morbidity (pro-
portion) were used. Quantitative data were assessed for
normality. Frequency data within groups are presented
as percentage. Descriptive statistics (absolute values,
percentages) were used. Given the descriptive nature of
the analysis of trends from 2021-2023, the statistical
significance of differences was not calculated.

Results

Research subjects (participants)

The study included 547 individuals aged 19-88
years, comprising 255 (46.6%) men and 292 (53.4%)
women. The average hospital stay was 9.44 days.

Main research findings

Real-time PCR detected C. difficile DNA in 65
patients (34 male, 31 female), representing 11.9% of
the sample. Toxin A and B genes were found in 32
(5.9%) patients. Non-toxigenic C. difficile strains were
predominantly found in men (55%) under 40 years
old. Toxigenic strains were found with equal frequen-
cy in men and women under 40.Analysis from 2021 to
2023 showed an increase in patients with C. difficile
from 6.6% to 7.9%. The detection rate of toxigenic
C. difficile strains also increased from 5.2% to 7.9%
(Table).

The frequency of various diseases among pa-
tients with confirmed C. difficile infection is shown in
the Figure.

Non-toxigenic C. difficile strains (n = 33) were
identified in patients with C. difficile-associated entero-
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Detection rate of toxigenic and non-toxigenic C. difficile strains in patients during the observation period 2021-2023 (n=547)

. 2021 2022 2023 Total
Analysis atients
number of patients % number of patients % number of patients % p
Non-toxigenic strains of 14 6.6 6* 3.5 13 7.9 33
C. difficile have been identified
Toxigenic strains of C. difficile 11* 5.2 8 4.7 13 7.9 32
(toxins A and B) were identified
C. difficile strains were not 186 88.2 157 91.8 139 84.2 482
identified
Total patients 211 171 165 547
Note. *One patient was hospitalized twice: the first time in 2021, then independently a second time in 2022.
a A04.7 b
Enterocolitis
caused by Other diseases;
C. difficile; 21,2 18,8
Other diseases;
30,3
. K51.0 Ulcerative A04.7
b K5? Irntgble _ colitis; 12,5 Enterocolitis
owel 1sgn1 rome; caused by

K51.0 Ulcerative

colitis; 15,2 K50.8 Crohn’s

disease; 21,2

C. difficile; 53,1

K50.8 Crohn’s
disease; 15,6

Distribution of confirmed diagnoses in patients with diagnosed non-toxigenic (a) and toxigenic (b) C. difficile strains.

colitis (7, 21.2%), Crohn's disease (5,15.2%), ulcer-
ative colitis (5, 15.2%), and irritable bowel syndrome
(4, 12.1%). In 10 (30.3%) cases, non-toxigenic strains
were detected in patients with gastrointestinal diseases
(e.g., chronic pancreatitis, steatohepatitis, stomach ul-
cers).

Toxigenic C. difficile strains (n = 32) were detect-
ed in patients diagnosed with: C. difficile-associated en-
terocolitis (17, 53.1%), Crohn's disease (5, 15.6%), ul-
cerative colitis (4,12.5%), and other ulcerative lesions
in the large intestine (6,18.8%).

Blood biochemistry parameters

CRP were measured in 49 of the 65 patients with
detected C. difficile strains. CRP levels were elevated
(>5 mg/L) in 22 patients (group with toxigenic C. dif-
ficile strains — 11 people, including 8 men and 3 wo-
men; group with non-toxigenic C. difficile strains —
11 people, including 6 men and 5 women), ranging
from 6.53 to 240.9 mg/L. High CRP levels were more
common in male patients. Among men with toxigenic
strains, the predominant diagnosis (5 out of 11, 45%)
was C. difficile-associated enterocolitis (all over 40). In
the non-toxigenic group, the largest proportion of men
(4 out of 11, 36.4%) had ulcerative colitis (aged 40—60).

These results suggest a higher likelihood of inflamma-
tory processes in patients over 40 with various forms
of colitis.

Bacteriological stool analysis

A comprehensive bacteriological analysis for in-
testinal dysbiosis was performed on 36 (55.4%) pa-
tients with positive PCR for C. difficile based on clini-
cal indications. All exhibited significant disturbances in
intestinal microflora (normoflora): reduction in obligate
anaerobes (bifidobacteria and lactobacilli were signifi-
cantly reduced in some cases), a shift in the ratio of
lactose-positive and lactose-negative Escherichia coli
toward the latter, the appearance of hemolytic Esche-
richia coli, and a decrease in the total number of entero-
cocci. Contamination with sulfite-reducing Clostridium
spp. above normal (< 10°) was detected in 20 (55.6%)
patients. In 18 (50%) patients, increased colonization
with opportunistic microflora was detected, including
Proteus spp., Klebsiella spp., Citrobacter spp., Entero-
bacter spp., Acinetobacter spp., and Staphylococcus
aureus. At the same time, increased presence of Candi-
da fungi was detected in 13 (36%) patients, indicating
imbalances in the intestinal microflora, caused in part
by antibiotic therapy.
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Treatment of C. difficile-associated infection

Among the 65 PCR-positive patients, 24 (36.9%)
received first-line antibiotic therapy with oral vanco-
mycin (1 g/day for 10-14 days). This group included
18 patients with toxigenic strains and 6 with non-toxi-
genic strains.

For recurrent C. difficile infection, 6 patients
(4 women, 2 men under 60 years old) diagnosed with
C. difficile-associated enterocolitis underwent fecal mi-
crobiota transplantation (FMT) into the terminal ileum
via an endoscopic instrument channel.

Recurrences (relapses of the disease)

Re-hospitalization within the 2021-2023 period
for patients with previously detected C. difficile DNA
was recorded in 9 (13.8%; 6 women, 3 men) of the
65 patients. Initial detection was non-toxigenic strains
in 5 patients and toxigenic in 4. Re-hospitalization
occurred in patients with Crohn's disease (3 non-toxi-
genic, 1 toxigenic), ulcerative colitis (2 non-toxigenic,
2 toxigenic), and enterocolitis from a toxigenic strain
(1 patient).

Discussion

Summary of Research Findings

Including gastroenterology patients with diarrhea
syndrome allowed us to cohort with signs of active
C. difficile infection. This approach aligns with interna-
tional hospital testing practices for C. difficile infection.
According to ACG guidelines, testing should be con-
sidered for individuals with >3 loose stools in 24 hours,
those with high comorbidity indices (oncology, hema-
tology, transplant patients), and patients with signs of
intestinal obstruction [6, 7]. Our results indicate an in-
crease in C. difficile infections in the gastroenterology
department from 2021 (6.6%) to 2023 (7.9%), includ-
ing an increase in toxin-positive from 5.2% to 7.9%.
This rise may be linked to the COVID-19 pandemic.
T. Zuo et al. concluded that COVID-19 adversely af-
fects gut microbiota, reducing colonization resistance
against C. difficile [8].

The inclusion of C. difficile in the ESCAPE
pathogen group and its ability to form hospital strains
(clones) is concerning. Besides primary C. difficile dis-
eases (enterocolitis, pseudomembranous colitis, mega-
colon), superinfection can complicate other conditions
like Crohn's disease and ulcerative colitis [9]. There-
fore, epidemiological and microbiological monitoring
for C. difficile in gastroenterology department, both
in symptomatic patients and those with risk factors is
highly relevant. The development of C. difficile in-
fection in patients can be associated with endogenous
causes (the development of clinical signs of the disease
in asymptomatic carriers due to excessive colonization
with C. difficile and toxin production), as well as with
medical care [10]. M. Sartelli et al. report an increase in
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community-acquired cases over the past 20 years (up to
25-28% of C. difficile-associated infections) [11].

Identification of toxigenic and non-toxigenic strains

As part of the normal gut flora, C. difficile may
not cause disease. In this study, since all patients had
diarrhea, the identification of only non-toxigenic C. dif-
ficile strains (without toxin genes) was interpreted as
the diarrheal episode likely not being caused by C. diffi-
cile, but rather by other factors (other infectious agents,
exacerbation of the underlying disease, drug effects,
etc.). While detection of non-toxigenic strains is not al-
ways associated with the presence of an infectious dis-
ease, but there is evidence of asymptomatic carriage of
C. difficile as a predisposing factor for the development
of clinically manifest C. difficile infection [12]. Geo-
graphic variation in asymptomatic C. difficile carriage
rates among hospitalized adults exists, ranging from
4.4% to 23.2% [13]. Detection of toxigenic C. difficile
strains upon admission is associated with an almost
6-fold higher risk of developing clinical infection. The
detection rate of toxigenic C. difficile strains in hospi-
talized patients in a multicenter study by I.M. Zachar-
ioudakis et al. was 8.1% [14]. In our study, the rate in
the gastroenterology department in 2023 was 7.9%.

CRP level test

Using standard laboratory tests like CRP, a sys-
temic inflammatory response marker, in diagnosing
C. difficile infection and assessing severity helps iden-
tify patients at risk for severe disease and poor prog-
nosis.

Bacteriological stool analysis

This study involved patients with an adult gut mi-
crobiome, characterized by diversity, stability, and re-
silience. Significant reductions in diversity and stability
along with decreased abundance of obligate members
(Firmicutes, Bacteroidetes, Actinobacteria), have been
reported in C. difficile infection [15, 16]. A predomi-
nance of Proteobacteria (especially Enterobacteriace-
ae) is also noted. Our bacteriological findings confirmed
intestinal dysbiosis, characterized by an imbalance with
a predominance of opportunistic pathogens like Prote-
us spp., Klebsiella spp., Citrobacter spp., Enterobacter
spp., Acinetobacter spp. and Staphylococcus aureus.

Treatment of C. difficile-associated infection
in the hospital

The choice of anticlostridial therapy according to
Russian clinical guidelines depends on disease severi-
ty. For a first mild episode in patients with a favorable
prognosis (young age, no immunodeficiency/chronic
diseases), metronidazole (500 mg three times daily for
10 days.) can be used. For other patient groups with a
first mild episode of C. difficile infection, vancomycin
(250 mg four times daily for 10 days) is recommended.
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FMT currently has a low evidence level and weak
recommendation, but is suggested for severe/ fulminant
C. difficile infection refractory to standard antibiotic
therapy. Observational study results support the use of
FMT protocols [17]. For example, if severe/fulminant
infection is refractory to vancomycin combined with
IV metronidazole after 5 days, FMT via colonoscopy
is indicated. Results from a randomized clinical trial
by G. Ianiro et al. show effective use of this algorithm
combined with a 14-day vancomycin course, achieving
cure rates of 75% after one FMT and 100% after multi-
ple procedures [18]. However, FMT equires access to a
bank of frozen fecal microbiota.

In our study, 24 (36.9%) out of 65 patients PCR-pos-
itive patients received vancomycin (1 g/day orally). In
the absence of positive clinical and laboratory dynamics,
FMT was performed on 6 patients for the treatment of re-
current C. difficile infection. Clinical effect was achieved
in all patients, and there were no readmissions to the in-
patient department. Our data confirm FMT as a high-
ly promising method for treating C. difficile infections,
consistent with the literature [19-21].

Conclusion

The identification of C. difficile infection across
various patients group underscores the need to test all

patients with diarrhea syndrome for C. difficile. To im-
prove diagnostic accuracy and establish a definitive eti-
ology, a combination of identification methods should
be employed. PCR, being highly sensitive and rapid,
is currently the preferred standalone method for diag-
nosing C. difficile infection. Incorporating PCR into
clinical guidelines and quality criteria for managing
C. difficile infection will facilitate timely diagnosis, ap-
propriate selection of anticlostridial therapy, and reduce
the overall incidence and mortality from HAIs.

A separate issue for epidemiological and microbio-
logical monitoring in medical organizations is screen-
ing healthcare workers for asymptomatic carriage or la-
tent infection, as well as testing environmental surfaces
(diagnostic and treatment equipment, feeding tubes,
etc.) for C. difficile contamination. This is particularly
relevant for gastroenterology departments and will be a
primary focus of our future, more detailed research on
the epidemiology and prevention of C. difficile infec-
tion in hospitals.

Eliminating risk factors for C. difficile-associated
infection, primarily through the rational use of antibi-
otic, is the main preventive measure. Supporting the
host’s dispositional properties, particularly by enhanc-
ing the colonization resistance of the colon, is the pri-
mary strategy for preventing recurrence.
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Improvement of the MLVA typing scheme for Burkholderia mallei

strains
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Abstract

Introduction. The registration of sporadic cases of glanders in horses in Russia, caused by Burkholderia mallei,
highlights the importance of developing genotyping algorithms for this pathogen. The MLVA method (multilocus-
variable tandem repeat analysis), based on a comparative analysis of the number of variable tandem repeats
(VNTRs), remains a promising genotyping tool. As the number of whole-genome sequences in international
databases increases, the informative value of VNTR loci changes, necessitating a revisiting of existing typing
schemes.

The aim of this study was to assess the feasibility of including the VNTR locus BPSS1974* in the MLVA-6
scheme for intraspecies differentiation of B. mallei.

Materials and methods. The study of 64 strains of B. mallei was conducted in silico and in vitro using MLVA,
differentiating region amplification, whole-genome sequencing, and bioinformatic analysis.

Results. Genotyping B. mallei using the MLVA-6 scheme failed to determine in silico VNTR profiles of 13 strains
from the GenBank NCBI database for one or more loci due to low read coverage of the corresponding genomic
regions or their complete absence (null alleles). The effective number of alleles (ne) and the polymorphic information
content (PIC) index for the MLVA-6 scheme loci ranged from 3.842-8.103 and 0.740-0.877, respectively. The
potential for including the VNTR locus BPSS1974# in this scheme was determined based on the molecular
stability of the motif within it and a high values for ne and PIC, which were 4.299 and 0.767, respectively. VNTR
profiles of the collection strains at locus BPSS1974# were identical to the corresponding strains in the GenBank
database. The results of the cluster analysis using a combined MLVA-6 scheme and the BPSS1974* locus were
consistent with the phylogenetic reconstructions obtained using other molecular genetic methods.

Conclusion. The VNTR locus BPSS1974* can be considered a marker, the inclusion of which in the MLVA-6
scheme will improve the accuracy of genotyping and the determination of the regions of origin of newly isolated
B. mallei strains.

Keywords: Burkholderia mallei, glanders, genotyping, MLVA, tandem repeats
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CoBepwieHcTBOBaHMe cxembl MLVA-TunupoBaHua WTaMmmoB
Burkholderia mallei

NlepeHeBa M.J1.%, boHgapesa O.C., TkaueHko I"A., YctuHoB [.B., 3axaposa U.b.
Bonrorpagcknin HayuHo-nccneaoBaTelbCKUN NPOTUBOYYMHbBIN UHCTUTYT, Bonrorpag, Poccuna

AHHOMAayus
BBeaeHue. Peructpauns Ha TeppuTtopun Poccrnmy oTaenbHbIX Criydaes cana y nowuagen, Bo3dyamTtenem KoTopo-
ro siensietcs Burkholderia mallei, onpegensieT BaXXHOCTb pa3paboTkvM anropuTMOB reHOTUMNMPOBAaHUSA 3TOrO na-
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ToreHa. lMepcnekTuBHbIM ocTaetca metoa MLVA (multilocus-variable tandem repeat analysis), ocHoBaHHbIV Ha
CpaBHUTENbLHOM aHanu3e KonuyecTBa BapuabenbHbix TaHaemHbix noeTopoB (VNTR — variable number tandem
repeats). [lo Mmepe yBenuyeHUst Ymcrna nonHOreHOMHbIX NOocrneaoBaTensLHOCTEN B MeXAyHapoaHbix 6a3ax gaH-
HbIX U3MeHsieTcsl nHopmaTtueHas LeHHocTb VNTR-nokycoB, 4To TpebyeT nepecmoTpa CyLLEeCTBYHOLUX CXEM
TUNUPOBAHMS.

Llenb paboTbl — oLeHWUTb nepcrnekTMBHOCTb BkMtoveHnst VNTR-nokyca BPSS1974# B cxemy MLVA-6 onst BHy-
Tpuugoson auddepeHumnaummn B. mallei.

MaTepuanbl n metoabl. iccnegosarne 64 wrammoB B. mallei nposogunu in silico v in vitro ¢ NOMOLLbIO MeTO-
aoB MLVA, amnnndukaumm guddepeHUmpyowmnx permoHoB, NOTHOFEHOMHOIO CEKBEHUPOBaHUSA 1 BruonHdop-
MaTU4YeCcKoro aHanuaa.

Pe3ynkraTbl. [eHoTUNUpoBaHue B. mallei npn ncnonb3oBaHun cxembl MLVA-6 He no3sonuno onpeaenuTtb in
silico VNTR-npocpmnm 13 wrammoB 13 6a3bl AaHHbIX GenBank NCBI no ogHOMyY Mnv HECKOMbKMM FI0KyCcaM BBU-
Oy HU3KOrO NMOKPLITUA pyaaMmn COOTBETCTBYHOLLMX obriacTen reHoma Unm ux NomHOro OTCYTCTBUSA (HyNb-annenu).
A pekTnBHOE Yncno annenen (ne) n MHAeKC NonNMMopdHOro nHdopmaumoHHoro cogepxxanus (PIC) ana noky-
coB cxembl MLVA-6 Bapbuposanu B guanasoHax 3,842—8,103 n 0,740-0,877 cooTBeTCTBEHHO. [1lepcnekTMBHOCTb
BkntoveHus B aTy cxemy VNTR-nokyca BPSS1974# onpepeneHa Ha ocHOBE MOMNEKYNSIPHOW cTabnnbHOCTN MOTU-
Ba B €0 COCTaBe W BbICOKMNX Nokasartenen ne u PIC, coctaBusLumx 4,299 1 0,767 cootBeTcTBeHHO. VNTR-npodu-
N KOMNMNEKUMOHHBIX LITaMMOB Mo fiokycy BPSS1974# Gbinu MaeHTUYHbI COOTBETCTBYHOLLMM LUTaMMam 13 Gasbl
AaHHbix GenBank. PesynsraThl knacTepHOro aHanusa npy co4eTaHHOM 1cnonb3osaHny cxembl MLVA-6 1 nokyca
BPSS1974# cootBeTcTBOBanNu (OUNOreHETUYECKUM PEKOHCTPYKLMSIM, MOMYYEHHBIM C UCMONb30BaHNEM OpPYruX
MOSEKYNSPHO-reHETUYECKNX METOAOB.

3akntoveHue. VNTR-nokyc BPSS1974# MoxHO pacueHMBaTb kak MapKep, BKIHYeHe koToporo B cxemy MLVA-6
NO3BONUT MOBBLICUTbL TOYHOCTb FEHOTUMMPOBAHUSA U YCTaHOBINEHUSI PETMOHOB NMPOUCXOXAEHNUS BHOBb BbIJENEH-
HbIX WTammoB B. mallei.

KnroueBble cnoBa: Burkholderia mallei, can, ezeHomunupoeaHue, MLVA, maHOeMHbie noemopsl

UcmoyHuk d)UHchupoeaHun. ABTOpbI 3a8BNSAIOT o6 OTCYTCTBMU BHELLHEro PrHaHCUPOBaHWA NPU NPOBEAEHUM UC-

crnegoBaHus.

Komimuxm UHmMepecos. ABTOPbI AEKNapupyrT OTCYTCTBMUE ABHbIX N NOTEHUWaNbHbIX KOHMIMKTOB UHTEPECOoB, CBSA-

3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ans yumupoearusi: NegeHesa M.J1., Bongapesa O.C., TkaueHko "A., YctuHo [.B., 3axaposa U.b. CoBepLuen-
cTBoBaHue cxembl MLVA-TunupoBaHus wrtammoB Burkholderia mallei. KypHan mukpobuonoauu, anudemuonoauu u

ummyHobuonoauu. 2025;102(5):615-625.
DOI: https://doi.org/10.36233/0372-9311-720
EDN: https://www.elibrary.ru/LXJQDU

Introduction

The Gram-negative bacterium Burkholderia mal-
lei is the causative agent of glanders, a potentially fatal
anthropozoonosis that primarily affects equids: horses,
mules and donkeys [1, 2]. Human illness is linked to
their professional activities and occurs through close
contact with infected animals, for example, among
farm and veterinary workers [3]. There are known cases
of infection among employees of bacteriological lab-
oratories who work with B. mallei cultures [4, 5]. In
Russia B. mallei is classified as pathogenicity group 11
(hazard) agent, while abroad it is considered a potential
group B bioterrorism agent, which is due to the possi-
bility of a public health emergency arising from the use
of B. mallei as a biological weapon [6-8].

Currently, outbreaks or sporadic cases of glanders
occur in several regions of Asia and the Middle East,
North Africa, as well as Central and South America [9,
10]. The registration of imported cases of glanders in
countries free of this disease poses a threat of infection
to local livestock, humans, as well as the possibility of
reintroduction of the infection [11, 12].

Cases of glanders are being reported in countries
bordering Russia, which necessitates vigilance from

veterinary services regarding this disease, especially in
the regions of Siberia and the Far East. The outbreak
of glanders in horses in 2023 at the "Chita State Stud
Farm and Hippodrome named after Khosaen Khaki-
mov," registered by the World Organization for Animal
Health', highlights the importance of epidemiological
monitoring of glanders in Russia.

Modern methods of intraspecies typing allow ob-
taining a detailed genetic characterization of the patho-
gen to address issues such as investigating cases of hu-
man or animal disease, and determining the evolution-
ary and phylogenetic relationships between microbial
strains [13—15]. However, in the case of glanders, the
search for effective DNA targets is complicated by the
high conservation of the B. mallei genome. The high
density of microsatellite and minisatellite repeats (Vari-
able Number Tandem Repeats, VNTR) in B. mallei ge-
nome determines the prospects of using strain differen-
tiation schemes based on multilocus variable number
tandem repeat analysis (MLVA). In foreign sources, a

! Russia — Burkholderia mallei (Inf. with) (Glanders) — Follow
up report 1 [FINAL].
URL: https://wahis.woah.org/#/in-review/4915

© lNNepeHeBa M.J1., Bonpapesa O.C., TkayeHko A., YctuHos [1.B., 3axaposa U.B., 2025
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scheme of 23 VNTR loci is most often used for this pur-
pose, it was originally proposed for the causative agent
of melioidosis — Burkholderia pseudomallei, a clone
of which is supposed to be the ethilogical agent of glan-
ders [16]. However, this scheme is not optimized for the
B. mallei. A large number of typing loci increases the
overall cost of the analysis.

To reduce the labor intensity and cost of the
MLVA method, the development of shortened schemes
is relevant, allowing the maintenance of the discrimina-
tory power and reliability of molecular epidemiological
investigations using fewer loci. The combination of 6
VNTR loci we previously selected allowed the differ-
entiation of B. mallei strains with high discriminatory
power [17]. However, the informative value of VNTR
loci changes as the number of new whole-genome se-
quences in international databases increases, which ne-
cessitates a review of existing typing schemes.

In a recent study, we demonstrated the effective-
ness of using a scheme of 5 VNTR and 4 SNP loci for
establishing the geographical origin of B. pseudomallei
strains and determining the clonality of isolates in me-
lioidosis cases [18]. The new VNTR locus BPSS1974%,
proposed in this study, located within the BPS_RS29560
gene region, was characterized by stable amplification
and the presence of amplicons in all B. pseudomallei
strains examined. The tandem repeat sequence (motif)
consisted of 9 nucleotide pairs and had a degenerate
structure that was under stabilizing selection. The pres-
ence of an orthologous gene in B. mallei genome deter-
mines the possibility of using the BPSS1974 locus to
improve the 6-locus MLVA typing scheme.

The aim of the study was to assess the feasibi-
lity of including the VNTR locus BPSS1974" in the
MLVA-6 scheme for genetic typing of B. mallei strains.

Materials and methods

The research objects were whole-genome sequenc-
es of 56 B. mallei strains from the GenBank NCBI da-
tabase?. Our sample included nucleotide sequences of
B. mallei strains isolated in endemic countries (India,
Pakistan, Brazil), certain parts of Asia and the Middle
East where outbreaks or cases occur sporadically (Tur-
key, China, Myanmar, Bahrain), as well as in USA and
some European countries (Hungary, Yugoslavia).

To assess the stability of DNA loci within geno-
typing systems, 7 strains of B. mallei from the collec-
tion of the Volgograd Plague Control Research Institute
were used. Duplicates of the strains P-1, Muksuwar-11,
V-120, C-4 and C-5, deposited in the State Collection of
Pathogenic Microorganisms and Cell Cultures under the
numbers SCPM-0O-B-4688, SCPM-0-B-7093, SCPM-
O-B-7146, SCPM-0O-B-4682 and SCPM-0O-B-4683,
corresponded to the collection strains. In turn, the col-
lection strains Muksuwar-11, Bogor-37 and Zagreb

2 URL: http://www.ncbi.nlm.nih.gov/genome

were matched by strains whose nucleotide sequences
have been deposited in GenBank NCBI under acces-
sion numbers GCA 033870375.1, GCA_033870395.1
and GCA 033870355.1. The study also included the
collection strain B. mallei 16050, isolated from a horse
in 2023 during an outbreak of glanders at a state stud
farm in Chita. The genome sequence of B. mallei strain
16050 has been deposited in the VGARus database (id
vnip002404). A total of 64 strains of B. mallei were an-
alyzed in the study.

For setting up polymerase chain reactions for ML-
VA typing and amplification of differentiating regions
of the genome (Different Region Analysis, DFR), DNA
was extracted using the RIBO-prep reagent kit (Central
Research Institute of Epidemiology, Moscow). Genom-
ic DNA for sequencing was extracted using the Biolab-
mix-DU-250 kit (Biolabmix) according to the manufac-
turer instructions.

Primers and amplification parameters for typing
using the MLVA-6 scheme and the BPSS1974" locus
were described in earlier studies [17, 18]. The VNTR
profiles of the strains were determined as the set of al-
lelic variants at each locus and are presented as a nu-
merical pattern in the format "L933k/L3145k/L3652k/
L20k/L1217k/S2862k/BPSS1974"".

DFR genotypes were determined by real-time
hybridization-fluorescence PCR (real-time PCR) for 9
fragments: BmVAT1, BmVAT2, BmVAT3, BmVAT4,
BmVATS, BmVAT6, BmVAT7, BmVATS&, BmVAT9,
using the oligonucleotide sequences and genotyping
scheme described by O.S. Bondareva et al. [19]. The
DFR typing results were converted into a binary matrix,
where the presence of an amplicon was denoted by "1"
and its absence by "0".

Library preparation for whole-genome sequenc-
ing was performed using the Nextera XT library prep
kit, and sequencing was carried out on the MiSeq plat-
form using the MiSeq Reagent Kit v3 (all from Illu-
mina Inc.). The raw nucleotide reads were processed
using the Trimmomatic utility with standard parame-
ters for [llumina. Processed reads were assembled using
SPAdes v3.15.4 with the "-isolate" option and standard
command-line parameters [20].

Cluster analysis and dendrogram construction
were performed using FAMD v. 1.31 [21] and Mega v.
11.0.11 [22] software, employing the nearest neighbor
joining algorithm and the Jaccard genetic distance coef-
ficient. The Hunter—Gaston discriminatory index (HG-
DI) [23] was used to assess the discriminatory power of
the typing schemes. To analyze the informativeness of
the microsatellite loci, the number of alleles, the effec-
tive number of alleles (ne) and the polymorphic infor-
mation content (PIC) index were determined.

Results

In silico analysis showed that the entire 692 bp
amplicon of the BPSS1974 locus, located at positions
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1627686—1628377 in the genome of the reference strain
B. mallei ATCC 23344 (GCA_033956065.1), corre-
sponded to the 1755 bp BMA RS16575 gene, located
on the second chromosome. Much like in the B. pseu-
domallei genome, the BMA RS16575 gene is annotat-
ed in the NCBI GenBank database as a collagen-like
protein containing a triple helix repeat (WPJ46631.1,
584 bp). The forward primer site occupied positions
1627686-1627707 in the B. mallei ATCC 23344 ge-
nome and 28—49 in the BMA RS16575 gene sequence,
while the reverse primer site occupied positions
1628359-1628377 and 701-719, respectively. As in
the B. pseudomallei genome, positions 3, 6 and 9 of the
motif within the BPSS1974" locus were under stabiliz-
ing selection.

In silico typing of 56 B. mallei strains from the NC-
BI GenBank database using primers to the BPSS1974%
locus revealed 10 allelic variants, the most common of
which were repeats with copy numbers 56 and 54 —
each accounting for 17 strains. 55 and 53 repeats were
found in 9 and 5 strains respectively; the number of re-
peats was 58 for 2 strains, and the remaining 5 variants
were unique. In B. mallei SCPM-0O-B-4686, primer
binding sites were absent (null allele).

Using the MLVA-6 scheme, null alleles were iden-
tified atthe L1217k locus in 14 strains from the GenBank
NCBI database. Analysis of the molecular nature of the
null alleles showed that the absence of amplification
products at loci BPSS1974* and L1217k is due to the
deletion of the corresponding genome fragments. Null
alleles at the L1217k locus, identified in 4 complete ge-
nomes of strains B. mallei 6, 34, BMQ and 23344, were
considered as one of the allelic variants in further work.
However, the genomes of B. mallei strains BM 1, BM 5,
BM 6, Turkey5, NCTC3709, SCPM-0O-B-4682, SCPM-
0-B-4683, SCPM-0O-B-4684, SCPM-0O-B-4688, and
SCPM-0-B-4686 are represented by a set of contigs of
varying lengths, which does not exclude the absence of
a PCR product in in silico analysis due to an incomplete
nucleotide sequence. Therefore, these strains were ex-
cluded from further analysis.

The MLVA-6 scheme did not allow the in silico
determination of the genotypes of B. mallei strains BM-
1, BM-3, BM-6 and BM-9 at locus L20k and B. mallei
3076 at locus L3652k, as the target VNTR region was
located on different contigs. Due to this, these strains
were also removed from the study.

Excluding 13 strains from the sample resulted in
the loss of 3 unique allelic variants at locus BPSS1974%
and one at locus L20k. Table 1 presents the B. mallei
strains that were subsequently used for cluster analysis.

As aresult of VNTR loci amplification of B. mal-
lei collection strains, PCR products were obtained that
appear as single bands on the electropherogram. At the
same time, the amplification product for the L1217k lo-
cus was absent in 3 strains from the collection (B. mal-
lei P-1, C-4 and C-5). Subsequent amplicon sequencing

ORIGINAL RESEARCHES

allowed us to determine the corresponding number of
repeats for each locus (Table 1). Subsequently, when
calculating the polymorphism indicators of VNTR lo-
ci, the MLVA profiles of strains from GenBank NCBI
and the collection of the Volgograd Plague Control Re-
search Institute were combined.

When calculating the effective number of alleles
(ne) and the polymorphic information content (PIC) in-
dex for the BPSS1974* locus, the values were found
to be 4.299 and 0.767, respectively. In the adjusted
sample of strains, the number of alleles per locus in the
MLVA-6 scheme was distributed as follows: the mini-
mum number of alleles was 8 and 10 in loci L3145k
(ne = 4.257; PIC = 0.765) and L933k (ne = 7.087;
PIC = 0.859), respectively; 11 alleles in loci L3652k
(ne = 7.368; PIC = 0.864) and L1217k (ne = 3.842;
PIC = 0.74); 13 alleles in locus S2862k (ne = 7.628;
PIC = 0.869); and the maximum number of alleles was
16 in locus L20k (ne = 8.103; PIC = 0.877). The HGDI
did not change when locus BPSS1974* was added to
the MLVA-6 scheme and remained at 0.981.

For the analysis of genetic polymorphism in
strains whose VNTR profiles were reliably determined,
the method of amplifying differentiating regions of the
genome was additionally used. As a result, 51 strains of
B. mallei were distributed into 19 DFR types, of which 6
were identified for the first time (DFR20— 001110011,
DFR21 — 000111110, DFR22 — 111110110,
DFR23 — 110110111, DFR24 — 010111010,
DFR25 — 111101100).

When comparing dendrograms constructed based
on typing results using the MLVA-6 scheme (Figure, a)
and when including the BPSS1974" locus in this scheme
(Figure, b), differences were observed in the arrangement
of root clusters and individual strains. Thus, when using
the MLVA-6 scheme and the BPSS1974" locus in combi-
nation, a new cluster was formed, which we designated
as G and which consists of subclusters G1, G2 and G3.
Subcluster G1 formed the B. mallei strain Bahrainl.
Subcluster G2 included strains BM-4 and B. mallei 11,
while subcluster G3 included strains B. mallei NCTC
10229, 2002734299, and Ivan, isolated by researchers
at the Pecs Institute in Hungary in 1961, and B. mallei
BM_campo 2.1. For the G3 subclade strains, a common
DFR type (DFRO02) was established, and their MLVA
profiles differed by 1 repeat at loci L3145k and L3652k,
while the VNTR genotypes of strains BM_campo 2.1
and Ivan were completely identical.

The adjacent branches of the dendrogram contain
strains from clusters F and E. For strains from clus-
ter F — B. mallei 34 of unknown origin and NCTC
10247 — the same number of repeats were determined
at VNTR loci L3145k, L20k, and BPSS1974#, and their
DFR profiles were unique and differed at loci BmVAT1
and BmVAT®6. Cluster E included strains from India
(2000031066 and SAVP1) with identical MLVA pro-
files at loci L.933k, 1.3145k and L20k, while their DFR
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Table 1. Results of MLVA and DFR typing of B. mallei strains
B. rgg’féigagzclzgiéiirﬁ)ﬁl; or Location and year of isolation MLVA-profile* MLVA;}%?L”:'{EUSE" t?pZF*{*-*
6 (GCA_000755845.1) Turkey, 1950 14/7/8/4,86/-17/50 1/A 17
LI-4 (vnip002737)**** Mongolia, 1967 11/7/6/17/-/8/54 2/A 06
LI-5 (vnip002738)**** Mongolia, 1967 11/7/6/17/-/8/54 2/A 06
BMQ (GCA_000755885.1) India, 1932 2/4/7/9/-15/54 1/B 12
23344 (GCA_000755865.1) Myanmar, 1944 2/4/7/29/-/5/54 2/B 12
NCTC 3708 (GCA_003590195.1) India, 1932 2/6/10/5/7,9/10/55 1/C 24
16050 (vnip002404)**** Russia, Chita, 2023 5/6/11/17/5/10/54 2/C 06
mongolia_1 Mongolia, 2022 9/5/16/17/5/6/55 3/C 06
B-120 (vnip002736)**** Russia, Ulan-Ude, 1985 10/6/8/17/5/6/55 4/C 06
SCPM-0-B-7146 (GCA_003627695.1) Russia, Ulan-Ude, 1985 10/6/8/17/5/6/55 4/C 06
BM-2 (GCA_028621615.1) China, Hebei, no data 6/8/10/19/4,9/6/55 1/D 16
2002721277 (GCA_003590185.1) USA, 1956 10/8/7/17/4,9/12/55 2/D 16
China5 (GCA_000757315.2) China, 1956 10/8/8/16/4,9/10,4/55 3/D 16
2000031063 (GCA_000756025.2) Hungary, no data 10/8/8/16/4,9/12/55 4/D 16
P-1 (vnip002735)**** Yugoslavia, no data 6/5/11/71-16/55 1/E 09
SAVP1 (GCA_000015465.1) India, no data 4/5/9/7/9,9/11/55 2/E 04
2000031066 (GCA_003590125.1) India, no data 4/5/717/13,9/12/54 3/E 21
NCTC 10247 (GCA_000762285.1) Turkey, Ankara, 1960 5/9/12/7/4,9/7/54 1/F 03
34 (GCA_939576165.1) no data,1972 10/9/16/7/-16/54 2/F 20
Bahrain1 (GCA_001729545.1) Bahrain, 2011 2/10/14/15/5,9/6/54 1/G1 22
BM-4 (GCA_028621665.1) China, Hebei, no data 6/10/10/18/8/13/54 1/G2 23
11 (GCA_000959405.1) Turkey, 1949 8/10/10/8/4,9/3/54 2/G2 19
NCTC 10229 (GCA_000015605.1) Hungary, Budapest, 1961 10/10/14/9/4,9/8/54 1/G3 02
2002734299 (GCA_000959165.1) Hungary, 1961 10/11/14/9/4,9/8/54 2/G3 02
Ivan (GCA_000986905.1) Hungary, 1961 10/10/13/9/4,9/8/54 3/G3 02
BM_campo 2.1 (GCA_905359435.1) Brazil, 2016 10/10/13/9/4,9/8/54 3/G3 02
UFAL2 (GCA_905359425.1) Brazil, 2017 8/4/9/14/4,9/4/27 1/H 06
PRL-20 (GCA_000169875.1) Pakistan, Lachor, 2005 5/4/6/6/3,9/7/58 1/l 25
India86-567-2 (GCA_000959465.1) India, no data 6/4/8/6/8,9/11/58 2/l 01
Turkey1 (GCA_002345985.1) Turkey, no data 7/4/11/6/6,9/7/56 11 15
Turkey2 (GCA_002346025.1) Turkey, no data 7/4/10/6/6,9/7/56 2/ 15
Turkey3 (GCA_002346065.1) Turkey, no data 7/4/7/6/6,9/6/56 31 15
Turkey4 (GCA_002346085.1) Turkey, 1960 7/4/11/6/6,9/6/56 4/J 15
Turkey6 (GCA_002346125.1) Turkey, no data 7/4/11/6/6,9/6/56 4/J 15
Turkey7 (GCA_002346145.1) Turkey, no data 714/11/6/6,9/7/56 11 15
Turkey8 (GCA_002346165.1) Turkey, no data 7/4/11/6/6,9/7/56 11 15
Turkey9 (GCA_002346185.1) Turkey, no data 7/4/12/6/6,9/7/56 51J 15
Turkey10 (GCA_002346005.1) Turkey, no data 7/4/11/6/6,9/7/56 11 15
Muksuwar-11 (vnip002733)**** India, 1979 5/4/8/17/6,9/12/53 1/K 11
SCPM-0-B-7093 (GCA_003627585.1) India, 1979 5/4/8/17/6,9/11/53 2/K 07
Mukteswar (GCA_033870375.1) India, 1996 5/4/8/17/6,9/11/53 2/K 1
Zagreb (vnip002734)**** Yugoslavia, no data 5/4/8/15/6,9/6/53 3K o7
Bogor-37 (vnip002732)**** Indonesia, 1979 5/4/8/15/6,9/11/53 4/K 07
Zagreb (GCA_033870355.1) Yugoslavia, 1996 5/4/8/15/6,9/11/53 4/K 07
Bogor (GCA_033870395.1) Indonesia, 1995 5/4/8/15/6,9/11/53 4/K 07
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End of the Table 1.

B. Q}g”:éigigglgi;ii%%a;;( or Location and year of isolation MLVA-profile* MLVA;]zﬁEIZI{*SIUSter t)I/DpFeB’:*
Kweiyang#4 (GCA_001608335.1) China, 1942 9/7/4/24,716,9/15/56 1L 22
2002721274 (GCA_002522985.1) USA, 1956 9/7/4/19/6,9/16/56 2IL 01
ATCC 23344 (GCA_033956065.1) Myanmar, 1942 8/7/4/31/6,9/15/56 3L 01
JHU (GCA_002346205.1) USA, Maryland, 2000 8/7/4/27/6,9/15/56 4/L 01
FMH 23344 (GCA_000755785.1) Myanmar, 1944 8/7/4/27/6,9/15/56 4/L 01
FMH (GCA_002346045.1) USA, Maryland, 2000 8/7/4/27/6,9/15/56 4/L 01

Note. *The MLVA profile of the strains is recorded as a numerical pattern of the number of repeats in the scheme "L933k/L3145k/L3652k/

L20k/L1217k/S2862k/BPSS1974#".

** Each MLVA profile is assigned a serial number within the corresponding cluster formed during the construction of the dendrogram.
***DFR-type numbers have been assigned according to previously published data [19].
****Strains from the collection of the Volgograd Plague Control Research Institute.

types were also unique and differed by the absence of
locus BmVAT6 in B. mallei SAVP1. A separate branch
within cluster E was formed by the B. mallei P-1 strain
from Yugoslavia.

The inclusion of locus BPSS1974" in the typing
scheme allowed strain B. mallei BM-2 to be placed as
a separate branch within cluster D, which consists of
strains B. mallei 2002721277, China5, and 2000031063.
All strains in this cluster have the same number of re-
peats at loci L3145k, L1217k and BPSS1974%, as well
as an identical DFR profile (DFR16).

The genotype at locus BPSS1974%, corresponding
to 58 repeats, was identified only in the Indian strain
B. mallei India86-567-2 and PRL-20, which allowed
these strains to be grouped into a separate cluster .
Strain India86-567-2 belonged to type DFRO1, while
PRL-20 belonged to the newly identified type DFR25,
which differed from DFRO1 by the absence of the Bm-
VATS5 and BmVATS loci.

The position of the strain B. mallei 16050, which
we isolated and identified, is particularly interesting. It
formed a common cluster with B. mallei mongolia 1
and B. mallei V-120, which are genetically identical in
their MLVA profile, and its duplicate SCPM-O-B-7146.
All 4 strains were found to have identical DFR profiles
(DFR06) and VNTR profiles at loci L20k and L1217k.
At the same time, B. mallei mongolia 1 and V-120 were
also found to have the same number of repeats at loci
S2862k and BPSS1974", and they differed by 1 repeat
at loci L933k and L3145k, which allowed these strains
to be placed in a separate branch within cluster C. For
B. mallei 16050, a closer relationship was established
with the B. mallei V-120 strain, as their MLVA profiles
contained 6 repeats at the L3145k locus.

A separate cluster group was formed by the UFAL2
strain (Brazil, 2017) with a unique number of repeats at
loci L20k (n = 14), S2862k (n = 4), and BPSS1974%
(n = 27). At the same time, B. mallei UFAL2, along
with strains from Russia and Mongolia, belonged to
type DFRO6.

MLVA profiles of duplicate strains from different
collections were identical or differed by only 1 locus,
allowing them to remain within the same cluster. Thus,
differences of 3 repeats were found at locus L933k be-
tween B. mallei C-4 and SCPM-0-B-4682, and of 1 re-
peat between B. mallei C-5 and SCPM-0-B-4683. The
Muksuwar-11 strain differed from the SCPM-0-B-7093
and Mukteswar (GCA 033870375.1) strains by 1 repeat
at the S2862 locus. The Zagreb strain from our institute
collection differed from Zagreb (GCA _033870355.1)
by 5 repeats at the S2862 locus (Table 2).

As a result, the addition of locus BPSS1974* to
the MLVA-6 scheme allowed to identify a closer ge-
netic relationship among a number of strains and the
formation of new clusters that correlate with their DFR
profiles.

Discussion

The effectiveness of intraspecies typing of infec-
tious agents is largely determined by the availability
of their genome nucleotide sequences. Whole-genome
sequencing and subsequent assembly of B. mallei ge-
nome are complicated by a large number of repetitive
sequences and a high GC content. As a result, of the
113 B. mallei genomes deposited in NCBI GenBank as
of May 2025, only 33 were complete, while most of
the remaining genomes are represented by dozens or
hundreds of contigs. At the same time, certain strains
were not unique.

For certain strains in the sample, it was impossi-
ble to determine the VNTR genotype at individual lo-
ci in silico. Low read coverage of the genome regions
corresponding to the L20k and L3652k loci prevented
the target VNTR region from being localized within a
single contig in 5 strains. Insufficient coverage during
sequencing can be attributed to the GC content of these
regions, which was over 70% in the reference strain
B. mallei ATCC 23344.

Another problem when searching for target VNTR
loci in incomplete genomes is the absence of corre-



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUUN N UMMYHOBUOJOIUI. 2025; 102(5)

DOI: https://doi.org/10.36233/0372-9311-720

621

OPUTVHANbHbBIE NCCJTIEAOBAHNA

6
1|L-4
u-5
2002721274
Kweiyang#4
ATCC 23344
JHU
FMH 23344
FMH
———————————— mongolia_1
————————————
B-120
SCPM-0-B-7146
UFAL2
BM-2
BM-4

11
2002721277
Chinab
2000031063
NCTC 10229
2002734299
Ivan
BM_campo 2.1
NCTC 10247

SAVP1
2000031066
NCTC 3708
Bahrain1
BMQ
23344

India86-567-2
SCPM-0-B-7093
Mukteswar
Bogor-37
Zagreb

Bogor

PRL-20
Turkey3
Turkey6
Turkey4
Turkey9
Turkey2
Turkey8
Turkey7
Turkey10
Turkey1

—
4{

0,50 0,40 030 020 0,10 0,00

NCTC 3708

16050
mongolia 1

| B-120

| SCPM-0O-B-7146
BM-2
2002721277
China5
2000031063
-1

D

SAVP1
2000031066
NCTC 10247 |F
34

Bahrain1 |61

g

BM-4
[ ¥ |G2

NCTC 10229
2002734299
Ivan
BM_campo 2.1
UFAL2 |H
PRL-20 I
India86-567-2
Turkey3
Turkey6
Turkey4
Turkey9
Turkey2
Turkey8

Turkey7
Turkey10

Turkey1
SCPM-0O-B-7093
Mukteswar
Zagreb

Bogor-37

Zagreb

Bogor

Kweiyang#4
2002721274
ATCC 23344 L.
JHU

FMH 23344
FMH

G

G3

0,50

>

0,40 030 020 010 0,00

Comparative analysis of the typing results of 51 B. mallei strains using the MLVA-6 scheme (a) and the combined use
of the MLVA-6 scheme and the BPSS1974#l locus (b).

Identical root clusters are marked in the same color. a: Strains whose positions changed upon inclusion of the BPSS1974* locus are marked
with a dashed line. The strains from the collection of the Volgograd Plague Control Research Institute are highlighted by a frame

sponding genome regions for these loci (null alleles).
In this case, there is no reliable way to determine the
cause of the null alleles: it could be the result of both
natural evolutionary changes and errors in genome as-
sembly. We detected null alleles at the L1217k locus
in 14 strains from the sample, 10 of which were rep-
resented by incomplete genomes, leading to their ex-
clusion from further study. When performing PCR with
DNA from collection strains, the amplification product
for the L1217k locus was absent in 3 strains. However,
null alleles in complete genomes increase the risk of
false homoplasy, which is why such loci are exclud-
ed from analysis in many population studies. However,
the probability of registering a null allele at each locus

increases with the sample size, which can lead to the
exclusion of a large number of loci, and this in turn will
negatively impact the quality of the research.

As a result, 13 strains were excluded from the
initial sample, and the remaining 51 B. mallei strains
were distributed into 39 MLVA types using a 6-locus
VNTR typing scheme (HGDI = 0.981). We included the
BPSS1974" locus in this scheme because of the struc-
ture of the motif within it, the degeneracy of which re-
duces the likelihood of DNA polymerase errors during
replication and sequencing. At the same time, the se-
quence of the motif itself is under the influence of sta-
bilizing selection, which contributes to its preservation
in the genome.
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Table 2. MLVA profiles of B. mallei duplicate strains from various collections

B. mallei strain number (GenBank

Number of repeats in the loci

accession number)

L933k | L3145k | L3652k | L20k | L1217k | S2862k | BPSS1974%
P-1* 6 5 11 7 - 6 55
SCPM-0-B-4688 (GCA_003627635.1)** 6 5 1 7 - 6 55
Muksuwar-11* 5 4 8 17 6,9 12 53
SCPM-0-B-7093 (GCA_003627585.1)** 5 4 8 17 6,9 11 53
Mukteswar (GCA_033870375.1)*** 5 4 8 17 6,9 1 53
B-120* 10 6 8 17 6 55
SCPM-0-B-7146 (GCA_003627695.1)** 10 6 8 17 6 55
LI-4* 11 7 6 17 - 8 54
SCPM-0-B-4682 (GCA_003627705.1)** 14 7 6 17 - 8 54
L-5* 11 7 6 17 - 8 54
SCPM-0-B-4683 (GCA_003627655.1)** 10 7 6 17 - 8 54
Bogor-37* 5 4 8 15 6,9 1 53
Bogor (GCA_033870395.1)** 5 4 8 15 6,9 11 53
Zagreb* 5 4 8 15 6,9 6 53
Zagreb (GCA_033870355.1)*** 5 4 8 15 6,9 11 53

Note. * B. mallei strains from the collection of the Volgograd Plague Control Research Institute. **B. mallei strains deposited

in the State Collection of Pathogenic Microorganisms and Cell Cultures.

***B. mallei strains from the Friedrich Loeffler Institute, the German Federal Research Institute for Animal Health

In the current study, we found that all VNTR lo-
ci had a PIC > 0.5, indicating their high discriminato-
ry power, with the effective number of alleles ranging
from 3.842 to 8.103 per locus and averaging 6.381.
Based on these indicators, locus BPSS1974* occupied
an intermediate position between VNTR loci L3145k
and L933k, represented by perfect and degenerate mini-
satellite repeats, respectively.

Successful amplification of the BPSS1974#1 locus
during PCR with DNA from B. mallei strain 16050, iso-
lated from a sick horse in 2023, indicated the stability
of the areas flanking the VNTR region. In turn, the full-
length nucleotide sequence of the BPSS1974* locus,
identified by whole-genome sequencing data analysis
of the B. mallei 16050 strain, showed its potential for in
silico MLVA typing.

Our cluster analysis results of B. mallei strains
based on the determination of repeat numbers in 7 VN-
TR loci were compared with the core genome multi-
locus sequence typing (cgMLST) data conducted by
S. Appelt et al. [13]. The comparison showed that the
composition and mutual arrangement of the clusters
had many common features. Thus, according to cgM-
LST data, strains from China were grouped into two
main clusters, corresponding to clusters D and L in the
MLVA dendrogram we constructed. These clusters in-
cluded strains for which the geographical region of ori-
gin in GenBank is listed as the USA: cluster L included
strains B. mallei 2002721274, JHU and FMH, while
cluster D included B. mallei 2002721277. Our cluster-
ing was consistent with the cgMLST results and indi-

cated a likely Chinese origin of these strains. Within
cluster D, a close relationship was confirmed between
strains 2000031063 (Hungary) and China5 (China),
whose MLVA profiles differed only at the S2862k lo-
cus. In addition to the cgMLST data, the genetic prox-
imity of the strains within MLVA clusters D and L was
also confirmed by the results of our DFR typing. Thus,
with the exception of B. mallei Kweiyang#4, which
lacked an amplification product at the BmVAT®6 locus,
a common DFR profile was determined for all strains
within each cluster.

The strains from Turkey investigated in this study
were classified in 3 different clusters. The MLVA-6
scheme, supplemented with locus BPSS1974", allowed
for the distribution of strains from these clusters ac-
cording to their position on a minimum spanning tree
constructed based on cgMLST data [13]. Thus, based
on typing results using only the MLVA-6 scheme, strain
B. mallei PRL-20 was included in the same cluster as
strains from Turkey. Determining the number of repeats
at the BPSS1974 locus allowed B. mallei PRL-20 to
be placed on the dendrogram in a separate branch with
the B. mallei India86-567-2 strain from India, while the
strains from Turkey formed a separate, most numerous
cluster J. Two other strains from Turkey, B. mallei 11
and NCTC 10247, were included in sub-cluster G2 and
cluster F, respectively.

The inclusion of locus BPSS1974 in the MLVA-6
scheme, along with strain B. mallei India86-567-2, al-
lowed us to clarify the position of another Indian strain,
B. mallei 3708, which formed a separate branch within
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cluster C. The clustering of Indian strains established
using the developed MLVA-7 scheme was consistent
with the data obtained in the study by H. Singha et al.
[24]. In the presented study, based on MLVA typing at
23 loci, the strains B. mallei India86 567-2, Mukteswar,
SAVP1, BMQ and NCTC 3708 were found to belong to
different clusters, which was consistent with the results
obtained in this study.

The MLVA and DFR profiles of the Brazilian
strains we established confirmed the previously pro-
posed hypothesis of two episodes of introduction of
the glanders into Brazil [25]. Therefore, the close ge-
netic relationship we identified within sub-cluster G3
between strains of European origin and BM_campo 2.1
suggested a possible introduction of glanders into Bra-
zil from Europe, likely during colonization or trade.

The inclusion of the BPSS1974" locus in the
MLVA-6 scheme allowed to localize of B. mallei strain
11 in the neighboring G2 sub-cluster, which was con-
sistent with the data from M.V.D. Falcdo et al. [25]. The
authors performed typing of strains based on 15 phy-
logenetically informative single nucleotide polymor-
phisms using PCR followed by high-resolution melting
analysis, which identified the L3B3sB3 branch, includ-
ing strains from MLVA clusters G2 and G3 formed in
this study. Analysis of single nucleotide polymorphisms
[25] also showed that strain B. mallei UFAL2 belongs
to the L3B2 branch, which includes strains isolated in
Brazil. Due to the lack of nucleotide sequences from
other Brazilian strains in Genbank, we were unable to
determine the MLVA and DFR profiles of the L3B2 li-
neage strains. At the same time, the unique VNTR pro-
file of strain B. mallei UFAL2 allowed it to be placed
in a separate MLVA cluster H, which corresponds to the
division of Brazilian strains into different phylogenetic
lineages.

Based on the results of MLVA and DFR analysis,
a close genetic relationship was established between
B. mallei strains V-120 and 16050, isolated 18 years
apart from diseased animals in Eastern Siberia, and
B. mallei strain mongolia 1, isolated from a diseased
horse in Mongolia in 2022. Belonging to the same DFR

type (DFRO06) and sharing a unique VNTR profile at
loci L20k and L1217k, along with the geographical
proximity of the territories of these countries where
glanders outbreaks were reported, suggests a common
source of origin of these strains. At the same time,
B. mallei strains C-4 and C-5, isolated in Mongolia in
1967, formed a separate MLVA cluster. The DFR type
(DFRO06) was also identified in the Brazilian strain
B. mallei UFAL2. Common DFR profiles of strains
from different MLVA clusters have been identified in
several other cases, which may indicate a decrease in
the specificity of the selected DFR loci as the number
of B. mallei genome sequences in genetic databases in-
creases.

The observed changes in the VNTR profiles of du-
plicate B. mallei strains from different collections may
be related to storage conditions, particularly the meth-
ods used for maintaining bacterial cultures. In a study
by J.M. U'Ren et al. [26], when studying the stability of
32 VNTR loci proposed for typing melioidosis strains
using the serial passage method on plates, changes
were found in 12 loci. Mutations were identified in the
L933k, L3145k and S2862k loci, which were included
in our developed typing scheme for glanders causative
agent. The variability of loci L933k and S2862k in the
genomes of duplicate strains of B. mallei, as established
in this study, indicated a similar pattern of variation in
these VNTR loci among pathogenic Burkholderia. The
stability of the molecular structure of locus BPSS1974%
has been determined in strains from different collec-
tions, which is important for epidemiological investiga-
tions and evolutionary analysis.

Thus, the VNTR locus BPSS1974* can be consid-
ered a marker, the inclusion of which in the MLVA-6
scheme will improve the accuracy of genotyping and
the determination of the regions of origin of newly iso-
lated B. mallei strains. Alongside the improvement of
schemes for differentiating B. mallei strains for more
effective intraspecies typing, there is a necessity to in-
crease the number of available nucleotide sequences
of B. mallei genomes, combined with the addition of
metadata about their exact geographical origin.
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Abstract

Introduction. Protective gloves are widely used in medicine to provide biological protection for patients and
medical staff. However, if gloves are used improperly, there is a risk of healthcare-associated infections (HAIs) for
both staff and patients. A significant problem is the resulting growth in medical waste and its disposal. Therefore,
developing new approaches to ensure maximum protection for staff and patients, and minimize the risk of
infection, by creating protective gloves based on biodegradable polymer materials with an antimicrobial coating,
is an urgent epidemiological and environmental objective.

This paper discusses modern technologies and emerging issues in the creation of new materials for protective
gloves with antimicrobial properties. These materials can be made using guanidine derivatives, quaternary
ammonium compounds (QACs), chlorinated phenols, essential oils, iodine compounds, silver salts, metal oxides
and metal nanoparticles and oxides, vegetable oil extracts, aniline dyes. The introduction of biofillers such as
starch and nanocellulose will help improve biodegradability. They will also help maintain the necessary physical
and chemical characteristics. The problem of synthetic rubber waste disposal can be solved by the development
of new composite materials with improved biodegradation characteristics. These materials are in the form of
thermoplastic elastomers (TPE), polylactide (PLA) and polylactone (PLC).

Conclusion. Areview of the scientific literature revealed a significant global interest in the creation of protective
gloves with antimicrobial properties made from biodegradable materials. However, in addition to directly
suppressing the growth of pathogenic microflora, their use may also pose a number of problems related to
their impact on human health and the ecosystem. The successful implementation of this direction hinges on
the continuation of scientific research on imparting the declared properties to gloves. This research should
use effective, reliable and safe technologies, as well as the development of unified methods and protocols for
assessing antimicrobial activity. Once these are in place, the research can be implemented widely in practice.
The production of biodegradable protective gloves offers significant potential, as it will help to reduce the risk
of infection spreading in healthcare organizations and contribute to environmental protection.

Keywords: protective gloves, antimicrobial properties, functional materials, review, biodegradable components
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3awWwmTHbIE NepUYaTKN HOBOrO NOKOJIEHUA: aKTyallbHble
TeHAEHLUMN TEXHOIOTMYEeCKNX peLleHnin  NepCcneKTUBDI
npumeHeHnA (Hay4Hbin 0630p)

3axapoBa l0.A.”™, HoBukos B.A.", AHgpeeB C.B.', MakapoBa M.A.?3

'MepepanbHbIl HayyHbIN LeHTP rurneHsl meHn O.M. dprcmanHa, Mocksa, Poccus;

2CaHkT-NeTepbyprckmin HayYHO-UCCNeA0BaATENbCKU UHCTUTYT SNNAEMMONIOTM 1 MUKPOOUonorum umenn MNactepa,
CaHkT-lNeTepbypr, Poccus;

3CeBepo-3anafHblii roCyAapCTBEHHbIV MeAULMHCKUA yHBepcuTeT umeHn WM. MeuHukoBa, CaHkT-lNeTepbypr, Poccusn

AHHOMayus

BBeaeHue. 3alnTHbIE NepyaTky LUMPOKO MCMOSMb3YT B MeauLMHe, OHM obecneynBaloT ypoBeHb Guonorunye-
CKOW 3alUuThl NAUMEHTOB M MEOULIMHCKOrO nepcoHana. Bmecte ¢ Tem cyllecTByeT puck pa3BuTus MHAEKLNNA,
CBSI3aHHbIX C OKa3aHNEM MeLMLMHCKOM NMOMOLLM, Y COTPYAHWNKOB M NALMEHTOB MPU UX HEHAANEeXalLleM npumeHe-
HUK. 3Ha4YMol Npobremon siBnsAeTcs pocT MeAMUMHCKMX OTXOA0B U UX yTunusauums. B aTon cBasu paspabotka
HOBbIX NOAXOAO0B K 06ecneyeHnto MakcMMarnbHOM 3aLlMTbl NepcoHarna v NauueHToB, MUHMMM3aLMn pucka nHdu-
UMpOoBaHus, bnarogapsi Co3gaHnio 3aLUMUTHBIX NepYaTok Ha OCHOBE OvopasnaraemMbiX NOSIMMEPHbLIX MaTepuarnos
C @aHTUMMUKPOOBHbLIM NOKPBLITUEM, SBMSAETCA aKTyanbHOW 3NMAEeMUONOrMYecKkom U 3KONorM4eckon 3agaden.

B ctatbe obcyxaalTcs COBpEMEHHbIE TEXHONMOMMM U BO3HMKAtOLWME Npobrnembl Npy NonyYeHUn HOBbIX MaTepu-
anoB AN CO34aHUSA 3aLUUTHBIX NEpPYaTOK C aHTUMUKPOOHBIMM CBOMCTBAMW MPU UCMONb30BaHUM NMPOU3BOLHbIX
ryaHuavHa, 4eTBepTUYHbIX aMMOHUEBbLIX COEAVHEHWUI, XNOPUPOBaHHbIX (PEHONOB, 3UPHBLIX Macen, coeanHe-
HWUI hofda, conen cepebpa, YacTuy M HaHOYacTUL, MeTanmoB N UX OKCUAOB, AKCTPaAKTOB pPaCcTUTENbHbLIX Macer,
aHUMHOBBIX KpacuTenen. BeegeHne Taknx GUoHanonHUTENEN, Kak Kpaxmarn 1 HaHouennonosa, dyaet cnocob-
CTBOBaTb yny4lleHuto BruopasnaraeMbix CBONCTB NpU COXpPaHEHUM HEOBXOAMMbIX (PUNKO-XUMUYECKUX Xapak-
TepuCTUK. PazpaboTka HOBbIX KOMMO3UTHbLIX MaTeprarnoB C YNy4ylleHHbIMU XapakTepuctukamm buogerpagaunm
B hopMe TepMOMIacTUYHbIX SM1acTOMEPOB, MOMUMAKTMAA M MOMMKaNpPOoakToOHa MO3BOMMUT pelnTb npobnemy
YTUNn3aLumn oTXo40B U3 CUHTETUYECKOrO KayyykKa.

3aknto4yeHne. AHann3 COBPEMEHHON Hay4HOW NUTepaTypbl ONpeaenun BbiICOKAN MHTEPEC B MUPE K CO34aHUI0
3aLUUTHBIX MEepPYaToOK C aHTMMUKPOOHBLIMM CBOMCTBAMM Ha OCHOBe GuopasnaraemMbix matepuanoB. OgHako ux
npvMeHeHne, KpoMe HenocpeaCTBEHHOrO NOAABMNEHUS pOCTa NAaTOreHHON MUKPONOPbI, MOXET AONONHUTENBHO
HecTu psg NnpobrneM, CBA3aHHbIX C BIWSHMEM Ha 340POBbE YernoBeka u akocuctemy. [ins ycnelHown peanusa-
LUK JAHHOTO HanpaeeHnsi BaXKHO NPOAOIDKAThL HayYHble UCCNEeaoBaHMs No NPUMAAHUIO NepyaTkaM 3asiBIEHHbIX
CBOWCTB C Ucnonb3oBaHueM 3apPeKTUBHbIX, HAAEXHbBIX 1 Be3onacHbIX TEXHONOrMn ¢ pa3paboTkon yHUPULMpO-
BaHHbIX METOAMK M NPOTOKOIOB OLEHKN aHTUMUKPOOHOWM akTMBHOCTU ANt NOCIEAYHLLErO LWMPOKOro BHEAPEHMS
B npakTuky. CosgaHvne bropasnaraembix 3aMTHBIX NepYaTok MMeEeT BorbluMe NepcnekTuBbl, MOCKONbKY Oyaet
CnocobCTBOBaTL CHIDKEHMIO pUCKa pacrnpoCTpaHeHUst MHAEKLUIA B MEOULIMHCKUX OpraHM3aumsix U BHECET cyLue-
CTBEHHbIV BKMag B 0XpaHy OKpy»atoLLen cpeapbl.

KnioueBble cnoBa: 3awumHsie rnepyameku, aHmUMUKpO6HbIe ceolicmea, d)yHKuUOHaﬂbele Mamepuarbl, Hay4-
HbIl 0630,0, 6uopasnaeaeMb/e KOMITOHeHmMb!

HUcmoyHuk (#UHBHCUPOGBHUH. ABTOpbI 3asBNSIOT 06 OTCYTCTBUU BHELLHEro uHaHCHpoBaHUs Npy NpoBedeHnn nc-
crnenosaHuA.

KoHgpniukm uHmepecoe. ABTOpbI AeKNapUpyoT OTCYTCTBME SIBHBIX U MOTEHLUMAnNbHbIX KOH(IIMKTOB MHTEPECOB, CBSI-
3aHHbIX C NyGnuKauuen HacTosILWEN CTaTby.

Ana yumupoeaHus: 3axaposa tO.A., Hosukos B.A., AHgpees C.B., Makapoa M.A. 3aluTHble nepyaTkn HOBOTO Mo-
KONEeHUs: aKTyanbHble TEHAEHLMN TEXHONOMMYECKNX peLLeHUiA U NepcneKkTUBbI MPUMEHeHNs (HayyHbli 0630p). XKypHan
mukpobuornoeauu, anudemuonoauu u ummyHobuonoauu. 2025;102(5):626-637.
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Introduction

The development of human potential and envi-
ronmental protection are important objectives that de-
fine the domestic policy of the country and require the
improvement of a set of measures to create conditions
for strengthening the health of citizens, increasing life
expectancy, reducing mortality and preventing infec-
tious diseases, including healthcare-associated infec-
tions (HAIs), which have been identified as a biological
threat by a Decree of the President of the Russian Fe-
deration'.

Healthcare-associated infections (HAIs) are one
of the key problems in global healthcare [1, 2]. Every
day, 7 to 15 out of 100 patients acquire them in the hos-
pital, and 1 in 10 cases result in death®. Issues of HAI
prevention are traditionally of greatest significance in
maternity hospitals [3, 4] and surgical departments [5].
Its relevance is increasing due to the complex demo-
graphic situation, as well as the rise in natural disas-
ters, technological accidents and military conflicts. In
the formation of HAI outbreaks, in addition to bacterial
pathogens, whose resistance to antimicrobial drugs and
biocides has become global, the significance of virus-
es is growing, including respiratory [6] and intestinal
viruses [7]. The significance of the pathogens of blood-
borne viral infections remains high [8]. The above
suggests strengthening non-specific measures for HAI
prevention, particularly improving personal protective
equipment.

Modern issues in the use of protective gloves
in medicine

Protective gloves are an essential attribute for
every healthcare worker. As single-use personal protec-
tive equipment (PPE), they are designed to create a bar-
rier between the patient and the healthcare worker while
performing professional duties. Medical gloves, in ad-
dition to their basic protective properties (impermeabi-
lity to microorganisms, airtightness, strength, safety for
patient and staff health), should also have satisfactory
consumer properties (comfort, high-quality packaging
and labeling, ease of disposal, functionality)®.

Depending on the degree of invasiveness of
medical procedures and the risk of patient infection,

Decree of the President of the Russian Federation dated
11.03.2019 No. 97 "On the Fundamentals of the State Policy of
the Russian Federation in the field of chemical and biological
safety for the period up to 2025 and beyond".

WHO launches first ever global report on infection prevention
and control. 2022. URL: https://www.who.int/news/item/06-
05-2022-who-launches-first-ever-global-report-on-infection-
prevention-and-control (nara o6pamenus: 06.05.2022).

3 MP 3.5.1.0113-16 "The use of gloves for the prevention of
infections related to the provision of medical care in medical
organizations" (approved by the Head of the Federal Service
for Supervision of Consumer Rights Protection and Human
Welfare, Chief State Sanitary Doctor of the Russian Federation
A.Yu. Popova 02.09.2016).
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protective gloves are divided into surgical and diag-
nostic/examination gloves. Surgical gloves must be
sterile. Diagnostic/examination gloves can be sterile
or non-sterile. Non-sterile gloves are used as standard
precautions when working with patients infected and/or
colonized with resistant strains of microorganisms and
individuals infected with viruses that cause blood-borne
infections (hepatitis B and C viruses, HIV, etc.).

Depending on the material, protective gloves are
divided into latex, synthetic, and combined. Current-
ly, most manufacturers of protective gloves use natural
or synthetic latex as a base [9]. Natural latex (rubber)
products are made from the sap of the Hévea brasilien-
swas plant and are more comfortable [10—12]. In Rus-
sia, latex gloves are predominantly used. The material
feels comfortable against the skin of the hands, which
is ensured by its high elasticity and ability to absorb
sweat. Despite its positive properties, natural latex often
causes allergic reactions — up to 25% of nurses who use
latex gloves report symptoms of dermatitis [13]. Due
to this, most healthcare workers prefer gloves made of
synthetic materials: vinyl, neoprene, polyurethane and
nitrile. These materials are more durable and resistant
to chemicals, while also being thinner, which provides
high sensitivity for your fingertips. Nitrile gloves are
used most often, followed by polyvinyl chloride and
polychloroprene gloves [14, 15]. These gloves are
pore-free, but they have less strength and elasticity than
latex gloves; unlike latex gloves, their integrity is not
restored after minor damage.

One type of high-strength gloves is chainmail
gloves. They are still used in our country, but they only
protect against cuts, not punctures. In this regard, the
use of double gloves is being introduced in European
medical institutions and some Russian hospitals. In this
case, the risk of the surgeon's hands coming into con-
tact with the patient's blood is reduced from 70% to 2%,
and in 87% of cases where the outer glove is perfo-
rated, the inner glove remains intact [16]. When using
two pairs of gloves worn one over the other, the skin is
significantly better protected from blood exposure than
when using a single pair of gloves. However, detecting
damage while wearing double gloves is just as difficult
as with single gloves.

In 1993, double gloves with puncture indication
appeared on the European market, which have now
become widespread. The concept behind them is quite
simple, but effective. The lower glove is different in
color from the upper one. When the outer glove is dam-
aged, liquid (blood, rinse water, etc.) gets between the
gloves, and a contrasting spot forms in the area of the
puncture, signaling a perforation. Thus, up to 97% of
punctures are detected when using indicator gloves,
while only 8% are detected when using a single layer
of gloves [16].

Depending on the type of material, gloves must
meet different standards. The ASTM D6319-19 "Stan-
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dard Specification for Nitrile Examination Gloves for
Medical Application" applies for nitrile examination
gloves, the ASTM D3578-19 "Standard Specification
for Rubber Examination Gloves" applies for natural
rubber examination gloves and the ASTM D5250-19
"Standard Specification for Poly(vinyl chloride) Gloves
for Medical Application” applies for polyvinyl chloride
gloves. The EN 374-2:2014 standard "Protective gloves
against dangerous chemicals and microorganisms —
Part 2: Determination of resistance to penetration,
IDT)" presents a method for assessing resistance to
penetration by microorganisms, providing a minimum
protection level of 2 (a glove that is air and water-tight,
having passed a leak test, is considered resistant to mi-
croorganisms). The updated standard introduced new
requirements for testing to assess virus protection (in
addition to fungi and bacteria), and ISO 16604 for as-
sessing protection against contact with blood and bio-
logical fluids for both the finished product and the ma-
terial itself.

No type of glove is completely impermeable to
microorganisms. Infection can penetrate gloves through
micro-injuries and pores, the sizes of which are com-
parable to that of microorganisms. The liquid that gets
inside gloves is most often localized in the thumb area
and at the fingertips, and only in 30% of cases are these
defects noticed by users. The average frequency of
such unnoticed punctures during surgical procedures is
34.7-92% [17]. The frequency of surgical glove dam-
age during orthopedic surgeries can reach 26.1%, with
82% of these damages going unnoticed [18]. There are
differences in the frequency of glove punctures among
doctors and nurses. Thus, out of 1457 doctor's gloves
examined, 17.3% were damaged, and out of 325 nurse's
gloves, 23.7% were damaged [19].

Despite modern technology significantly improv-
ing the mechanical properties of gloves, even wearing
two gloves on one hand cannot eliminate the penetra-
tion of microorganisms in case of punctures or other
mechanical damage. M.N. Bardorf et al. evaluated the
impact of punctures on the protective properties of sur-
gical gloves made from materials such as latex, nitrile,
and neoprene [20]. It was found that the penetration of
microorganisms depended on the rigidity or elasticity
of the material. In the study by A.N. Goldman et al.,
over 50% (out of 33 pairs) of outer gloves used during
orthopedic surgeries had macro- or micro-perforations
due to contact with surgical rotating instruments (drills)
[21]. A. Wolfensberger et al. noted that in 14% of cases,
microorganisms were transferred from gloves to hands
during their removal [22]. In this regard, when choosing
the type of surgical gloves, it is necessary to take into
account the specific conditions of the types of surgical
interventions, which can be met through the additional
properties of the gloves.

Medical PPE manufacturers have proposed the in-
troduction of gloves with an internal antibacterial coat-

ing as a highly effective measure for practical appli-
cation. The protective mechanism of one type of such
gloves is based on active coating technology containing
chlorhexidine gluconate, which has a broad spectrum of
antimicrobial action [23].

A serious mistake that medical staff often make
when working with gloves (especially powdered ones)
is treating them with alcohol solutions. According to
surveys (questionnaires), the proportion of employees
who do not change gloves after treating them with alco-
hol-based sanitizers, or who only change gloves when
in contact with blood, is 6.5% [24]. It is known that
alcohols destroy the upper protective layer of gloves,
making them permeable to microorganisms and form-
ing a compress of powder in the form of a mixture of
skin antiseptic and "glove juice", which can lead to
postoperative adhesions in the patient and negatively
affect wound healing. Powder from laboratory staff
gloves getting into a biological sample can also lead
to false-negative results when testing blood serum for
HIV [16].

It is not recommended to treat gloves with sanitiz-
ers and disinfectants, which has been confirmed by ex-
perimental studies. Penetration of Escherichia coli and
Staphylococcus aureus through latex medical gloves
without antiseptic was established after 30 minutes in
15% of cases, after 60 minutes in 25%, and through
gloves of the same types but treated with sanitizer, in
29.2% and 45.5% respectively [25].

A significant problem remains the practice of staff
washing their hands with soap while wearing gloves
between assisting different patients or between proce-
dures on the same patient, which is not recommended
but occurs quite frequently in practice. Hands can al-
so come into contact with the potentially contaminated
outer surface of the gloves during removal. Study con-
ducted by A.R. Tenorio et al. on vancomycin-resistant
enterococci found that despite the use of gloves, these
pathogens were detected on the hands of staff after
glove removal in 30% of cases [26].

It can be concluded that the hand protection pro-
vided by modern types of protective gloves is insuffi-
cient for medical staff and patients, and that antimicro-
bial agents need to be added to the PPE. The increase
in the number of antibiotic-resistant microorganisms
dictates the necessity to search for new antimicrobial
fillers against which resistance will develop to a lesser
extent. First and foremost, this concerns inpatient de-
partments with high circulation of nosocomial strains
of microorganisms, where the use of antimicrobial pro-
tective gloves will be most in demand.

The Growth of Medical Waste as a Leading
Environmental Problem
In medical facilities, single-use gloves are subject
to disinfection/decontamination after use as medical
waste of the corresponding class (usually classes B or
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C, in certain cases D or E)* Presenting an epidemio-
logical hazard, medical waste is a far more significant
threat than most other production and consumption
waste [27]. Changes in patient diagnostic and treatment
methods, and a sharp increase in the demand for sin-
gle-use medical instruments have significantly impact-
ed the morphological composition of hospital waste, its
generation rate and accumulation.

Medical waste is complex and diverse, and many
of its components are hazardous in terms of their mi-
crobiological composition. Not only is sanitary and ep-
idemiological safety important, but also the economic
efficiency of their disinfection/neutralization. Ensuring
the epidemiological and environmental safety of medi-
cal waste management requires active interdepartmen-
tal cooperation and legal regulation [28].

According to the WHO, the generation of medical
waste worldwide is increasing annually and by 2021
had already reached 2.27 kg per person per day. Devel-
oping countries generate 2—3 times more medical waste
than developed countries [29]. According to the US En-
vironmental Protection Agency, approximately 20% of
medical waste is generated in hospitals, 15% in labora-
tories, 35% in nursing homes, and 30% in urgent care
clinics and other healthcare facilities. Alongside this,
in 2020, as noted in the UN report, 30% of healthcare
facilities in developed countries and 60% in the least
developed countries lacked waste disposal equipment
[30]. In Russia in 2021, approximately 8.448 billion
tons of waste were generated [31], of which 3.5 million
tons were medical waste [32].

The application of PPE based on synthetic materi-
als (polypropylene, polyurethane, and polyacrylonitrile
in masks, as well as latex, vinyl, polyethylene, and ni-
trile in gloves) poses a serious environmental problem
of pollution in the form of not only solid waste but also
plastic particles formed as a result of their fragmentation.
These particles are non-biodegradable, can persist in the
environment for a long time, and pose a serious threat
to aquatic and terrestrial fauna and flora. For example,
according to the estimates of experts, the number of dis-
posable face masks that ended up in the World Ocean in
2020 alone was estimated at 1.56 billion units [33].

Progress in medical technology is inevitable, but it
leads to a significant increase in medical waste. In this
regard, research is being conducted on both new tech-
nologies for neutralization and destruction, as well as

4 Section X of SanPiN 2.1.3684-21 "Sanitary and epidemiological
requirements for the maintenance of territories of urban and rural
settlements, for water bodies, drinking water and drinking water
supply, atmospheric air, soils, residential premises, operation
of industrial and public premises, organization and conduct of
sanitary and anti-epidemic (preventive) measures" (approved by
the Head of the Federal Service for on supervision in the sphere
of consumer rights protection and human well-being, by the Chief
State Sanitary Doctor of the Russian Federation A.Yu. Popova on
January 28, 2021).
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principles for waste quantity management. Open burning
of medical waste or burning in any other improper man-
ner leads to the release of dioxins, furans and particulate
matter into the air, polluting the environment [34].

In this regard, the objective of giving protective
gloves not only antimicrobial properties but also the
maximum possible biodegradable components is one of
the most important preventive and environmental mea-
sures for minimizing the risks of infectious diseases
arising and spreading, and for preserving public health
in a safe and comfortable living environment.

New materials for producing gloves
with antimicrobial properties

Antimicrobial components that could be incor-
porated into the material of protective gloves made
of natural or synthetic rubber include guanidine de-
rivatives (chlorhexidine salts and polyhexamethylene
biguanide), quaternary ammonium compounds, chlori-
nated phenols (triclosan), essential oils (farnesol, phe-
noxyethanol, octoxyglycerin), iodine compounds, sil-
ver salts, metal nanoparticles and their oxides, as well
as extracts from certain plant oils (purple gentian), an-
iline dyes (brilliant green), chitosan-based compounds,
turmeric and similar substances [35]. By covalently
bonding an antibacterial agent to polymer surfaces, a
lasting effect and self-disinfection of the material can
be achieved. Metals and their oxides, particularly silver
particles, zinc oxide, copper, as well as composite ma-
terials based on them, are considered as potential anti-
microbial components [36-38].

In a study by X. Chen et al., calcium carbonate
whiskers (CaCOw), tetrapod-like zinc oxide whiskers
(T-ZnOw), and magnesium oxysulfate whiskers in
the form of needles and irregularly shaped particles
(MgOSw) were added to natural latex (before vulca-
nization) to impart antimicrobial properties [39]. Anti-
microbial activity was studied using the Oxford cup
method and the suspension method. E. coli, S. aureus,
Pseudomonas aeruginosa, and Staphylococcus epi-
dermidis were used as test microorganisms. The best
results for all microorganisms were obtained for sam-
ples containing zinc oxide. Antimicrobial activity was
noted in materials containing calcium carbonate. Sam-
ples based on magnesium oxysulfate showed an anti-
microbial effect only against P. aeruginosa. The results
obtained confirmed the fact that T-ZnOw activates the
active oxidizing group (OH), leading to the death of mi-
croorganisms.

E. Smiechowicz et al. proposed using cellulose
fiber to create protective gloves [40]. Silicon nanopar-
ticles with immobilized silver nanoparticles were intro-
duced into the fibers. The authors limited themselves
to only the results of the material's properties (strength,
vapor permeability, resistance to mechanical impact
and pH changes), without indicating its antimicrobial
activity.
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In a study by T. Arpornwichanop et al., a par-
tial antimicrobial effect of an additive to natural latex
in the form of N,N,N-trimethylchitosan, adsorbed on
poly(methyl methacrylate) and stabilized with silica
nanoparticles, was established against Gram-positive
and Gram-negative microorganisms [41]. The pro-
nounced antimicrobial effect of this composition was
established only for the Gram-positive S. aureus.

Graphene oxide, as well as its derivatives, have a
broad spectrum of antiviral activity against DNA and
RNA viruses, including enveloped and non-enveloped
viruses. Laser-induced graphene-based materials ex-
hibited antibacterial properties [42]. Studies on their
effectiveness have been conducted exclusively in lab-
oratory settings to date, and there is no literature data
confirming their effectiveness when tested in practical
conditions.

Strong antibacterial properties were found when
silver particles, deposited on graphene oxide, were in-
troduced into natural latex. The antimicrobial activity
of the composite materials by T. Li et al. was evalu-
ated based on the area of the growth inhibition zones
of the test microorganisms E. coli and S. aureus in an
experiment with these additives [43]. The synthesized
materials demonstrated high antibacterial activity, but
the authors were unable to establish a correlation be-
tween the size of the growth inhibition zones and the
concentration of the synthesized additive. The mech-
anism of antimicrobial action was explained by the
active release of silver ions (Ag") and their interaction
with thiol groups (SH) within the protein molecules of
microorganisms.

L.A. Alshabanah et al. conducted research on a
polymer composite material that also contained silver
nanoparticles with a size of 17-51 nm [44]. Polyvinyl
alcohol or thermoplastic polyurethane were used as
the matrix. Antimicrobial properties were evaluated
similarly based on the zones of inhibition of microbi-
al growth (S. aureus and its methicillin-resistant vari-
ant (MRSA), E. coli, Acinetobacter baumannii, and
Klebsiella pneumoniae). High antimicrobial activity of
the polyurethane-based material containing 4% silver
nanoparticles was established against all tested strains.

M. Kahar Bador et al. described a method for
imparting antimicrobial properties to nitrile gloves by
applying polyhexamethylene biguanide hydrochloride
to their surface [45]. The effectiveness assessment was
conducted with the involvement of medical staff from
the intensive care unit. The number of colony-forming
units (CFU/mL) of microorganisms that grew on nutri-
ent agar was determined as a result of seeding samples
(glove swabs) after staff performed four procedures (in-
travenous administration of solution, oral care for the
patient, physiotherapy, changing bed linen). The studies
were conducted in parallel using standard nitrile gloves
without polyhexamethylene biguanide hydrochloride
(control). In the first three out of four types of manipu-

lations, antibacterial gloves had less pronounced bacte-
rial contamination compared to the control. No signifi-
cant difference in bacterial contamination of gloves was
observed between the groups when changing bed linen.

S. Ali et al. studied the antimicrobial effect of
polyhexamethylene biguanide hydrochloride on the
survival of Streptococcus pyogenes, carbapenem-resis-
tant E. coli, MRSA and K. pneumoniae [46]. 15 min-
utes after applying the suspension (10 pL) containing
10* CFU/mL of bacterial culture to untreated gloves
(1 cm?), regardless of the type of contamination, the
listed bacteria maintained their initial concentration
level. Gloves treated with polyhexamethylene bigua-
nide hydrochloride reduced the level of microbial con-
tamination by 99.99% within 10 minutes of contact.
However, the antimicrobial properties of such gloves
were strongly dependent on the presence of biological
contaminants (blood, organic compounds, etc.).

In a study by M. Suchomel et al., the effect of
chlorhexidine bigluconate on the survival of microor-
ganisms on the hands of surgeons after wearing gloves
for 3 hours was investigated [47]. The hands were
pre-treated with a skin antiseptic containing 60% (v/v)
n-propanol. Wearing surgical gloves containing chlor-
hexidine bigluconate resulted in a 2.67 logl0 reduc-
tion in the number of microorganisms. With untreated
gloves, the degree of reduction was less pronounced
(from 1.96 log10 to 1.68 log10, p <0.01).

In a similar study (with chlorhexidine biguanide),
J. Leitgeb et al. found a high degree of antimicrobial
hand protection after wearing gloves for 2 hours [48].
The experiment involved 16 healthy adult volunteers.
They wore a glove with chlorhexidine biguanide on one
hand (experimental) and one without it (control) on the
other. After wearing them for 2 hours, they performed
specific finger movements and then removed the gloves
from their hands. Subsequently, test microorganisms
S. aureus (ATCC 6538) or K. pneumoniae (ATCC
4352) were applied to the inner surface of the cut-off
fingers of the gloves at a concentration of 10® CFU/mL.
The main evaluation criterion was considered to be the
average number of viable forms, expressed in CFU, af-
ter 5 minutes of contact with the test microorganisms.
In glove samples treated with chlorhexidine biguanide,
the average number of S. aureus was 6.24 log10 lower
compared to the control group, and K. pneumoniae was
6.22 log10 lower.

Quaternary ammonium compounds are an effec-
tive additive to natural latex. A. Arakkal et al. found
that the addition of quaternary poly(4-vinylpyridine) to
the polymer precursor provided the necessary degree of
protection (99.99%) against clinical isolates of P. aeru-
ginosa (PAO1) and A. baumannii (C80) [49].

In several scientific papers, W. Moopayak et al.
used mangosteen rind to give gloves antimicrobial
properties [50]. The active components were xantho-
nes — secondary metabolites also found in plants, fungi
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and lichens. Xanthones are attributed with antioxidant,
anticancer, anti-inflammatory, antiallergic, antibacteri-
al, antifungal and antiviral properties. Natural rubber
was used as a biofiller. Adding mangosteen rind powder
improved the antimicrobial properties of rubber gloves
without compromising their physical and mechanical
characteristics. At the same time, the toxicity of the ma-
terial was significantly lower compared to samples with
silver nitrate.

A composite material based on mangosteen pow-
der and zinc oxide is described by M. Luengchavanon
et al. [51]. The antimicrobial component was applied
to the surface of standard nitrile gloves. The minimum
inhibitory concentration for MRSA was 160 ug/mlL.
High inhibitory activity against K. pneumoniae was es-
tablished. Despite the high effectiveness of the method
presented by the authors, achieving the effect required
prolonged contact of the microorganisms with the sur-
face — at least 30 minutes, which is difficult to achieve
in real-world conditions.

Aloe extract is considered one of the promising
antimicrobial components of plant origin. In an exper-
iment, H. Khanzada et al. established the high antimi-
crobial effectiveness of polyvinyl acetate fibers with
aloe extract against S. aureus and E. coli using the elec-
trospinning method [52].

The introduction of antimicrobial additives into
the composition of gloves can, in some cases, contrib-
ute to expanding their functionality. Thus, C. Salvador-
es Fernandez et al. applied a composite material con-
taining zinc oxide to nitrile gloves and integrated flex-
ible electrical contacts into the glove material, creating
a highly sensitive layer on the fingertips that, according
to the authors, can be used as a diagnostic tool [53].
They successfully used such gloves to study pig sphinc-
ter damage in an ex vivo experiment.

A new approach to creating self-disinfecting pro-
tective gloves, based on the action of an electric current
generated by friction between nylon and silicone rub-
ber, has been proposed by S. Bayan et al. [54]. A small
bioelectric device (2 x 2 cm) made of silicone rubber
and nylon (applied to nitrile) generated over 20 V of
transient voltage or 41 uW of output power, which was
sufficient to charge a capacitor to 65 V in just ~50 sec-
onds. The energy released was used to destroy micro-
organisms that land on the surface. Thus, to reduce the
number of P. aeruginosa and E. coli, the method's effec-
tiveness was 50-70%.

E.M. Klupp et al. studied the antimicrobial activi-
ty of examination gloves with light-activated properties
[55]. The experiment was conducted under practical
conditions on Gram-positive microorganisms. Glove
surfaces were contaminated according to a standard-
ized method (ASTM D7907) with a suspension of
Enterococcus faecium (ATCC 6057) and its vancomy-
cin-resistant variant, as well as MRSA (ATCC 43300).
The results indicated insufficient activity of the applied
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method against the strains used. The level of contami-
nation reduction was less than 1 log  after 10 minutes
of light exposure. The authors concluded that the meth-
od was ineffective.

In a study by D. Patil et al., a method for imparting
antimicrobial properties to a nitrile without adding an
active substance is described [56]. A specific nanotopo-
graphic pattern resembling a cicada wing was created
on the surface of the gloves using reactive ion etching.
The altered surface structure led to the death of over
85% of P. aeruginosa isolates, with the effectiveness of
the material's antimicrobial properties showing a clear
dependence on the surface structure.

Modern approaches to creating biodegradable
protective gloves

Polymeric materials, including synthetic rubber,
take a significant amount of time to decompose natural-
ly — around 3 years [57]. One of the reasons for their
long persistence in the environment in an unchanged
form is the synthetic origin of rubbers, for the produc-
tion of which raw materials from fossil fuels are used.
The variety of monomers used for rubber synthesis
has led to the creation of numerous types of synthetic
rubbers, but their disposal remains difficult. Managing
rubber waste at the end of its life cycle is a global envi-
ronmental problem of our time.

The rate of decomposition of gloves in nature, like
any other material, is influenced by numerous factors,
including the types of soil microorganisms present,
temperature, pH of the environment, and the presence
of chemical additives in the material composition. It is
known that synthetic rubber can be combined with ther-
moplastics. The resulting thermoplastic elastomers will
possess both thermoplastic and elastomeric properties.
Their thermoplastic properties will allow for more ef-
fective processing.

Certain thermoplastics — polylactic acid (PLA)
and polycaprolactone (PCL) — contain hydrolyzable
ester bonds, which allow materials based on them to
exhibit good hydrolytic degradation [58]. Adding these
compounds into synthetic rubber can enhance the prod-
uct's biodegradability. Currently, PLA, being a bio-
based polymer (produced from corn or sugar beets), is
widely used in the development of eco-friendly plas-
tics, 3D printing filaments, and as a component of poly-
mer blends. A thermoplastic poly(ether urethane) de-
rived from PCL, hydrogenated 4,4'-methylene diphenyl
diisocyanate, and chain extenders of varying lengths
(e.g., 2-ethynyl urea diol obtained from an amino ac-
id) completely degrades within 100 days in an alkaline
solution [59].

Polyesters of 1,4-butanediol, 1,3-propanediol,
and/or 2,3-butanediol can also be used as materials for
biodegradable films, in combination with various or-
ganic acids such as lactic, sebacic, itaconic, and suc-
cinic acid [60].
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G.Y. Yew et al. pointed out the possibility of us-
ing other biological supplements derived from food
products and plants (algae) [61]. Works have been
published on the application of biofillers in elastomers
made from cellulose, starch, chitosan, PLA or poly-
glycolic acid [62].

Starch has been proposed as a biofiller for latex.
S. Daud et al. conducted experimental studies with sago
starch to improve the biodegradability of natural rubber
films [63]. Sago starch with sulfate-ester groups was
obtained by treating it with an aqueous solution of sul-
furic acid for 7 days at room temperature. The initial
starch particle size was 1.233 um, and after the acid
hydrolysis process, it decreased to 0.313 um, which al-
lowed for the production of latex films with uniformly
incorporated starch particles. The biodegradability of
such films was up to 25% within 3 weeks.

R. Blanchard et al. described the use of nanocrys-
talline cellulose as a biofiller for natural rubber [64].
However, the authors did not present convincing data
on the antimicrobial activity of such films.

Conclusion

Protective gloves are an essential piece of PPE
widely used in various fields, primarily in medicine.
The choice of glove type depends on the specific
tasks being performed and the requirements of quality
standards. The most common materials for making
gloves are nitrile, natural latex, and polyvinyl chloride,
which meet their respective safety and effectiveness
standards. Modern international standards, such as
ASTM and ISO, provide a high level of protection
against the penetration of microorganisms, including
viruses, bacteria, and fungi. However, research shows
that even when all precautions are taken and modern
technology is used, there is a risk of microorganisms
penetrating damaged gloves, especially during complex
procedures involving sharp instruments.

Despite significant advancements in the production
of protective gloves, there remains a necessity for
further improvement in quality control methods and the
development of new approaches to ensure maximum
worker protection. This includes raising staff awareness
of safe glove use guidelines and implementing
innovative solutions to minimize the risk of infection.

The problem of synthetic rubber waste disposal is
becoming increasingly relevant due to its difficulty in

decomposing naturally. Despite the variety of synthetic
rubbers, their long-term presence in the environment
poses serious ecological problems. Modern research
is focused on developing materials with improved
biodegradation characteristics, such as thermoplastic
elastomers containing hydrolyzable ester bonds, which
will significantly accelerate the decomposition process.
The use of biopolymers like PLA and PCL opens
up prospects for creating environmentally friendly
materials suitable for a wide range of applications,
including the production of disposable gloves. The
adding of biofillers such as starch and nanocrystalline
cellulose will improve the biodegradability of materials
while ensuring the preservation of the necessary
physical and mechanical characteristics. Research in
the field of modifying the composition and structure
of synthetic rubbers to increase their biodegradation
rate is necessary to address the global environmental
problem associated with the management of rubber
waste. The use of composite materials that include both
traditional synthetic components and biodegradable
additives appears to be a promising scientific direction
for the development of the polymer materials industry.

An analysis of current scientific literature has
demonstrated a significant increase in interest in the
development of protective gloves with antimicrobial
properties. Despitetheobviousappeal oftheideaofgiving
gloves antibacterial properties, its implementation faces
a number of serious technical and medical challenges.
It is important to consider not only the effectiveness
of antimicrobial components but also their potential
impact on the health of medical staff, patients and the
environment. The need to develop unified criteria for
assessing antimicrobial activity and identifying risks
requires a comprehensive risk-based approach that
takes into account the interests of all stakeholders. The
lack of standardized testing methods makes it difficult
to compare the results of different studies and hinders
the development of general recommendations for the
use of antimicrobial additives.

Thus, for the successful promotion of the idea of
creating antiseptic gloves, it is important to conduct
further scientific research aimed at developing reliable
and safe methods for introducing active substances, and
to develop standard protocols for assessing antimicro-
bial activity for subsequent implementation in health-
care practice.
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Abstract

Hepatitis A is an acute liver disease caused by the hepatitis A virus (HAV), which can be prevented by means of
vaccination. The standard hepatitis A vaccination schedule consists of two doses of inactivated vaccine, but for
economic reasons and the purpose of improving vaccination coverage, universal pediatric single-dose vaccination
programs have been implemented in certain regions of the world.

The aim of this review is to summarize and analyze published data on the duration of protective antibody
levels after a single-dose pediatric immunization, as well as hepatitis A incidence in countries where hepatitis A
vaccination is carried out using a single dose of inactivated vaccine.

Recent data from different regions of the world, including the Russian Federation, support the effectiveness of the
single-dose hepatitis A vaccination strategy, both in terms of the duration of the immune response and the impact
on the incidence rates. However, further studies on the long-term effectiveness of single-dose immunization
with inactivated vaccine, as well as continuous hepatitis A surveillance, are necessary to assess the duration of
protection and the necessity for booster vaccination later in life.
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AHHOMauyusi

lenatut A — 310 OCTpOE 3aboneBaHne nevyeHun, BbiabiBaEMOE BUPYCOM renatmnta A, KOTOpoe MOXHO NpeaoTBpa-
TUTb C MOMOLLbIO BakuMHauun. CTaHgapTHas cxema BaKuuHauvu NpoTuB renatuta A npegnonaraeT BBeAeHUe
OBYX 003 MHAKTVBMPOBAHHOW BaKUMHbI, OOHAKO MO 3KOHOMWUYECKUM COOBpaKeHUAM 1 ANiA NOBbILLEHNS YPOBHA
oxBaTa BaKuMHaUMen B HEKOTOPbIX PerMoHax Mmvpa BHeApeHbl MporpamMmmbl MacCoBOW BaKLMHaLUW AeTen ¢ npu-
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MEHEHWEM OHOW A03bl BaKLWHBbI.

Llenbto 0630pa siBnsercs o6obLueHe 1 aHanna onybnmnkoBaHHbIX AaHHbIX O ANUTENBHOCTU COXPaHEHMUs Npo-
TEKTUBHbIX YPOBHEN aHTUTEN NOCMe OQHOKPATHOM UMMYHM3aUUnM eTEN, a Takke 0 3aboneBaeMoCcTy B CTpaHax,
B KOTOPbIX MPOBOAMTCS BakUMHONPOdUNakTmMka renatuta A ¢ UCNonb30BaHMEM OOHOM 403bl MHAKTMBUPOBAHHOM
BaKLMHbI.

[laHHble nocrnegHMX fneT, NofyYeHHble B pasHbIX PErMOHax Mypa, B TOM Yncne B Poccuu, nogTeepaatoT adodpek-
TMBHOCTb CTpaTernm BakuuHaumm npoTuB renatmta A ¢ NpUMEHEHNEM OHON [03bl BaKLUMHbI KaK C TOYKM 3pEHMS
ONUTENBHOCTN COXPaHEHUST UIMMYHOMOMMYECKOro OTBETA, TaK U C TOUKU 3PEHUS BMUSIHUSA HA YPOBHU PerucTpu-
pyemow 3abonesaemocTn. OgHaKo A51s OLEHKN NPOJOIMKUTENBHOCTU 3amnThl U HEOBXOAMMOCTU peBaKUMHaLUm
Ha Gonee No3gHeM aTane XM3HU HeobXoAMMbl AanbHenLne NccrnegoBaHns NO AONrOCPOYHON 3hPEKTUBHOCTH
cTpaTernin BakuMHauum ¢ npuMeHeHeM ogHOM 403bl MHAKTUBMPOBAHHOW BaKLMHbI, @ TakKe HeENPepbIBHbIA Haa-
30p 3a renatutom A.

KniouyeBble cnoBa: eenamum A, 8akyuHa rnpomus 2enamuma A, OOHOKpamHaFI UMMyHuU3auyus

HUcmoyHuk d)UHchupoeaHun. ABTOpbI 3aABNSIOT 06 OTCYTCTBUU BHELLHEro dUHaHCUpOBaHWsS NpV NPoBeAEeHNN UC-

cnenoBaHus.

Kom;bnu:(m uHmepecos. ABTOpPbI OEKNapupyroT OTCYTCTBME ABHbIX U NMOTEHUWaNbHbIX KOH(PIMKTOB MHTEPECOB, CBS-

3aHHbIX C Nybnukauuen HacTosILLen cTaTbu.

Ansi yumupoeaHrus: JNlonatyxuHa M.A., KiopersiH K.K., Muxannoes M.1. MmmyHonornyeckas u anugemmonornyeckas
3(hPEeKTUBHOCTb BakUMHaUMM OeTen NpoTMB renatuta A C NpUMEHeHWeM O4HOW [03bl MHAKTUBUPOBAHHOMW BaKLMHbI.
XKypHan mukpobuonoauu, anudemuonoauu u ummyHobuonoauu. 2025;102(5):638-646.
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Introduction

Hepatitis A is an acute liver disease caused by the
hepatitis A virus (HAV) that can be prevented through
vaccination. There are two types of vaccines against
hepatitis A: live attenuated vaccines used in China [1]
and inactivated vaccines available worldwide [2]. Tar-
geted immunization of at-risk groups is effective in pre-
venting sporadic cases and small outbreaks of hepatitis
A, but it does not lead to the formation of a significant
herd immunity; therefore, it is ineffective in terms of
reducing the incidence of hepatitis A among the general
population [3]. It has been proven that the strategy of
universal vaccination of toddlers provides significant
epidemiological and economic benefits in regions with
transitional endemicity from high to medium regarding
hepatitis A. In such regions, the HAV circulation among
children decreases due to improved sanitary conditions,
resulting in an increased proportion of susceptible ad-
olescents and adults. Since HAV infection in children
under 5 years old is usually asymptomatic, and the
proportion of clinically apparent cases increases with
age, this leads to an overall increase in the number of
clinically significant and severe cases of the disease.
According to the recommendations of the World Health
Organization (WHO), a significant number of countries
have included universal two-dose vaccination against
HAV in their national pediatric immunization programs
(Israel, Panama, Turkey, Greece, Kazakhstan, Mongo-
lia, South Korea, Australia, Saudi Arabia, Qatar, and
Bahrain) or have implemented regional programs for
specific parts of the country (Russia, the USA, China,
Italy) [4].

The standard immunization schedule for inacti-
vated vaccines against hepatitis A consists of two dos-

© NonatyxuHa M.A., KiopersaH K.K., Muxainnos M.W., 2025

es administered at 6-month intervals and ensures the
production of protective levels of antibodies to HAV
(anti-HAV) that persist for decades [5]. For economic
reasons and for the purpose of increasing vaccination
coverage in certain countries, a single-dose vaccination
against hepatitis A was implemented. For the first time,
universal single-dose vaccination of toddlers was con-
ducted in Argentina in 2005 [6]. In 2013, the Republic
of Korea also introduced a single-dose vaccination for
military personnel [7]. In 2014, Brazil began mass vac-
cination of children over 12 months old using a single
dose of the vaccine [8]. Subsequently, this lead to more
countries preferring single-dose immunization when
conducting universal vaccination of children against
hepatitis A (Chile, Paraguay, Colombia, Mexico, Cana-
da (Quebec), Tunisia, Turkmenistan) [4].

Based on the experience of Argentina and in
accordance with WHO recommendations, since Au-
gust 2012, the Republic of Tuva (Russian Federation)
has been conducting universal vaccination against
hepatitis A for children aged 3 years and older with
single-dose immunization [9]. Since the duration of
immune protection with the administration of only a
single dose of the vaccine remains a concern, coun-
tries that have implemented single-dose immunization
against the disease continue to monitor the epidemio-
logical and immunological effectiveness of this vacci-
nation strategy.

The aim of this review is to summarize and ana-
lyze published data on the duration of protective anti-
body levels after a single immunization of children, as
well as on the incidence of disease in countries where
vaccination against hepatitis A is conducted with sin-
gle-dose immunization.
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Duration of protective immunity after
administration of a single dose of inactivated
hepatitis A vaccine in individual cohorts

Data on the immunogenicity of inactivated vac-
cines against hepatitis A support the possibility of a
single-dose immunization. Thus, 2—4 weeks after the
administration of the first dose of inactivated vaccine,
anti-HAV IgG antibodies at titers above 20 mlIU/ml
(the level considered protective) are produced in 100%
of immunocompetent children and young adults [10].
Moreover, a single administration of inactivated vac-
cine successfully suppresses outbreaks of hepatitis A
and prevents the disease in contact individuals [11].
The notion of the necessity of administering a boost-
er dose of inactivated vaccine against hepatitis A was
initially based on assumptions about the decline of an-
tibody levels over time. However, long-term observa-
tions conducted among Europeans vaccinated before
traveling to endemic regions have demonstrated the
maintenance of protective anti-HAV levels for at least
4-11 years after the administration of the first dose of
the vaccine [12]. The first randomized trials of immuni-
zation using a single dose of inactivated vaccine against
hepatitis A were conducted in 2003 in Nicaragua [13].
The study included 239 children aged 1.5 to 6.0 years,
negative for anti-HAV antibodies, with a follow-up pe-
riod of 18 months. Cases of hepatitis A infection, con-
firmed by the detection of anti-HAV IgM antibodies,
were recorded in 4 children in the vaccinated group
and in 22 children who did not receive the vaccine. All
4 cases of hepatitis A infection in vaccinated children
occurred within the first 6 weeks after immunization,
indicating infection before vaccination or in the first
few days after the procedure. Thus, the protective ef-
ficacy of vaccination with single dose was 85% in the
first 6 weeks and 100% 6 weeks post-immunization.
In a study conducted in Thailand, the immunogenici-
ty of a single dose of the vaccine was evaluated after
18 months of observation among 193 healthy children,
with the proportion of individuals with protective levels
of anti-HAV antibodies being 98%, and the geometric
mean titer (GMT) of antibodies not differing from the
level observed 6 months after the administration of the
first dose of the vaccine [14]. In a study conducted in
Argentina involving 546 healthy children, protective
levels of anti-HAV antibodies were observed in 99.7%
of participants three years after a single-dose immuni-
zation, and in 100% after the standard two-dose immu-
nization schedule [15]. It should be noted that in this
study, a protective concentration of anti-HAV antibod-
ies was accepted as 10 mIU/ml, rather than 20 mIU/ml,
in accordance with the revised stance of the expert
community on the minimum protective concentration
of anti-HAV antibodies [16].

In two studies, a direct comparison of immuno-
genicity and the duration of protective antibody levels
was conducted when administering 1 or 2 doses of in-
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activated vaccine against hepatitis A to children. In the
first study, 8 years after vaccination, differences were
noted both in the frequency of detecting protective
levels of anti-HAV in one- and two-dose immunization
schemes (74.3% vs. 97.7%) and in GMT values (123.9
vs. 40.2 mIU/ml) [17]. In the second study, 100% and
96.7% of participants who received a double and single
dose of inactivated vaccine against hepatitis A, respec-
tively, had protective levels of anti-HAV seven years af-
ter vaccination, but the GMT levels were higher among
those who received 2 doses of the vaccine (712.5 vs.
125.6 mIU/ml) [18].

Thus, data on the duration of anti-HAV persistence
in individual cohorts after a single administration of the
inactivated HAV vaccine against hepatitis A allowed
for the consideration of the possibility of applying such
a single-dose strategy in the implementation of mass
vaccination programs against hepatitis A.

Immunological efficacy of a single-dose
vaccination against hepatitis A in universal
immunization programs

Argentina was the first country in the world to
implement universal vaccination against hepatitis A us-
ing a single dose of the vaccine in 2005, after a nation-
wide outbreak in 2003—2004. Vaccination is carried out
among children aged 12 months and older, and since
2006, vaccination coverage has exceeded 90%, with the
average coverage rate across the country from 2006 to
2011 being 96.8% (77-100%). Only in 3 out of 24 prov-
inces during this period did coverage not exceed 90%
[19, 20]. After the campaign began, the Ministry of
Health of Argentina organized continuous and intensi-
fied monitoring for hepatitis A incidence and post-vac-
cination immunity levels [21]. Among children exam-
ined 4 years after a single immunization at 12 months
of age, a protective antibody level (10 mIU/ml
and above) was found in 93% of cases [20]. Based on
these results, in April 2012, the WHO Strategic Advi-
sory Group of Experts on Immunization concluded that
national immunization programs could consider includ-
ing single-dose immunization schedules using inacti-
vated vaccine against hepatitis A in their immunization
schedules as an acceptable alternative to the standard
two-dose regimen, while regional health authorities
should regularly monitor long-term immunological
protection with the single-dose vaccination schedule
[22]. In accordance with this recommendation, the
Ministry of Health of Argentina conducted a second
study in 2013 to assess the long-term prevalence of
protective antibodies among 1,088 children on average
7.7 years (6.3-9.2 years) after single-dose immuniza-
tion at 12 months of age. In 97.4% of the study partic-
ipants, the concentration of anti-HAV antibodies was
> 10 mIU/ml, and the GMT was 170.5 mIU/ml [23].
Currently, based on the experience in Argentina, there
is data on the maintenance of protective levels of an-
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ti-HAV antibodies for up to 12 years after a single im-
munization. The level of seroprotection after 12 years
was 93%, although these data were obtained from a
very small cohort of 27 children [24].

The data obtained in Brazil as a result of the im-
plementation of a child immunization program using
single dose of inactivated vaccine against hepatitis A,
initiated in 2014, also indicate the immunological ef-
fectiveness of this approach. Thus, 67 years after im-
munization, the level of seroprotection was 64.2% [25],
while the proportion of seropositive individuals in the
cohort examined 1 month after immunization was
93.6% [26].

Priority data on the duration of anti-HAV antibody
persistence after a single immunization were obtained
in one of the regions of the Russian Federation — the
Republic of Tuva. Since 2012, in the Republic of Tuva,
where the incidence of hepatitis A during the pre-vacci-
nation period exceeded the national average by 10-15
times, a universal single vaccination against hepatitis
A for children aged 3 years and older has been con-
ducted. By the end of 2012, 65,097 children received
a single immunization, resulting in a coverage rate of
87.4% for children aged 3 to 8 years [9]. Since then,
vaccination against hepatitis A has been included in the
regional vaccination schedule of Tuva for children aged
3 years and older. The immunological efficacy of a sin-
gle immunization of children in Tuva was assessed in
5 independent cohorts, examined 1 month, 1, 5, 9 and
11 years after vaccination [9, 27]. The results obtained
in these studies are summarized in Fig. 1.

Protective concentrations of anti-HAV antibod-
ies (10 mIU/ml and above) were detected in 98.0% of
those examined 1 month after a single immunization,
in 93.5%, 91.1%, 99.4%, and 75.4% of children 1, 5,
9 and 11 years after a single immunization, respective-
ly [9, 27]. Differences in seroprotection rates between
cohorts examined 1, 5 and 9 years after vaccination
were not statistically significant, although the observed
decrease in the frequency of detecting protective lev-
els of anti-HAV antibodies was statistically significant

compared to the cohort examined 1 month after vac-
cination. In the cohort examined 11 years after a sin-
gle-dose immunization, the decrease in the frequency
of detecting protective antibody levels was statistically
significant compared to previous years. The values of
anti-HAV GMT were also similar in cohorts examined
at 1, 5 and 9 years (449.6, 577.3, and 1446.3 mIU/ml,
respectively; p > 0.05), but a significant decrease was
noted in the cohort examined 11 years after vaccination
(282.6 mIU/ml; p < 0.05) [27].

Data on the duration of protective anti-HAV anti-
body levels after single-dose immunization within mass
vaccination programs are summarized in Table 1. Taken
together, these data suggest that humoral immunity to
HAV after a single-dose vaccination may decline more
rapidly compared to the standard two-dose vaccination
schedule, which provides seroprotection in over 90% of
vaccinated children for up to 15 years [2, 28]. However,
it should be noted that a decrease in humoral immunity
does not necessarily indicate a lack of potential protec-
tion against hepatitis A. A study of the HAV-specific
T-cell response in children under 12 years of age after
a single-dose vaccination demonstrated the presence of
CD4" and CD8" memory T-cells in 53.8% and 26.9% of
seronegative children, respectively [24]. Similarly, the
production of interferon-y in peripheral blood mononu-
clear cells stimulated by the VP1 antigen of HAV was
observed in 32.4% of seronegative children 6—7 years
after a single dose of the inactivated vaccine, indicating
the presence of cell-mediated immune memory [25].

Epidemiological effectiveness of single-dose
vaccination against hepatitis A in universal
immunization programs

The epidemiological effectiveness of universal
vaccination programs for children against HAV, im-
plemented using the standard two-dose immunization
schedule, assessed by the reduction in registered inci-
dence rates, number of hospitalizations, HAV-associat-
ed mortality, and the number of HAV-positive environ-
mental samples, is well-known and documented in all

11 years —

9 years

5 years

1 year

1 month

0% 10% 20% 30% 40%
®<10 IU/ml

50% 60% 70% 80% 90%
@10-6000 mIU/ml

100%
0> 6000 mIU/ml

Fig. 1. The proportion of children with different concentrations of anti-HAV antibodies after a single-dose vaccination against
hepatitis A in the Republic of Tuva [27].
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Table 1. Persistence of protective levels of antibodies to HAV after a single dose of inactivated vaccine during mass
immunization of children
Country/Region Maximum dura;gjar} Sof surveillance, Proiaec:/rglc;no?fa i:t(ij-ingt‘/a; ;\;}ighdgg’tfztive Reference
Argentina 4 years 93.0 [20]
7,7 years 97.4 [23]
12 years 93.0 [24]
Brazil 7 years 64.2 [25]
Russian Federation 5 years 91.1 [9]
(Tuva Republic) 9 years 994 [27]
11 years 75.4 [27]

countries that have implemented such programs [2, 4].
Data on the epidemiological effectiveness of vaccina-
tion programs against HAV using single-dose immuni-
zation are presented in Table 2.

In Argentina, which introduced single-dose vac-
cination in 2005, the incidence of HAV decreased by
> 88.0%, from 66.5 (in 2000-2002) to 7.9 (in 2006—
2011) cases per 100,000 population, with an average
vaccination coverage of 96.8% in 2006-2011. More-
over, from 2007 to 2022, no cases of fulminant hep-
atitis or liver transplantation associated with HAV
were recorded, despite HAV being the main cause of
fulminant hepatitis and liver transplantation in chil-
dren during the pre-vaccination period [29]. In Brazil,
where universal vaccination of children with a sin-
gle dose of the hepatitis A vaccine was implemented
in 2014, vaccination coverage varied from 60.1% to
97.1% in 2014-2017. The recorded annual incidence
rates of hepatitis A decreased from 3.02-3.48 cases
per 100,000 people in 2010-2013 to 0.47—1.46 cases
per 100,000 population in 2015-2017. From 2014 to
2016, the overall reduction in hepatitis A cases in Bra-
zil was 85.5%. The most significant decrease in the
incidence of hepatitis A was observed among children
under 14 years of age, but a decrease was also ob-
served in other age groups [8].

In the Republic of Korea, single-dose immuniza-
tion against hepatitis A was implemented for military

personnel starting in 2013. To evaluate the effectiveness
of this vaccination program, the incidence of hepatitis
A among vaccinated and unvaccinated military person-
nel during the implementation period of the vaccina-
tion, from 2013 to 2016, was analyzed. Among vacci-
nated military personnel, the incidence was 3 cases per
603,550 people per year, while among unvaccinated
personnel, it was 21 cases per 1,020,450 people per
year (which corresponds to 0.5 versus 2.06 per 100,000
population). Thus, the effectiveness of single-dose im-
munization against HAV was 75.85% [7].

The incidence of hepatitis A in Tuva during the
pre-vaccination period (2001-2012) was the highest
in Russia, with the majority of cases being registered
among children and adolescents under 18 years old. In
this group, peak incidence rates reached 450860 cases
per 100,000 population (Fig. 2). After the introduction
of single-dose immunization for children in 2012, the
incidence sharply decreased to 7.5 cases per 100,000
people among children and adolescents under 18 years
old and to 3.2 cases per 100,000 people in the general
population one year after the start of the vaccination
program. Since 2016, no cases of hepatitis A have been
registered in the region, not only among vaccinated
children but also among unvaccinated adults.

It should be noted that from 2013 to 2023, against
the background of practically nonexistent incidence of
hepatitis A in Tuva, neighboring regions recorded sig-

Table 2. Epidemiological effectiveness of vaccination programs using a single dose of inactivated vaccine against hepatitis A

Year of implementation | Country /Region | Groups under vaccination Efficiency Reference
. Reduction in incidence by 88% from 2006 to
2005 Argentina Chlldrerz)fza126months 2011; disappearance of cases of fulminant [29]
9 hepatitis A
Russian Reduction in incidence in 2013 by an average
. o o :
2012 Federation Ch||dre? = 3 years of:6.7 % arfwd by St)6.9cf) amongfirlllldg_an. The [9, 27]
(Tuva Republic) of age absence of registered cases of the disease
since 2016
Republic . Reduction in incidence by 75.9%
2013 of Korea Military personnel after 1.5-2.0 years of implementation 7]
Children 15-24 months The reduction in incidence during 2014-2016
2014 Brazil of age was on average by 85.5%, and by 96.8% among [8]

children.
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Fig. 2. The incidence of hepatitis A in the Republic of Tuva and the national average for 2001—2023 among the general
population (a), children aged 0—14 (b) and 0-17 years (c) [27].

nificant incidence rates of hepatitis A, which confirms
that the decrease in incidence in Tuva is not a result
of reduced HAV circulation throughout the Siberian
Federal District. Thus, in 2013-2023, the incidence of
hepatitis A ranged from 0.1 to 6.48 per 100,000 popula-
tion in the Republic of Buryatia, from 0.19 to 34.55 in
the Republic of Khakassia, from 0.04 to 9.83 in the Ir-
kutsk region, and from 0.0 to 34.93 in the Krasnoyarsk

Krai [27]. Moreover, the high annual incidence rates of
enterovirus infections and shigellosis recorded in Tuva
from 2013 to 2023 indicate the persistence of sanitary
unsafety in the region [27]. These data indicate that the
decrease in the hepatitis A incidence observed in Tuva
from 2013 to 2023 was not related to improvements in
sanitary conditions, but was a result of the vaccination
prevention program.
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The frequency of detecting HAV RNA in environ-
mental samples (wastewater, open water bodies) is an
important indicator reflecting the intensity of virus cir-
culation and, therefore, represents a crucial criterion for
the epidemiological effectiveness of HAV vaccination.
It is expected that a significant reduction in the number
of symptomatic hepatitis A infections will be accompa-
nied by a decrease in the detection rates of hepatitis A in
wastewater. However, the monitoring of HAV RNA in
wastewater and various open water bodies in Tuva, con-
ducted in 2021-2023, confirmed the continued presence
of the virus in the environment [27]. Moreover, phyloge-
netic analysis confirmed that the sequences of the virus
isolated from water samples in Tuva in 2021 and 2022
belonged to a group of genetic variants that were isolated
from patients in this region in 2008 (pre-vaccination pe-
riod), suggesting the stable circulation of this particular
variant of the virus. However, in 2023, another variant
of HAV, closely related to sequences isolated in various
regions of Russia from 2019 to 2023, including the Ir-
kutsk region bordering Tuva, was detected in wastewa-
ter and environmental samples [27]. This finding con-
firms the presence of a new strain in Tuva.

Based on the presented data, it cannot be defini-
tively stated that the single vaccination strategy led to
a decrease in the frequency of detecting HAV RNA in
wastewater samples in Tuva, as such monitoring had
not been conducted in the region before. However, in
20022004, wastewater samples in Tuva were test-
ed for the HAV antigen, resulting in a positive rate of
12.5-63.3% [30]. Considering that the average propor-
tion of samples positive for HAV RNA in 2021-2023
was below 2.5%, it can be assumed that vaccination has
indeed led to a significant reduction in virus shedding
in the region.

During the monitoring of HAV RNA in environ-
mental objects in Argentina, conducted in 2009-2010
and 2017-2022, a constant presence of HAV RNA in
wastewater was also detected [31, 32]. However, unlike
Tuva, the detection of HAV RNA in wastewater sam-
ples in Argentina correlates with cases of acute hepa-
titis A [33].

A possible explanation for the continued shedding
of the virus in Tuva and its detection in environmental
samples and wastewater, despite the absence of report-
ed cases of acute hepatitis A, may be related to the age
of the vaccinated children. It is evident that the detec-
tion of the virus in the absence of registered cases of the
disease is most likely indicative of the presence of an
asymptomatic infection, as HAV infection in children
under 5 years old most often occurs asymptomatically
[23]. In most countries that have implemented universal
vaccination against hepatitis A, immunization of chil-
dren is carried out at the age of 12 months and older
[2]. However, in Tuva, a single-dose vaccination for
children aged 3 years and older has been implemented,
primarily in order to be able to use a domestic vaccine
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against hepatitis A, licensed for children aged 3 years
and older. Thus, children under 3 years of age are not
immunized and remain susceptible to HAV.

The most likely hypothesis explaining the per-
sistence of HAV circulation in the absence of symp-
tomatic cases is the transmission of the virus among
children under 3 years of age. Confirmation of the hid-
den circulation of HAV in Tuva is also evidenced by
the increasing proportion over time of individuals with
high (above 6000 mIU/ml) concentrations of anti-HAV
antibodies [27], which indicates the boosting of the
post-vaccination humoral response upon encountering
the virus.

The accumulated experience to date of using sin-
gle immunization in the implementation of hepatitis A
vaccination programs has demonstrated the high epi-
demiological effectiveness of this approach and the
preservation of immunological effectiveness for at least
a decade. At the same time, those who received a sin-
gle dose of inactivated vaccine against hepatitis A in
childhood may require revaccination in adulthood, con-
sidering the lack of actual data or mathematical mod-
eling results on the preservation of humoral immunity
for decades after such a vaccination scheme. Moreover,
although it is believed that the standard two-dose im-
munization provides immunity to HAV that lasts for
decades or even a lifetime, rare cases of infection in
at-risk adults who were vaccinated in childhood have
been described. In such patients, the presence of low
levels of post-vaccination antibodies did not protect
against infection with a high dose of the virus, but it did
provoke the selection of viral genetic variants carrying
changes in immunogenic epitopes, indicating immune
evasion [35]. These cases, rare and atypical for hepatitis
A, nevertheless suggest that the combination of waning
post-vaccination immunity and a high dose of the virus
may lead to an outbreak of hepatitis A infection and the
emergence of mutant virus variants. In this regard, the
consequences of the accumulation of individuals with
low levels of anti-HAV antibodies in the population as
a result of single-dose immunization during childhood
are not entirely clear. Nevertheless, these potential risks
do not outweigh the obvious advantages of mass vac-
cination programs against hepatitis A with single-dose
immunization: the ability to quickly control the inci-
dence of hepatitis A, as well as the economic and logis-
tical efficiency of such an approach.

Conclusion

Mass vaccination programs against hepatitis A,
based on the standard two-dose immunization sched-
ule, have long proven their effectiveness, the ability to
induce long-lasting immunity lasting at least 15 years,
and have led to the control of hepatitis A in many coun-
tries. Significantly less data is available on the immuno-
logical and epidemiological effectiveness of universal
vaccination programs against hepatitis A using a single
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dose of inactivated vaccine. Data from recent years, ob-
tained in various regions of the world, including Russia,
confirm the effectiveness of such a vaccination strategy
against hepatitis A both in terms of the immunologi-
cal response and in terms of its impact on the levels of
reported morbidity. However, to assess the duration of
protection and the need for revaccination at a later stage
in life, further studies on the long-term effectiveness of
vaccination strategies with single-dose immunization,

as

well as continuous surveillance of hepatitis A, are

necessary.
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IOBUITEN

IOBUNTEUN

K 70-neTtuiio akagemuka PAH Anekcangpa Hukonaesnya KynnuyeHko

23 centaOps 2025 roma ormetrma 70-ietrue
Anexcanap Hukonaesnu Kyamdenko, 1okTop me-
AMIUHCKHX HayK, npodeccop, akaaemuk Poccuii-
CKOHl akaseMuH Hayk, AupekTop CTaBpomoJibCcKo-
ro HAYYHO-HCCJIeJ0BATETbCKOT0 MPOTHBOYYMHOIO
uHcTuTyTa Pocorpedénansopa.

Anexcannp Huxonaesumu KynuueHko — u3Bect-
HBIH POCCHHCKMI Yy4EHBIA, MUKPOOHOJIOL, aKaJeMHUK
PAH, Gonee 45 net cBoeii )KU3HU MOCBATHII TPOOIEMaM
00pb0BI ¢ 0c000 omacHBIMM MH(EKUUSMH. 32 TOMBI
HAayYHOM M HAy4YHO-OPraHU3allMOHHOW JEATENbHOCTH
A H. Kynuuenko BHEC HEOIICHUMBIH BKJIAJ B PA3BUTHE
MOJICKYJISIPHOM JIMAaTHOCTUKU 0CO0O0 OINMACHBIX MH(EK-
LM B HALIEH CTpaHe.

Anekcannp Huxomaesuu B 1978 1. ¢ ominum-
eM OKoH4Ma CapaTOBCKHI MEIUIUHCKUII WHCTHUTYT.
B Teuenue 29 ner paboran B Poccuiickom HayyHO-HC-
CJIEZIOBAaTENLCKOM IMPOTUBOYYMHOM HWHCTUTyTE «Mu-
kpoO» (CaparoB), rje npomen nyTh OT aclUpaHTa JIo
3aMECTHTEIs AUPEKTOpa 10 HayuyHOH padote. 31eck OH
chopMupoBaics Kak y4EHBIH U B COCTaBE aBTOPCKOTO
KOJUIEKTHBa ObLT yaocToeH ['ocyaapcTBeHHON mpeMuu
Poccuiickoit @enepaiyu B 0071aCTH HAYKU U TEXHUKHU
(2003 1) 3a 3aciyru B obnactu pa3pabOTKU HOBBIX Me-
TOJOB AMarHOCTUKU U TPO(PUIAKTUKN CHOUPCKOH S3BBI.

Hayunas nestensHocTh akagemuka A.H. Kymu-
YEHKO OXBAThIBACT LIMPOKUI KPYT 33]1a4 COBPEMEHHOU
MOJIEKYJIsipHOW Ouojoruu u smmaemuonorud. Ha oc-
HOBaHUM aHajHW3a CTPYKTYPbl TEHOMOB BO3OyAHTENEH
4yMbl, CHOMpPCKOU 513BBI, Opyle/uésa uM ObUTH pas3pa-

0oTaHbl ¥ BHEIpEHBI B MpakTuKy nepsbie [1L[P-Tect-
CUCTEMBI ISl AETEKIHH 3TUX 0c000 OMAacHBIX MaTore-
HOB, HAy4YHO 00O0CHOBAHBI MPUHIUIIBI TPOOOIOATOTOB-
ku npu [I[P-ananu3ze, Hamenue orpaxeHue B A€H-
CTBYIOIICH METOANYECKOM O6a3e Mo reHHOM AMarHOCTH-
Ke HHPEKIMOHHBIX Oone3nell. B paborax Anekcanapa
Hukonaesuua pa3BUTO COBpEMEHHOE HAy4HOE Harpas-
JIEHWEe — aJTrOPUTMBbl IPUMEHEHUSI METOJIOB MOJEKY-
JIPHOTO aHaju3a B B3MUJAEMHOJIOTHH HPUPOAHO-OYaA-
TOBBIX M JPYTHX 300HO3HBIX MH(EKUUH, pa3zpaboTaHbl
MpUEMBI MOCIIEAOBATEILHOIO TEHOTUIIHPOBAHUS TIPH
3MHUIEMUOJIOTHYECKOM HaJ[30pe, IPEJIOKEH KOMILIEKC-
HBII TIOJIX0J] K MOHUTOPUHTY 300HO3HBIX MH(PEKIINH Ha
OCHOBE aHaJIN3a FeHoOMa aTOreHOB M TEXHOJIOTH ¢ uc-
M0JIb30BaHUEM T€OMH(POPMAIIIOHHBIX CHCTEM B peallb-
HoM BpeMeHu. A.H. KynuueHko BnepBbie MPOBEAEHBI
WCCIIEIOBaHUsI TI0 TCHETHYECKOMY MPOQHIMPOBAHHUIO
COBpPEMEHHBIX BapHaHTOB BO30yauTeneld mpupogHO-O-
YaroBeIX M 0CO0O OMACHBIX MH(EKIHH B PErHOHAX
HOxnoro n Cesepo-KaBkasckoro eaepaibHBIX OKpY-
TOB, BCKPBITBI 0COOCHHOCTH MPOLIECCOB MHUKPOIBOIIO-
uuu Bo30yauTeneil yymbl, KpbiMckoi remopparuye-
CKOHM JTMXOPaIKH, CHOUPCKOH SI3BBI, TEPPUTOPHAIILHOM
MpUypouyeHHOCTH IuTaMMoB. Ilon ero pykoBoicTBOM
MOJIy4eHBbl TIPUOPUTETHBIE AaHHBIE MO (DUIOTEHETHKE
BO30yuTENeH Opyuemiésa u cuoupckoit s3ewl. [pen-
JIOKEHBI U BHEAPEHBI B IIPAKTUKY HOBBIE COBPEMEHHbBIE
MOJXOABl K MPOTHO3HOMY MOJIEIMPOBAHUIO TMPHPOJI-
HO-04aroBbIX MH(EKIMOHHBIX OONE3HEeH C mpuMeHe-
HUEM HWH(OPMALMOHHBIX TEXHOJOTWH, AWCTAHLIMOH-
HOTO 30HIUPOBaHMs 3€MJIM U3 KOCMOCA U C ITOMOIIIBIO
OeCIUIIOTHBIX JIETATEIbHBIX alllaparoB.

B urone 2007 r. Anexcanap Hukomaesnu Kymu-
YEHKO MPHUHSAJI PYKOBOACTBO CTaBpOIOIBCKUM Hayy-
HO-HCCJIEJI0BATENECKUM POTHBOUYYMHBIM HHCTUTYTOM
PocrorpebHaa3opa, U CEroAHs €ro UMsi HepasphIBHO
CBSI3aHO C HOBEMIIIeH UCTOPUEH HHCTUTYTA. 3a 3TO Bpe-
Ms1 CTaBpONONIbCKUHA MPOTUBOYYMHBI MHCTUTYT CTajl
Pa3BUBAIOLIUMCS HAyYHO-IIPAKTUYECKUM KOMILIEKCOM,
peLIaroIuM 3aa4i B 00IacTH 3MUAEMHUOIOTUIECKOTO
Ha/30pa, TUarHOCTHKH U MPOQUIAKTHKH 0c000 omac-
HBIX MH(pekuuil. bnarogapst oprannzatopckoMy TanaH-
Ty u 6onbiiomy Tpyay A.H. Kynuuenko, Obu1 BBen€H B
skcrutyaranuio (2013 1.) HOBBIN OCHOBHOI Jiaboparop-
HBII KOPILYC MHCTUTYTa, OTBEYAIOIIMM COBPEMEHHBIM
JOCTHO)KEHHSIM HayKH U OCHAIIEHHBIH mepeoBbIM 000-
pynoBarueM. B 2023 1. npozasieHs! Ha OUYepeTHON CPOK
IIOJIHOMOYMS COTpyAHMUarolero ¢ BecemupHoit opra-
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Hu3anuel 3apasooxpanenus (BO3) Hayuno-uccneno-
BaTeJIbCKOTO LIEHTPA 0 YyMe, PYHKIIMOHHUPYIOIIETro Ha
0aze CTaBpOIOIBCKOTO HAayYHO-HCCIEAOBATEIECKOTO
npotuBouymMHoro uHcrutyta. C umenem A.H. Kynu-
YEHKO CBS3aHO Pa3BUTHE MHHOBAaIMOHHBIX HaIpaBlie-
HU B WHCTUTYTE: MOCTTC€HOMHBIX TEXHOJOTUH, Me-
TareHOMHOI'O aHajiu3a, MPUMEHEHHE MOJEKYJISIPHOTro
aHaJu3a B SIMIEMHOJIOTHH.

BaxHOl1 BEXOU B )KU3HU UHCTUTYTA B 3TOT IIEPUOJ
ObUIO yuacTue B BoeHHOU omeparmu B HOxHo#t Oce-
tuu B 2008 . Anexcanap HuxonaeBud nuyHO Bo3mIa-
BUJI CIEHHUAJM3UPOBAHHYIO MPOTHBOAIUAECMHUYECKYIO
Opuragy HWHCTUTYTa, KOTOpas MPHUCTYMUIa K padoTe
y>K€ Ha TPETUH IeHb BOCHHBIX JelcTBUi. MTtoramu pa-
00Tl Opurazpl ObUTH OOECHEUEHUE AMUIESMUYECKOTO
Onaronony4usi HaceJIeH!sI U BOMHCKUX KOHTHHTE€HTOB,
BOCCTAHOBJICHUE LIEHTPAIM30BAHHOTO BOJOCHAOKEHHSI
r. LIxunBana, BOCCTaHOBIICHHE ACATEILHOCTH CAaHUTAP-
HO-3MUAEMHUONIOTHYecKol ciry:k0bl Pecnyomuku HOx-
Has OceTus.

Jpyrue BaKHbIE AOCTHXKCHUS WHCTHUTYTa MOA
pykoBoacTBoM Asekcanapa HukonaeBnua — obecre-
YEeHUE SMHUIEMHOIOTHYECKOTO OJIaronoinydusi BO Bpe-
M 3umHer Onumnuansl B Coun 2014 1. u Tekyuiei u
pedepeHcHol 1a00paTOPHO AMAarHOCTHKH BO BpeMs
nangemun COVID-19, 3a kotopyio 44 coTpyaHuKa
MHCTUTYTa OBbUIM HarpakaeHsl opaeHamu [luporosa u
Mmenansamu Jlyku Kpeimckoro.

CerogHsi MHCTHTYT CTall MOLIHBIM MHOTOIPO-
(GUIBHBIM LIEHTPOM. AKTHBHO (PYHKIIMOHHPYIOT 3 pe-
¢epenc-nentpa u corpyaanyaromuii ¢ BO3 uentp mo
gyyme, [Ipobnemnas komuccust Yuénoro cosera Pocmo-
tpedHan3opa «I[Ipodunakruka OosnesHed, oOMMX s
YeJI0BeKa U YKUBOTHBIX).

A.H. Kynuuenko Ben€r akTUBHYIO OOILECTBEH-
HYIO U Hay4HYIO JesTeNbHOCTh. OH SBISETCS YWICHOM
IIpesunuyma BecepoCCUICKOTO HayYHO-IIPAKTUYECKOTO
o01iecTBa SNKUIEMHOJIOTOB, MUKPOOHOJIOTOB U Mapasu-
TOJIOTOB, 3aMecTuTeNeM npeacenarens Koopannanuon-
HOTO Hay4HOT'O COBETA MO CaHUTAPHO-3MUAEMUOJIOTH-
yeckol oxpane teppuropun Poccuiickoit @enepanuu,
YICHOM PEAAaKIMOHHOTO coBeTa XypHaioB «[IpoOie-
MBI 0c000 onacHbIX HHpEKIui» 1 «bakTepronorusy,
YJIEHOM PENaKLMOHHOM Koyernu mifgaHui: «KypHan

ANNIVERSARIES

MUKPOOUOJIOTHH, SMHIEMHUOIOTMH U HMMYHOOHOJIO-
runy, «Menuuunckuii BectHuk CeBepHoro KaBkazay.

Bonpmioe BiausHHE Ha CTaHOBJIEHHE AJleKCaH-
Ipa HukonaeBnya Kak y4€HOIO OKaszall0 TBOPYECKOE
pyxoBozactBo akagemuka PAH I'.I. Onumienxo, cye-
CTBEHHOE 3HaueHHE B ()OPMHUPOBAHHMU €r0 HayYHOTO
[IOTEHI[MaIa UMEN MOCTOSIHHBIE JAEJIOBbIE KOHTAKTHI C
yuénbimMu-akagemMukamMu A.Jl. 'mauOyprom, B.B. Ky-
TeIpeBbIM, 1. A. JIATI0BBIM U Ap.

A.H. Kynuuenko — aBtop (coaBTop) 35 MOHO-
rpaduii, 6onee 700 onmyOIMKOBaHHBIX HAYYHBIX PadoT,
62 marentoB Poccuiickoit denepanvu Ha H300peTEHHE.
[ox pyxosonctBom A.H. Kynmuenko cdopmupoBana
Hay4Hasl IIKOJIa IO MOJICKYJISIPHOMY aHaJIM3y BO30yau-
Teneit ocobo omacHbXx uHpeknuid. [Ipu ero HayuHOM
PYKOBOZICTBE M KOHCYJIBTMPOBAHUU 3aIIMIIEHBI 3 AMC-
cepTalMM Ha COUCKaHHUE YUYEHOW CTENEHHU AOKTOpa Ha-
VK ¥ 22 — Ha COMCKaHUE YYEHOU CTEHCHH KaHIuIara
HayK.

A.H. Kymuuenko — naypear ['ocynapcTBeHHON
npemun Poccuiickoii @enepanyn B 001acTH HAyKd U
texHuku (2003 1), UMeeT rocyrapcTBEHHbIE Harpa-
abl: «Opaen [Tuporosay (2021 r.), Mmeganu opieHa «3a
3aciyru nepen OtedectBom» | u Il crenenn (2018 u
2009 rr.), Harpaxk€H rpamoramu [Ipesunenra Poccuii-
ckoil ®Denepauuu, yaocToeH HarpyaHoro 3Haka «llo-
4ETHBINH paboTHUK PocnioTpebHanzopar, a Takxke «Op-
nenom Jpyx0b» Pecybnuku FOsxnas Ocerust (2020).

Hayunas nearensnocts akanemuka PAH, nokropa
MEIMIMHCKUX Hayk, npodeccopa Anekcanapa Huko-
naeBn4a KynmndeHKo BHOCHT 3HAUUTEbHBIH BKIAA B
pa3BUTHE OTEYECTBEHHOMN HAYKH.

Mnocomvicsaunviii kKonnexkmug unenog Obwepoc-
cutickoll 0buecmeer ol opeanusayuu « Becepoccutickoe
HAYYHO-NPAKIMUYEcKoe 00uecmseo INUOeMUON0208, M-
KpPOOUOL0208 U NAPAZUMON0208», pedakyus « KypHana
MUKPOOUOLO2UU, INUOEMUOIO2UU U UMMYHOOUOTOSULY
nosopasasiiom Anexcanopa Huxonaesuua Kynuuenxo
¢ 70-nemnum io0duneem. Ilpumume uckpennue nooice-
Janus ycnexos 6 Bawem easicrom dene! Ilycmv smom
SHAMEHAMENbHBII PYOedc Cmanem npeonocwliKol 0is
HOB0MU, Apkou cmpanuybl Baweil scusnu. Om 6ceil Oy-
wu xcenaem Bam 300po6bs, meopueckux cun u 600XHO-
8eHUsL 0151 HOBLIX N0OEO U BETUKUX C8ePULeHUTL!
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XPOHUKA

XPOHUKA

PE3ONIIOLINA

KoHrpecca ¢ mexxayHapoAaHbIM yyacTem «nupgemuonorna — 2025»

(MockBa, 15-16 okTA6pa 2025 T.)

15-16 oxTs10ps 2025 r. B coorBeTcTBUM ¢ IIpn-
kazoM PykxoBogutens @enepajbHON CJIy:KObI 1O
HaA30py B c(epe 3amuUTHI NMpPaB NoTpeduTeieil M
osaromosryuns 4denoseka ot 21.05.2025 Ne 388 co-
crosiicsi KoHrpece ¢ MeXIyHapoOIHBIM y4dacTHeM
«Imuaemuonorust — 2025». Konrpecc 0b111 opranu-
30BaH lleHTpaJbHBIM HAyYHO-HCCJIEI0BATEIbCKAM
HHCTUTYTOM J3nmaeMuosiorun PocmorpedHanzopa
npu nopjep:xkke Poccuiickoil akagemun Hayk, Bee-
POCCHIICKOT0 HAYYHO-NPAKTHYeCKOro o0IecTBa
3MMIEMHOJIOT0B, MMUKPOOHMOJIOTOB W Napa3uToJIo-
ros, HanumoHajibHOH acconManuy CHEHHATHCTOB
N0 MH(PEKIHOHHBIM 00Je3HAM MMEHHM aKaJeMHKa
B.U. Ilokxposckoro, @enepanun J1ad0paTOPHON Me-
AUIMHBI M ACCONMANMH MeIHIHHCKHX MMKPOOHO-
JIOTOB.

B 3acemanusx Konrpecca npunsinu yuactue 6omnee
800 yenoBek ouHo (B ToM ymcie 6omnee 20 wienos PAH)
u okono 3000 onnaitn u3 78 cyOpexToB Poccuiickoit
®denepaunn u 17 3apydexxssix cTpad (Abxasus, Azep-
Oaiimkan, Apmenusi, benopyccus, borcBana, bypynamu,
I'Buneiickas PecnyOnuka, Boetnam, Kazaxcran, Kup-
rususi, Hurepusa, Hukaparya, Tamxuxucran, Yraswpua,
V36ekucran, IBerinapus, FOxnas Ocerus). B pabore
Konrpecca npunsinm yuactue crienuanictsl Pocriotpe6-
Hanzopa, Munzapasa Poccun, MunoOpraayku Poccun,
®MFBA Poccuu, Poc3npaBaanzopa, Munobcoponst Poc-
CHHM, JIPyTUX BEJOMCTB M MEIUIIMHCKUX OpraHU3aLuil,
COTPYAHUKH HAy4HO-HCCJIEOBATENbCKUX HHCTUTYTOB,
CTYZIEHTHI U MPEnoJaBaTeiy BBICIINX yueOHBIX 3aBeze-
HU, YIeHbI TPo(eCcCHOHANBHBIX HAYYHBIX COOOIIECTB.

Peanuzanus npuopuTeTHHIX 3a7a4 B cdepe obe-
CTEUYEHUS CAHUTAPHO-3IHIEMHOJIOTHYECKOTO 01aromno-
Ty4us HaceneHus 1 OuodezonacHocTu Poccuiickoii Oe-
JIepaluil periaMeHTUPYeTCs PSAAOM TOCYapCTBEHHBIX
nokymentoB: denepanbHbiM 3akoHOM oT 30.12.2020
Ne 492-®3 «O 6uonoruyeckoit 6ezonacHoct B Poc-
cuiickoi ®@enepauun», Ykazom Ilpesmgenta Poccuii-
ckoit ®eneparuu ot 07.05.2024 Ne 309 «O nHauuo-
HaJIBHBIX LeNsX pa3BuTusa Poccuiickor Denepaiuu Ha
nepuon 1o 2030 roza v Ha nepcnekTuy a0 2036 rogay,
B COOTBETCTBUU C KOTOPBIMHU LIETBIO FOCYAaPCTBEHHOMN
MTOJIUTUKY ABJISETCS MOJAEP KaHNE IOIYCTUMOI'O YPOB-
HSl PUCKa HETaTUBHOTO BO3/ACHCTBHS OMAcHBIX (haKTo-
POB Ha HaceJleHUE U OKPYKAIOLIYIO CPELy.

Kpowme Toro, B Poccuiickoit denepanuu peanusy-
I0TCSl U HalpaBJIeHbl Ha o0ecrieueHue OHOIOTHYECKON
Oe3omacHOCTH ciedylomue QeaepaibHble MPOSKThl H
rOCY/apCTBEHHBIE ITPOIPAMMBI:

» QOenepanbHplii  TpoeKT «CaHUTApHBIM  LIUT
CTpaHbl — 0€30MaCHOCTb IS 30POBbS (TIPeILy-
MpeXJEeHNEe, BBIIBICHUE, PEarupoBaHME)» Ha
2022-2030 rr;

» QOenepasibHas Hay4dHO-TEXHUYECKas Iporpamma
pa3BUTHUS T€HETUYECKUX TexHomorui Ha 2019—
2030 rr;

» TocynapcrBenHnas nporpamma Poccuiickoit ®e-
nepanuu «O0ecrieueHue XUMUYECKON U OHOIIO-
ruyeckoii O6e3onacHoctu Poccwuiickoit denepa-
uum» Ha 2021-2027 1. U ap.

Hayunas nosectka Konrpecca oTkpbuiack mac-
MITa0HBIM TUICHAPHBIM 3aceJaHueM, KOTOPOE HauyaloCh
¢ npuBeTcTBUd PykoBoautens DenepanbHONH ciyx Obl
1o Hazx3opy B cdepe 3aluTHl MpaB MoTpeOuTene u
Omnarononyuus yenoseka A.1O. [Tonosoi.

B nmpuserctBenHoMm cioe A.}O. ITomosoii 06610
OTMEUYEHO, YTO JMHIAEMHUONOTHA HH(PEKIHOHHBIX 00-
ne3Hed B Poccuu siBisieTCsl OJTHOWM M3 OBICTPO pa3BH-
BaIOIIMXCS 00nacTeld MEANIIMHCKON HayK! U IPAKTUKU.
I'moGanu3anus COBPEMEHHOTO OOLIECTBa, W3MCHEHHUE
KJIUMara, MUTpalUsl HACEJICHHS CIOCOOCTBYIOT (hop-
MHUPOBaHUIO ONATONPHUATHBIX YCIOBUH IJisi pacmpo-
CTpaHEHUs] MHOTHUX MHQEKIHOHHBIX OOJIe3HEeH, 4TOo
TpeOyeT COBEPIIEHCTBOBAHMSI CHUCTEMBI YIIPABICHUS
SMHUIEMUYECKIM TPOLIECCOM HA OCHOBE pa3paboTKH U
BHEPEHUS HOBBIX TEXHOJIOTHH 3MUAEMHUOIOTHYECKOTO
HaJ30pa U KOHTPOJIA, U MpeIoKeHHas: OpraHu3aTropa-
MU Hay4Has nporpamma KoHrpecca BcecTopoHHE 0XBa-
THIBaeT MPOOJIEMY AMHUIEMUOJIOTHH C TO3ULIUU TPUOPH-
TETHBIX MEXAUCLHUIUIMHAPHBIX UCCIIEA0BAHUM.

[IpusercTBua B agpec yuacTHukoB KoHrpecca mo-
crymuiu Taxke u3 Coera @enepanuu OeaepaabHOTO
cobpanust Poccuiickoii denepanun, ['ocynapcTBeHHOM
Hymbr Poccuiickoir @enepanuu, Poccuiickoit akaje-
Muu HayK, OTaeneHust MeIUIIMHCKUX HayK Poccuiickoii
aKaJIeMHH HayK.

Pabora Konrpecca Hauanach Hay4HBIM JIOKJIAJIOM
nupexropa OBYH Ilenrpansueiii HUW snupemuoino-
run Pocniorpebnanzopa akanemuka PAH B.I. Akumku-
Ha. B moknane Oblia moguépkHyTa HCTOPUYECKAsl 3HA-
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YUMOCTh BKJIaJla OTE€UECTBEHHBIX YUEHBIX B pa3BUTHE
TEOPETUUECKUX OCHOB SMHUJIEMHOJIOTHH KaK o0Ieme-
JUIAHCKOM Hayku. ABTOpPOM OBUIM OTMEYEHBI COBpE-
MEHHBIE 3MUEMHOIOIMYECKHUE YTPO3bl ISl MUPOBOTO
37paBOOXPAHECHUSI U TPEHJABl B 00JACTH 3MUAEMHUOIIO-
TUH, aKTyaJbHbIE HAIIPaBJIEHUS 3IHEMHOIOTHYECKOTO
Hazx3opa 3a Bo3OymuTensiMd HMHGEKIMOHHBIX Ooe3-
HEM, BKJIIOYas T€HOMHBIM SMHJIEMHOJOTHYESCKUI Hal-
30p. B.I. AKUMKUHBIM OBUIM PaccCMOTPEHBI MYyTH CO-
BEpILIEHCTBOBAHUS 3IMUIAEMHOJIOTHYECKOTO HaJ30pa C
NpUMEHEHUEM LU(PPOBBIX TEXHOIOTUH, COBPEMEHHBIX
METOJOB JHArHOCTHKH W MPO(UIAKTUKN HH(EKIHUOH-
HBIX OOJIe3HEeH Ha OCHOBE WHHOBAI[MOHHBIX OMOMHXKeE-
HEPHBIX ¥ T€HETUYECKUX TeXHONOruid. OTME4eHo, 4To
TCHOMHBIH 3MUAEMHUONIOTHYCCKHI Haa30p 3a BO30OYAH-
TeIsIMHA Oosie3HeEN, 00JIafaroIMMU MaHIEMAYECKUM U
BBICOKMM SIMUAEMUYECKUM MOTEHIHAJIOM, HaIpaBJeH
Ha MOOWJIM3AIUIO YCHIIMH MO OBICTPOMY BBISIBJICHHUIO
W3YyUYEHHUIO CBOMCTB MAaTOTE€HOB C LIENbI0 CBOEBPEMEH-
HOW OIICHKH SIUICMHOJIOTHYCCKONH OOCTAHOBKU U Op-
rasu3anuy 3QQPEeKTUBHBIX MPOQUIAKTHUECKUX U TPO-
THUBO3MUJIEMUYECKUX MEPOTIPUSATHH.

OcoO0blif MHTEpeC BBI3BAIM JOKIAAbl W3BECTHBIX
oTeuecTBeHHBIX yu€HbIX: mpodeccopa P.I. Bacwuio-
Ba, akagemukoB PAH O.A. Ceuruu, B.B. Kytsipe-
Ba, M.A. JlatnoBa, A.A. Totomsna, B.M. ToBopyHa,
H.U. Bpuxo u npodeccopa U.B. SAmmnonsckoro. B pam-
kax KoHrpecca nposefieHs! miueHapHOE U 23 CEKIMOH-
HBIX 3acefaHui, 3acaymano 165 HayyHBIX NOKJIAHOB.
[TpoBeneHO COBMECTHOE 3aceAaHue HAyYHBIX OOILECTB
(Bcepoccuiickoro Hay4YHO-IIPaKTHYECKOro oO0IIecTBa
SMHUJIEMHOJIOTOB, MUKPOOHMOJIOTOB M Mapa3uTOJIOTOB,
HanmuonansHoM accoluaiyu CreiuaiucToB 1o HH(EK-
IIMOHHBIM 0OJIe3HsIM MMeHU akanemuka B.U. [Tokpos-
ckoro, denepanuu 1a00paTOPHOI MEIUITUHBI, ACCOIHU-
aluy MEJIMIMHCKUX MUKPOOHOJIOroB), komuccuu Ha-
YYHOTO COBETA N0 MHUKPOOMOIOTHH, STIUJIEMHOIOTHH 1
MHQEKIUOHHBIM OoJie3HsiM OTAeNeHnsT MEAUIUHCKUX
Hayk PAH, xomuccun Haywynoro coBera mo reHeTuke
u cenexkuuu OtneneHus Ouosnoruueckux Hayk PAH,
[Mpobnemuoit komuccun Yuénoro Cosera Pocnorpe0-
Haazopa no dexepanbHOMy MNpoekTy «CaHUTapHBIM
HIUT CTPaHbl — OE30MacCHOCTb ISl 370POBBs (IIpedy-
npexkIeHue, BbIBICHUE, pearupoBanue)y, [Ipodrem-
Hoii komuccuu Yu€Horo Cosera PocmnorpeOHam3opa
1o npodunakTuke HPEKIHH, CBI3aHHBIX C OKa3aHUEM
MEJMLMHCKON IOMOIIM, MOCBIMIEHHOE AaKTyaJbHBIM
acriektaM (QyHIaMEHTaJIbHBIX ¥ NPUKIaJHBIX HCCIIea0-
BaHHU B 00JIACTH SIHUJICMHOJIOTHH U COBEPILIEHCTBOBA-
HUSI BMAAEMHUOIOTMYECKOTO HAA30pa ¢ 1ejblo obecrie-
YEeHUS] CAaHUTAPHO-3IHUIEMHOIIOTHYECKOT0 OIaromnoiy-
yus Hacesenus Poccuiickon @enepanuu.

KiroueBoit Temoii Konrpecca siBisiinch BOpOCH
COBEpILIEHCTBOBAHUSA 3IUAEMHOJIIOTHYECKOTO Ha/A30pa,
NpOQUIAKTHKY 3aHOCA U PACHPOCTPAHEHUS Ha TeppH-
toputo Poccuiickoit @enepanmu Bo3Oyaurenei nHpek-
IUOHHBIX OOJNE3HEH M pealn3aliy SKCTEPPUTOPHAIIB-

CHRONICLE

HOTO MOHMTOPHHTA 32 BO30YAUTENSAMHI HHPEKIIMOHHBIX
OoJie3Hel, COBEPLUICHCTBOBAHHS CHCTEMBI YIPABICHHS
SMUAEMUYECKIM TPOLECCOM U obecrieueHus Ouoio-
rudeckoir 6e3omacHoctu Poccuiickoit @enepanuu. B
MPO3BYYaBIIMX AOKIagax ObUla MOAYEPKHYTA Bax-
HOCTb KOHTPOJISI PUCKOB, CBSI3aHHBIX C ITOSBJICHUEM HO-
BbIX MH()EKLUH, BBI3BIBAEMBIX HEU3BECTHBIMU TaTOTe-
HaMH, [IPEOJOIEHUEM MUKPOOPTaHU3MaMH U BUPYCaMHU
MEXBHJOBBIX 0apbepoB B COYETAHUH C BO3HUKAIOIIU-
MM T10J, BO3JCHCTBUEM BHEIIHEN CPENbl UBMEHEHUAMU
reHOTUNa U (PEHOTHIIa MaKpOOPraHW3MOB YeJIOBEKa U
KUBOTHBIX, PACTIPOCTPaHEHHEM aHTUMUKPOOHOM pe3u-
CTEHTHOCTH U JIp.

OTnenbHBIE CEKLIMOHHBIE 3acefaHus ObUIM Io-
CBSIIICEHBI BOMNPOCAM SMUAEMUOJOTUH, JUATHOCTHKH
U NPOQUIAKTUKN Pa3TUYHBIX HO30JIOTHYECKUX (HOpM
unpexkunit (BUY-undexuus, npupogHO-0YaroBbie
nH(EKLINHU, BUPYCHBIE TeIaTUTHI, TyOepKyE3, OCTphIe
pecnupaTopHble BUPYCHbIe HMH(EKUMH, HH(EKIHH
KENyTOUYHO-KHIIEYHOTO TPaKTa U Ap.), aHTHOMOTHKO-
PE3UCTEHTHOCTH, COBPEMEHHBIM JIOCTHXKEHUSIM B 00-
JacTi OMOTEXHOJIOTHYECKUX pa3paboToK u HuppoBuU-
3alMu TSl PelIeHUs 3HAUMMBIX STTHIEMHOJIOTHUECKUX
3a/1ad.

VYyactHuku KoHrpecca oTMeTHIN BEICOKUI Hayd-
HBI ypOBEHb MpEACTaBIECHHBIX COOOLIEHUI U TITy0o-
KUl POQ)eCCHOHANBHBIA WHTEPEC YYaCTHUKOB K pas-
JUYHBIM HANpaBICHUSIM COBPEMEHHOW BIHIEMHUOIIO-
rud. B pamkax 3acemaHuii ceKUuil ydyacTHUKaMu ObLia
pa3BEépHyTa aKTHUBHAs TBOpUYECKas AUCKYCCHS IO pac-
CMAaTpUBaeMbIM HayYHBIM U MPAKTHYECKUM BOIIPOCAM.

Takum obpa3om, yuactHukamu KoHrpecca Oblia
OTMEYEeHa BaKHOCTH SMHUAEMHOJIOIHH KaK oOLieMean-
LUHCKOW HayKH, aKTyaJbHOCTh COBPEMEHHBIX HaIpaB-
JIEHUH COBEPUIEHCTBOBAHMS 3IUIEMHOIOTHYECKOTO
Ha/A30pa, BKIIOYasg T€HOMHBIA SMHAEMHUOJIOTMYECKUI
HaJ30p 3a BO30yAUTEIIMH HH(DEKIIMOHHBIX OOJIe3HEH,
UU(ppPOBHU3ALINIO, AKTUBHOE HCIOJIB30BAHUE JIOCTHU-
KEHUI B 00MacTu OMOMH)KEHEPUH M WHHOBAIIMOHHBIX
TEHETHYECKUX TEXHOJOTUH C LENbI0 PELICHUs aKTy-
AJIBHBIX BOMIPOCOB 00ECIIEUEHHs] CAaHUTAPHO-3IIHICMU-
oJiormyeckoro Onarononyyus 1 bnodezonacHoctH Poc-
culickoit denepanuu.

Y4uTBIBas UCKIIIOUUTENBHYIO BaKHOCTD Pa3BUTHS
SMHUIEMHOJIOTHYECKOM HayKu U IPaKTHKH B COBPEMEH-
HBIX YCIIOBHSIX, IPUHMMAs BO BHUMAaHHUE Pe3YJIbTaThI
HAy4YHBIX AUCKYCCHI U MPEACTABICHHBIX JOKJIAJ0B Ha
Konrpecce, yuactHuku KoHrpecca nocranoBuiu:

[Mpusnare nestrensHOCTh DenepanbHON CITYKOBI
[0 HaJ30py B cdepe 3aluThl npaB norpeOutereid u
OJaronony4us 4eaoBeKa U APYTHX MHHUCTEPCTB U Be-
JOMCTB IO 00ECIICUCHHIO CaHUTAPHO-IMUAEMHUOIOT Y-
YEeCKOro Onaromoiryyusi HacedeHHs M OHOJIOTHYECKON
6e3onacHoctu B Poccuiickoii @enepanuy BaxkHEHIINM
HaIpaBJIeHUEM I'OCYIapCTBEHHON MOTUTHUKH.

OTMETHUTH UCKITIOUUTENBHYIO BAXKHOCTH KOHCOJH-
Jalyy yCUIMH Hay4yHOTo cooOmiecTBa B obnactu obe-
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crieueHUsI OMOJIOTHYECKO OE30IMaCHOCTH TOCyIapCcTBa
U TPEAOTBPAICHUS YIpo3 MaHJIEMHUYECKOrOo pPacIpo-
CTpaHeHus BO30yauTeNeil nHPEKIHMOHHBIX O0JIe3HEH.
Pa3BuBarh MEXKIUCIMILIMHAPHOE  B3aMMOJICH-
CTBHE YYEHBIX B OOJIACTH 3MUJIECMHOJIOIHU, OUOTEX-
HOJIOTUH, TCHETUKU U MH(DEKIIMOHHBIX OOJIC3HEH s
obOecrieueHusT HAIMOHAIBLHOW OE30IMaCHOCTH M TEXHO-
JIOTM4ECKOI He3aBUCUMOCTH Pocculickoit @enepanuu.
[Ipu3HaTh NPUOPUTETHHIM HAyYHBIM HAIPABJICHU-
€M pa3BUTHUE TCHOMHOIO 3IUACMHOJIOTHYCCKOTO HaJl-
30pa Kak COBPEMEHHOTO YHHKaJIbHOIO HHCTPYMEHTA
YIPAaBICHUS SHIEMUYCCKIM ITPOIECCOM.
PexomenioBaTh akTMBHOE NpUMEHEHHE IUPPO-
BBIX TEXHOJOTMA W PE3yIbTaTOB aHaiu3a OOJBIIUX
JIAHHBIX B MPAKTUKY MUICMHOJIOTMYECKOTO HA[30Pa.
Pa3BuBarh MoIX0/bI 0 COBEPIICHCTBOBAHUIO Jia-
OopaTopHOl TUarHOCTUKHU BO30ynuTenei nH}peKInoH-
HBIX OOJIe3HEH ¢ pa3pabOTKOM TECT-CUCTEM JUIS UH]IU-

Kalluu 1 uJeHTH(HUKAIMK BO30OyIuTENei Ha OCHOBE MO-
JIEKYJISIPHO-OMOIOTHYECKUX METOZIOB MCCIIEIOBAHHUS.

PacmypuTh HHHOBALIMOHHBIE TEXHOJIOTUH PENlaK-
TUPOBAHUSI TEHOMA C IIETIbI0 Pa3pabOTKU HOBBIX JHa-
THOCTHYECKHX, JIeYeOHBIX U BAKLIMHHBIX IPENaparoB.

PazBuBare HampaBieHust NpoeCCHOHATBHOMN
00pa3oBareNbHON NESTEILHOCTH MO aKTyaJbHBIM Ha-
MIpaBJIEHUSAM Hay4yHBIX HCCIEIOBaHUM B 00JAcTH SIU-
JIEMHUOJIOTHH, B TOM YHUCIIC MO COOJIOIEHUIO TpeOoBa-
HUH OMOJIOTHYECKON 0€30IIaCHOCTH, IPEAYITPEIKICHHUIO
(dopMUpOBaHHS M PACHPOCTPAHEHUS YCTOWYMBOCTH
MHUKPOOPTraHU3MOB K MPOTUBOMHKPOOHBIM Iperapa-
TaM, MPOJOJIKUTH MPAKTUKU MPOBEACHUS HHTEPAKTUB-
HBIX CEMHHAPOB ¥ JUCTAHIMOHHOTO O0yUYCHHS.

[pusnate padoty Konrpecca ycmeurnoit u pe-
3yJBTaTUBHOM, CIIOCOOCTBYIOIIEH Pa3BUTHUIO AMHUICMU-
OJIOTHYECKOM HAYKH M YKPETIJICHUIO CUCTEMBI OMOJIOTH-
4YecKoii 0e30IaCHOCTH rOCyIapcTBa.

Hupexrop ®bYH LIHMU Dnuaemuonoruu
PocnorpebHanz3opa, akagemuxk PAH,
JIOKTOP MEIMIIMHCKUX HayK, Ipodeccop
B.I" Axumxun
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