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Genomic surveillance strategy
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Abstract

The topic of epidemiologic surveillance is one of the basic concepts in the theory and practice of epidemiologic
science. In Russia, generalization of the accumulated factual material and theoretical developments have allowed
us to formulate a number of provisions on the nature of the epidemic process. The pandemic of a new coronavirus
infection has forced adjustments in all spheres of society, including the activities of the infectious disease
epidemiological surveillance system, requiring the development and implementation of innovative solutions.
Based on the experience of prompt response to the tasks set by the COVID-19 pandemic, the authors raised
the problem of development and implementation of a system of molecular genetic monitoring for pathogens of
emerging and re-emerging infections as a priority vector of epidemiological surveillance development.

The introduction of modern molecular biological technologies for the identification of pathogens with epidemic
potential, taking into account their genetic diversity, into the system of epidemiologic surveillance has been
substantiated based on the experience of using platform solutions created by the Central Research Institute
of Epidemiology of Rospotrebnadzor. The strategy of genomic epidemiologic surveillance as a powerful tool
to ensure readiness for response measures and management of the epidemic process by implementing and
adjusting preventive and anti-epidemic measures was developed.

The Russian platform for aggregation of information on virus genomes (VGARus) developed at the Central
Research Institute of Epidemiology of Rospotrebnadzor as a technological, scientific, organizational and
infrastructural base of genomic epidemiological surveillance, acting as an interdepartmental consortium, has
been introduced into practice. The efficiency of VGARus was shown to assess the mutational variability of SARS-
CoV-2, the influence of evolutionary development of circulating pathogens on the characteristics of the epidemic
process, the implementation of operational and retrospective analysis of morbidity and prediction of the spread
of genetic variants of pathogens.

Keywords: epidemiologic surveillance, COVID-19, SARS-CoV-2, molecular genetic monitoring, genomic
epidemiologic surveillance
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CTpa'rervm reHOMHoOro annpaeMmmonornyeckoro Haa3sopa

AkumkuH B.I.", CemeHeHKo T.A.%, Xadusos K.@.", Yrnesa C.B.™,
Oy6openos [.B.", Konocosckas E.H.2

'LleHTpanbHbI HayYHO-UCCNEeA0BATENbCKUIM UHCTUTYT anuaemmnonorumn PocnotpebHagsopa, Mocksa, Poccus;
2HauuoHasbHbI MCCnefoBaTeNbCKUA LIEHTP SNUAEMUNONOMM U MUKPOBUONOrMN UMEHW NOYETHOTO akageMuka
H.®. famanen Munsgpasa Poccun, Mocksa, Poccns;

3CeBepo-3anafHblil roCyfapCTBEHHbIN MeaNUUHCKUIA yHuBepcuTeT M. U.U. MeuHunkoBa, CaHkT-lNeTepbypr, Poccnsa

AHHOMauyusi

MMoHATME 3nMMaeMMonornyeckoro Haasopa SBnAeTca ogHUM M3 6a30BbIX B TEOPUM U MPaKTUKE 3NUOEMUONOoru-
Yyeckon Hayku. B Poccum o606LieHne HakonmneHHoro oakTMYeckoro matepuana u TeopetTudeckme paspaboTkm
no3Bonunu copMynupoBaTh psg MOMOXEHWI O CYLLHOCTM anNuaeMu4ecKkoro npouecca. lNaHgemms HoBOM KOpo-
HaBupycHow nHdekummn (COVID-19) BHecna kKOppeKkTuBLI BO BCe cdhepbl XM3HM o6LecTBa, B TOM Yucne B Aes-
TENbHOCTb CUCTEMBI ANNAEMMUONOMMYECKOro Haa30pa 3a MHAEKUMOHHLIMY BonesHsmu, Tpebytowme pa3paboTku
1 peanu3aumm MHHOBALMOHHbIX pewleHuii. Onmpasicb Ha OnbIT ONepaTUBHOIO pearMpoBaHus Ha 3adayu, NocTae-
neHHble nangemuen COVID-19, aBTopamu nogHATa npobnema pa3paboTkv 1 BHEAPEHUS CUCTEMbI MOMNEKyNsAp-
HO-FeHEeTUYECKOr0 MOHUTOPWHIa 3a BO30YyAMUTENSAMU HOBbLIX Y BO3BPALLAKLLMXCA MHEKLMIA KaK MPUOPUTETHOIO
BEKTOpa pasBUTUS ANNOEMMONOrMYECKOro Haasopa.

O6ocHoBaHO BHegpeHne B CUCTEMY 3MUAEMUONOrM4ecKoro Hag3opa COBPEMEHHbIX MONeKynsapHo-6uonornye-
CKUX TEXHOMNOTrMI naeHTUMKaLmnmM NaToreHoB ¢ 3ANMAEMUYECKUM MOTEHLMANOM C Y4ETOM UX FEHETUYECKOrO pas-
HOOOpa3uns Ha onbITe UCMONb30BaHMA NNaTOPMEHHbIX pelleHni, cosganHbix LIHWW Snuaemuonorum Pocno-
TpebHaasopa. PaspaboraHa cTpaterns reHOMHOrO 3MNMAEMMONOrMYeckoro Haasopa Kak MOLLHOMO UHCTPYMEHTa
Ansi obecneyeHmns rOTOBHOCTY K OCYLLIECTBIIEHUIO MEP pearnpoBaHusl U yNpaBneHns anMaeMmyeckum npoLeccom
NyTEM OCYLLIECTBINEHUSA U KOPPEKTUPOBKM NPOUNIAKTUYECKMX U MPOTUBOINMAEMNYECKUX MEPONPUATUIA.
BHegpeHa B npakTuky padpabortaHHas Ha 6ase LIHUW Snugemuonorun PocnotpebHagsopa Poccuiickas nnar-
dopma arperauum nHdopmauumn o reHomax supycoB (VGARUS) Kak TexHonornyeckasi, HaydyHasi 1 opraHusa-
LIMOHHAsA 1 MHApPacTpyKTypHasa 6asa reHOMHOro aNMAEeMUONOrMYecKoro Haa3opa, BbIMOMHAWAA porb MeXBe-
OOMCTBEHHOro koHcopuuyma. NokasaHa adpdektuBHocTb VGARUS ANA OUEHKUM MYTaLMOHHOW M3MEHYMBOCTM
SARS-CoV-2, BN1sHMSA 3BOMOLNOHHOIO pasBUTUS LMPKYNUPYIOLLMX BO3OyAUTENEN Ha XapakTepUCTUKU anuae-
MUYECKOro npoLecca, OCyLLECTBIEHUS ONEPaTUBHOIO U PETPOCMEKTUBHOIO aHan13a 3abonesaeMocTy U NPOrHo-
3a pacnpocTpaHeHUs reHETUYECKUX BapuaHToB Bo30yauTenen.

KnroueBble cnoBa: snudemuonozudeckuli Hadzop, COVID-19, SARS-CoV-2, moneKynsipHo-eeHemu4eckul Mo-
HUMOPUHE, 2eHOMHbIU 3r1udemuornioaudeckul Had3op

McecmoyHuk ¢puHaHcupoeaHusi. ABTOpbI 3asBMSAOT 06 OTCYTCTBMMN BHELLUHEro (hHAHCUPOBAHWUS NPU NPOBEAEHUN UC-
cnefoBaHus.

KoHgbriukm unmepecoe. ABTOpbI AEKNapUPYOT OTCYTCTBME SIBHbIX U NOTEHLMArbHBLIX KOH(MUKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumen HacTosLLEeN cTaTbu.

Ansa yumupoeaHus: AkumkuH B.I"., CemeHeHko T.A., Xacusos K.®., Yrnesa C.B., ly6ogenos [.B., Konocosckas E.H.
CTpartervs reHoOMHOro 3nNMAEeMMUONorMYeckoro Haasopa. XKypHan mMukpobuonoauu, anudemuono2uu u UMMyHObUOO-
euu. 2024;101(2):163-172.
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Introduction

The growing threat of epidemic and epizootic
outbreaks of new and re-emerging infections, most of
which are characterized by sudden onset, high mortali-
ty, lack of specific methods of diagnosis and treatment,
require the development of new approaches to the orga-
nization of epidemiological surveillance. In the context
of public health, systemic control and management of
the epidemic process of infectious and parasitic diseas-
es are closely related to the problem of biological safe-
ty, which is extremely relevant for all countries due to
the expanding range of real and potential threats caused
by the impact of dangerous biological agents [1-3].

The concept of epidemiological surveillance

The topic of epidemiologic surveillance is one of
the basic concepts in the theory and practice of epide-
miologic science. In Russia, generalization of the accu-
mulated factual material and theoretical developments
allowed us to formulate a number of concepts and
provisions on the nature of the epidemic process: the
theory of the mechanism of transmission of infectious
pathogens by L.V. Gromashevsky [4] and the theory
of natural foci of infectious diseases by E.N. Pavlov-
sky [5]. However, based on these theories, the leading
scientists of the country developed the main provisions
of epidemiologic surveillance, which had certain differ-
ences in interpretation. In the socio-ecological concept
of the epidemic process formulated by academician
B.L. Cherkassky, epidemiological surveillance was de-
fined as a system of dynamic and comprehensive mon-
itoring for the epidemic process of a particular disease
in a certain territory in order to rationalize and improve
the effectiveness of preventive and anti-epidemic mea-
sures [6]. According to the definition of academician
V.1. Pokrovsky, epidemiologic surveillance is the infor-
mational support of the infectious disease prevention
system, guaranteeing comprehensive tracking of the
epidemic process and its determinants (screening) and
clearly responding to all possible changes in its devel-
opment (monitoring) [7].

According to the theory of academician V.D. Be-
lyakov, the basis for the development of the epidem-
ic process are phase changes in the heterogeneity of
biological properties of interacting populations of the
pathogen and humans, based on feedbacks in the pro-
cess of self-regulation, with social and natural factors
being an important part of it [8]. According to this
theory, epidemiologic surveillance is considered as a
management system that involves dynamic assessment
of trends in the development of the epidemic process
in space and time, providing timely intervention in its
course in order to reduce the incidence of disease in
the general population and eliminate individual infec-
tions [9]. In this definition, the goals of epidemiologic
surveillance coincide with the goals of the anti-epidem-
ic system as a whole. It is the concept of the self-regu-

lation mechanism of parasitic systems that formed the
fundamental basis for the practice of epidemiological
surveillance developed in the modern period, which
is defined as continuous assessment of the state and
trends in the development of the epidemic process for
the timely adoption of management decisions that en-
sure the implementation of measures adequate to the
situation.

There are no significant differences in the under-
standing of the essence of epidemiological surveillance
between Russian and foreign experts, but the empha-
sis is different. Thus, according to the definition of the
World Health Organization (WHO), epidemiological
surveillance is a systematic continuous collection, com-
parison, analysis of data and timely dissemination of
information among interested parties to make certain
decisions [10]. In the domestic health care system, the
fact that the object of epidemiological surveillance is
the epidemic process, which is a unity of biological,
natural and social factors, and the surveillance itself
began to be considered as a tool for its cognition, was
generally recognized.

Epidemiological surveillance system

The system of epidemiologic surveillance includes
three interrelated subsystems: informational, diagnostic
and managerial.

The information subsystem is the basic section of
epidemiologic surveillance, which takes into account
and records data on the status and trends of the epide-
mic process, causes (biological factor) and conditions
(social and natural factors) that support it in a particular
territory. Depending on the epidemiological features
of the infectious disease, the level of theoretical know-
ledge and practical capabilities, epidemiological and
socio-ecological monitoring are realized.

Diagnostic subsystem provides pre-epidemic di-
agnostics, including timely detection of preconditions
and precursors of epidemic disadvantage, as well as
forecasting of further development of the epidemic sit-
uation based on the assessment of all information flows.

The management subsystem is focused on the in-
clusion of information, diagnostic and analytical data
in epidemiologic surveillance, taking into account mo-
dern achievements of science and practice. Managerial
decisions imply drawing up problem-thematic and pro-
gram-targeted plans, control over their implementation
and making adjustments to the tactics of the conducted
activities taking into account changing risk factors [11].

Russian platform for aggregation

of information on virus genomes
The pandemic of a new coronavirus infection has
made adjustments in all spheres of society, including
the activities of the health care system. The XII Con-
gress of the All-Russian Public Organization under the
name of "All-Russian Scientific and Practical Society
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of Epidemiologists, Microbiologists and Parasitolo-
gists" outlined the main milestones of further devel-
opment of the sanitary and epidemiological service of
the country taking into account the transformation of
the general paradigm of epidemiological surveillance
and control. Changes in the socio-economic and epide-
miological situation in Russia, increasing pressure of
adverse environmental factors on humans, urbanization
processes, development of new technologies in medi-
cine, food industry and agriculture are reflected in the
state of sanitary and epidemiological well-being of the
population. Obviously, these trends require fundamen-
tally new approaches to the organization and conduct of
epidemiological surveillance of infectious diseases, de-
velopment of regulatory and legal support, implemen-
tation of scientific solutions in practice [12].

The COVID-19 pandemic has vividly demonstra-
ted the devastating consequences of mass infectious
diseases that kill millions of people and undermine the
global economy. The catastrophic expansion of the in-
cidence of a new coronavirus infection has not only ex-
posed the public health problems of most countries, but
has also been an impetus for scientific progress in many
fields of medical and biological sciences. The global
spread of the new infection caused by SARS-CoV-2
has facilitated the development of innovative tools and
technologies in various fields and accelerated the inte-
gration of genomic research into public health practice.
There is an urgent need to develop new approaches to
the organization of epidemiological analysis and fore-
casting of COVID-19 epidemic development using in-
novative platform solutions and digital technologies.

The organizational mission to create a system
of molecular genetic monitoring during the pandemic
COVID-19 belongs to A.Yu. Popova, the head of the
Federal Service for Supervision of Consumer Rights
Protection and Human Welfare. In accordance with the
set tasks and because of the vast experience of anti-ep-
idemic work in Russia, a strategy of proactive response
to the spread of a new coronavirus infection was imple-
mented, which made it possible to prevent an excessive
burden on the health care system, save millions of lives
and prevent large-scale negative consequences for all
spheres of life [13, 14].

In accordance with the Resolution of the Gov-
ernment of the Russian Federation dated 23.03. 2021
No. 448 "On Approval of the Temporary Procedure
for Provision of Genome Decoding Data of the New
Coronavirus Infection Pathogen (COVID-19)" to en-
sure rapid assessment of the dynamics of the spread of
known and new genetic variants of SARS-CoV-2 cir-
culating on the territory of the country, Virus Genome
Aggregator of Russia (VGARus), which contains in-
formation on nucleotide sequences of SARS-CoV-2
viruses and their mutations circulating in the regions
of Russia, was developed and implemented, and can be
used for storage, systematization and sampling of data
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for mutation detection and determination of virus ge-
netic variants. VGARus was developed and consolidat-
ed by the Central Research Institute of Epidemiology
of Rospotrebnadzor. The software integrated into the
VGARus platform allows analyzing sequencing results,
determining the probable virus strain, generating stan-
dardized reports, and downloading samples for further
sequencing [15]. VGARus makes it possible to con-
tinuously monitor the mutational variability of SARS-
CoV-2, providing essential data for the detection of new
genetic variants and tracking their prevalence in Russia.
The algorithm of work with VGARus data allows to
carry out operative and retrospective analysis of distri-
bution of genetic variants of SARS-CoV-2 taking into
account the latest information on genetic diversity of
COVID-19 pathogen.

The main purpose of VGARus is to centralize the
collection and analysis of the dynamics and structure
of identified SARS-CoV-2 variants in Russia [16]. Cur-
rently, all Russian scientific institutions involved in
coronavirus genome sequencing and registered as users
on the portal have the opportunity to upload the studied
genomic sequences to VGARus. The obtained registra-
tion certificates allow its participants to use information
from the national database. The platform is accessed
through the portal genome.crie.ru.

Thus, a scientific consortium was, in fact, creat-
ed, which included institutions of Rospotrebnadzor,
the Ministry of Health of the Russian Federation and
a number of other agencies. Currently, more than 150
organizations are integrated into the VGARus system,;
a significant part of them perform mass sequencing
of SARS-CoV-2 genomes and download sequenc-
es. Preliminary quality assessment of these samples
is performed, which typically includes analysis using
polymerase chain reaction to determine viral load and
assess the suitability of the sample for next-generation
whole-genome sequencing. Algorithms running in the
database automatically perform mutation analysis and
identification of the SARS-CoV-2 variant in each sam-
ple. After loading the nucleotide sequence of the virus,
the system automatically starts the process of sequenc-
ing validation, analyzing the belonging to one or another
genetic variant. The downloaded genomic information
is processed using Pangolin and V-TRACE programs
(developed by specialists of the Central Research Insti-
tute of Epidemiology of Rospotrebnadzor) in automat-
ed mode with subsequent bioinformatic analysis.

Each sample in the system contains not only the
nucleotide sequence and technical data, but also infor-
mation on the place and time of collection of biologi-
cal material, as well as data on the examined person:
sex, region, age, vaccination status, estimated number
of contacts, comorbidities, recent foreign travel, etc.
These data, given their epidemiologic significance, will
allow them to be used for operational and retrospective
analysis. When samples are registered in the database,
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they will automatically receive an internal registration
number, after which the SARS-CoV-2 genome se-
quence can be added to the sample information field.
Technical information also includes data on the orga-
nizations involved in the collection, laboratory sample
preparation, the date the sample was sent and received,
the date the information was entered, and the date the
current record was generated in the system [17-20].

Molecular genetic monitoring during the
COVID-19 pandemic

The national VGARus database, which contains a
large set of SARS-CoV-2 sequences, is an invaluable
resource for tracking and deciphering the evolution of
the COVID-19 pandemic (Fig. 1).

During the first year of SARS-CoV-2 presence in
the human population, no nucleotide substitutions in
its genome that could significantly alter the pathogen's
properties were detected. However, since preservation
of the pathogen as a biological species is impossible
without evolutionary development, the heterogeneity
of the coronavirus population began to increase due
to circulation of different variants with subsequent se-
lection and formation of the epidemic variant of the
pathogen. Dynamic monitoring of mutational variabil-
ity of circulating coronaviruses started in Russia in
December 2020. During this period, a genetic variant
initially known as British was discovered, which was
later renamed Alpha (B.1.1.7) in accordance with the
WHO decision to abandon the use of country names
to designate strains. Among the mutations found in
the S-protein gene, the most significant were N5017,
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P681H, and A69-70, which affect the transmissibility of
the virus and its ability to infect cells and evade the im-
mune response. The discovery of the Alpha variant in
Russia coincided with an increase in the number of cas-
es in late 2020 and early 2021. Later, the Beta variant
(B.1.351), first detected in the Republic of South Afri-
ca, and Gamma (P.1), identified in Brazil, were identi-
fied, but they were not widespread in Russia, account-
ing for only a small percentage of the total number of
new cases. The Alpha variant spread across Russia in
winter 2021, and in summer 2021, a new variant, Del-
ta (B.1.617.2), emerged, which was accompanied by
a significant increase in the number of cases and hos-
pitalizations, a severe course of coronavirus infection
and high mortality rates. The Delta genetic variant pre-
vailed in Russia from May to December 2021, with its
share among the identified variants approaching 100%.
The dominant variant in all months of observation since
the start of registration of genetic variant Delta was the
variant, which was named AY.122 by the Pangolin clas-
sifier from 26.11.2021 (83.3%). In total, more than 400
sublineages of the Delta genetic variant were isolated
in Russia.

The process of change of biological properties of
SARS-CoV-2 virus with the subsequent change of pre-
vailing genetic variants is associated with the evolution
of the virus and the formation of its epidemic variant
with a natural change in the immunological structure
of the human population in the chain of circulation of
the pathogen. As a result of changes in the population
of SARS-CoV-2 virus during circulation of the Delta
genetic variant (increased virulence, increased abun-
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Fig. 1. Dynamics of SARS-CoV-2 genetic variants in Russia in 2020-2024.
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dance), a new rise in morbidity among the population
was observed. Going by the theory of self-regulation of
parasitic systems, the process went from the phase of
reservation to the phase of epidemic transformation and
then epidemic spread. Changes in the genetic properties
of the virus led to changes in its pathogenicity and, as
a result, influenced the severity of the clinical course
of the disease and the characteristics (indicators) of the
manifestations of the epidemic process.

As a result of the interaction between the patho-
gen and human populations, taking into account their
heterogeneity, a new variant of SARS-CoV-2 coronavi-
rus, first identified in Botswana and South Africa, was
identified in late 2021 and named Omicron (B.1.1.529
according to the PANGO classification) by WHO. The
Omicron variant started to spread rapidly from Decem-
ber 2021 and is now completely dominant in Russia
(100% of samples tested). Analysis of VGARus data
revealed dissociation of the Omicron genetic lineage
in Russia with the highest frequency of circulation of
subvariants BA.1 (54.5%), BA.1.1.1 (21.6%) and BA.2
(23.8%).

Spring 2022 was a period of epidemiologi-
cal well-being characterized by a low incidence of
COVID-19. However, the emergence of Omicron sub-
variants BA.4 and especially BA.5 led to an increase
in incidence that lasted until the end of October 2022.
In late 2022 and early 2023, highly transmissible vari-
ants such as BQ.1* (subvariant BA.5) emerged, indicat-
ing the dynamic and complex nature of SARS-CoV-2
evolution. The early months of 2023 saw a resurgence
of new forms of old strains, including Omicron BA.2,
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which returned as recombinant forms of XBB*, being
prevalent for most of 2023. Within the XBB lineage, its
own prevalent forms emerged, such as XBB.1.5 (Kra-
ken), XBB.1.16 (Arcturus), and XBB.1.9.2.1 (EG.5,
Eris). The emergence of the latter coincided with the
beginning of the increase in the incidence of the disease
in the country in September 2023.

At the end of August 2022, a new SARS-CoV-2
variant, BA.2.86 (Pirola), which had many additional
mutations compared to previous Omicron variants, was
first detected in Denmark and Israel. However, it was
not the cause of the increase in incidence in many coun-
tries, because the growth itself began earlier than the
active spread of this genetic variant. The first cases of
BA.2.86 infection were first detected in Russia in early
November 2023, and further spread of BA.2.86 could
slightly prolong the stage of the rise, including in Janu-
ary-February 2024, when the BA.2.86 JN.1 subvariant
began to spread actively, becoming prevalent both in
Russia and practically in all other countries. In total,
more than 600 different Omicron sublineages have been
registered in Russia, although this number may vary de-
pending on the definition of the sublineage (Fig. 2).

SARS-CoV-2 has evolved and genomic changes
have led to the emergence of such characteristics as
more intense transmission, changes in clinical symp-
toms, evasion of the immune response, and drug resis-
tance. The phase self-reorganization of the pathogen
population during the emergence of the Omicron gene-
tic variant led to a decrease in its virulence, which was
accompanied by a decrease in the severity of diseas-
es, the number of hospitalized and deceased patients,

Fig. 2. Dynamics of Omicron genetic variant in Russia in 2022-2024.
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which may indicate a phase of reserve transformation
in accordance with the theory of self-regulation of
parasitic systems. Preservation of the pathogen as a
biological species is impossible without evolutionary
development, which is facilitated by genome instabil-
ity and mutations, as well as expansion of the range of
heterogeneity of the SARS-CoV-2 virus population due
to circulation of both low- and high-virulence variants
with subsequent stabilizing selection and formation of
the epidemic variant of the pathogen. Therefore, the
phase of reservation always balances on the border with
the phase of epidemic transformation, when new strains
capable of bypassing the protection previously formed
by the human population, eluding protection from vac-
cines and post-infection immunity, emerge and gain ad-
vantage in natural selection.

The importance of genomic epidemiologic
surveillance

Molecular genetic monitoring makes it possible
to anticipate changes in phenotypic properties affecting
the epidemic process manifestation indicators and so-
cio-economic consequences of such changes based on
a more detailed study of the genetic characteristics of
pathogens.

It is important to note that at the end of 2023, the
volume of genomic sequencing has decreased world-
wide, and this could possibly lead to the emergence of
new variants without their detection for an extended pe-
riod of time. A significant amount of data has been ac-
cumulated on evolutionary changes in the SARS-CoV-2
genome, taking into account new epidemiologic proper-
ties. Monitoring and genomic sequencing of the virus are
important for the identification of new genetic variants
and the development of public health strategies.

Genomic sequencing is increasingly being used
to collect data on other pathogens, to investigate out-
breaks of severe infectious diseases (cholera, Ebola,
Dengue, bacterial meningitis, poliomyelitis, etc.) that
may lead to public health emergencies, and to provide
emergency medical care for critical epidemiologic situ-
ations. For example, the Global Influenza Surveillance
and Response System (GISRS) routinely uses genomic
sequencing as an integral part of the zoonotic influenza
outbreak response and pandemic preparedness pack-
age, and for seasonal influenza surveillance to develop
seasonal vaccine recommendations and monitor antivi-
ral susceptibility. GISRS has been used to incorporate
SARS-CoV-2 virus into sentinel surveillance systems
for influenza-like illnesses, acute respiratory infections,
and severe acute respiratory infections to collect data to
inform countries' national COVID-19 pandemic poli-
cies and responses'.

' WHO. Global Influenza Surveillance and Response System
(GISRS). URL: https://who.int/initiatives/global-influenza-
surveillance-and-response-system (date of access: 31.01.2024).

At the 74" Session of the World Health Assembly
held on 30.05.2021, WHO Member States called for
strengthening the role of genomic epidemiological sur-
veillance in emergency preparedness and response, but
there are problems related to the lack of necessary ca-
pacity and appropriate infrastructure for laboratory re-
search. Only two-thirds of countries, including Russia,
have the capacity to conduct genomic sequencing and
ensure regular use of this powerful technology, while
the remaining countries are only establishing genomic
surveillance systems for pathogens with epidemic po-
tential [21].

The 2022-2032 Surveillance Strategy, developed
by WHO based on previous experience and lessons
learned from the COVID-19 pandemic, relies on the
special role of genomics in public health, which it plays
due to the ability to utilize the results of genomic re-
search in various fields of medicine. The strategy is not
limited to a single pathogen or a specific epidemiologic
threat. Rather, it aims to develop a unified vision for us-
ing genomics as a powerful complementary tool to ad-
dress the public health challenges of preparedness and
response to pandemics and epidemics across a broad
spectrum.

Conclusion

The new Global Strategy for Genomic Epidemi-
ological Surveillance of Pathogens with Pandemic and
Epidemic Potential notes that genomic epidemiolog-
ical surveillance is making a significant difference to
public health by providing a better understanding of
the nature, evolution and pathways of infectious patho-
gens. Genomic data on pathogens with pandemic and
epidemic potential, combined with clinical, epidemi-
ologic and other data, are being used for risk assess-
ment, development of vaccines, drugs and diagnostic
tests, and decision-making on epidemiologic and social
control measures. New technologies in sequencing and
bioinformatics that have emerged in recent years have
enabled a number of countries to make significant prog-
ress in building and strengthening their capabilities in
this area.

The goal of genomic epidemiologic surveillance
is to manage the epidemic process on the basis of sys-
temic data on changes in the genetic properties of infec-
tious pathogens with significant epidemic (pandemic)
potential.

Objectives of genomic epidemiologic surveil-
lance:

1. Operational and retrospective analysis of chang-
es in the genetic properties of circulating and emerging
pathogen variants, allowing dynamic tracking of the
change of dominant gene variants.

2. Assessment of the influence of the structure of
circulating pathogens taking into account the peculiar-
ities of territorial distribution on the characteristics of
the epidemic process.
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3. Identification of predictors of the unfavorable
epidemiological situation development on the basis of
molecular genetic monitoring.

4. Predicting the development of the epidemic
process of infectious diseases based on knowledge of
changes in the genetic properties of the pathogen using
innovative platform solutions and application of digital
technologies.

5. Searching for and predicting new human and
animal pathogens.

6. Developing rapid responses to emerging infec-
tions of epidemic and pandemic potential.

7. Management of the epidemic process through
the development of implementation and adjustment of
the system of preventive and anti-epidemic measures.

8. Creation of innovative vaccine and drug pro-
ducts.

Taking into account the above mentioned, Russia
has made a significant step forward in the development
of this scientific field. Genomic epidemiologic surveil-
lance is a qualitatively new level of epidemiologic sur-
veillance, taking into account the possibilities of study-
ing genetic properties of infectious pathogens.

Thus, genomic epidemiologic surveillance, based
on the knowledge of molecular genetic properties of in-
fectious pathogens, is an essential component of biose-
curity of the Russian Federation and a strategic area of
scientific and technological development?.
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The influence of an innovative antibacterial drug of the thiadiazinone
class on the virulence factors of bacteria of the phylum
Pseudomonadota, which chronically infect patients with cystic fibrosis
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Abstract

Introduction. Infections of the lower respiratory tract by bacteria of the Pseudomonadota phylum: Pseudomonas
aeruginosa, Burkholderia spp., Achromobacter spp. are critical to the quality and life expectancy of patients
with cystic fibrosis (CF). When the infection is chronic, eradication of bacteria with existing antibacterial drugs is
practically impossible. To explore alternative drugs, trials are needed on bacteria isolated from CF patients and
characterized using genomic approaches.

The objective of our study was a comparative analysis of virulence factors of 6 isolates of bacteria of the
Pseudomonadota phylum and testing the efficacy of the innovative drug Fluorothiazinone (FT) in suppressing the
pathogenicity of bacteria in vitro.

Materials and methods. Isolates of A. ruhlandii ST36, A. xylosoxidans ST555, B. cepacia ST2140, B. gladioli
ST2141, P. aeruginosa ST859 and ST198 were examined using whole-genome sequencing and bioinformatics
analysis to search for resistance and virulence determinants. The FT drug was tested for its effect on bacteria in
in vitro experiments on cytotoxicity on HelLa cells, motility and biofilm formation.

Results. Genomic studies have confirmed the arsenal of resistance determinants, especially the efflux systems
of bacteria isolated from patients with CF, and the diversity of virulence factors, among which we identified
factors in the categories of motility, signals of quorum-sensing systems, secretion systems, exotoxins, as the most
essential for the adaptation of bacteria to conditions of the lower respiratory tract. In vitro tests of the FT drug
showed its effectiveness in suppressing cytotoxicity (2.6—4.0 times), motility (2.0-3.6 times) and the process of
biofilm formation (2.0-7.7 times).

Conclusion. For the first time, the effectiveness of the innovative antibacterial drug Fluorothiazinone has been
shown against bacteria of the Pseudomonadota phylum, isolated from chronically infected patients with CF, with
the described potential of virulence factors.

Keywords: microbial adhesion factors, Pseudomonadota, Cystic Fibrosis, WGS, virulence, Fluorothiazinon, anti-
virulence
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BnAnsHne NHHOBALMOHHOTO aHTM6GAaKTepMaNbHOIO Npenapara
K/lacca TMagnasnHoOHOB Ha GpaKTOpbl BUPYNEHTHOCTN GaKTepui
$dunyma Pseudomonadota, xpoHn4yeckn MHGNLNPYIOLNX
60NbHbIX MYKOBUCLIA030M

BopoHunHa O.J1.", Koponesa E.A.", Kynga M.C.", PoixkoBa H.H.!, AkceHoBa E.I.",

KanoTtuHa J1.H.', Heno6uHa C.A.", JlazapeBa A.B.%, 3uranruposa H.A.

'HaumoHanbHbI NcCiefoBaTeNbCKUM LEHTP SMUAEMUONIOTN U MUKPOOKMONIOrN MEHMW NOYETHOIO akaeMuKa
H.®. lamanen, Mocksa, Poccus;

2HaumoHasbHbI MeAULMHCKUIA NCCNefoBaTeNbCKIIA LEHTP 300poBbA AeTel, Mockea, Poccusa

AHHOMauyusi

BeepeHue. VHdekumn HMKHUX ObixaTenbHblX nyten 6aktepuamu dunyma Pseudomonadota: Pseudomonas
aeruginosa, Burkholderia spp., Achromobacter spp. KpUTUYHbI B OTHOLLEHMW KayecTBa U NPOOOMKUTENBHOCTH
XM3HW BomnbHbIX MykoBucuuao3om (MB). Mpu xpoHm3aummn nHpekun apagukauns 6akTepyin CyLLEeCTBYOLWLUMN
aHTMbakTepuanbHbIMM Npenaparammn NPakTUYeckn HeBo3MoXHa. [N uccnegosaHns npenapaToB ansTepHaTuB-
HOro AeNCTBUS HEOOXOAMMBI UCTIbITaHWS!, MPOBEAEHHbIE HA DaKTepUsX, BblAENEHHbIX OT nauneHToB ¢ MB 1 oxa-
paKkTepu30BaHHbIX C MOMOLLbIO FEHOMHbIX NMOAXOAO0B.

Llensimu Hawwero nccnenoBaHns Obiny cpaBHUTENbHBIN aHanm3 hakTopoB BUPYNEHTHOCTM 6 n3onsaToB GakTepuii
dunyma Pseudomonadota n npoBepka ahpekTUBHOCTN MHHOBaLMOHHOIO Npenapara gtopTuasvHoH (PT) B no-
OaBreHnn natoreHHocTn bakTtepun in vitro.

Martepuanbl u metoabl. Msonatel A. ruhlandii ST36, A. xylosoxidans ST555, B. cepacia ST2140, B. gladioli
ST2141, P. aeruginosa ST859 n ST198 nccnegoBanu ¢ NOMOLLLIO MOSIHOFTEHOMHOTO CEKBEHUPOBaHUsSt U Guo-
MH(OPMAaLMOHHOIO aHanmsa Ans novcka AeTEPMUHAHT PE3UCTEHTHOCTU U BMpYNeHTHocTh. T ucnbitany no
OeNCTBMIO Ha BakTepumn B 3KCNepuMMeHTax in Vitro Nno LMTOTOKCUYHOCTU Ha kneTkax Hela, nogsumxHocTh n cop-
MUPOBaHNIO BGUONNEHOK.

PesynbraTbl. [€HOMHblIE UCCNEOoOBaHWS MNOATBEPAMNU apceHan OeTEPMUHAHT PE3UCTEHTHOCTU, OCOBEHHO
cuctem adpcpniokca BakTepun, NonyYeHHbIX OT nauneHToB ¢ MB, u pa3Hoobpasve dakTopoB BMPYNEHTHOCTMH,
cpean KOTOpbIX Mbl BbIAENWNN (haKTOpbl B KATEropmsix: NOABWXHOCTb, CUIHanbl CMCTEM quorum-sensing, cu-
CTeMbl CeKpeLuu, IK30TOKCUHbI Kak Hanbonee CyllecTBeHHble AN agantaumn 6akTepuii K yCrnoBUAM HUKHUX
AabixatenbHbix nyten. Ucnbitanmna T in vitro nokasanu ero adeKTUBHOCTL B NOAABMEHUN LUTOTOKCUYHOCTH
(8 2,6—4,0 pasa), noasuxHocTu (B 2,0-3,6 pa3a) n npouecca chopmupoBaHusi bruonnéxok (B 2,0-7,7 pasa).
3akntouyeHue. Bnepsble nokasaHo addeKkTMBHOE AENCTBME UHHOBALMOHHOIO aHTMbakTepuanbHoro npenapara
T Ha BakTepumn cmunyma Pseudomonadota, BbiaeneHHble OT XPOHUYECKN NHAULIMPOBaHHBLIX naumeHTos ¢ MB,
C OMNMCaHHbIM MOTEHLMANoM akTopoB BUPYNEHTHOCTH.

KnroueBble cnoBa: ghakmopbl ad2e3uu MukpoopaaHu3mos, Pseudomonadota, mykosucyudos, nortHo2eHOMHOe
cekseHuposaHue, chakmopbl 8UPYIIEHMHOCMU, hmMOopMUa3UHOH, aHMUBUPYNIeHMHOCMb

3muyeckoe ymeepxdeHue. ViccriefoBaHne NpoBoaUnoch npy 4o6poBoNbHOM MHGOPMUPOBAHHOM COFflacmn naum-
€HTOB UMK KX 3aKOHHBIX NpeacTasuTeneit. MNpoTokon nccnenoBaHus ofobpeH KoMMteTom no G1MoMeanUMHCKOM aTuke
HUL3M um. H.®. Famanen (npotokon Ne 59 ot 08.09.2023).

BnazodapHocmb. ABTOpPLI Npu3HaTenbHbl E.M. BypmncTpoBy 3a cogefictBue B BblaeneHun P. aeruginosa n3 MOKpOTbI
naumeHToB ¢ MB.

HUcmoyHuk chuHaHcupoeaHusi. Pabota BbINONMHeHa npu ¢UMHaAHCOBOW noaaepxke [ocynapcTBeHHOro 3afaHust
HULIOM um. H.®. lamanew.

KoHgbriukm uHnmepecoe. ABTOpbI AEKNapuUpyOT OTCYTCTBME SBHbIX M NOTEHLMArbHbLIX KOH(MUKTOB MHTEPECOB, CBS-
3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ana yumupoeanusi: BopoHuHa O.J1., Koponesa E.A., Kynga M.C., PbixoBa H.H., AkceHoBa E.W., KanotuHa J1.H.,
Henwo6buHa C.A., JlazapeBa A.B., 3uranrmposa H.A. BnusiHne nHHOBaLUMOHHOIO aHTMBakTepunanbHOro npenapara knac-
ca TMafgmasnHOHOB Ha hakTopbl BUPYNEHTHOCTU GakTepuin counyma Pseudomonadota, XpoOHWYECKN MHDULMPYHOLLMX
60nbHbIX MykoBUCLUMA030M. XKypHan mukpobuonoauu, anudemuonoauu u ummyHobuonoauu. 2024;101(2):173-183.
DOI: https://doi.org/10.36233/0372-9311-499

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

Cystic fibrosis (CF) is one of the most common
autosomal recessive diseases in which mutations in the
gene for the transmembrane regulator of the chlorine
channel cause impaired mucociliary clearance and the
development of chronic colonization of the respiratory
tract by bacteria of the Pseudomonadota phylum. Mi-
croorganisms of this phylum — Pseudomonas aerugi-
nosa, Burkholderia spp. and Achromobacter spp. — are
characterized by high natural resistance to antimicrobial
drugs. Despite the use of aggressive antibiotic therapy,
a progressive decline in lung function and early mortal-
ity are observed in CF patients with age. According to
the latest edition of the Russian CF patient registry, the
proportion of patients chronically infected with the list-
ed bacteria is 33.6% for P. aeruginosa, 7.6% for Achro-
mobacter spp. and 5.5% for Burkholderia spp. [1].

Penetrating the lower respiratory tract by aspira-
tion, bacteria move along the surface of epitheliocytes
using flagella and pili/fimbriae; these same structures
serve as adhesins when attaching to cells to initiate bio-
film formation [2]. Afterwards, several migration path-
ways of bacteria of these genera are possible: translo-
cation through intercellular contacts and transepithelial
migration [3]. In the latter case, invasion is first accom-
plished through the secretion systems of types 3 and 6
(T3SS, T6SS). The bacteria that have emerged from
the epitheliocytes then cross the basal membrane and
reach the connective tissue cells. On this pathway, they
are protected by exotoxins that affect collagen and in-
terfere with its antimicrobial activity [4]. P. aerugi-
nosa, Achromobacter spp. and Burkholderia spp. can
carry out invasion into macrophages, neutrophils and
dendritic cells, thus being able to be protected from
external influences in 4 types of eukaryotic cells. Bac-
teria not only survive inside cells, but can also disrupt
their normal functioning, leading to pyroptosis/apop-
tosis or necrosis [5]. Cell death, bacterial escape and
further multiplication cause an inflammatory response
that damages lung tissue [3]. All the above mentioned
stages in the life cycle of pathogens are coordinat-
ed by Quorum-Sensing (QS) signaling [6]. Survival
mechanisms help these bacteria to compete with each
other and with other representatives of the lung mi-
crobiome, so microbial diversity in such infections be-
comes minimal [7].

The eradication of such successful pathogens re-
quires new approaches, one of which was used in the
development of an innovative antibacterial drug of
the thiadiazinone class (fluorothiazinone, FT) at the
N.F. Gamaleya National Research Center for Epidemi-
ology and Microbiology. T3SS effectors [8], as well as,
presumably, highly conserved ATPases of the flagellar
apparatus and T3SS, became a target for the effect of
FT, which suppresses the pathogenicity of bacteria but
does not kill them [8, 9], which ensures the absence of
resistance development to such a drug. The efficacy of

FT in vitro and in animal models was shown against
a number of Gram-negative bacteria: Salmonella en-
terica, P. aeruginosa, Escherichia coli, Acinetobacter
baumannii and Klebsiella pneumoniae [10]. The drug
inhibited the obligate intracellular pathogen Chlamydia
trachomatis [11], proving the possibility of FT penetra-
tion into eukaryotic cells.

Earlier, in the study of P. aeruginosa isolates from
sputum and tracheal aspirate of CF patients, we showed
that the cytotoxicity testing conditions selected for cul-
tures isolated in nosocomial infections [9] were optimal
only for isolates of genotypes ST235 and ST313 [12],
characteristic of nosocomial P. aeruginosa belonging to
the ExoU-lineage, named after the effector T3SS [13].
The other isolates were characterized by slow growth in
vitro due to changes in cell physiology during chronic
lung infection. Adaptation of experimental conditions
to the peculiarities of Pseudomonadota of CF patients
was one of the objectives of the study.

Considering the diversity of bacterial virulence
factors used in adaptation and persistence in the re-
spiratory tract of CF patients, we studied the genomic
characteristics of isolates selected to evaluate the effect
of FT and compared factors in the categories: motili-
ty, QS signaling, secretion systems, and exotoxins in
selected representatives of P. aeruginosa, Burkholderia
spp. and Achromobacter spp.

The objectives of our study were to comparatively
analyze the virulence factors of 6 isolates of Pseudo-
monadota phylum bacteria infecting the lower respira-
tory tracts of CF patients and to test the efficacy of an
innovative FT drug in suppressing the pathogenicity of
bacteria in vitro.

Materials and methods

Materials

Six cultures of Pseudomonadota phylum bacteria
were isolated from the sputum of chronically infected
CF patients (Table 1). The study was conducted under
the conditions of obtaining voluntary informed consent
from patients or their legal representatives. The study
protocol was approved by the Biomedical Ethics Com-
mittee of N.F. Gamaleya National Research Center for
Epidemiology and Microbiology (protocol No. 59 of
08.09.2023).

FT is a novel antibacterial drug of thiadiazino-
ne class C19H17F2N304S: N-(2,4-difluorophenyl)-
4(3-ethoxy-4-hydroxybenzyl)-5-0x0-5,6-dihydro-4H-
[1,3,4]-thiadiazine-2-carboxamide'. A stock solution of
FT was prepared from the substance with a concentra-
tion of 5.0 mM in 0.3M CH,COONa, pH 7.0 £ 0.2.

! Clinical studies: RCT No. 389 dated 08/03/2018 (completed); RKI
169 dated March 14, 2022 (ongoing). Application for registration
with the Ministry of Health of the Russian Federation (incoming
No. 4253550 dated May 30, 2023). Status under review.
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Table 1. Isolates of the Pseudomonadota phylum used in the study

Specie Isolate Accession number | Sequence type | Genome size, Mb Genes Protein-coding
P. aeruginosa GIMC5045:PA33P25  JAVMRC000000000 ST859 6,4 5973 5841
P. aeruginosa GIMC5047:PA33P30  JAVMRDO000000000 ST198 6,4 6023 5842
B. cepacia SCCH90:Bcn202840  JAQOTY000000000 ST2140 8,4 7704 7512
B. gladioli SCCH61:Bgd92-3601  JAQOTZ000000000 ST2141 8,2 9105 8385
A. ruhlandii SCCH137:Ach2231057 JAQZZN000000000 ST36 6,3 5884 5679
A. xylosoxidans  SCCH131:Ach223717  JAPZVF000000000 ST555 6,4 5912 5806

Cytotoxicity was studied on HeLa cervical carci-
noma cells (ATCC CCL2, 22603).

Bacteria cultivation

Bacteria were grown for 18 h at 37°C in LB broth

to a concentration of 109 microbial cells/mL (OD, ).

Genome analysis

The protocol [14] was used for DNA extraction
from isolates, supplemented by polysaccharide puri-
fication using CTAB (cetyltrimethylammonium bro-
mide).

DNA libraries were prepared using the protocols
Nextera DNA Flex Library Prep (Illumina) and KAPA
HyperPlus Kit (Roche). Sequencing was performed on
a NextSeq 500/550 instrument (Illumina) using a Mid
Output 300 cycles cartridge.

Genomes were assembled using CLC Genomic
Workbench v. 21.0.1 (Qiagen) and SPAdes v. 3.13.0%
Rapid Annotations Subsystems Technology (RAST)
[15] and NCBI Prokaryotic Genome Annotation Pipe-
line [16] were used for annotation. Results were depo-
sited in GenBank (bioproject PRINA561493) under the
numbers shown in Table 1.

Genomes were analyzed using BV-BRC resour-
ces® [17]. Virulence factors were investigated using
VFDB* [18] and BlastKOALA?® [19]. Plasmids were
searched using PlasmidFinder 2.1, CARD’ [20],
BV-BRC [17] and BlastKOALA [19] were used to
identify resistance determinants.

Investigation of the effect of FT in vitro

Bacterial cytotoxicity was determined according
to the method [9], with modifications. A monolayer of
HeLa cells grown in IMDM (Iscove's Modified Dul-

St. Petersburg genome assembler, Russia,
URL: http://cab.spbu.ru/software/spades/
Bacterial and Viral Bioinformatics Resource Center,
URL: https://www.bv-brc.org
Virulence Factor Database, http://www.mgc.ac.cn/VFs
5 KEGG Orthology And Links Annotation,

URL: https://www.kegg.jp/blastkoala
¢ URL: https://cge.food.dtu.dk/services/PlasmidFinder
Comprehensive Antibiotic Resistance Database,
URL: https://card.mcmaster.ca

becco's Medium) supplemented with 10% FBS (fe-
tal bovine serum) and 2 mM L-glutamine in 96-well
plates was washed and IMDM containing 1% FBS
was added. HeLa cells were infected with bacterial
cultures at an initial multiplicity of infection (MOI)
of 5. Plates were incubated for 18 h in the presence of
FT (60 pg/mL). 0.3M CH,COONa, pH 7.0 + 0.2, was
used as a control. Cells were precipitated by centrif-
ugation for 20 min at 1500 rpm. In the supernatants,
the activity of released lactate dehydrogenase (LDH)
was determined using the CytoTox 96® Non-Radio-
active Cytotoxicity Assay Kit (Promega) according to
the manufacturer's protocol. The percentage of LDH
release was calculated relative to uninfected control
(0% LDH release) and HeLa cells lysed with Triton
X-100 (100% LDH release).

The ability of FT to inhibit the swimming motili-
ty of isolates was evaluated on Petri dishes with 0.3%
semi-liquid agar [21]. Bacterial cultures were incubat-
ed with FT (100 pg/mL) for 3 h at 37°C, then 2 pL of
the suspension was added to the thickness of semi-lig-
uid agar containing FT (100 pg/mL) and incubated for
48 h at 37°C. The degree of bacterial motility was deter-
mined by the diameter of radial migration in agar.

The following approach was used to study the ef-
fect of FT on bacterial biofilm formation. Static bio-
films were formed on the abiotic surface according to
the protocol [22] with changes in incubation condi-
tions. FT (100 ug/mL) was added to overnight bacterial
cultures at a concentration of 107 microbial cells/mL
(ODy,,) and incubated in the wells of the plate for 48
h without changing the medium, then 125 pL of 0.1%
crystal violet (CV) solution was added one at a time to
stain the biofilms. The dye bound to the biofilms was
extracted with 100 ul of 96% ethanol and OD,, was
determined on a Multiskan EX instrument (Thermo
Labsystems). Qualitative studies of biofilms were per-
formed under a Nikon Eclipse 50i microscope (Nikon)
at 20x magnification.

Each FT experiment was repeated 3 times.

Statistical processing of the analysis results and
visualization were performed using Prism-GraphPad
(GraphPad Software). The criterion of statistical reli-
ability of the difference between the obtained data was
considered to be the error value p < 0.05.
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Results
Genome analysis

Six isolates of the Pseudomonadota phylum rep-
resented 3 genera. A. ruhlandii and A. xylosoxidans, se-
lected for the study, were representatives of the genus
most common in CF patients in Russia. The choice of
B. cepacia and B. gladioli was determined by the emer-
gence of new species of Burkholderia spp. infecting CF
patients against the background of decreasing spread
of B. cenocepacia of epidemic genotype ST709 [23].
P aeruginosa of different genotypes belonging to the
ExoS lineage, according to E.A. Ozer et al. [13], were
taken into the study as more common in infections of
CF patients compared to the ExoU phenotype [12, 24].

The genomes of the isolates were represented by
one chromosome in Achromobacter and Pseudomo-
nas and 3 chromosomes in Burkholderia. The 48 Kb
conjugative plasmid was present only in the genome
of A. ruhlandii (IncP1), but did not include resistance
determinants. The size of Burkholderia genomes was
one-third larger than Achromobacter and Pseudomo-
nas genomes (Table 1). In all genomes, 92-98% of the
identified genes encoded proteins.

When assessing the resistance potential of the
studied isolates, the number of efflux systems encod-
ed by genomes was noteworthy: 12 in P. aeruginosa,
16 in Achromobacter spp. each, 27 in B. cepacia, 38
in B. gladioli, which creates additional opportunities to
counteract the applied antibiotic therapy.

Investigating the virulence factors of isolates, we
focused on 4 main groups necessary for bacterial ad-
aptation to lower respiratory tract conditions: secretion
systems, motility, toxins, and QS signaling.

The secretion systems (Table 2) Sec, SRT, Tat, and
T2SS are represented by all components in the genomes
of the isolates. T3SS is found in all isolates except B.
cepacia; T6SS is found in 5 isolates, and in A. ruhlan-
dii it contains only genes of secreted substrate Hep and

inner membrane protein /cmF; finally, complete T1SS
is found in B. gladioli, and in the other isolates it is rep-
resented only by outer membrane protein 70/C.

The main motility apparatus, the flagella appara-
tus, is present in the genomes of all isolates. The iden-
tified hfp pili/fimbriae differed in composition among
the isolates. As shown in Table 3, pili responsible for
twitching motility and chemosensory activity were
found only in the genomes of P. aeruginosa. Type IV
pili are present in pseudomonads and Burkholderia
spp. but differ in the list of components, and in Achro-
mobacter they are represented only by the prepilin
pilD peptidase. Type IVD pili are present in all isolates.
Chaperone-usher pili, which encode 2 different oper-
ons: fimACD and cupE -6, are present in P. aeruginosa
and B. cepacia with a complete set of components. In
B. gladioli, the fimACD operon lacks a chaperone gene
and the cupE operon is not detected. In Achromobacter
genomes, the full cupE -6 operon is present, while the
fimACD operon lacks the gene encoding pilin.

The QS system as the most important means of
bacterial communication is represented in the ana-
lyzed genomes in all its diversity. QS of Al-1 type
(Autolnductor), whose signaling molecules are homo-
serinlactone derivatives, was found in the genomes of
P. aeruginosa (2 each) and Burkholderia (1 each). An
Al-1-regulated operon of rhamnolipid biosynthesis is
also present in these genomes. Rhamnolipids are in-
cluded in the QS system, are used by bacterial cells to
reduce surface tension, and are important for motility,
biofilm formation, and absorption of hydrophobic sub-
strates [25].

The second system is named DSF from signal-
ing molecules which are diffusible signaling factors.
For Burkholderia spp. this BDSF is cys-2-dodecenoic
acid. Another name for it is rpfF/R/B/G — by genes.
Achromobacter genomes have 2 DSF systems each,
B. cepacia has 1 DSF. The genomes of P. aeruginosa
and B. gladioli have only rpfB genes.

Table 2. Classes of bacterial secretion systems represented in the genomes of the studied isolates

Classes of P. aeruginosa P. aeruginosa B. cepacia B. gladioli SCCH61: A. ruhlandii A. xylosoxidans

bacterial protein GIMC5045: GIMC5047: SCCH90: ’ gB d92-3601 ’ SCCH137: SCCH131:
secretion systems PA33P25 PA33P30 Bcn202840 9 Ach2231057 Ach223717
Sec + + + + + +
SRT + + + + + +
Tat + + + + + +
T1SS + (TolC) + (TolC) + (TolC) + (TolC, HlyB, HlyD) + (TolC) + (TolC)
T2SS + + + + + +
T3SS + + + + +
T4SS + VirD4 + VirB5, VirB6
T6SS + + + + + Hcp, lcmF +

Note. VirD4 — ATPase; VirB5 — surface/pilus protein; VirB6, IcmF — inner membrane protein; Hcp — secreted substrate.
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Table 3. Pilus systems in the genomes of the studied isolates
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pilGHIJKRSTUKRS

PpilGHIJKRSTUKRS

Twitching motility pili

chpABCDE

chpABCDE
Pl ABCDFQPONMZVWXY1Y2E  pilABCDFQPNMZVWXY1Y2E

Chemosensory pili

pilD
flp, cpaABCEF
fimCD, cupE

pilD
flp, coraABCEF
fimCD, cupE

PilABCDEW

flp, coraABCEF

PilABCDEQW
flp, cpraABCEF
fimACD, cupE

Type IV pili

flp, coraABCEF
fimACD, cupE

flp, coaABCEF
fimACD, cupE

Type Vb pili

fimAD

Chaperone-Usher Pathway (CUP) pili

pixH

Positive phototactic motility proteins

Note. pilD — prepilin peptidase; pixH — response regulator.
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The third system, PQS (pseudomonas quinolone
signal), whose signaling molecule is 2-heptyl-3-hydro-
xyl-4-quinolone (C,,H, NO,), in the complete set:
pasABCDHE, phnAB, is present only in P. aerugino-
sa. The genome of B. cepacia contains pqsE, a gene
for a protein that responds to quinolone signaling, and
phnAB, encoding an anthrenylate synthesis protein, a
precursor of PQS [26]. Achromobacter and B. gladioli
have only phnAB.

The toxins that the studied isolates are capable of
producing can be divided into 4 groups. The first one
is T3SS toxins acting inside the eukaryotic cell. In the
genome of P. aeruginosa GIMC5045:PA33P25 they
are represented by 5 genes: foxA4, exoS, exoT, exoY,
zot. The toxA gene encodes an ADP-ribosyltransfer-
ase. The zot gene is a homolog of cholera toxin acting
on zonula occludens (the main one of the tight con-
tacts proteins of the intestinal epithelium), the second
isolate of P. aeruginosa has 4 genes of this group. The
T3SS effector gene was also found in the genomes
of Achromobacter — axoU. The second group con-
tains genes of toxins that damage the membrane of
eukaryotic cells. The genes of phospholipase C and
hemolysin III are present in all genomes, the gene tlyC
(pore-forming toxin) is absent in Achromobacter, and
the genome of B. cepacia contains another gene of
this group, #/h, encoding thermolabile hemolysin. In
the third group of nonspecific toxins, only P. aerugi-
nosa has hcnABC (hydrogen cyanide synthase) genes.
The fourth group of toxins damaging the extracellular
matrix is found only in B. cepacia and is represented
by the colA gene of microbial collagenase.

Effect of FT in vitro
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Fig. 1. Effect of FT on the cytotoxicity of bacterial cells
against Hela cells.
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B. cepacia SCCH90:Bcn202840

A. xylosoxidans SCCH131:Ach223717

P. aeruginosa GIMC5045:PA33P25

Control +FT

B. gladioli SCCH61:Bgd92-3601

A. ruhlandii SCCH137:Ach2231057

P. aeruginosa GIMC5047:PA33P30

Control +FT

Fig. 2. Effect of FT on swimming mobility of bacterial cells.

The effect of FT on the cytotoxicity of isolates
from CF patients was investigated by selecting the time
of contact of bacterial cells with HeLa cells, taking in-
to account the slow growth of such bacteria in culture.
While at a contact time of 4 h at doses of 10 and 50 MOI
the cytotoxicity of isolates was 16-26 and 27-43%, re-
spectively, after 20 h of contact the toxicity rose to 70-
100%. A dose of 5 MOI and a contact time of 18 h were
determined as optimal for studying the effect of FT. Un-
der the influence of FT there was a decrease in cytotox-
icity for all isolates: for P. aeruginosa isolates — by 3.6
and 4.0 times, for B. cepacia — by 2.6, for B. gladioli —
by 3.2, for A. xylosoxidans — by 3.0, for A. ruhlandii —
by 3.7 (Fig. 1).

Comparison of the swimming mobility of isolates
showed a significant reduction of the bacterial move-
ment zone under the influence of FT: for P. aerugino-
sa — 2.2 and 2.8 times, for B. cepacia — 2.7 times,
for B. gladioli — 2.0 times, for 4. xylosoxidans —
2.0 times, for 4. ruhlandii — 3.6 times (Fig. 2). The
mobility of P. aeruginosa isolates in the control was
lower than other bacteria, however, the difference with
samples incubated with FT was statistically significant
(» <0.05).

The process of biofilm formation differed among
isolates of 3 genera (Fig. 3). Burkholderia and Achromo-

bacter were characterized by a fairly rapid development
of dense biofilm structures over the entire well area, while
for Pseudomonas biofilm formation was slower and was

mm
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Fig. 3. Changes in the diameter of bacterial swimming
mobility zones.
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B. cepacia SCCH90:Bcn202840

A. xylosoxidans SCCH131:Ach223717

P. aeruginosa GIMC5045:PA33P25

Control +FT
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B. gladioli SCCH61:Bgd92-3601

A. ruhlandii SCCH137:Ach2231057

P. aeruginosa GIMC5047:PA33P30

Control +FT

Fig. 4. Effect of FT on the formation of bacterial biofilms.
Microphotographs of the formed biofilm fragments (the densest fragments) are shown.

mainly concentrated at the edges of the well, where a
dense ring was formed (Fig. 4). The effect of FT was
strongest for B. cepacia. The biofilm biomass decreased
7.7-fold in the presence of the antibacterial agent. For the
other isolates the decrease in biomass was lower but sig-
nificant: for 4. xylosoxidans and A. ruhlandii — 3-fold,
for B. gladioli — 2.3-fold, for P. aeruginosa — 2.4-fold
and 2.0-fold (Fig. 5).

Discussion

Respiratory tract infections with P. aeruginosa,
Achromobacter spp. and Burkholderia spp. are the most
frequent and most dangerous for CF patients. Multiple
natural resistance of the B. cepacia complex is already
postulated and warnings about it are stated in the EU-
CAST antibiotic susceptibility testing guidelines®. The
antibiogram for Achromobacter spp. is also a definite
challenge for laboratories, as EUCAST thresholds are
only given for 3 substances, even in the 2024 guide-
lines. For P. aeruginosa, the problem is that sensitive in
vitro isolates cannot be eradicated with selected drugs.
Our genomic studies have shown that the potential for

8 Antimicrobial susceptibility testing of Burkholderia cepacia
complex (BCC). 2013. URL: https://www.eucast.org/fileadmin/
src/media/PDFs/EUCAST _files/General documents/BCC _
susceptibility testing 130719.pdf

resistance in P. aeruginosa and other bacteria studied
may be the efflux systems present in genomes in large
numbers. We should not forget about biofilms, the for-
mation of which is successfully coordinated by QS sig-
nals, the presence and diversity of which we confirmed
for all genomes studied. /n vitro experiments showed
that all 6 isolates formed dense biofilms. It is these
structures that help bacteria avoid the effects of antibi-
otics in human lungs. However, the innovative FT drug
was effective against all isolates tested.

Cytotoxicity of representatives of three genera is
a serious problem for lung tissues of CF patients. The
spectrum of exotoxins that can be produced by the
studied isolates is quite wide. It should be noted that in
the study of the proteomes of P. aeruginosa, Achromo-
bacter spp. and Burkholderia spp. there are still many
surprises and discoveries awaiting us, since at present
it is possible to annotate a little more than half of the
translation products that encode the genomes we have
sequenced. The leader in annotation is P. aeruginosa
(57.8%), with B. gladioli in last place at 38.2%. The
databases of annotation resources lack, for example, the
sequences of genes encoding the Achromobacter spp.
T3SS effector, so we performed an additional search
for the axoU gene, finding it in both Achromobacter
genomes, named the hypothetical protein gene. For
B. gladioli, the search for T3SS effectors is ongoing.
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Fig. 5. Evaluation of biofilm biomass accumulation by the
degree of crystal violet staining based on optical density
(A =540 nm).

S.K. Yadav et al. found the ortholog of the T3SS effec-
tor in B. gladioli strain NGJ1, showing the presence of
a secretion signal at the N-terminus of a polypeptide an-
notated as a prophage protein, and demonstrated its cal-
cium-dependent secretion mediated by T3SS [27]. The
frame of such a protein is also present in the genome
sequenced by us as part of the prophage. During in vitro
experiments, all 6 isolates tested showed cytotoxicity
against HeLa cells. The cytotoxicity of B. cepacia was
at the level of the most effective P. aeruginosa isolate in
the absence of T3SS, as shown by our genomic studies.
It should be noted that the first publication mentioning
the absence of T3SS in B. cepacia dates back to 2001.
[28]. It is possible that another nanomachine, T6SS, is
involved in the delivery of B. cepacia toxins, especially
since in other bacteria T6SS and T3SS work in coordi-
nation [29].

Genomic studies have demonstrated an arsenal
of factors responsible for motility of the studied bacte-
ria of the Pseudomonadota phylum. The main one for
swimming motility is flagella, the genes of which ap-
paratus are present in all genomes. We observed this
type of motility in the isolates tested, more pronounced
in B. gladioli and Achromobacter under experimental
conditions.

Conclusion

Thus, genomic studies and in vitro analysis of
isolates allowed us to describe the virulence factors of
6 bacteria isolated from chronically infected patients
and to demonstrate the possibility of their realization by
all isolates for important processes in the development
and chronicity of infection: cytotoxicity, motility and
biofilm formation.

The innovative antibacterial agent FT inhibited
the three processes in all isolates in vitro. The efficacy
of FT against isolates from CF patients has been shown
for the first time. These experiments will serve as a ba-
sis for further preclinical trials of the drug against a new
nosology, including animal models. Ongoing compre-
hensive studies of FT itself have demonstrated accumu-
lation of the drug administered intragastrically to rats in
various animal organs, including the Iungs [10]. Thus,
the evidence base for the efficacy of FT in vivo and in
vitro is constantly expanding, which gives hope that a
new helper in the prevention and treatment of respirato-
ry tract infections in CF patients may emerge.
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Abstract

Background. The increased antiretroviral therapy (ART) coverage of patients in the absence of routine drug
resistance (DR) tests highlight the importance of HIV-1 drug resistance surveillance in Armenia.

The aim of this study was a determination of the prevalence of HIV-1 DR on a large-scale cohort of HIV-infected
citizens of the Republic of Armenia who had no experience of taking antiretroviral drugs.

Materials and methods. The study was carried out on a cohort of more than 20% of PLHIV in the Republic of
Armenia. The resulting 982 nucleotide sequences of the HIV-1 pol gene fragment, encoding the protease and
reverse transcriptase region, as well as 367 sequences of the integrase gene, were analyzed using the Stanford
University database and the CPR tool for the presence of drug resistance mutations and determination of the
resistance level to ARV drugs. The HIV-1 subtype was determined using the Stanford University database and
confirmed by phylogenetic analysis.

Results. The overall prevalence of HIV DR to ARV drugs in naive patients was 13.8%. Resistance to non-
nucleoside reverse transcriptase inhibitors was 11.2%, nucleotide reverse transcriptase inhibitors — 1.4%,
protease inhibitors — 2.0% and integrase inhibitors — 0.5%. The predominant genetic variant among viruses
containing DR mutations was subtype B. Resistance was most often recorded among men who have sex with
men living in Yerevan.

Conclusion. In our study, prevalence of DR was high only for the NNRTI drugs. The results show that the first-line
ARV drugs recommended in current national guidelines are highly likely to be effective. The analysis was carried
out on a significant proportion of HIV-infected citizens of the Republic of Armenia, which increases the reliability
and accuracy of the data obtained.

Keywords: HIV infection, drug resistance, antiretroviral therapy, mutation, Armenia
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T™mnal K AHTUPETPOBUPYCHDbIM NpenapaTtam y HaBHbIX NalneHTOB
B ApmeHun B 2017-2021 rogax
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AHHOMauus

BBeaeHue. YBenvyeHne oxaaTta nauneHToB, NPUHMMAaILWUX aHTMPETPOBUpPYCHYto Tepanuto (APBT), n orpaHnye-
HMS B NPOBEAEHUN TECTOB Ha NleKapCTBEHHYIO YCTOMYMBOCTL (/1Y) onpeaensiot BaXHOCTb 3NMMAEMMNONOrM4YeCcKoro
Haz3opa 3a pe3ncTteHTHocTbio BUY-1 B Pecnybnuke ApMmeHus.

Llenb nccnegosaHus — onpeaeneHune pacnpoctpaHéHHoctu JTY BUY-1 Ha o6wmpHon Beibopke BUY-nHdbmumpo-
BaHHbIX rpaxaaH Pecnybnvkn ApmeHus, He MMeBLLKNX OnbiTa NpMéma aHTUPETPOBMPYCHLIX Npenapatos (APBIT).
MaTtepuanbl 1 MeToAbl. ViccrnegoBaHne Obino BbINOMHEHO Ha Bbibopke, cocTaenstowen 6onee 20% ntogen,
xuBywmx ¢ BUY, B Pecnybnnke Apmenus. Mony4veHHble 982 HykneoTuaHble NocnefoBaTenbHOCTU dparmeHTa
reHa pol BUY-1, kogumpytowmx obnactb npoteasbl U obpaTHOW TpaHcKpunTaskl, a Takke 367 nocnegoBaTenb-
HOCTel reHa uHTerpasbl 6binv NpoaHanMaMpoBaHbl ¢ MoMoLLbio 6a3sbl AaHHbIX CTeHdopackoro yHrBepcuTeTa u
nHctpymeHTa CPR Ha Hanuuue myTauuin pesucTeHTHOCTU 1 onpeaeneHune ypoeHs J1Y k APBI1. Cy6tun BANY-1
B MccrnenoBaHHbIX obpasuax Obin onpefenéH ¢ nomoLbto 6asbl AaHHbIX CTaHGOPACKOro yHUBEpCUTeTa 1 noa-
TBEPXAEH PUNOreHEeTUHECKUM aHanmn3omM.

Pe3ynbrartbl. O6Wwas pacnpoctpaHéHHocTb JTY k APBIT y HamBHbIX nauneHToB coctaBuna 13,8%. PeancteHT-
HOCTb K HEHYKNeo3uaHblM MHrMbutopam obpatHomn TpaHckpunTasbl coctaBuna 11,2%, K HyKNeo3naHbIM UHIK-
6utopam obpatHow TpaHckpunTasbl — 1,4%, k MHIMGUTOpam npoteasbl — 2,0%, K MHIMBUTOpPAM UHTErpasbl —
0,5%. lMpeobnagatowMM reHeTUYECKUM BapMaHTOM CPeAM BUMPYCOB, COAEPXaLUMX MyTauuu Pe3MCTEHTHOCTH,
6bin cy6TMn B. Pe3ncteHTHOCTL Hanbonee 4acTo perMcTpMpoBanach y My>X4uH, MMEIOLLMX CEKC C MY>XYMHaMM,
npoxusatoLmnx B EpesaHe.

3aknoyeHne. B HaweMm nccrneaoBaHny BbICOKMI yPOBEHb JTY okasancst BbICOKMM TOMNBbKO K HEHYKINEO3WAHbIM
nHrmbrntTopam obpaTHOM TpaHCKpUNTa3bl. PesynstaTbl NOKa3blBaloT, YTO PEKOMEHOYEMblE B COBPEMEHHbIX Ha-
umMoHanbHbIX pykoBoacTeax APBIT 1-11 NUHWMKM Tepanuun ¢ BbICOKOW JOMEN BEPOSTHOCTU ByayT adhdeKTUBHBIMU.
[MpoBeaéHHbIN aHanm3 Obin OCyLEeCTBNEH Ha 3Ha4YMmon gone BUY-nHdrumpoBaHHbix rpaxgaH Pecnybnvkm Ap-
MEHMS, YTO MOBbILLAET AOCTOBEPHOCTb Y TOYHOCTb NOMYYEHHbIX AaHHbIX.

KnroueBble cnoBa: BUY-uHbekyus, nekapcmeeHHasi ycmoulvyueocmb, aHmupemposupycHas meparusi, Myma-
uyuu pesucmeHmHocmu, Pecriybnuka ApmeHusi

Amuyeckoe ymeepxdeHue. VccneqoBaHve npoBoAMnock Npy A06pOBONLHOM UHPOPMMPOBAHHOM Cornacuy nauu-
eHToB. [poToKkon nccnepoBaHns ogobpeH NnokanbHbIM 3aTuyecknum komutetom LIHAW Snupemuonorum PocnotpebHaa-
3opa (npoTtokon Ne 92 ot 21.05.2019).

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

KoHgpnnukm uHmepecoe. ABTOpbI AeKnapupyoT OTCYTCTBUE SIBHLIX U NOTEHLUMANbHBIX KOH(PIIMKTOB MHTEPECOB, CBSI-
3aHHbIX C Ny6nunKaumen HacTosiLLe cTaTbu.
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LnbikoBa A.B., Maxmynosa J1.®., lagHas H.H., OsakumsH 3.M., MapTosH C.B., KasapsiH O.K., OscensiH T.B., Capr-
caHy H.K., MNokposckun B.B. ViccnegoBaHne ycTonumBoCTY BUpyca MMMyHogeduumuta Yenoseka tuna | K aHTMpeTpoBu-
PYCHbIM NpenapaTtaM y HavBHbIX nauueHToB B ApmeHun B 2017-2021 ropgax. XKypHan Mukpobuonoauu, anudemuorio-
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Introduction

The Republic of Armenia is a country in Eastern
Europe and Central Asia (EECA) that has been actively
engaged in the fight against HIV/AIDS over the past
decades. According to the United Nations Global Sta-
tistics on HIV/AIDS (UNAIDS), there were 1.8 million
people living with HIV in EECA as of 2021, and the
number of new infections continues to increase'.

After the collapse of the Soviet Union, a period
of economic collapse severely weakened the health
infrastructure of the newly independent republics. At
that time, little attention was paid to the HIV-1 epi-
demic. Much of the former Soviet Union was expe-
riencing one of the fastest growing HIV-1 epidemics
in the world, with the number of infected individuals
doubling annually in certain regions [1]. Open bor-
der policies in the regions did not prevent migration,
which in turn facilitated the spread of infectious dis-
eases®. Research results show that among Armenian
citizens the highest HIV-1 prevalence was recorded
among migrant workers [2, 3].

One of the main reasons for the increase in HIV-1
infections in Armenia was the low level of access to an-
tiretroviral therapy (ART). However, in low- and mid-
dle-income countries, ART was introduced only in the
mid-2000s [4]. Thanks to the efforts of the World Health
Organization (WHO) in the early twenty first century,
the inequality between rich and poor countries in terms
of treatment options decreased. Developing countries
were able to purchase drugs at affordable prices, which
in turn reduced mortality. During this period, the first
guidelines for HIV-1 treatment in resource-limited set-
tings were published, which contained simplified treat-
ment regimens [5].

At present, the incidence of HIV infection in Ar-
menia is low. The total number of infected cases does
not exceed 4,600 people, which is only 0.12% of the
country's population®’. Much like in other countries,
programs in Armenia are aimed at achieving the goals
of UNAIDS. As a result of the "90-90-90" strategy, a
good result was achieved in the region — in 2020, 81%
of people living with HIV knew their status and 86%
of people who were prescribed ART achieved an unde-
tectable viral load*. As of 2018, the preferred treatment
regimen includes the integrase inhibitor (INI) dolute-
gravir in combination with two nucleoside reverse tran-
scriptase inhibitors (NRTIs) — tenofovir, lamivudine
or emtricitabine. An alternative regimen is two NRTIs

I UNAIDS. Global HIV & AIDS statistics — Fact sheet 2022.
URL: https://www.unaids.org/ru/resources/fact-sheet

2 UNAIDS. Global HIV & AIDS statistics — Fact sheet 2019.
URL: https://www.unaids.org/ru/resources/fact-sheet

3 Joint United Nations Programme on HIV/AIDS 2021. URL:
https://www.unaids.org/sites/default/files/media_asset/JC3032
AIDS Data book 2021 En.pdf

4+ UNAIDS DATA, 2021. URL: https://www.unaids.org/en/
resources/documents/2021/2021 unaids_data
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(tenofovir and lamivudine) and one non-nucleoside re-
verse transcriptase inhibitor (NNRTI) drug, efavirenz®.
Due to the increasing number of patients on ART,
the development of viral resistance is a significant chal-
lenge in combating the HIV epidemic. WHO recom-
mends drug resistance testing prior to treatment initi-
ation and when ART is ineffective. Unfortunately, this
approach is not available to all countries. In most de-
veloping countries, only certain groups of patients are
tested and only in cases of virological failure of ART®.

HIV resistance testing is also recommended for
epidemiologic surveillance of drug resistance (DR) [6].
According to WHO reports, the prevalence of transmit-
ted DR for 2017 and 2020 has exceeded the 5% thresh-
old in most countries, with 67% of countries exceeding
10%. The presence of HIV-1 DR in naive patients re-
duces the selection of effective ART and may increase
the risk of virologic treatment failure [7].

Previously published studies have investigated
the prevalence of HIV-1 DR in Armenia in untreat-
ed patients and reported a significant increase in re-
sistance. While in 2015 the resistance rate was only
1.5%, in the 2020 and 2021 studies, the prevalence
of DR increased to 5.5% and 9.2%, respectively, and
approached the WHO 10% threshold, upon reaching
which clinical treatment guidelines should be revised
[8—10]. However, the 2022 publication indicated a de-
crease in DR in naive patients to 7.5% in 2020-2021
[11]. Previous studies of HIV-1 DR were character-
ized by small sample sizes and therefore had limited
reliability of results.

The aim of the scientific research is to assess the
prevalence and pattern of HIV-1 drug resistance in the
Republic of Armenia by analyzing a large cohort of pa-
tients with no history of taking antiretroviral drugs.

Materials and methods

The collection of biological material and related
patient information took place in 2018-2022. A total
of 982 patients who had not previously received ART
participated in the study. Patients were included con-
secutively during routine visits to the Republican AIDS
Prevention Center of the Ministry of Health of the Re-
public of Armenia. Demographic and clinical data col-
lected included age, sex, date of first positive immune
blot, presumed HIV-1 transmission route, HIV-1 RNA
viral load and CD4" cell count.

Samples were analyzed by mass parallel sequenc-
ing using a laboratory technique developed at the Cen-

5 Monitoring for procurement of drugs for HIV and HCV
treatment; development of solutions to optimize the situation in
order to promote uninterrupted access to drugs in the Republic
of Armenia, 2020. URL: https://itpc-eeca.org/wp-content/
uploads/2020/11/armenia_monitoring_final 05.11.2020.pdf

¢ World Health Organization. Global action plan on HIV drug
resistance 2017-2021: 2018 progress report, July 2018: executive
summary. URL: https://apps.who.int/iris/handle/10665/273049
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tral Research Institute of Epidemiology (n = 367) or
by classical Sanger sequencing using the AmpliSense
HIV-Resist-Seq reagent kit (Central Research Institute
of Epidemiology) (n = 615). If mass parallel sequenc-
ing was used, three viral genes were analyzed: protease,
reverse transcriptase and integrase. If Sanger sequenc-
ing was used, the nucleotide sequences of the protease
gene and a fragment of the reverse transcriptase gene,
in which resistance mutations may appear, were ob-
tained. Sequencing was performed using MiSeq (Illu-
mina) and Applied Biosystems 3500 Genetic Analyzer
(Life Technologies) instruments.

Preliminary HIV-1 subtyping was performed using
the online tools REGA v. 3.0” and Stanford University
database®. The results of preliminary subtyping were
verified by phylogenetic analysis using the MEGA v. 6.0
software with reference sequences of HIV-1 subtypes
and recombinant forms downloaded from the Los-Alam-
os database’. Nucleotide sequence alignment and further
editing were performed using BioEdit v. 7.2'°.

The quality of nucleotide sequences was assessed
using the WHO HIV DR v. 2.30" and Calibrated Popu-
lation Resistance Tool'2.

DR to antiretroviral drugs were identified using
the Stanford University database. Surveillance drug
resistance mutations (SDRM) were identified using
WHO Surveillance Drug Resistance Mutation Work-
sheet 2014.

The study was conducted with the informed con-
sent of the patients. The study was approved by the lo-
cal ethical committee of the Central Research Institute
of Epidemiology of Rospotrebnadzor (Moscow, Rus-
sia) on May 21, 2019 (protocol No. 92).

RESULTS

Characteristics of the study group

The mean age of participants at the time of inclu-
sion in the study was 41 (19-75) years, with the largest
number of people with HIV infection being aged 30-40
years; 68.9% of patients were male. Heterosexual trans-
mission was predominant (83.2%) as the most likely
route of transmission in the study group.

Subtyping results showed a high degree of genet-
ic diversity among the variants circulating in the study
region. HIV-1 sub-subtype A6 was predominant with
a prevalence of 87.0%, with subtype B being the next
most frequent (5.9%). Subtypes A1, C and G were also

7 Stanford University. REGA HIV-1 Subtyping Tool — Version
3.0. URL: http://dbpartners.stanford.edu:8080/RegaSubtyping/
stanford-hiv/typingtool/

8 Stanford University. HIV Drug Resistance Database. URL:
https://hivdb.stanford.edu/

° HIV databases. URL: https://www.hiv.lanl.gov/content/index

10 URL: https://bioedit.software.informer.com

I 'URL: https://sequenceqc.beefe.ca/who_qe

12 URL: https://hivdb.stanford.edu/cpr

detected in isolated cases. In addition, 6 different re-
combinant forms were detected -CRF02_ AG, CRF03
A6B, CRF06 cpx, CRF20 BG, CRF24 BG and
CRF63_02A6, which are frequently found in EECA
countries.

The epidemiologic data of the study participants
are presented in Table 1. A 95% confidence interval
(CI) was calculated for each epidemiologic group.

Assessment of prevalence of DR to antiretroviral drugs
and resistance mutations

We analyzed 982 nucleotide sequences for HIV-1
DR to NNRTI, NRTI, and PI class antiretroviral drugs
and 367 nucleotide sequences for HIV-1 DR to PI class
drugs.

The overall prevalence of HIV DR to all drug
classes was 13.8% (95% CI 11.8-16.2%). DR to indi-
vidual antiretroviral drug classes occurred at a frequen-
cy of 2.0% (95% CI 1.3-3.1%) to PIs, 1.4% (95% CI
0.8-2.4%) to NRTIs, 11.2% (95% CI 9.4-13.3%) to
NNRTIs, and 0.5% (95% CI 0.02-2.1%) to INIs. De-
tails of the prevalence of DR to each drug separately are
presented in Figure 1.

HIV DR was most frequently registered for the
drug rilpivirine of the NNRTI class — in 9.7% of cases,
but in 7.6% of cases it was low-level resistance. To oth-
er drugs of this class, nevirapine and efavirenz, DR was
detected in 4.2 and 3.5% of cases, respectively, and it
was mostly high-level resistance. Resistance to antiret-
roviral drugs of NRTI, PI and INI classes individually
did not exceed 2%.

HIV-1 surveillance drug resistance mutations
(SDRM) detected in more than one patient are presen-
ted in Table 2.

Surveillance mutations associated with DR to PI
class antiretroviral drugs were detected in only two cas-
es — in one patient E92G and in the second patient
Y143H.

The overall prevalence of HIV-1 surveillance DR
mutations was 1.4% (95% CI 0.8-2.4%) to PI class an-
tiretroviral drugs, 1.5% (95% CI 0.9-2.5%) to NNRTI
class, 3.1% (95% CI 2.1-4.3%) to NNRTI class, and
0.6% (95% CI 0.02-2.1%) to INI class.

Dependence of resistance prevalence on the analyzed
indicators of the study sample

In this study, we researched the dynamics of the
prevalence of DR to antiretroviral drugs of different
classes depending on the year of the first positive
immunoblot test. To obtain comparable cohort siz-
es, groups of patients with detected HIV infection
were formed: up to and including 2017 (146 people),
in 2018 (241 people), in 2019 (332 people), in 2020
(81 people) and in 2021 (182 people). The results of
the analysis are presented in Figure 2. The dynamics
of the overall prevalence of HIV-1 DR to antiretroviral
drugs was largely driven by DR to NNRTI class an-



188

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(2)
DOI: https://doi.org/10.36233/0372-9311-398

Table 1. Epidemiological characteristics of patients included in the study, n (%; 95% Cl)
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Characteristics

Men

Women

All

Number of patients

Heterosexual

Men who have sex with men

Injecting drug users

677 (68.9; 66.0~71.8)

305 (31.1; 28.2-34.0)

Transmission risk group of infection

514 (52.3; 49.2-55.5)
98 (10.0; 8.3-12.0)
65 (6.6; 5.2-8.4)

HIV-1 genetic variants

303 (30.9; 28.0-33.8)

2(0.2; <0.01-0.8)

982

817 (83.2; 80.7-85.4)
98 (10.0; 8.3-12.0)
67 (6.8; 5.4-8.6)

A1 1(0.1; < 0.01-0.6) 0 1(0.1; < 0.01-0.6)
A6 567 (57.7,54.6-60.8) 287 (29.2:26.5-32.2) 854 (87.0; 84.7-88.9)
B 56 (5.7; 4.4-7.3) 2(0.2; < 0.01-0.8) 58 (5.9; 4.6-7.6)
c 1(0.1; < 0.01-0.6) 1(0.1; < 0.01-0.6) 2 (0.2, <0.01-0.8)
G 1(0.1; < 0.01-0.6) 0 1(0.1; < 0.01-0.6)
CRF02_AG 16 (1.6; 1.0-2.7) 6 (0.6; 0.3-1.4) 22 (2.2, 15-3.4)
CRF03_A6B 5 (0.5, 0.2-1.2) 2(0.2; < 0.01-0.8) 7(0.7; 0.3-1.5)
CRF06_cpx 2(0.2; <0.01-0.8) 1(0.1; < 0.01-0.6) 3(0.3;0.1-0.9)
CRF20_BG 1(0.1; < 0.01-0.6) 0 1(0.1; < 0.01-0.6)
CRF24_BG 7(0.7: 0.3-1.5) 0 7(0.7; 0.3-1.5)
CRF63_02A6 20 (2.0; 1.3-3.1) 6 (0.6;0.3-1.4) 26 (2.7; 1.8-3.9)

10 q

’] _

8 4

7 4
X 6
g °
z 3]

2 4 -

1 4

. N =N=1

;\“\‘ Q@\& & \&@‘ & & S SEFETFCECLEIFEETLL L

mHigh

Olntermediate

OLow

Fig. 1. Frequency of occurrence and level of resistance to antiretroviral drugs.

tiretroviral drugs. During the study period, a slight up-
ward trend of DR in the country was noted. It should
also be noted that since 2020, a significant proportion
of patients started to receive dolutegravir in the first-
line therapy regimen of antiretroviral drugs from the
INI group, and the share of such patients increased
from 30% to 80% by the end of 2021 [8, 11]. This
is possibly associated with the emergence of isolated
cases of virus resistance to antiretroviral drugs of this
class in 2019-2020.

The association between the prevalence of HIV-1
DR to antiretroviral drugs and genetic variants of the
virus was analyzed. Among variants occurring in more
than 1% of cases, subtype B viruses were the most fre-
quently resistant, showing DR in 36.2% of cases (in 21
patients out of 58). DR prevalence above average was

also reported in patients infected with CRF63 02A6,
15.4% (in 4 patients out of 26). DR detection rates be-
low average were found in patients with sub-subtype
A6, 11.5% (in 98 patients out of 854) and CRF02_AG,
9.1% (in 3 patients out of 22).

The prevalence of HIV-1 DR to antiretroviral
drugs was recorded almost one and a half times more
frequently in men than in women, 15.4% versus 10.5%
(p = 0.041). Analysis of the prevalence of resistance
according to the perceived risk group showed that re-
sistant variants were found most frequently among men
who have sex with men (27.6%, 27 out of 98), followed
by injection drug users (17.9%, 12 out of 67). Drug-re-
sistant viruses were least frequently detected among
patients infected during heterosexual contact (11.9%,
97 of 817).
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Table 2. Surveillance HIV-1 drug resistance mutations HIV-1
identified more than in one patient

Surveillance DR Patients Prevalence mutations, %
mutations count (95% ClI)

Mutations NNRTI

K101E 13 1.3(0.8-2.3)

K103N 12 1.2 (0.7-2.2)

Y181C 7 0.7 (0.3-1.5)

G190A 8 0.8 (0.4-1.6)
Mutations NRTI

T69D 3 0.3 (0.06-0.9)

M184V 4 0.4 (0.1-1.1)

L210Ww 5 0.5 (0.2-1.2)

T215D 4 0.4 (0.1-1.1)

Mutations PI
D30N 2 0.2 (< 0.001-0.8)
M461 6 0.6 (0.2-1.4)

At the final stage, the prevalence of HIV-1 DR
to antiretroviral drugs in different regions of Arme-
nia was analyzed. All of them were divided into three
groups: Yerevan city; regions adjacent to Yerevan; re-
gions distant from Yerevan. The results are presented
in Table 3.

In certain regions, such as Syunik and Tavush, the
prevalence of HIV-1 DR was the highest. However, on
average, the prevalencee rates in nearby and remote re-
gions were lower than in the capital city, being 12.7%
and 12.6%, respectively.

%

Discussion

This study is a national epidemiologic investiga-
tion of HIV-1 DR in the Republic of Armenia using a
large sample of naive patients. The overall prevalence
of DR to antiretroviral drugs was 13.8% and was slight-
ly higher than described in other studies. Research
groups that have previously studied HIV resistance in
patients with no prior experience of taking ART have
shown prevalence ranging from 5.5% to 9.2% [9-11].
However, it should be taken into account that in these
studies, DR was not assessed to all antiretroviral drugs.
In particular, according to previous studies, resistance
to antiretroviral drugs of the NNRTI group ranged from
4.4% to 6.0%; in our study, this indicator increased to
11.2% [9, 11]. This significant difference was obtained
due to the fact that the HIV-1 DR to rilpivirine was
taken into account in our study. In the previous study
[11], the resistance rates to EFV and NVP were 6% and
6.8%, while in the current study they were 3.5% and
4.2%, respectively [9, 11].

Antiretroviral drugs of the NNRTI group have a
low genetic barrier, and a single point substitution in
reverse transcriptase can lead to the development of
high-level resistance and subsequently to the transmis-
sion of resistant variants with alterations into the pop-
ulation. Therefore, mutations that significantly reduce
sensitivity to nevirapine and efavirenz continued to
persist among patients in this class. As primary resis-
tance testing is not routinely performed in the region,
and due to the 2018 WHO guidelines, a combination
of 2 NRTIs + 1 INI was started in the first-line thera-
py regimen. Nevirapine was removed from the list of
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Fig. 2. The dynamics of HIV-1 drug resistance by the year of the first positive immune blot.
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Table 3. Prevalence of HIV-1 DR in the regions of Armenia
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Region Patients count Patients with drug resistance count Prevalence, %
Yerevan 278 47 16.9
Nearby regions
Aragatsonion 34 4 11.8
Armavir 79 12 15.2
Ararat 94 11 11.7
Kotay 77 9 1.7
Remote regions
Vayodzor 18 1 5.6
Gegharkunik 96 10 104
Lori 91 1 121
Syunik 68 12 17.6
Tavush 30 6 20.0
Shirak 17 13 11.1

drugs for HIV-1 treatment in Armenia, and efavirenz
was recommended for prescription as part of an alter-
native regimen.

At the same time, a low prevalence of DR was re-
corded in relation to NRTI, PI and INI classes. The rate
of DR to NRTI drugs decreased significantly from 5.0%
to 1.4% [10, 11]. The most frequently detected substi-
tutions in patients were those causing high levels of DR
to lamivudine and emtricitabine.

In our study, for the first time in the Republic
of Armenia, the efficacy of INI class drugs in those
who have not undergone ART was evaluated and resis-
tance mutations were identified that significantly reduced
sensitivity to raltegravir and partially to elvitegravir.

The results showed that drug combinations used
in st line therapy are effective, and this is supported
by data on the increase in undetectable viral load in in-
dividuals receiving ART from 68% in 2016 to 86% in
2020". However, regimens containing efavirenz and
nevirapine should be cautiously prescribed or mini-
mized, as the proportion of circulating drug-resistant
variants of the virus to each of the drugs is quite high,
at approximately 4%".

13 European Centre for Disease Prevention and Control Continuum
of HIV care. Monitoring Implementation of the Dublin Declaration
on Partnership to Fight HIV/AIDS in Europe and Central Asia:
2018 Progress Report. Stockholm: ECDC. 2018. URL: https://
www.ecdc.europa.eu/en/publications-data/continuum-hiv-care-
monitoring-implementation-dublin-declaration-2018-progress
(Accessed: 05.08.2022); European Centre for Disease Prevention
and Control Continuum of HIV Care. Monitoring Implementation
of the Dublin Declaration on Partnership to Fight HIV/AIDS in
Europe and Central Asia: 2020 Progress Report. Stockholm:
ECDC. 2021. URL: https://www.ecdc.europa.cu/en/publications-
data/hiv-continuum-care-monitoring-implementation-dublin-
declaration (Accessed: 05.08.2022).

International Treatment Preparedness Coalition Monitoring
the Procurement of Drugs for the Treatment of HIV Infection
and HCV. Development of Solutions to Optimize the Situation

The overall prevalence of mutations important for
surveillance did not exceed 5% for any of the antiretro-
viral drugs classes individually and was highest for the
NNRTI class (3.1%).

In our study, associations between the presence of
drug resistance and various virus and patient charac-
teristics were analyzed. It was found that the probabil-
ity of resistance was much higher in case of infection
caused by subtype B virus. Drug-resistant variants were
registered more often in male patients, from the risk
group of men having sexual contacts with men, living
in Yerevan city.

The prevalence of HIV-1 variants with high-level
resistance increases the risk of primary DR transmis-
sion. Therefore, estimation of the prevalence of trans-
mitted DR is an objective necessity not only for suc-
cessful prescription of therapy, but also for minimizing
the risk of transmission of DR variants of the virus.

Conclusion

In our study, the rate of HIV-1 DR to antiretroviral
drugs in patients with no history of therapy was 13.8%.
However, it was mainly due to resistance to NNR-
TI class of antiretroviral drugs. These results suggest
that the currently recommended antiretroviral drugs
of NNRTI, PI and INI classes are likely to be effec-
tive, and that viral resistance will have a low negative
impact on achievement of the goals of the UNAIDS
"95-95-95" strategy in Armenia. The study was carried
out on asample 0f 982 HIV-infected patients and allowed
to assess HIV-1 DR in more than 20% of the country's
citizens diagnosed with HIV infection.

in Order to Promote Uninterrupted Access to Drugs in the
Republic of Armenia, 2018-2019. URL: https://itpc-eeca.org/
wp-content/uploads/2019/11/Monitoring-zakupok-preparatov-
Armeniya_2018-2019.pdf (Accessed: 05.08.2022)
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Abstract

Introduction. Chikungunya virus infection is a problem for the health care system of affected regions due to the
lack of specific prevention, as well as effective antiviral drugs. The critical role of cellular immunity in viral control
and clearance for the Chikungunya fever has been demonstrated in many studies. Therefore, effective stimulation
of not only humoral but also cellular immunity is of undeniable importance when assessing the effectiveness of a
potential vaccine for the prevention of this infection.

The aim of the present study was to investigate the formation of protective immunity after administration of a drug
containing inactivated Chikungunya virus (CHIKV) to C57BI/6 mice.

Materials and methods. Inactivated CHIKV (concentrations of 10 yg and 40 pg) was administered intramuscularly
to C57BI/6 mice twice with an interval of 14 days. Indicators of humoral immunity were assessed by ELISA and
neutralization test (NT), cellular immunity — by the production of IFN-y and splenocyte proliferation in vitro. The
concentration of cytokines IL-1, IL-2, IL-6, IL-10, IL-12p70 and TNF was determined by ELISA. When assessing
the protective immunity in animals, CHIKV was injected into the dorsal surface of the foot of the right hind paw at
adose of 2.89 £ 0.10 Ig TCD,, in a volume of 20 pl.

Results. The most pronounced immune response was noted to the administration of 40 pg of inactivated
CHIKYV, which was manifested in the balanced production of the studied cytokines, the formation of specific
humoral (according to the results of ELISA and NT) and cellular — specific proliferation of splenocytes in vitro
and production of IFN-y. When assessing efficacy, the development of foot edema in immunized animals was
significantly lower than in animals in the control group.

Discussion. CHIKV, inactivated by beta-propiolactone, had pronounced immunogenic properties. The balance of
production of pro- and anti-inflammatory cytokines, as well as the Th1/Th2 immune response, characterized the
formation of adaptive immunity in mice without a pronounced inflammatory response. The formation of a specific
humoral and cellular immune response has been demonstrated. A study of protection in a non-lethal animal model
confirmed the efficacy of the inactivated vaccine.

Conclusion. Double administration of the inactivated CHIKV vaccine at a dose of 40 pug to C57BI/6 mice
demonstrated pronounced immunogenicity, which allows us to evaluate it as a promising prophylactic vaccine.

Keywords: inactivated Chikungunya virus, mice C57BI/6, humoral immunity, cell immunity, cytokines
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N3yueHune rymopanbHOro n KNeToYHOro MMMyHMTeTa
npu UMMYHU3auun Mbiwein nuHumn C57B1/6 npotoTnnom
WHaAKTUBUPOBAHHOI BaKLHbl YNKYHryHbA
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AHHOMauus

BBegeHue. BupycHas nHdekumsa YmkyHryHbsa aBnsieTca npobnemon Ans cuctembl 30paBoOXpaHEHUs aHAEMUY-
HbIX 515 3TOW MHAPEKLMN PErMOHOB M3-3a OTCYTCTBMSA cneunduieckon NpodunakTuki n apekTMBHbLIX NPOTUBO-
BMPYCHbIX NpenapaTtoB. [lokazaHa KpUTuyeckas posrib KNETOYHOro MMMYHUTETa AN KOHTPOMs U KNMpeHca Bupyca
npuv nuxopagke YmkyHryHbs. OddekTMBHaAA CTUMYNSALMSA HE TOMbKO N'YMOPanbHOro, HO U KNETOYHOTO UMMYHUTE-
Ta MMEEeT HeoCrNopUMOoe 3Ha4YeHne Npu oueHke 3hHEKTUBHOCTU NOTEHLMANBHON BaKLUUHbLI ANS NPOMUNaKTUKN
OaHHON NHGEKLMN.

Llenb HacTosiwen paboTbl — naydeHne popmMmpoBaHusl NPOTEKTUBHOIO MMMYHUTETA NOCMNe BBEAEHWS MbIlLaM
nunHum C57BI/6 npenaparta, cogep)kallero MHaKTMBMPOBAHHbIN BUpYC YukyHryHbs (UMKB).

Martepuanbi n metoabl. YAKB (koHueHTpaumm 10 n 40 MKr) BBOAWAM MbllLaM BHYTPUMbILLEYHO ABaXAbl C UH-
TepBanom 14 gHen. MNoka3aTtenu rymopanbHOro MMMYHUTETa OLeHNBanM B MMMYHO(bepMEHTHOM aHanuse u pe-
aKkuMu HeWTpanu3aumm, KNeToyHoro — Mo Npoaykummn nHTepdepoHa-y n nponudepaunm CnneHoumToB in vitro.
KoHueHTpaLuuio LMTOKNHOB (MHTepnenknHa-1, -2, -6, -10, -12p70 n dakTopa Hekpo3a onyxonu) onpeaensani me-
TOOOM MMMYHOMEPMEHTHOrO aHanmu3a. [pu oueHke NPOTEKTUBHOW aKTMBHOCTW XXMBOTHbIM B [OpCarbHYyO Mo-
BEPXHOCTb CTOMbI NpaBoii 3aaHen nansl BBoanv YAKB B gose 2,89 + 0,10 Ig TLU,, B 06béme 20 M.
PesynbraTtbl. Hanbonee BbipaXeHHbI UMMYHHBIW OTBET OTMeYeH Ha BBeadeHne 40 MKr MHaKTUBMPOBAHHOIO
YWKB, 4To nposiBnsinock B cbanaHcMpoBaHHOW NPOAYKLUMM UCCNEAOBAHHBIX LIMTOKMHOB, (hOPMUPOBAHNM CNELU-
Pr1YECKOro rymoparnbHOro 1 KIneTo4Horo MMMyHuTteta. Npu oueHke NPOTEKTUBHOCTU OTEK CTOMbI Y UMMYHMW3UPO-
BaHHbIX XMBOTHbIX ObIN JOCTOBEPHO HMKE, YEM Y XKMBOTHBIX KOHTPOSBHOW rpynnbl.

O6cyxaeHue. VHakTnBupoBaHHbI GeTa-nponuonaktoHom YMKB obnagan BbipaXKeHHbIMU UMMYHOrEHHbIMU
ceoicTBamMu. banaHc npogykumy Npo- 1 NPOTMBOBOCNANMUTENLHBIX LIUTOKMHOB, a Takke Th1/Th2-MMMyHHOro oT-
BeTa Xxapaktepu3oBarn popmMupoBaHne aganTUBHOINO MMMYHUTETA Y Mbllwen 6e3 BblpaxeHHOW BOCNanuTensHon
peakumm. MNpogemMoHCTprpoBaHO hOpMUPOBaHNE CNELMAUYECKOrO NYMOpanbHOro U KNETOYHOTO UMMYHHOMO OT-
BeTa. ViccneqoBaHve NPOTEKTMBHOCTY B HEMNETanbHOW MOAENW XMBOTHbLIX NOATBEPAUIIO 3DPEKTUBHOCTb NUHAK-
TMBMPOBAHHOIO Npenapara.

3akntouyeHue. [IBykpaTHoe BBeAeHve Mbiam nuHum C57BI/6 nHakTnBupoBaHHoro npenapata YAKB B nose
40 MKr NPOAEMOHCTPUPOBANO MMMYHOTEHHOCTb, YTO MO3BOSSET OLEHUTb €ro Kak NepcrneKkTUBHbIA NpodunnakTm-
Yeckui npenapar.

KnroueBble cnoBa: UHakKmueupoBaHHbIU 8upyc YukyHayHbs, Mbiwu nuHUu C57BI/6, aymopanbHbIl UMMYHU-
mem, KnemoyYHbIU UMMYyHUMEM, UUMOKUHbI

Amuyeckoe ymeepxdeHue. ABTOpbI NOATBEPXAAIOT COOMIOAEHNE UHCTUTYLIMOHATBHBLIX U HAUMOHAaNbHbLIX CTaHaap-
TOB MO UCMONb30BaHMIO NTabopaTopHbIX XUBOTHLIX B COOTBETCTBUM ¢ «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). NpoTokon uccnenoBaHust ogobpeH 3tudeckum kommutetom HUMBC nm. U.W. MeuHukosa (npo-
Tokon Ne6 ot 04.04.2023).

HcmoyvHuk ghuHaHcupoeaHusi. PaboTta BbinonHeHa npy hMHaHCOBOW nogaepxke rpaHta PH® 22-14-00184.

KoHgbnnukm uHmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHbIX U MOTEHLMATIbHBIX KOH(IIMKTOB UHTEPECOB, CBSI-
3aHHbIX C NyGnuKaLmeit HacTosILLei CTaTby.

Ansi yumupoeaHusi: Otpawesckasn E.B., Kaa K.B., Okcanuy A.C., Mypawko H.B., Kycnui A.Il, Kpacbko A.T., 3Be-
pes B.B., UrHatbeB M. M3y4yeHne rymopanbHOroO U KMETOYHOro UMMYHWUTETA MPU MMMYHM3AUUMN MbILEN FAUHUA
C57BI/6 npoTOTUNOM MHAKTUBMPOBAHHOMW BaKUMHbI YnKyHIYHbS. XKypHan mukpobuonoauu, anudéemuono2uu U UMMYHO-
buonoeuu. 2024;101(2):193-207.
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Introduction

Research on Chikungunya virus (CHIKV) has re-
ceived global attention in the recent decades because of
its wide geographical distribution, affecting countries in
Asia, Oceania, Africa, North, Central and South Ameri-
ca. Chikungunya virus infection is a public health prob-
lem in endemic regions due to the lack of specific pro-
phylaxis as well as effective antiviral drugs. Between
2004 and 2009, a sudden epidemic of Chikungunya
fever affected 31 million people in the Indian peninsula
[1, 2]. In 2013, CHIKV from several Caribbean coun-
tries spread rapidly to 45 countries in North, Central,
and South America [3]. The lethality of Chikungunya
fever is low, mainly among newborns and patients with
chronic diseases of the cardiovascular, respiratory, and
nervous systems [1, 4]. However, lesions of the mus-
culoskeletal system (arthritis and arthralgia) caused by
Chikungunya fever often lead to long-term disability.
The cause of arthritic joint damage is immune-medi-
ated mechanisms triggered by the pronounced pro-
duction of pro-inflammatory mediators. CHIKV in-
fection is believed to provide lifelong immunity, and
recurrent infections are practically unreported [5, 6].
This factor, along with the lack of specific therapy for
both the infection itself and its consequences, makes
vaccination the most promising way to prevent Chi-
kungunya fever. It should also be kept in mind that,
in addition to the population of Chikungunya endemic
countries, there is a population of travelers and profes-
sionals visiting or working in endemic countries, but
there is also a risk of Chikungunya-endemic regions in
developed countries due to climate change and other
unforeseen factors that may contribute to the emer-
gence and spread of infection. The fact that the U.S.
Food and Drug Administration (FDA) and the Euro-
pean Medicines Agency have granted Fast Track/Pri-
ority Medicine status to several vaccine candidates for
the prevention of Chikungunya disease confirms the
urgency of the problem and the challenge of bringing
effective medical products to market to prevent Chiku-
ngunya fever.'

In 2023, Valneva's Ixchiq vaccine (VLA1553),?
developed from an attenuated strain of CHIKV with
a deletion of nonstructural protein genes, was regis-
tered in the FDA [4]. A number of potential candidate
vaccines have been tested on animal models in pre-
clinical trials and on humans in clinical trials [4, 7].
At this stage, phase I clinical trials of an inactivated

' Code of Federal Regulations. Title 21. Section 601.91. Approval
based on evidence of effectiveness from studies in animals.
Washington: FDA; 2020.

2 FDA approves first vaccine to prevent disease caused by
Chikungunyavirus. U.S. Food and Drug Administration. Published
November 9, 2023. Accessed November 12, 2023. URL: https://
www.fda.gov/news-events/press-announcements/fda-approves-
first-vaccine-prevent -disease-caused-chikungunya-virus

vaccine® developed by Indian scientists have been com-
pleted, which has shown sufficient immunogenicity in
laboratory animals [8]. However, no inactivated vac-
cine for the prevention of Chikungunya fever has been
registered on the market, which makes its development
an objective of high priority. Inactivated vaccine tech-
nology is traditional and successful for a large number
of viral vaccines. This technological platform is consid-
ered to be one of the safest [4, 811], and drug devel-
opment with it does not require genetic manipulation
of the virus. In small comparative studies on BALB/c
mice, the advantage of a beta-propiolactone inactivated
CHIKYV antigen preparation over a formalin-inactivat-
ed preparation in the formation of specific humoral and
cellular immunity was demonstrated [8, 9]. Previously,
a dose-dependent effect of humoral and cellular immu-
nity formation in BALB/c mice on the administration
of beta-propiolactone inactivated CHIKV antigen was
demonstrated [11].

Heteroploid cells of cell line 4647 were used for
the preparation of an experimental inactivated vaccine
for the prevention of Chikungunya fever at the stage of
virus propagation. This cell line was obtained in 1974
from the kidneys of an adult green monkey. The cell
bank of cell line 4647, established in 1983, has passed
national licensing and at this stage fully meets the rec-
ommendations of the World Health Organization. This
cell line has been authorized for use in the production
of inactivated vaccines [12]. Previously, the possibility
of culturing 4647 cells on microcarriers in bioreactors
was demonstrated [13]. In our country, the vaccine for
hepatitis A prophylaxis Algavak M, which uses this
cell line (Vector-BiAlgam), is registered and produced.
High sensitivity of cell line 4647, along with Vero cell
line, to CHIKYV has also been shown [14].

The immunogenicity of candidate vaccines against
Chikungunya is evaluated by developers not only from
the angle of humoral immunity formation, as a gold
standard of neutralizing activity of specific post-vaccine
antibodies, but also from the angle of cellular immu-
nity formation, which is extremely important for virus
clearance in Chikungunya fever [4, 8, 10]. For the ex-
perimental study of Chikungunya fever, lower primates
are the main models used, since they are natural hosts
of CHIKYV in nature and the pathogenesis of the disease
has a similar pattern to humans. White mice of differ-
ent lines are used as laboratory animals in the stages of
pre-clinical trials. Adult immunodeficient mice, such as
AGI129 mice, are used to model lethal infection, and
immunocompetent mice of the C57Bl/6, Swiss albino
or BALB/c lines are used for the non-lethal model. Pre-

3 Phase-I open label, dose-escalation clinical trial to evaluate the
safety, tolerability and immunogenicity of chikungunya vaccine
in healthy adults of 18 to 50 years age. 2017. Clinical Trials
Registry—India, CTRI, Hyderabad.

URL.: https://clinicaltrials.gov/study/NCT04603131
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viously, J. Gardner et al. described a non-lethal model
of CHIKYV infection in which C57B1/6 mice developed
symptoms similar to human joint lesions and developed
viremia for 4-5 days. When CHIKYV was inoculated in-
to the dorsal side of the foot, C57Bl/6 mice developed
perimetadorsal swelling with maximum effect on the
317" day, and the development of arthritis, tendonitis,
and fasciitis was also noted, as confirmed by histolog-
ic evidence of acute and persistent inflammation [15,
16]. This model is often used to evaluate the efficacy of
vaccine preparations being developed against CHIKV
[17-20]. We also infected mice in the foot to evaluate
the efficacy of the inactivated vaccine for the preven-
tion of Chikungunya fever. To evaluate the immunoge-
nicity of the candidate inactivated vaccine, we studied
humoral and cellular immunity in C57Bl/6 line mice
after double immunization with different doses of the
drug, as well as the in vivo efficacy of the drug. Since
the normal functioning of the immune system is based
on the balance of Th1l and Th2 based on their produc-
tion of regulatory cytokines, we additionally studied
the concentration of individual cytokines in the serum
of immunized animals in dynamics.

The aim of the study was to investigate the for-
mation of protective immunity after administration of a
preparation containing CHIKV to C57Bl/6 mice.

Materials and methods

The strain Nika2021, obtained from the virus col-
lection of the Nicaragua branch of SPbSRIVS of Rus-
sian FMBA, was used in the experiments. The tech-
nique of isolation and passivation of the CHIKV strain
has been described previously [21]. The nucleotide se-
quence of CHIKYV strain Nika2021 is presented in Gen-
Bank, acc.no 0Q320495.

Cell line 4647 (Vector-Bialgam Production Bank)
was cultured in Igla MEM medium (BioloT) with 5%
fetal calf serum (BioloT).

C57Bl/6 mice (haplotype H-2b) of both sexes
weighing 12-14 g were used in the study. The animals
were obtained from the Stolbovaya cattery of the Scien-
tific Center for Biomedical Technologies of the Federal
Medical and Biological Agency of the Russian Feder-
ation. The study protocol was approved by the Ethics
Committee of the I.I. Mechnikov Research Institute for
Vaccines and Sera (protocol No. 6, April 4, 2023).

Vaccine

Propagation of the Nika2021 CHIKV strain was
carried out in cell line 4647 by roller cultivation using
a multiplicity of 0.0001 TCD,; infection per cell. In-
activation was carried out with beta-propiolactone (at
a ratio of 1 : 1000) under constant agitation for 48 h
at 5°C. The inactivated virus-containing fluid was con-
centrated 50-fold by ultrafiltration (Vivaflow 100 con-
centrator (Sartorius)). The inactivated virus concentrate
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was purified by exclusion chromatography (Sephar-
ose-6FF sorbent (GE Healthcare)). Control of the ob-
tained CHIKYV preparation was carried out according
to the following parameters: sterility, pH, absence of
endotoxins, content of residual DNA of 4647 cells ac-
cording to the methods set forth in the State Pharma-
copoeia®. The preparation was sterile, endotoxins were
absent, residual DNA content of 4647 cells < 5 ng/mL,
pH 7.4. The concentration of inactivated CHIKV was
determined by enzyme-linked immunosorbent assay
(ELISA) using the BioScreen Chikungunya (Ag) kit
(Bioservice). The resulting inactivated preparation at
concentrations of 10 and 40 pug of antigen was sorbed
on aluminum hydroxide (AI(OH),, Brenntag SE). The
Al(OH), content of the final drug dose was 0.5 mg per
dose (0.5 mL). The doses of 10 and 40 ug were used
because previously these doses were used to immunize
BALB/c mice (haplotype H-2¢) and to evaluate the con-
tent of specific antibodies in serum in dynamics [14].
In these experiments, the dose of the preparation con-
taining 10 pg of CHIKV antigen, when administered
twice, caused an insignificant rise in specific antibodies
in the group of animals after the second immunization
with a drop by the 35" day of observation. In the serum
of animals immunized twice with a dose of 40 pg of
CHIKYV antigen, a rise in specific antibodies was ob-
served 7 days after the first immunization and persisted
until day 35 [14].

Due to the available data, the same antigen con-
centrations were chosen for the current study. AI(OH),
at a concentration of 0.5 mg per injection volume (0.5
ml) was used as a control preparation.

Methods

ELISA analysis of antibodies (IgG) titer to
CHIKYV was performed as previously described [14].
Test serum samples were diluted 1 : 200 and further
in step "2" to 1 : 12,800 in phosphate-buffered saline
(PBS). Each serum dilution was evaluated in 3 repeti-
tions. A serum dilution that was more than 2 times the
background value was considered positive. Serum ob-
tained from mice before immunization was used as a
negative control.

The neutralization test (NT) was performed as
described previously [11] in 96-well plates using Vero
cell culture and Nica2021 strain at a dose of 100 TCD, .
The result obtained was converted to log2 for statistical
processing.

The proliferative activity of splenocytes was
studied by photometric method according to the pre-
viously described method [14, 25]. The following anti-
gens were used to stimulate the proliferative activity of
splenocytes: CHIKV antigen inactivated by beta-propi-

4 F.S.3.3.1.0029.15. Vaccine for the prevention of hepatitis A, cul-
tured, purified, concentrated, adsorbed, inactivated liquid. State
Pharmacopoeia of the Russian Federation. Moscow; 2018. Vol. 4.
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olactone (5 pg/mL); hepatitis A virus (HAV) antigen
used for the production of Algavac-M vaccine (5 pg/
mL), as well as the following mitogens: concanavalin A
(ICN; 5 ng/mL) and Salmonella typhimurium lipopoly-
saccharide (Sigma; 5 pg/mL). Each antigen and mito-
gen was used to stimulate animal splenocytes in vitro in
4 repeats. FSB was used as a control.

Determination of interferon-y (IFN-y) produc-
tion by mouse splenocytes in vitro. Mouse splenocytes
were placed in wells of 24-well plates at a concentra-
tion of 2 x 10° cells/mL. CHIKV and HAV antigens
at concentrations of 5 pg/mL were added to the cells
to stimulate IFN-y production. Concanavalin A (ICN;
5 ug/mL) was used as a positive control for stimulation
of IFN-y production, and PBS was used as a negative
control. Cells were cultured for 48 hin 5% CO, at 37°C.
At the end of cultivation, the culture fluid of activat-
ed and control cells was collected and the concentra-
tion of IFN-y was determined using a mouse kit (R&D
Systems).

The concentration of cytokines in the mice se-
ra — interleukins IL-1p, IL-2, IL-4, IL-6, IL-10, IL-
12p70, tumor necrosis factor-o. (TNF-a)), [FN-y — was
determined using mouse kits (R&D Systems) according
to the manufacturer’s instructions.

To assess the efficacy, the test was performed as
described previously [15]. Animals were injected with
CHIKY at a dose of 2.89 + 0.10 1Ig TCD, in a volume
of 20 pl into the dorsal surface of the foot of the right
hind paw. To control the specificity of the swelling, 20
uL of 0.9% NaCl infusion solution was injected into
the foot of the left hind paw. The degree of perimeta-
dorsal edema was assessed on day 6. After measuring
the height and width with an electronic caliper at the
site of maximum swelling of both feet of the hind paws,
the swelling index (width % height of the infected foot/
width x height of the opposite foot) was calculated. To
assess the viremia after infection, the biological activity
of CHIKYV was determined in the sera of mice by titra-
tion of virus in Vero cell line [14]. The result of titra-
tion was considered by the expressed cytopathic effect
and the tissue cytopathic dose causing 50% cell death
(TCD,,) was calculated by Kerber's method modified
by Ashmarin and expressed in log10 TCD, /mL [23].

Statistical analysis of the obtained data was per-
formed using the standard software package Microsoft
Office Excel 2016. Data are presented as mean (M) and
standard deviation of the mean (SD), where accept-
able. The validity of differences between the compared
values was assessed using Student's t-test of unpaired,
two-tailed distribution (t-test). Differences were con-
sidered statistically significant at a significance level of
p <0.05.

Study design

The animals were divided into the following
groups:

* Group A — 100 mice immunized with the drug
at a dose of 40 ug/0.5 ml on the initial and 14"
days of the experiment;

* Group B — 100 mice immunized with the drug
at a dose of 10 ug/0.5 ml on the initial and 14"
days of the experiment;

* Group C — 100 mice that were intramuscularly
injected with AI(OH), on the initial and 14" days
of the experiment.

The drug was injected into the thigh muscle intra-
muscularly, dividing 1 dose into 2 injections, 0.25 ml of
the drug in each limb.

Animals were observed up to 35 days (21* day af-
ter the 2" immunization). Five animals from each group
on the Oth day (before immunization), 14" day (before
the 2™ immunization), 21%, 28" and 35™ days after the
start of immunization were used to collect blood sam-
ples, which were pooled for further determination of
antibody content by two methods. The spleen was iso-
lated from the same animals for further obtaining sple-
nocyte suspension. Splenocytes were used in studies of
proliferative activity and IFN-y production according to
the methods described above. In another 5 animals from
each group on the initial, 1, 3, 5, 7, 9, 14, 15, 17, 19,
21, 28 and 35™ days of observation blood was collected
from the retro-orbital sinus of the eye and individual
blood samples were collected for further determination
of cytokine profile. All serum samples after centrifuga-
tion were transferred into tubes in a volume of 200 ul
and stored at —70°C for subsequent one-stage study. Al-
so on the 35% day, 10 remaining mice from each group
were used to evaluate the efficacy of the candidate drug
in the non-lethal model described previously [15].

All procedures on individual mice were performed
outside visual, auditory or olfactory contact with other
animals. Work with animals was carried out in accor-
dance with the International Principles of the "Europe-
an Convention for the Protection of Vertebrate Animals
Used for Experiments and Other Scientific Purposes"
ETS No. 123 (Strasbourg, 1986) and Decision of the
Council of the Eurasian Economic Commission from
03.11.2016 No. 81 "On Approval of the Rules of Good
Laboratory Practice of the Eurasian Economic Union in
the field of circulation of medicines".

Results

Humoral immunity

The dose of the preparation containing 10 pg of
CHIKYV antigen caused an insignificant and short-term
rise in specific antibodies in ELISA after the 2™ immu-
nization of animals of group B (Table 1). In this group
of animals, the maximum level of specific antibodies
was 4 times lower than in the group of animals of group
A. Administration of the preparation containing 40 ug
of CHIKYV antigen to animals of group A resulted in the
formation of a sufficiently high level of specific anti-
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Table 1. Specific humoral immunity indices in C57BI/6 mice immunized with the preparation contained different CHIKV antigen

dose
ELISA ELISA ELISA ELISA ELISA
NT, log, 1gG, titer NT, log, 1gG, titer NT. log, IgG, titer NT, log, 1gG, titer NT, log, IgG, titer
Group
0 day 14" day st th th
(1%t immunization) (2" immunization) 21 day 28" day 35" day
A H g' H g' 4,80 +£0,14* 1:1600** 545+0,15* 1:3200* 6,84+0,18* 1:6400* 6,80+0,38* 1:6400*
B Hg Hg 2,16 +0,18 1:200 2,20+0,18 1:400 3,12+ 0.10 1:400 2,20+ 0,10 1:200
H. o. H. o.
C N d N d 0 0 0 0 0 0 0 0

Note. *p < 0.01, **p < 0.001 in comparison with group B. N. d. — not detected. Animals were bled on days 0 and 14 for the specific immunity

testing before antigen administration.

bodies on the 14" day after the 1* immunization, which
increased 4-fold after the 2™ vaccination by the end of
the observation period (Table 1).

In both groups, viral neutralizing antibodies were
registered on day 14 after the 1* immunization and
reached maximum values after the 2" immunization
(Table 1). In animals of group B, virus-neutralizing
antibodies were significantly lower (p < 0.01) than in
group A. In the serum of animals of group C, no anti-
bodies were detected in any of the methods.

Cellular immunity

The effect of immunization with an inactivated
preparation of CHIKV antigen on the formation of a
specific cellular response was evaluated in the spleno-
cyte proliferation reaction and IFN-y production after
antigen stimulation. The used viral antigens (specific
CHIKYV and heterologous HAV) did not inhibit spleno-
cyte proliferation in vitro on day "0" (Fig. 1).

In response to stimulation with mitogens (conca-
navalin A and lipopolysaccharide), splenocytes from
animals of all groups showed pronounced proliferation,
which was significantly higher than that with viral anti-
gens at all periods of observation (p < 0.05). The index
of stimulation (IS) of splenocytes of animals in group
A was statistically higher, starting from the 7" day after
the 2" immunization and up to the end of observation,
(p < 0.005 on the 21* and 28" days; p < 0.05 on the
35" day) relative to the similar indicators in animals
in group B. The statistically significant difference be-
tween the IS of splenocytes by CHIKV antigen in ani-
mals of groups A and B at all observation periods after
the 2™ immunization indicates not only the specificity
of the proliferative response of splenocytes in immune
animals, but also a dose-dependent effect. Splenocytes
of non-immune animals of group C responded with
a pronounced proliferation to stimulation with only
T- and B-cell mitogens (concanavalin A and lipopoly-
saccharide), while IS did not change upon stimulation
with viral antigens at all observation periods (Fig. 1).

The increase in IFN-y production by splenocytes
of animals during their stimulation with specific anti-
gen (Table 2) indicates the formation of a specific cel-
lular immune response in immunized animals.

IFN-y production by group A animal splenocytes
was significantly higher than in group B at all obser-
vation periods (p < 0.05—0.005). In animals of group
A, the increased production of IFN-y by splenocytes
persisted up to 35 days of observation. The dose-de-
pendent effect of IFN-y production by splenocytes of
immune animals was demonstrated.

Cytokine concentrations in the serum of mice

Administration of AI(OH), did not lead to a signi-
ficant increase in the concentration of any of the stud-
ied cytokines in the serum of mice. On the contrary,
administration of inactivated CHIKV antigen led to an
increase in the concentration of the cytokines studied
both after the 1 and 2™ immunization with maximum
elevations after the 1 immunization. The exception
was the production of IFN-y. By the 35" day after the
I** immunization, the production of all cytokines stu-
died returned to the initial values (Fig. 2—4).

The maximum rise in the concentration of IL-6,
IL-10 and IL-12 in the blood serum of mice was ob-
served on the 1* day after the 1* immunization (Fig. 2).
IL-10 concentration increased almost 4-fold relative to
the initial level (p <0.0001), i.e. to a greater extent than
IL-6 and IL-12 concentrations, which increased almost
2-fold (p < 0.001). The concentration of IL-10, IL-12
and IL-6 in group A animals vaccinated with 40 ng
dose was significantly higher than in group B animals
vaccinated with 10 pg dose both after the 1% and after
the 2" immunization (p < 0.001 for IL-10, IL-12 and
p <0.005 for IL-6).

The maximum rise in the concentration of IL-1f
and TNF-a in the serum of mice was detected on the 3™
day after the 1* immunization; p < 0.001 relative to the
initial level (Fig. 3). At the same time, the concentration
of IL-1PB and TNF-a in animals of group A, immunized
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Fig. 1. Proliferative activity of splenocytes from C57BI/6 mice immunized with the preparation contained different CHIKV

antigen dose in dynamics.
ConA — Conkanavalin A; LPS — lipopolysaccharide.
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Fig. 2. Dynamic of cytokines IL-6, IL-10, IL-12 in C57BI/6 mice’ sera immunized with the different doses of inactivated CHIKV.

Here and on Figs. 3, 4: arrow — day of immunization; animals were bled on days 0 and 14 for the specific immunity testing before antigen
administration.

with a dose of 40 pg, was significantly higher than in
animals of group B, immunized with a dose of 10 pg af-
ter the 1% (» <0.001) and 2™ immunization (p < 0.005).

The maximum rise in IL-2 and IL-4 concentration
was observed on the 7" day after the 1* immunization
(Fig. 4). In group A IL-4 showed almost 4-fold increase
(» < 0.0001). IL-4 and IL-2 concentrations in group

A animals immunized with a 40 pg dose were signifi-
cantly higher than those in group B animals immunized
with a 10 pg dose, both after the 1% and 2™ immuniza-
tions (p < 0.001).

The dynamics of IFN-y in both groups of immu-
nized animals was different from all other cytokines.
A very moderate rise in IFN-y level (p < 0.05) after the
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Fig. 3. Dynamic of cytokines TNF-a and IL-1B in C57BI/6 mice’ sera immunized with the different doses of inactivated CHIKV.

I** immunization on days 3-7 and a pronounced rise
(5-fold) after the 2™ immunization (p < 0.0001) were
observed in group A. In group B, there was practically
no rise in [FN-y after the 1* immunization, but after the
2" immunization the rise was statistically significant
(»p < 0.01). The maximum concentration of IFN-y in
group A animals vaccinated with 40 pg dose was signifi-
cantly higher than in group B animals vaccinated with
10 pg dose after the 2" immunization (p < 0.0001). The
dynamics of IFN-y production in animal splenocytes,
described above, also demonstrated a more significant
rise in IFN-y levels after the 2™ immunization of ani-
mals in both groups.

The results of evaluating the efficacy of the candi-
date vaccine are presented in Table 3. It should be not-
ed that injection of 0.9% NacCl solution into the foot of
the animal was not accompanied by an increase in ede-
ma. The foot measurements were used to calculate the
edema index, which differed statistically significantly
between vaccinated and unvaccinated animals; group A
animals had a statistically lower edema index relative
to that of group B animals.

Viremia was observed at both observation points
only in the group of non-immunized animals of group
C. In contrast, no viremia was detected in group A an-
imals immunized with the maximum dose of CHIKV
antigen.

Discussion

Lifelong immunity and the virtual absence of
re-infection, cross-protection between different strains
of CHIKYV [2, 4-6] and the lack of specific therapy for
infection make vaccination the most promising way to
prevent Chikungunya fever.

Recognizing the urgent need for an effective vac-
cine and the lack of its availability on the market, the
World Health Organization supports countries in sur-
veillance and control of arboviruses, including CHIK V>,
Various strategies and technological platforms have
been used to develop an effective vaccine [4, 7]. It
should be noted that the safety of inactivated vaccines

5 Chikungunya. URL: https://www.who.int/news-room/fact-
sheets/detail/chikungunya
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Fig. 4. Dynamic of cytokines IL-2, IL-4 and IFN-y in

C57BI/6 mice’ sera immunized with the different doses

of inactivated CHIKV.

is achievable solely due to the cost of organizing pro-
duction, compliance with the necessary biosafety con-
ditions, and constant monitoring of the completeness
of virus inactivation. Nevertheless, the advantages of
inactivated vaccines, such as the absence of the risk of

virulence reversion of the vaccine strain, as well as the
stability of the preparation itself, which makes storage
and transportation much easier and cheaper, explain the
widespread use of this technology platform for vaccine
development. In the present study, we demonstrated
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Table 2. Production of IFN-y in response to splenocytes in vitro stimulation of C57BI/6 mice, immunized with the preparation
contained different CHIKV antigen dose

Group

Antigen

INF-y concentration, pg/ml

"
(1 imgwgﬁiyzation) (20 i;ﬁwu(:\iazyation) 21+ day 28" day 35" day
CHIKV 5,0+ 0,4 12,8 + 1,3+ 49,0 + 4,2 570457 47,0427
VHB 54+09 48+08 54+009 50£07 5,8+ 0.4
A Conkanavalin A 1066,0 + 84,0 1110,0 + 22,4 126004747  10930+555  1125,0 + 125,0
PBS 5,8+ 0.4 54+09 544009 50+07 44405
CHIKV 44105 6,8+0,8 19,6 + 3,6 16,0 + 1,6 13,6 £ 2,7
. VHB 50+0,7 50+0,7 54+09 50£07 54+0,9
Conkanavalin A 1133,0 £ 90,9 1108,0 + 36,8 124904573  12200+270  1089,0+73,7
PBS 59+0,8 59+0,8 50£07 50£07 44+05
CHIKV 50407 50+07 54+009 48+08 48+08
. VHB 50407 54+09 48+08 5,8+ 0,4 54+09
Conkanavalin A 1153,0 £ 29,5 1145,0 + 94,2 124004358 11280566  1113,0 % 46,6
PBS 50+07 58+04 54+009 50£07 5,8+ 0.4

Note. *p < 0.05 in comparison with day 0; *p < 0.005 in comparison to those in group B; #p < 0.05 in comparison to those in group C. Animals
were bled on days 0 and 14 for the specific immunity testing before antigen administration.

the immunogenic properties of a beta-propiolactone
inactivated preparation for the prevention of Chikun-
gunya fever after double administration into C57B1/6
mice. The immunogenicity of the candidate drug was
confirmed by the formation of specific humoral and
cellular immunity in laboratory animals, as well as by
a balanced response of T-helper clones. The results
obtained in this study are comparable to those previ-
ously described in a study by M. Tiwari et al. [8]. The
maximum increase in specific antibodies in ELISA and
NT reactions, as well as in splenocyte IS in vitro, was
observed in animals inoculated with both doses of the
preparation after double immunization. However, high
titers of specific antibodies and IS of splenocytes were
maintained until the end of the observation period only
in the group of animals immunized with the preparation
containing 40 pg of CHIKV antigen. The dose-depen-
dent effect of the preparation was observed both when
analyzing the titers of specific antibodies and IS of sple-
nocytes in vitro and when analyzing the concentrations
of cytokines in the serum of mice. The production of all

cytokines studied both in the serum of mice and during
in vitro stimulation of animal splenocytes was maxi-
mal in the group of animals inoculated with the prepa-
ration containing 40 pg of CHIKYV antigen. Studies of
cytokine production after administration of the inacti-
vated vaccine for the prevention of Chikungunya fever
are not available in open scientific sources, to the best
of our knowledge. However, it is extremely important
to make sure that the formed post-vaccine immunity
will be sufficiently balanced between T-helper clones,
since the normal functioning of the immune system is
based on the balance of Thl and Th2, based on their
production of regulatory cytokines. Unbalanced activa-
tion of T-helper clones can lead to the development of
immunopathological conditions, which in the case of a
preparation containing CHIKV antigen is of particular
importance.

Of the proinflammatory cytokines, IL-6 was the
first to respond to vaccine administration. TNF-a and
IL-1PB showed a moderate rise on the 3™ day, and the
maximum rise of IL-2 was registered on the 7" day af-

Table 3. Feet swelling indices and CHIKV titres’ in the mice’ sera twice immunized with the different doses of inactivated
CHIKV antigen measured after the CHIKV injection in a dose of 2,89 + 0,10 Ig TCID, /ml into the dorsal part of foot

Swelling index

CHIKYV titer, Ig TCID, /ml

Group
6" day 3" day 6" day
A 1,2+0,21%* H.o. | N.d. H.o. | N.d.
B 2,1+0,24 1,4+0,13* H.o. | N.d.
C 3,04 £0,21* 4,3+0,18 1,8+0,18

Note. *p < 0.05 in comparison with group B; #p < 0.005 in comparison with group C. N.d. — not detectable (lower threshold).
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ter the drug administration. The release of pro-inflam-
matory cytokines was balanced by a significant rise in
anti-inflammatory IL-10 and IL-4. IL-10 is known to
play a role not only in controlling inflammatory reac-
tions and limiting immune overreaction, and its ap-
pearance in the first days also indicates stimulation of
CHIK V-specific antibody production [24, 25]. There
have been interesting studies on the role of IL-10 on
the administration of AI(OH), to IL-10-deficient mice.
Experimentally, we found that the absence of IL-10
signaling did not compromise AI(OH),-induced cellu-
lar infiltration at the injection site, but did result in an
enhanced antigen-specific Thl response after injection.
Al(OH), enhanced IL-10 transcription and secretion by
macrophages and dendritic cells. Collectively, these
results indicated that Al(OH), injection promotes the
production of IL-10, which can block Thl-immune re-
sponse [25]. IL-4 also serves as a marker of Th2 lym-
phocyte subpopulation activation. In our study, along
with IL-10, there was a significant increase in IL-4
on the 7" day after vaccination. The sufficiently pro-
nounced Th-2-cell immune response in our experiment
can be explained not only by the efficacy of the inacti-
vated CHIKYV antigen itself, but also by the presence of
the adjuvant Al(OH), in the preparation. Until recent-
ly, it was known that Al(OH),-based adjuvants pref-
erentially stimulate the Th2-cell immune response. It
has been repeatedly demonstrated that aluminum salts
induce Th2-cell response specifically in mice [8, 25].
Aluminum salts have been the most widely used adju-
vants for almost a century. Aluminum was originally
thought to provide a depot effect by which antigen is
slowly released from the surface of microparticles at
the site of administration, allowing antigen-presenting
cells to gradually utilize the antigen. In recent years, it
has been shown that the mechanism of action of alumi-
num salts as an adjuvant in humans is not as unambigu-
ous and is much more complex than originally thought.
Factors that strongly influence the immune response
induced by the application of AI(OH), include adsorp-
tion rate, adsorption strength, size and homogeneity
of Al(OH), particles, adjuvant dosage, and the nature
of the antigens used [26, 27]. The current understand-
ing of the mechanism of action of AI(OH),-based ad-
juvants includes, in addition to the repository effect, a
prophagocytic effect and activation of the proinflamma-
tory pathway NLRP3. All this together stimulates both
innate and adaptive immunity, as well as activates the
complement system [26]. The secretion of IL-1B and
IL-6 in vitro was demonstrated to increase significant-
ly under the action of Al(OH), in human monocytes
[28]. Aluminum salts induce uric acid production in
vivo, which is a necessary factor for the infiltration
of inflammatory cells [29]. In turn, elevated uric acid
levels lead to NLRP3 activation of the inflammasome
and thus IL-1p secretion [29]. Moreover, two new im-
munologically relevant cellular pathways of monocyte
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stimulation by AI(OH), have been identified: the first is
type I IFN secretion, potentially induced by TLR and/or
NOD-like signaling; the second is IFN-y-induced pre-
sentation of HLA class I and II antigens [30]. The func-
tional state of the Th1l-subpopulation is usually judged
by the production of IFN-y by immunocompetent cells.
The formation of specific cellular immunity in mice af-
ter double injection of inactivated CHIKV antigen at a
dose of 40 ug in our study is confirmed by the in vitro
splenocyte IS data, which corresponds to the published
data [8, 11]. A 5-fold increase in the concentration of
IFN-y in the blood serum of mice after the 2" immuni-
zation also testifies to the stimulation of specific cellu-
lar immunity. The powerful release of IL-10 on the 1*
day after the drug administration to mice was followed
by an increase in the production of not only IFN-y, but
also TNF-a and IL-2, which are also mediators of Th1-
cell response. It can be argued that in our experiment
the route of administration and the ratio of the dose of
antigen and AI(OH), and, more likely, the combination
of CHIKV antigen and AI(OH),, led to a balanced re-
sponse of pro- and anti-inflammatory cytokines, as well
as stimulation of both humoral and cellular immunity.

To study the efficacy of the inactivated vaccine,
we used a non-lethal model of CHIKV infection in
C57B1/6 mice, which had not been previously used by
domestic developers of similar preparations. This mo-
del demonstrated the specificity of paw edema and tran-
sient virosemia in non-immune animals. In immunized
animals, paw edema was statistically less significant,
and viremia was recorded once only in the group of an-
imals immunized with the minimum dose. This non-le-
thal model of CHIKYV infection in mice allowed us to
confirm the efficacy of the developed candidate vac-
cine against CHIKV, which is explained, among other
things, by the balance between T-helper, Th1l and Th2
clones, which was confirmed by the concentration of
regulatory cytokines in the serum of immunized ani-
mals.

The results of the presented study of immunoge-
nicity of the preparation containing inactivated CHIKYV,
as well as the results of the study of efficacy of this
preparation allow us to evaluate it as promising for
further studies. The drug dose of 40 ng/0.5 ml and the
scheme of twice-daily immunization can also be as-
sessed as adequate. Our chosen technological platform
allows us to produce the vaccine for Chikungunya fever
prophylaxis on cell line 4647 rather quickly.

Conclusion

Two-fold administration of CHIKV virus (inac-
tivated by beta-propiolactone and purified, 40 pg/0.5
ml) into C57B1/6 mice provided the development of
specific Th1/Th2-immune response — humoral (an-
tibodies with viral neutralizing effect), cellular (ex-
pressed proliferation of splenocytes in vitro and IFN-y
production), as well as balanced production of pro-



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIMNI. 2024; 101(2)

DOI: https://doi.org/10.36233/0372-9311-436

205

OPUTVHANbHbBIE NCCJTIEAOBAHNA

and anti-inflammatory cytokines. Efficacy studies in a
non-lethal animal model confirmed the efficacy of the
inactivated vaccine. The results obtained allow us to
evaluate the vaccine as promising for the prevention
of Chikungunya fever.
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BnusHue Bacillus subtilis BS20 Ha ¢unsnonornyeckume
N UIMMYHHbIE NoKa3aTenun mMbileinl MyTaHTHON nuHun Muc2™"-

Mopo3soBa M.B."™, KopkunHa B.1.2, Makaposa M.A2, lutBuHoBa E.A.*

'HayuHo-nccnepoBaTtenbCKUin UHCTUTYT HEMPOHayK 1 MeguuuHbl, HoBocnbupck, Poccus;

2CnbmpCcKnn GpefepanbHblii HAYYHbIN LEHTP arpobuoTtexHonoruia, noc. KpacHoobck, Poccus;
3CaHKT-MNeTepbyprcknin HayYHO-NCCNeqoBaTENbCKUA MHCTUTYT SNMAEMUONIONUN 1 MUKpobronorny nmenn Mactepa,
CaHkTt-TeTepbypr, Poccns;

“HoBocnbupcKnii rocyaapCTBeHHbIM TeXHUYeCKnin yHuBepcuTeT, HoBocnbumpck, Poccus

AHHOMauus

BeepeHue. BocnanuteneHble 3aboneBanus kuwedHuka (B3K) — pacnpocTtpaHéHHas naTtonorus, Kkotopasi He
noaaaéTtca NONHOMY ManedyeHnto U TpebyeT noxmaHeHHom Tepanuu. Wcnonb3osBaHne npobrnoTMKOB paccma-
TPUBAIOT Kak OAWMH M3 NEPCNeKTUBHBLIX W LafaLWmMX TepaneBTudeckmx noaxonos nevexns B3K. B otnnune ot
Lactobacillus v Bifidobacterium, npeacTaBnsaLWMX OCHOBY OOMbLUMHCTBA KIlAacCMYeCKMX NMPOBUOTUKOB, CNOpo-
obpasytowme Bacillus spp. nyylle COXpaHsItoT XU3HECNOCOOHOCTb B YCNOBUSAX XeNy404YHO-KULLEYHOro TpakTa u
BbPKMBAEMOCTb B NEPUOL, XPaHEHWS MULLEBBLIX NPOAYKTOB, MOryT ObITb MOAYNSITOPAaMN UMMYHUTETA.

Uenb paboTbl — n3yunTb BnunsiHue cnop 6akrtepun B. subtilis BS20 Ha douanonormyeckne n MMMyHHbIe nokasa-
TENU MbIWENn MyTaHTHOW NuHumn Muc2".

Martepuansbi 1 Mmetogbl. CamkaM Mbileit Muc2” Ha nNpoTskeHun 2 mec A4o6GaBnsanu B KopMm cropbl B. subtilis
BS20 B konnyectee 10° KOE. AHann3 aMMHOKUCIIOTHOIO COCTaBa TkaHW 6eapeHHON MbillLbl BbIMOMHANN METO-
OO0M KanunnsapHoro anekTpodopesa. KoHUeHTpaLmio LMTOKUHOB B TKaHW TOMNCTOM KULLKW M3yYanu B MynbTUMNNEKC-
HOM aHanu3ae. [Jomn UMMYHHbIX KIETOK B CMNIEHOUMUTAX Onpeaensinu MeTogoM NPOTOYHOW LIMTONyopUMeTpuun.

Pe3ynbraTbl. [Jo6aBneHue B kopm criop B. subtilis BS20 cnoco6cTBOBano yBENMYEHNO MPOAOIKUTENBHOCTH
XKM3HU 1 CHWXKEHWIO NOTepU Macchl Tena y mbllwei-caMok Muc2--. B GuonTtartax Hucxoasien 060004HON KMLLIKA
BbISIBIIEHO CHUXKEHWNE YPOBHS NPOBOCNANMUTENBHOMO LIMTOKMHA MHTEPNENKNHA-6 1 NOBbILLIEHNE YPOBHS UHTEPIE-
KnHa-17, B cnneHouutax — yBenuyeHue konmyectsa B-knetok n T-xennepos.

3akntoveHue. B. subtilis BS20 yny4laeT obLiee COCTOSHNE MbILLEe MyTaHTHOW NuHM Muc2~-, oka3blBaeT nNpo-
TMBOBOCNANUTENbHOE Y UMMYHOCTUMYIMPYIOLLEE AENCTBUE, CHUKAsH YPOBEHb LIMTOKMHA MHTEpREnkMHa-6 n no-
BbILLAsA NPOUEHT B-kneTok 1 T-xennepoB B CENe3EHKe.

KnioueBble crioBa: gocranumeribHble 3abonesaHus KulueyHukKa, Mbiwu Muc2--, Bacillus subtilis BS20, npobuo-
MUuKU, nposocnanumesibHble YUMOKUHbI

Amuyeckoe ymeepxdeHue. ABTOPbI NOATBEPXAAIOT COBMIOAEHNE UHCTUTYLMOHANbHBLIX U HALMOHAasbHbIX CTaHaap-
TOB M0 UCMOSMb30BaHUKD NabopaTopHbIX XUBOTHBLIX B cooTBETCTBUM € «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). MNMpoTokon nuccnenoBaHns ogodpeH kKoMnteTom Hay4Ho-uccrnenoBaTenbCkoro MHCTUTYTa HEenpo-
Hayk 1 MeguuuHbl Nno 6rnoatuke (npotokon Ne 3 ot 19.05.2022).

UcmouHuk ¢puHaHcupoeaHusi. PaboTa BbiNornHeHa npuv NoAAepXKke 3a CYET cpeAcTB dedepanbHoro Groaxkera Ha
npoeegeHve pyHaameHTanbHbIX Hay4YHbIX nccrnegosanHuin Ne 122042700001-9. AHann3 LMTOKMHOB Y UMMYHHbIX Krie-
TOK 6bIn nogaepaH rpaHTom PH® Ne 20-64-47020.

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

Ansa yumupoeaHus: Mopososa M.B., Kopkuna B.W., Makaposa M.A., JluteuHoBsa E.A. BnnsHue Bacillus subtilis BS20
Ha husnonormyeckne N MMMyHHble nokasaTeny Mbllen MyTaHTHON NuHun Muc2~-. XXypHan mukpobuonoauu, anude-
muornoauu u ummyHobuomnozauu. 2024;101(2):208-216.
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Abstract

Introduction. Inflammatory bowel disease (IBD) is a common pathology that cannot be completely cured and
requires lifelong therapy. One of the promising and sparing therapeutic strategies is the use of probiotics. Unlike
Lactobacillus and Bifidobacterium, which represent the basis of most classical probiotics, Bacillus spp. are spore-
forming bacteria that contributes to their resistance to the acidic environment of the stomach. It has been shown
that the bacteria Bacillus spp. is an effective therapeutic drug for the relief of intestinal diseases with signs of
inflammation and bacterial origin. Since the main factors causing IBD are dysbiosis and inflammation, and strains
of Bacillus spp. as probiotics can be potential modulators of immunity and influence the intestinal microbiome, it
is necessary to search for new strains of probiotic bacteria, including representatives of Bacillus spp., which have
an effect on immunity and physiological indicators in experimental models of IBD.

The aim of the scientific research — to study the effect of Bacillus subtilis BS20 spores on the physiological and
immune parameters of the mutant mouse line Muc2-"-.

Research objectives: Investigate survival of Muc2--mice, weight, immune parameters (cytokines and immune
cells) and amino acid composition of muscles.

Materials and methods. Muc2- females were fed spores of Bacillus subtilis BS20 in the amount of 10° CFU
for 2 months. Analysis of the amino acid composition of the femoral muscle was performed by capillary
electrophoresis. The concentration of cytokines in the supernatant was measured using the Magnetic Luminex
assay kit. Determination of the number of lymphocytes was performed by flow cytometry.

Results. The addition of Bacillus subtilis BS20 to the diet of mice reduced mortality and body weight loss in
Muc2 females. We found a decrease in interleukin-6 and an increase in interleukin-17 in the descending colon
and an increase in B and T helper lymphocytes in the spleen.

Conclusion. B. subtilis BS20 improves the general condition of Muc2- mutant mice, has an anti-inflammatory
and immunostimulating effect, reducing the level of the cytokine interleukin-6 and increasing the percentage of B
cells and T helper cells in the spleen.

Keywords: inflammatory bowel disease, mice Muc2-, Bacillus subtilis BS20, probiotics, pro-inflammatory
cytokines
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BeBepeHune

BocnanutenbHeie  3a00NieBaHMsT  KUIICUYHUKA
(B3K) B Hacrosiiee BpeMsi IHUPOKO PacCIpOCTpPaHEHBI,
UX apeajl ¥ YUCIO 3a00JIeBLUIMX MMEIOT TEHACHIHIO K
pocty. Ecnu panee B3K cuuranucey 60se3Hbio ¢ Hau-
Oonbiei pactipocrpanénnoctbio B CIIA u EBporie, To
B MOCJIE/IHEE ACCATHIIETHE POCT 3a00JIeBAEMOCTH OTMeE-
yeH B cTpaHax Asuu, Bxitouas Kurait u Unmguio [1].
K B3K otHocAT si3BeHHBIH KoUT M Oone3Hb KpoHa,
JUI KOTOPBIX XapaKTEpHbl XPOHUYECKOE BOCHAJIEHUE
1 TIOBPEXJEHHE CIM3UCTON 000I0OUKHU JKETyI0UHO-KHU-
meynoro Tpakta (OKKT). K npuunnaM BO3HUKHOBEHUS
B3K oTHOCAT reHeTH4ecKyo NperpacroloKeHHOCTb,
JTUETY, 3KOJIOTHIO0, KypeHHe, IMMYHHBIH cTaTyc, KMIIey-

© Morozova M.V., Korkina V.1., Makarova M.A., Litvinova E.A., 2024

Hble MHEKIUU OakrepuanbHoW sTHONOTHH [2]. Dd-
¢dexruBHOTO JNeuenus: B3K, mpuBoasiero xk mosHomy
u3neueHuto [3], He pa3padoTaHo, a CYIIECTBYIONIUE Te-
paneBTHYEeCKUE MOIXObl UMEIOT MTOO0UHBIE APQEKTHI.
[TockonbKy Al KYIMUPOBAaHUS BOCHAIUTENBHOTO MPO-
necca TpelyeTcs JNIMTEIbHbBIH 1 HEOAHOKPATHBIN MpU-
€M aHTHOMOTHKOB, TO JUIsl CHW)KEHHsI KOJTMYECTBa He-
JKeJaTeNIbHBIX MOCIEeICTBUN BasKHO MCIIOIB30BATh MO/~
JepKUBAIONIyI0 Tepanuio. OTHUM U3 TepaneBTHYECKUX
HanpasJIeHUH SBJSIETCS MCIONBb30BaHKUE MPOOHOTHKOB,
NpeOMOTUKOB, CUMOMOTHKOB M METa0OJIMTOB Oakre-
puii. ITouck npenaparos i NOAAECPKUBAIOLIEN Tepa-
nmuu B3K BenyT cpenu kimaccuueckux mpoOHMOTHIECKUX
mraMMmoB  Lactobacillus w  Bifidobacterium [4-T].
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B T0 *e Bpems criopoobpasytomue Bacillus spp. Mo-
YT UMETh MPEUMYILIECTBO, MOCKOJbKY Ooliee yCTOii-
YHMBBI K KUCJIOW Cpe/ie JKeITyAKa M, SIBISSCH aJlIOXTOH-
HBIMH, JIETKO SJIMMHHUPYIOTCS M3 OpraHu3Ma Mocie
npekpamenuss npumeHenus [8]. IlpoOuoTwkm Ha
OCHOBe ITaMMOB Bacillus spp. 3pQeKTUBHBI TpH Jie-
yenun B3K nHdexkunonHoi 1 HemH()EeKIMOHHOH 3THO-
noruu [9-13].

MpIM MyTaHTHOM JIMHUA Muc2”~ umeror nene-
uuto rena Muc?2, xogupytomiero nporeornmukad MUC2
(y mblmeii Muc2) — OCHOBHON CEKPETOPHBIH MYLUH
OOKAJOBUIIHBIX KJIETOK TOJCTOW KHUIIKHA MJICKOTIMTA-
romux [2]. benok Muc2 co3maér causucteiii Gapbep,
KOTOPBIH 3allUIIAET SMUTEIUAIIbHBINA CJION KUILIEYHUKA
ot 6aktepuii. HemocTatouHOCTH CTM3UCTOTO CIIOS CIO-
COOCTBYET MpsIMOMY KOHTAKTy OakTepHii C 3HTEpOLH-
TaMH, YTO MPHUBOIUT K MX BocmajeHuto. Hapymenune
cuHTe3a Muc2 B TOJCTOM KUIIIKE YCHIIMBAET Mposude-
paumio U ymMeHnbmaeT 1upQpepeHIupPOBKY KIETOK, BbI-
3bIBACT YIUIOUICHUE U M3BS3BJICHUE CIOS AMUTEIUAIb-
HBIX KJIETOK C IOTEPEH MX apXUTEKTYPBI, 4YTO IPUBOAUT
K YIJIMHEHUIO KPHIIT, YBEIMYCHUIO KOIMYECTBA JICHKO-
LUTOB U MOBBIIIEHUIO MPOHUIIAEMOCTH CTEHKH KHIIKH
(«CMHOPOM IBIPSBOrO KUIICUHHKa»). JlaHHOE maroo-
THYECKOE COCTOSHHE CIIOCOOCTBYET pPa3BUTHIO CIIOH-
TAHHOTO KOJIUTA, & BIIOCIEACTBIUH — KOJIOPEKTAIbHOTO
paka [2]. YMeHblieHUEe cUHTe3a Muc2 B KHUIIIEYHUKE
MOKET MPHUBOIUTHh K U3MEHEHHIO 0aKTepHaIbHOTO CO-
craBa MUKpoOHOTHI [14]. Mpimmu Muc2”~— 310 9KC-
nepuMeHTanbHasg mozens B3K, y koTopbIx Ha paHHUX
JTanax OHTOTeHEe3a Pa3BUBAIOTCS BOCHAICHUE, AUapes,
NpOJIaNC KULIKK ¥ TEMOKOJIUT, CHIXKAETCsl Macca Tela.
B pesynbrate 3TOro MbIlIH CKJIOHHBI K THOEIH B Oonee
paHHEM BO3pacTe, YeM MBILIH ¢ HOpMaJIbHOW Oapbep-
HOU QyHKIMEH KUKy [15].

B. subtilis MOXXET MOBBIIIATH IKCITPECCHIO TIPOTEO-
mnkana (MUC?2), 6elKOB INIOTHBIX KOHTAKTOB, OKJIIO-
JMHA ¥ IPOTUBOBOCHAINTEIBHBIX (PaKTOPOB, B PE3yb-
TaTe 4ero COKpallaeTcs MOTeps MacChl, COXpPaHIETCs
JUIMHA TOJICTON kuiku [11], a Takxke CrocoOCTByeT
YMEHBIIEHUIO BOCIMAJICHUSI, BOCCTAHOBJICHUIO CIIH3H-
cToro Oapwbepa, MHAYLUpPYET Hpoiudepannto CTBO-
JIOBBIX KJIETOK KHUILIEYHHKA, HOPMAINU3YET KHIICYHYIO
Mukpobuory [12, 13]. [loGaBieHre B palMoH MbIIaM
Muc** ctiop B. subtilis BS20 crioco6¢TBOBanio Hopma-
JU3alWy [TOBEJCHUS MBIIIECH U MOBIMSIIO Ha DKCIIpec-
CHIO IUTOKMHOB B KHIIEYHUKE, KOHIIEHTPALHIO CEPOTO-
HUHA U TUPO3UHA B KpoBH [16].

B3K sBnsercs maronorueil co CloXHOW 3THOIO-
ruel, Io3TOMY HEOOXOIMMBI MX Pa3HOCTOPOHHHUE HC-
cinenoBanus. JlaHHBIX 0 MexaHu3Me jeictBus Bacillus
Spp. kak mpobuortuka, ocobenno npu B3K, Hemocra-
TOYHO. B cBs3M ¢ 3TUM TpeOyroTCs NOMOTHHUTEILHBIE
UCCcIeOBaHMsI IITaMMOB Bacillus spp. Ha SKkCriepUMeH-
TanbHbIX Monensx B3K.

Henbio nanHOW paboOTHl OBLIO W3YUYCHHE BIIU-
auusi cniop B. subtilis BS20 na ¢usnonornyeckue u

ORIGINAL RESEARCHES

HMMYHHBIE TIOKa3aTelnd MYTAHTHOW JIMHUAW MBbIIICH
Muc27~. JInsg 1ocTUKeHus LEeny ObUIM I0CTaBIEHEI 3a-
Ja4u: onpeAeIuTh 3G PeKT 100aBIeHNs B KOPM MbIIIAM
Muc2”- wramma B. subtilis BS20 Ha mpomommKuTeb-
HOCTB KM3HH, Maccy Tella, IMMYHHBIE [TOKa3aTenu (-
TOKMHBI 1 UIMMYHHBIC KJIETKU B Celle3€HKE) U aMUHO-
KHCJIOTHBIH COCTaB MBIIIII.

MaTepman bl 1 MeToAbl

Pabora Owiia BeimonHeHa B HayuHo-ucciieno-
BaTEJIbCKOM MHCTUTYT€ HEHPOHAYK U MEIUIIUHBI
(HUMHM). B skcnepumenT Obuid 0TOOpaHbl 9 6-Me-
CSIYHBIX CaMOK Mbiiieii Muc2”~ B ONBITHYIO TPYIIITY
u 6 B KOHTpoJNbHYIO [17]. B KauecTBe KOHTpOIS IpH
M3YYCHUU YPOBHS IUTOKUHOB OBLIM B3ATHI 3 CaMKHU
mbimed muaun C57BL/6. JKuBoTHBIE conepKanuch B
OTKPBITBIX KJIETKaxX NMpu Temneparype 22-24°C u uH-
BEPTUPOBAHHOM CBETOBOM pexkume 12:12 u. Jloctyn k
BOJIE ¥ KOPMY ObLI CBOOOAHBIM. B KOpM OmbITHOH IpyTI-
bl Ha MPOTSHKEHUH 2 MeC OOABIISUIN CYCIIEH3HUIO CIIOP
mramma B. subtilis BS20 u3 xoynekiuu O0akrepualib-
HBIX mTamMMoB Jadoparopun HUMHM B xonnuectse
10° criop/r kopma. DKCIIEpUMEHTATBHBIC HCCIIETOBAHMUS
IIPOBOJIMIIA B COOTBETCTBUHM C 3aKOHO/IATENBCTBOM Poc-
cuiickor @enepauuu u crangapramu Hannexaien na-
OopatopHoli pakTuky (npuka3z Munzapasa Poccuu ot
19.06.2003 Ne 267), pykoBoacTBaMu komuteta Hayd-
HO-HCCIIEJIOBATENICKOTO MHCTUTYTa HEWpOHAyK M Me-
JMIMHBI 110 0noaTHKe (mmporokon Ne 3 ot 19.05.2022),
1 EBponeickoil KOHBEHLIUH 1O 3alUTE MO3BOHOYHBIX
KHUBOTHBIX. Mcrnionb3yembie B padote Mbiu Muc2 ™~ u
C57BL/6 umenu SPF-craryc (specific pathogen free —
0e3 Buaocnenn(uIeckux NaToreHHbIX MUKPOOPTaHU3-
MOB), KOTOPBIH yKa3aH B pekoMeHAauuax EBponeiickoit
(enepanyiu COTPYIHUKOB, pabOTArOIIUX C JIAOOPATOp-
veivMu KUBOTHBIMU, FELASA 2014 [18]. Craryc 3m0-
POBbs MBILLIEN KaX0M JIMHUU IOATBEPKIATIN COIIACHO
pexomennanusam FELASA 2014 [18].

bakmepuaneHbIl wmamm u ycnosus pocma

KynsTuBupoBaHue Ha CEJEKTUBHOM cpeje C J10-
OaBjieHMEM aHTHUOMOTHMKA KaHaMULMHA oOecleyuBa-
eT pocT BelOpaHHOTO mITamma B. subtilis BS20 [16]
u cnocobcrByer TouHomy noacuéry KOE B momére
Mbltei nocne npoxoxaenus uepes XKKT. Beipocmue
KOJIOHWHW TiepeceBaji Ha Ka3eWH-TICNITOHHBIA arap ¢
nexcropozoit (DCPA, «Merck») u mHKyOHpoBaiu npu
+37°C B Tedenue 72-96 4 10 nepexoja BCEX MUKPOO-
HBIX KJIETOK B crnopoByio ¢opmy. Crnopsl Oakrepuit
pecyclieHAupoBaiu B CTepwibHOM (ocdaTHO-comne-
BoM Oydepe (DCB) u 106aBIIsAIN B KOPM B KOJTHYECTBE
10° KOE [19].

AHanus konuyecmaa cnop Bacillus subtilis BS20
8 Kopme u nomeme Molweli

[ecsaTs TpaMM KOpMa roMoreHu3upoBasiy B 90 mi
®CB, 100 mr nomera mbieii — B 0,9 ma @Cb ¢ mo-
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CJICIYIOIIUM JICCTUKPATHBIM CEPUIHBIM Pa3BeACHUEM
JUISL KXo TpoOBI. YialleHue BereTaTHBHBIX (OpM
B. subtilis BS20 npoBonuiu HarpeBaHueM B TCUCHUC
15 mun npu 85°C. lna moacuéra KOJIMYECTBa CIIOP
WCTIOJIb30BAJIN aJIMKBOTHI KaXXIOTO pa3BeCHUs B 00b-
éme 500 mki. [ToceB mpousBogunu Ha DCPA, nHKy-
OupoBaiu B a3poOHBIX ycioBusax npu 36°C B TeueHue
48 4. BeKMBaEMOCTh CIIOP B KOPME OLIEHUBAIHN CITYCTS
1 mMec xpaHenus. B nomére Mpleil KOTU4ECTBO CIIOp
OIIpeeTsUIn Yepe3 2 HeA OT Hadala SKCIEepUMEHTa U
yepe3 1 Mec mocine qo0aBIeHHUs CIIOP B KOPM.

OnpedeneHue ypo8HA UUMOKUHO8

st u3MepeHus ypoBHSI HIUTOKWHOB OHOMNTAT HHC-
XOJSIILIETO OT/ENA TOJICTOM KUIIKH TOMOTCHU3UPOBAIN
B uuakoM asore. Ilocite gob6asiaenns 100 mxa OCb
oOpa3zerl nentpudyruposanu npu 12 000 o6/MuH B Te-
yenue 15 mun npu 4°C. KoHIeHTpanuio IUTOKHHOB
U3MEPSUTA [IPU MOMOIIM Habopa Ui MYJIBTHILIEKCHO-
ro ananuza «Cloud-Clone» B COOTBETCTBHUH C PEKO-
MEHIAIUAMU TPOU3BOAUTENS. [IeTeKIMI0 UTOKHHOB
npoBoawn Ha npudope «Luminex 200» («Merck») c
xPONENT 3.1. mporpamMubeiM obecnieuenuem. Kon-
LEHTPALXI0 IIMTOKMHOB HOPMAaJH30BaIM K OOIIEeMy
0eKy, KoTopbli m3Mepsutn o bpeadopay u npeacras-
JISUTH B BUJE I HTUTOKKMHA Ha 1 Mr o01ero Oeika.

OnpedeneHue 0ou cniieHoyumos

buonrar ceye3éHKM TOMOI€HHU3UPOBAIU IPHU
MOMOIIM TECTUKOBOTO PYYHOTO TOMOTEHH3aTO-
pa («Sovtech»). Ilody4eHHYIO0 CyCIEH3MIO Kile-
TOK TpPOMyCKajdu uepe3 (QUIBTP ¢ OUAMETPOM IOp
70 mxm («BD Falcon»). Omnpenenenue KonuyecTBa
CD25"Foxp3"CD4*-kyeTok  MpPOBOAWUIN  METOAOM
NPOTOYHOM LUTOMETpUH. [l OKpalluBaHUs KIle-
TOK 250 MKI CycleH3uu MHKYOMpOBalld C aHTHUTENa-
mu ¢ FITC-anti-CD4, PE-anti-CD3g, PE/Cy7-anti-
CD8a and PE-anti-CD3¢, Pacific blue-anti-CD45,
FITC-anti-CD19 u APC anti-CD25 («BioLegend»)
30 mun npu +4°C. PazOaBmsiam kinerku 100 Mk
Oydpepa mns mnepmoOunusanuu TrueNuclear Perm
(«BioLegend») u wuHKyOMpOBamM C aHTHTEJIAMH
AlexaFluor488 anti-Foxp3 («BioLegend») 60 mun B
TEMHOTE NpU KOMHATHOW Temmeparype. [locne mpo-
MBIBKM KIJIETKH pa3z0aBisid OydepoM aisi OKpallu-
Banus a0 koHHeHTpamuu 1500-3000 xiIeTOK/MKI
U uHKyOupoBanu Oe3 cBera mpu Temneparype 4°C
1o aHanuza (1-2 OHS) HA TPOTOYHOM LHUTO(IYOpH-
metpe «BD FACSCanto II Flow Cytometer» («BD
Biosciences»). B kaxmom oOpasiie aHalIu3upoOBa-
au 50 000 mumdornuToB. B creHonmTax BbIACIS-
Y OAWHOYHBIC KIETKU (CHHIVIETHI) M OAMHOYHBIC
CD4"-nmumdonuts. J{1s aHamn3a BBIYUCISUIN POIICHT
CD45°CD3*-T-knetox, CD45°CD3*CD4*-T-xenme-
pos, CD45"CD3*CD8"-T-kumnepos, CD45°CD19*-B-
kietok, CD4°CD25"Foxp3*-perynstopHbix T-KiaeTok
u CD4"CD25 Foxp3*-addexropubix T-KIeToK.

OnpedeneHue cooexxaHus aMmuHoKUC/0m
8 cocmase besika 6edpeHHoU Mbluubl

Kanummsapuelii  snexrpodopes3 BBHIIOTHSIIM  Ha
yctanoBke «KAITEJIb-105M» («JIromdKke») ¢ ynbTpa-
¢uoneToBbIM AeTeKTOpoM. OT KaKIOH MBIILIU Opajiu
no nBa 100 mr obpasua GeapeHHON MbIILBL. [IpoObI
aHAIM3UPOBAJIM C TIOMOIIBIO KapTpUIKa C KBapLEBbI-
MU KallWJUIIpaMu JJIMHOW 75 CM U BHYyTPEHHHUM JUame-
TpoM 50 MkM («JIromM3akey). OnpeseneHue conepKaHus
apruHMHa, JU3WHA, TUPO3WHA, (heHUIalaHWHA, TUCTHU-
JIMHA, CYMMBbI JIEWLIMHA U U30JI€lMHA, METUOHUHA, Ba-
JIMHA, TPOJIMHA, TPEOHWHA, CEPUHA, allaHuHA U TIIUIH-
Ha TPOBOIWIN B (DEHMIM30THOLMAHATE MTPOU3BOAHBIX
aMHHOKHUCIIOT. MaccoBylo 010 TpunrodaHa onpene-
JSUTM B JKUAKOM (pakuuu HampsMylo Oe3 MmomydyeHus
NpOu3BOAHBIX (eHmnm3zoruonuanara. OOHapyxeHue
MIPOBOJIWIIN TIPH JITMHE BOJIHBI 219, napnenuu 30 mOap,
Hanpspbkenuu +25 kB. BHemHuii crangapt — KoMMmep-
yeckas cTaHjgapTHas cMmech amuHokucior (LAA2I1-
1KT, «Sigma Aldrich»). AHaiu3 NaHHBIX BBITOIHSIIH
C IOMOUIBIO TPOTPAMMHOTO 0becnedeHus «NMbPopan»
(«JIromaker) [20].

Cmamucmuyeckutli aHanu3

Jauusie npenacTaBieHsl B Buae cpenuux = SEM
JUTSL KOJIMYECTBCHHBIX 3HAYCHUN U B 10JsX (%) — muist
Ka4eCTBEHHBIX. PacmpeiesieHre BHIABISIIN C IIOMOIIBIO
OIMCaTEIbLHON CTAaTUCTHKHU B «Statistica v. 10.0» ¢ uc-
nonp3oBaHueM Tecta KommoropoBa—CmupHoBa. [lan-
HbIE C HEHOPMAJIbHBIM paCIpeleICHUEM OIICHUBAIN
¢ nomoupto U-kputepusi MaHHa—YUTHU 111 HE3aBU-
CUMBIX Tpymm. [ KaTeropuaabHbIX MEPEMEHHBIX UC-
M0JIb30BaNIi TOuHBIH TecT Dumepa. 3Hauenue p < 0,05
CUMTAJIM 3HAYUMBIM.

PesynbraTbl

Hdns  ompeneneHust KU3HECIOCOOHOCTH — CHOP
B. subtilis BS20 npu npoxoxACHUU uepe3 IUIleBa-
PHUTENBHBIA TPaKT HCCIEIOBAIM KOJIMYECTBO KH3HE-
CHOCOOHBIX CIIOP B COAEPKUMOM KHILIEUYHHKA CAMOK
Muc2” u B xopMe depe3 | Mec oT Havyama 100aBICHHS
B PalliOH XMBOTHBIX. Konn4yecTBo KH3HECTOCOOHBIX
criop B. subtilis BS20 Bo Bcex o0Opa3iiax momera Mbl-
ieit cocraBuiio 107 KOE/T, B kopme — B 10° KOE/T.

XpoHUYECKOE BOCHAJIEHHUE KHULICYHHKA Yy MBbI-
mweit Muc2”~ IpuBOIUT K MOTEpEe MACChl M THOCITH K
Bo3pacty 5—8 mec Oonee 40% xuBoTHBIX. B mpose-
NIEHHOM SKCIEPUMEHTE K 8 MeC BBDKHIIM BCE MBIIIH,
nosryuasiue ¢ kopmoM B. subtilis BS20. B koHTpOIIb-
HOM rpynmne kK 8 Mec KMBBIMH ocTasiock 55% (5 u3 9)
ocobeii. CratucTuyeckass JOCTOBEPHOCTH IOJIy4YeH-
HBIX pe3yJbTaTOB HaXOAMJIACh Ha YPOBHE TEHACHLUHU
(p = 0,09, Tounsrii TecT duimepa), 0OTHAKO ITO CIIEA-
CTBUE MaJloro 00béMa BIOOpKH. OCHOBHBIMU MTPHYH-
HaMH Tajiexa J1abopaTopHBIX )KUBOTHBIX B KOHTPOIIb-
HOM TpyIe ObUTH IMpOJIaric KUIIKK U 3aMeTHas oTepst
Macchbl Tena.
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Puc. 1. Bnnanne gobasnexuns B kopm criop B. subtilis BS20 Ha cocTaB aMMHOKUCIIOT B MbILLEYHOW TKaH 6edpa mbiluen
Muc2-(n = 5) and Muc2"- B. subtilis (n = 6).
Fig. 1. Effect of adding of B. subtilis BS20 spores to food on the composition of amino acids in the femoral muscle tissue
of Muc2-- mice (n = 5) and Muc2- B. subtilis mice (n = 6).

ala
— MenuaHa MuHnmym Makcumym
C57BL/6 (n=3) Muc2- (n=5) Muc2-- B. subtilis (n = 5) Median Min Max
UH®-y* | IFNy* MH®-y | IFNy 4,079 0,002 4,801
Un-1a|lL-1a WN-1a|IL-1a 1,214 0,002 1474
Un-1b* | IL-1b* nn-1b | IL-1b 1,351 0,002 6,649
un-4* | IL-4* nn-4 | 1L-4 2,581 0,002 2212
Wn-51I1L-5 Wn-5 | IL-5 0,011 0,002 1,274
nn-6* | IL-6* mn-6* | IL-6* 3,587 0,002 3,525
un-10* | iL-10* ni-10 | IL-10 453,931 0,004 | 2462131
nn-12 | I1L-12 nn-12 | IL-12 0,009 0,002 1,252
WUn-12B | IL-12B MN-12B | IL-12B 2577 0,002 3,337
nUn-13* | IL-13* Wn-13 | IL-13 61,201 0,004 45197
WUN-15 | 1L-15 Mn-15 [ IL-15 51,654 0,004 241,497
Wn-17 | IL-17* UN-17 | IL-17* 26,506 0,002 35,135
nn-7 | 1L-7 Wn-7 1.7 791,864 0003 | 2270348
un-2 | I.-2 mn-2 | IL-2 0,011 0,000 11,486
[ |
0 50 100 npoueHTUNb | percentile
6|b

~
NumdbouuTsl cenesénku, % W Muc2-

Spleen lymphocytes, % [ Muc2+ B. subtilis

90 |
80 | -
70 + Puc. 2. Brinanve cnop B. subtilis BS20 Ha
60 | * YPOBEHb LIUTOKUHOB B TOSICTON KuLLke (a)
50 1 JOMN0 UMMYHHBIX KINETOK ceneséHku (6)
40 1 Mmblwen Muc2- B BospacTe 8 mec.
30 | *p < 0,05, U-Tect MaHHa—YM:I'HIA. LiBeTHOM BapuaHT
20 PUCYHKa CM. Ha caunTte XypHana.
10 Fig. 2. Effect of of B. subtilis BS20 spores
0 1 - on the level of cytokine in colon (a) and
percentage of the immune cells in spleen (b)
chs3 Ccb19 ?019 Qoi??’ of Muc2-- mice at 8 months.
007«6 00'7«6 *p < 0.05, Mann-Whitney U test. For a color version

of the figure, see the journal's website.
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OPUTVHANbHbBIE NCCJTIEAOBAHNA

Iotepst Macchl Tena Mblied kK 8 Mec ObLia 3Ha-
yuMo OoJbiie B KOHTposnbHOW Tpymme (p < 0,05;
7 =-2728; p<0,01, U-trect Manna—YurtHn).

JocToBepHBIX paznuyuii B conepkanuu 24 amu-
HOKHCJIOT (apTWHHH, JU3UH, TUPO3UH, (EHUIIaaHNH,
THCTUAWH, W30JICHIMH, METHOHHWH, BaJWH, MPOJIHH,
TPEOHHH, CEPHH, aJlaHWH, [JIMLWH, TPUOTO(paH) B CpaB-
HHBaEMBIX TPYIIax HE BBIABIEHO (puc. 1).

VY camok Mbimeit Muc2”, comepxaiuxcs Ha
00OBIYHOM KOPME, B HUCXOJIAIICH 00004YHOM KHUIIIKE Ha-
OJr0fanoch pa3BUTHE BOCMAJICHUS U U3MEHEHHS IMPO-
¢wuis u ypoBHeii nutokuHoB UHTEpdepona-y (MDH-y),
untepneiikunos (UJ1) 1b, 4, 6, 10, 13 no cpaBHEHUIO
¢ mokasarenssmMu Mbitien smaun CS7BL/6 (p < 0,05;
Z=-2723; puc. 2, a).

Ananus yposus WJl-1a, 5, 12, 12B, 15, 17, 7, 2
HE BBISABWJI Pas3iHyUi MEXAy MyTaHTaMH U MBIIIAMHU
aukoro Tuna (puc. 2, a). B rpymnme mbiei Muc2™, nio-
Jy4aBIel ¢ KopMoM cnopsl B. subtilis BS20, ormede-
HO cHIKeHHe ypoBHsS WMJI-6 u moBblieHue 3HaUYEHUI
WJI-17 no cpaBHEHUIO ¢ MbliiaMu Muc2~~, HaXOISIIKX-
csl Ha KopMme Oe3 106aBok (p < 0,05). Yposuu NDH-y,
WJl-1a, 1b, 4, 5, 10, 12, 12B, 13, 15, 7, 2 coxpaHsuuCh
Ha MPEXHUX YPOBHSX 110 CPABHEHHIO C MyTaHTaMH, CO-
JeprKaluMHUCcs Ha 00bivHOM KopMme (p > 0,05).

B pesynbrare no6aBieHust B KopMm criop B. sub-
tilis BS20 y Muc2”~ OTMEUEHO JOCTOBEPHO 3HAYM-
moe yBenuueHue aomu B-xneroxk (CD45'CDI19%) u
T-xennepos (CD45°CD3*CD4%); p < 0,05 (puc. 2, 6).
CrarucTudeckd 3HAYMMBIX pa3IMudid B  KoJK4e-
crBe apyrux jumdpouutoB: T-kierku (CD45°CD3Y),

T-xunnepsl (CD45°CD3*CD8"), pETYAATOPHbBIE
(CD45°CD3"CD4"CD25'FoxP3") u addekropusie
(CD45°CD3"CD4"CD25'FoxP3") T-kmeTku mocie

KOPMJICHUSI CTIOpaMK OakTepuii He BBISBIICHO.

O6c¢cyxpeHune

[TpoOMOTHKY IIUPOKO HCIOIB3YIOT B TEPAIUH 3a-
oonesannii XXKT. OHu paccMarpuBarloTcsi HE TOJBKO
KakK CpeACTBa KOPPEKLIUH KUIIEYHOrO IUcOno3a, HO U
KaK TEpCIEeKTUBHBIE WHCTPYMEHTBl MMMYHOMOIYJISI-
uun. B ommnuue ot HecnopodopMupyommx TpoOHo-
TAYeCKUX TaMMOB Lactobacilllus w Bifidobacterium,
cniopooOpasyrwiue Bacillus spp. dydile COXpaHSIOT
xu3Hecrnocoonocts B ycnoBusx KKT u BeDKHBae-
MOCTb B NI€PHO/ XpPAaHEHUsI MUIIEBBIX MPOAYKTOB [8].

B pe3synbrare npoBeIEHHOI0 HaMHU UCCIEIOBAaHUS
YCTaHOBJICHO, YTO ITamMM B. subtilis BS20 xapaktepu-
3yeTcs JOCTaTOYHBIM NpoOuotuueckuM 3dpdexrom [11],
T. K. TIPH IPOXOXKICHUH Yepe3 KUCIYIO Cpey JKeIynKa 1
BCE OT/ETIbl KUILIEYHUKA MbIIIECH OH COXPaHsUT CTaOMIIb-
HOCTb, KU3HECTIOCOOHOCTh U BBLKMBAEMOCTh B KOJIHYe-
cree 10" KOE, a B kopMe 1pu XpaHSHUH ITPU KOMHATHOW
Temreparype B Teuenue mecsiia — 10° KOE.

O¢ddexTuBHOCTh NPOOUOTUKOB HA OCHOBE Oak-
tepuiit Bacillus spp. HEOTHOKPATHO M3y4aliaCh Ha pa3-
JUYHBIX MOJENSX WHQPEKIMOHHBIX M HEWH(EKIHOH-

HBIX BOCHaIuTeNbHBIX 3a0oneBanuii JKKT [9, 11-13].
B naHHOM 3KCHIEpUMEHTE yCTAaHOBJIEHO, YTO J00aBie-
HUE B TeueHue 2 mec crnop mramma B. subtilis BS20
B KOPM MbIIIAM MYTaHTHOW JUHUU Muc2”", UCTOb-
3yeMOl B KadecTBe 3kcnepuMeHTansHoi Moxaenu B3K,
CTaOMIIM3HMPOBAJIO Maccy Teja (10 CPAaBHEHMIO C MacCoi
Tella MyTaHTOB, HE YIOTPEOISBIINX TPOOHOTHKH, KOTO-
pas Obuta Hke Ha 10%), obecnieunBano 100% BbDKH-
BaeMOCTb K BO3pacTy 8§ MEC U YBETMUUBAIIO ITPOIOIIKHU-
TeNbHOCTh *KU3HU Ha 30%. AHaJIOTUUHBIE PE3YABTAThI
OBUTH TOJTyYEHBI P UCCIICNOBAHNUY BIUSHUSA B. subtilis
Ha Mblmax uHOpenHo# nuHnn BALB/c, yyBcTBUTENB-
HBIX K JKeIyJOUYHO-KHIIEYHBIM HHPeKLusM [21].

Bakrepuu pona Bacillus ciocoOHBI aKTUBHO TIPO-
OyUUpOBaTh pAl (HEPMEHTOB, PACIIEIUISIOIINX Kpax-
MaJl, UEIUI0NI03y, Oenku, xupbl [9, 20], 4T0 MOXKET
oOyieryate MUILEBAPECHUE U YCBOEHHE MUTATENbHBIX
BEILECTB. B mpoBeAEHHOM HCCIIEIOBAHUY U3MEHEHUI B
MPOLIEHTHOM COJICPXKaHWU aMUHOKHCIIOT B MbIILe Oe-
Jpa OMBITHBIX MbIlIel He oOHapyxeHo. [lomydeHHbIE
Pe3yNbTaThl TO3BOJIMIN MPEAON0XKHUTE, YTO A00aBie-
HUEe B KopM mTamMma B. subtilis BS20 He okasbiBaeT
BIMSHMS HA YCBOSCHHE aMUHOKHCIIOT.

OTcyTCcTBHE HOPMAJIBHOW CIM3UCTON 0OOJIOYKH
y Mbieii Muc2”~ IpUBOAUT K Pa3BUTUIO BOCHaje-
HUS, CUMIITOMaTHKa KOTOPOTO CX0Xa C TaKOBOM y Ma-
LUEHTOB C A3BEHHBIM KOIUTOM. OCHOBHBIMH ITUTOKH-
HaMH, yBEJIHUYCHHE KOTOphIX Habmromaercs npu B3K
y TAIHMEHTOB, SIBISIIOTCA (PAKTOp HEKpo3a OIyXOJIH-0l
(®PHO-a), NJI-1b u -6. B.JI. beny u coasr. [15] noka-
3aJM, 4TO B cpaBHeHUH ¢ Mmbimamu C57BL/6 y nuHumn
Muc2”~ yBennuena skcnpeccusi uutokuHoB MOH-y,
WJI-1b, 4, 6, 10, 13, 4To MOATBEPKIACT HAIUYUEC Y
HUX XpPOHHYECKOTO BOCMAIUTENIBHOIO Mpouecca. B pe-
3yJbTaTe MCIOJIb30BaHMsI KOpMa ¢ J00aBIEHUEM CIIOP
B. subtilis BS20 y mblieit Muc2”~ BBISBICHO CHHXe-
Hue ypoBHa WJI-6 u noseimenue yposus WJI-17, uro
CBUJIETETLCTBOBAJIO O MPOTHBOBOCHAIUTEIBHON aK-
THUBHOCTHU IITamMa. B uccaegoBanusax D. Liu u coaBT.
Ha KpbICax Ha BBICOKO)KHPOBOH JHETE MOKa3aHO, YTO
nobasnenue crop B. subtilis TIPUBOANIO K CHHUKECHHUIO
ypoBHs NJI-6, DHO-o u UJI-17 [22]. B patorax G. Yi
Y COaBT. YCTAHOBJICHO, YTO J00aBieHue B. subtilis B pa-
LIMOH MBIIIAM C XMMHUYECKU WHIYLHUPOBAHHBIM KOJU-
TOM CIIOCOOCTBOBAJIO CHIDKEHHIO dKcpeccud DHO-aq,
NJI-6, 17 u 23 [21]. I3BeCTHO, YTO MIUPOKO UCIIOIb3YyE-
MBI B KauecTBe npoOuoTHka mrtamm B. subtilis DE111,
B omnuue oT mraMma B. subtilis BS20, e BausgeT Ha
Mapkepsl kuinedHoro Bocmnanexusi (MJI-6, cexpetop-
HBIH IMMYHOTI00YAHH A) [23].

B nocnennue roap! 0ojbloe BHUMaHHE TPUBIIC-
kaeT murokuH WJI-17, mpomyuupyemslit mpenmyiie-
CTBEHHO T-XenmepaMu, CTUMYJIUPYIOLUN IPAHYJIOLU-
TOII033 U CHIOCOOCTBYIOIINI YCHICHHUIO AHTUTEII03aBH-
CUMOIi THOENU OMyXOJieBbIX KiieToK. BBenenue MJI-17
MBIIIAM, YyBCTBUTEIBHBIM K ayTOUMMYHHOMY YBEUTY
(BocnasieHHE CTPYKTYp COCYAMCTOH OOOJIOUKH Iia3a),
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OKa3bIBAJIO MNPOTHBOBOCHIANUTEIRHOE AcHcTBHE [24].
B 10 e Bpems uzBectHO, uTo WJI-17 MoxeT ycyry-
OJSITH pa3BUTHE BOCTIAJICHHUS U CIIOCOOCTBOBATh YMEHbB-
LIEHUIO uKciia T-xennepos.

W3HayaapHO SKCIICPUMEHTaIbHAs MOfIeNb Muc2”~
Obula co3maHa AJsl U3YyUCHHS KOJIIOPEKTAIBbHOTO pPaKa.
Haunnas ¢ 6-ro Mecsiia KM3HM y MBIIIEH 3TOM Ju-
HUH (POPMUPYIOTCS aJICHOKAPLUUHOMBI 110 BCEH JUINHE
KHIIIEYHUKa, K 1 romy omyxomu oOpasyrorcs y 100%
ocobeit [2]. B pesynbrare mpoBeAEHHOTO UCCIIEIO0BA-
HMS ITIOKA3aHO, 4TO ociie nobasienus B. subtilis BS20
B KOpM MbImaM Muc2”~ yBEIUYUIOCH KOIHYECTBO
NJI-17 B coueranuu c skcnpeccueil T-xennepos, 4To
MOXHO paccMarpuBaTh Kak (akTOp CHIKEHHS pUCKa
Ppa3BUTHSA paKa TOJICTOM KUILIKU.

Cene3éHka, SBIAACH KpPYMHEHIIMM BTOPUYHBIM
TUM(OUTHBIM OPraHOM, OTpaXkaeT 0a30BOE COCTOSIHUE
nepudepruueckoil MMMYHHOH cUCTeMBbl. BEIsBICHHOE
HOBBIIIEHHE NpoleHTa B-xierok u T-xennepos B ce-
Ne3éHKE B COUETaHUM C MOBbIIeHHeM ypoBHs MJI-17
y MBILICH, MOMYYaBIINX C KOPMOM CIOpHl B. subtilis
BS20, cBumerenscTByeT 00 yAy4IICHHH afanTaldOH-
HOM pEaKLUU UMMYHHOM CHCTEMBI U IEPEKIIOYCHUU
Ha aHTUTenoo0pa3oBanue [25]. [IoCKONIbKY y MBIIICH
Muc2”~ 0TCYyTCTBYeT MYyLMHOBasI BBICTHIIKA B KHIIICU-
HHUKE, COOTHOLICHHE W COCTaB MHKPOOHOTHI y HHX
MeHsetcs [17], kxpoMe TOro, OTCYyTCTBUE MYILMHOBOTO
Oapbepa JenaeT CIM3UCTYIO KHIIEYHHKA 0e33aIluTHOM
nepe]] MaTOreHHbIMU U YCIIOBHO-IIAaTOTEHHBIMU MHUKPO-
opranmsmamu. [lockoneky mramm B. subtilis BS20
CTUMYIIUPYET TYMOPaJIbHOE 3BEHO UMMYHHUTETA Y MBbI-
et Muc2~~, BOBMOKHO, 3TO CIIOCOOCTBYET Pa3BUTHIO
Yy HUX YCTOMYMBOCTH K MAaTOT€HHBIM MHKPOOPTaHHU3-
MaM U OOBACHSIET YBEIMYCHUE MAcCChl Tella U MPOAOII-
JKUTEJBHOCTH KU3HU. B MpeapIayux HeeiaeJ0BaHusax
MOKa3aHO, YTO MBIK Muc2”~ mpu KOPMICHHH HEaB-
TOKJIAaBUPOBAHHBIM KOPMOM, COJIE€PKaIllUM HECKOJIBKO
BUJIOB TpejcTaButenein pona Bacillus, xapakrepuso-
BAJIMCH JIyYIIUM DPENpPOAYKTUBHBIM HHICKCOM, Oolee
MO3IHUM TMIOSIBJIEHUEM TIpojanca MNpsSMOM KHIIKU U
BBICOKHM cojiepskaHueM T-xenmepoB B cene3éHKe, IO
CPaBHEHHIO C (DPU3MOJOTMYECKMMU M UMMYHOJIOTHYE-
CKHMH IOKa3aTesIMU MBILIEH, MMOTyyaBIINX aBTOKJIa-
BUPOBAHHBIA KOPM, COAEPKALIUI MHAKTUBUPOBAHHBIC
criopsl Oaktepuii [26]. JloOaBieHHe B KOpM ImITamMMma
B. subtilis DE111 cnocoOcTByeT yBETHYEHHIO YpPOB-
Hsl peryistopHelx T-kierok u T-xenmnepos, Hapsgy CO
CHUXEeHHEM coaepxkanus T-xumnepos [23].

3aKniouyeHue

Wrammel B. subtilis 1 ux MeTaOOIHUTHI SBIS-
IOTCSI HEMAaTOTeHHBIMH ISl YEJIOBEKa, YTO MO3BOJISET
CUMTaTh UX HauOoJee MEepCIECKTUBHBIMUA B KaueCTBeE
OCHOBBI MPOOMOTHKOB HOBOTO IMOKOJEeHMs. BonbrmH-
CTBO U3BECTHBIX IITAMMOB B. subtilis posBUIN ceOst
KaK CPEeJCTBO C MHOTOTPaHHOH KIMHHWYEcKoW 3¢ ¢ex-
TUBHOCTBIO U B HACTOSILEE BpPEeMs PEKOMEHIOBAHBI B

ORIGINAL RESEARCHES

cXemax Tepanuy Npu JICYCHUU MAlMEHTOB ¢ JUcOUOo-
30M KHILIEYHHKA Pa3IUYHOTO TeHe3a, XPOHUYECKHMHU
3a00JIeBaHUSIMU MHILEBAPUTEIBHOTO TpPakKTa, IMOCIe
MepEeHEeCEHHBIX OCTPHIX KHIICYHBIX WHPEKIHH, Ha ¢o-
HE ¥ nocje npuémMa aHTUOMOTHUKOB, TIOCIE TPOBEACHUS
XUMUOTEpAnuy, Ha (OHE JUIMTEIBHON TOPMOHAIBLHON
Tepanuy, B YCIOBHSIX XPOHHUYECKUX CTPECCOBBIX CO-
CTOSIHUM, IIPU HEepalUOHAIBHOU auertorepanuu. IIpe-
naparbl Ha OCHOBE B. subtilis CHIXKAaIOT BBIPaKEHHOCTh
JUCIIENTUYECKUX PACCTPOUCTB, YAYUIIAIOT KHIIEYHOE
nuieBapeHne, 3PpQeKTHBHO OKa3bIBAIOT WMMYHOMO-
OyIUpyollee IeHCTBUE U CIIOCOOCTBYIOT MOBBIICHUIO
kauecTBa *u3HU. C yu€TOM TOTO0, 4YTO MPOOMOTHKH, CO-
nepxkaiue B. subtilis, He UMEIOT POTUBOIIOKA3aHUN U
HE BBI3BIBAIOT MOOOYHBIX 3((HEKTOB, chepa Ux mpume-
HEHUS MOCTOSHHO paciupsercs [27, 28].

Takum 00pa3om, B HayYHBIX paboTax MOCIEIHUX
JECSITUICTHI OBUIO CAETaHO 3HAYNTEILHOE MPOJIBUKE-
HUE B M3YYEHHUH CIIEKTpa aKTUBHOCTHU B. subtilis, B TO
e BpeMs ISl OLICHKH TepaneBTUYecKor 3 PeKTUBHO-
ctu nipu B3K HeoOxomumbl Ooliee UTMTEIbHBIC SKCIIC-
PUMEHTBHI.

BbiBOAbI

Takum o0pasom, criopsl B. subtilis BS20 okasbl-
BalOT HE TOJBKO NMPOTHBOBOCTAIUTENBHOE ACHCTBUE B
KUIIEYHHUKE MbIIeH Muc2~~, moATBEpKIatolIeecs CHU-
JKEHHEM YPOBHS MPOBOCHAIUTENIBHOTO HUTOKMHA MJI-
6, HO U BBICTYIIAIOT KaK CTUMYJIUPYIOIIEE TyMOPaJIbHOE
3B€HO MMMYHMTETA, MOBBIIIAs B CeNe3EHKE coneprKa-
Hue B-knetok u T-xenmepos. [{obGaBnenue cnop Oak-
Tepuil B KopM 0e3 M3MEHEHHUIl yCBOEHUs OENKOB CHO-
COOCTBYET YBEIMUYECHUIO MPOAODKUTENLHOCTH JKHU3HHU,
MIPETSITCTBYS MOTEPE MACChl TeJa y MOJIO0BO3PENBIX Cca-
MOK Muc2~~ MyTaHTHO JTMHHU MBIIICH, SIBIISIOIIIXCS
3KCHepuMeHTaIbHOM Moienbio B3K.
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Molecular genetic determinants of virulence of Streptococcus
agalactiae isolated from pregnant women and newborns
in St. Petersburg and the Leningrad region in 2010-2023

Kira V. Shalepo™, Tatiana A. Khusnutdinova, Olga V. Budilovskaya, Anna A. Krysanova,
Kirill V. Sapozhnikov, Alevtina M. Savicheva, Igor Yu. Kogan

D.O. Ott Research Institute of Obstetrics, Gynecology and Reproductology, St. Petersburg, Russia

Abstract

Introduction. Colonization of the reproductive organs of pregnant women with group B streptococci (GBS;
Streptococcus agalactiae) can lead to severe perinatal and neonatal pathology. In modern conditions, aside from
the prevention of antenatal infection of the fetus during childbirth using antibacterial drugs, vaccination is also
necessary. In this regard, surveillance of GBS genotypes is an important task.

Objective. To determine the molecular genetic determinants of virulence of Streptococcus agalactiae isolated
from pregnant women and newborns, and to monitor the distribution of capsular polysaccharides types and pili
profiles in GBS clinical isolates.

Materials and methods. The study used clinical isolates of GBS (n = 420) isolated from pregnant women
and newborns in 2010-2023.The bacteriological method was used for isolation of S. agalactiae. PCR method
was used to determine the types of capsular polysaccharides, pili, and whether the strains belonged to the
hypervirulent sequence type ST-17.

Results. During 13 years of observation, the predominance of la, Ill and V genotypes of GBS capsular
polysaccharides was noted both in pregnant women and in newborns. The frequency of occurrence of genotype
Ib increased from 0.7 to 6.7%, genotype V from 12.1 to 24.4%, and the prevalence of genotype Ill decreased
significantly from 41.1 to 21.1%. Hypervirulent sequence type ST-17 was detected in 6 pregnant women and
2 newborns. However, there were no signs of neonatal infection in these children. More than half of all clinical
isolates of S. agalactiae had pili genotypes PI-1 + Pl-2a, as well as pili genotypes PI-2a and PI-1 + PIl-2b. The
distribution of pili types did not change over 13 years of the surveillance period.

Conclusion. Surveillance of the GBS capsular polysaccharides and pili genotypes is necessary for the
development of effective preventive vaccines.

Keywords: group B streptococci (GBS), Streptococcus agalactiae, capsular polysaccharide, sequence type,
pilus, virulence, pregnant women, newborns
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MoneKynapHo-reHeTU4YeCKne AeTepMNHaHTbl BUPYIEHTHOCTU
Streptococcus agalactiae, BbigeneHHbIX y 6epeMeHHbIX

N HOBOPOXKAEHHDIX CaHKT-leTepOypra n JIeHNHrpaackon
o6nactu B 2010-2023 rogax

Waneno K.B.*, XycHytauHoBa T.A., bByaunosckas O.B., KpbicaHoBa A.A.,
CanoxHukos K.B., CaBnuyesa A.M., KoraH .IO.

HayuHo-uccnepgoBaTenbCKUn MHCTUTYT akyLepCTBa, TMHeKonorum n penpogykronorun umenun 1.0. OTTa,
CaHkT-lNeTepbypr, Poccua

Pestome

BeegeHue. KomnoHusaums penpoaykTMBHbIX oOpraHoB 6epemeHHbIX cTpenTokokkamu rpynnel B (CIB;
Streptococcus agalactiae) mMoxeT NpUBOANUTb K TSXKEMNOW NepuHaTanbHOM U HeoHaTanbHoW natonoruun. B cospe-
MEHHbIX YCINOBUsIX TpebyeTcst He TONMbKO aHTUbaKkTepmanbHas NpodunakTnka aHTeHaTanbHoOro MHuMpoBaHus
nnoga B poAaax, Ho U BakLMHoNpodunaktuka. sydeHme MonekynapHo-reHeTU4eCKNX A4eTePMUHAHT BUPYIEHTHO-
CTU LMpKynupytowwmx wrammos CI'B B nonynsuum Heobxoanmo anst noHmmanus anngemuonorim CIrB-uxHdekunii
1 pa3paboTKM ansTepHATUBHbIX NMOAXOA0B K UX NPOUNaKTUKe

Llenb: onpegeneHne MonekynspHoO-reHeTUYeCKMX AeTepMnHaHT BUPYneHTHoCTn Streptococcus agalactiae, Bbl-
OeneHHbIX Y 6epeMeHHbIX 1 HOBOPOXAEHHBIX, U MOHUTOPUHI TUMOB KarncymnbHbIX NonMcaxapuaoB U npodunei
nunen KnuHudeckunx nsonatos CIB.

Martepuanbi n metogbl. B nccnegosanve 6binm BrntoveHbl knuHmndeckne nsonatel CIMB (n = 420), BbiaeneHHble
y 6epeMeHHbIX U HoBopoXaEHHbIX B 2010-2023 rr. Ans BbiaeneHus S. agalactiae ncnonb3oBanu 6aktepuono-
rMYECKUn MeTof; TUM KarncyrnbHbIX NonvMcaxapuaos, NUNen, NpuHaaexHocTb WTaMMOB K TMNepBUPYNEHTHOMY
cukBeHc-Tuny ST-17 onpegensany METOAOM NOMNMMepPasHo LenHON peakuum.

PesynbraThl. B TeyeHne 13 net HabniogeHns otMedeHo JomuHupoBaHue la, Il u V reHoTunoB kancynbHbIX No-
nucaxapuaos CI'B kak y 6epeMeHHbIX, Tak 1 y HOBOPOXAEHHbIX. YacToTa BcTpeyaemocTu b reHoTuna ysenmym-
nace ¢ 0,7 0o 6,7%, V reHotuna — ¢ 12,1 go 24,4%, a pacnpoctpaHéHHOCTb |l reHoTUNa 3Ha4YMmMo cHu3nnack —
c 41,1 po 21,1%. Y 6 6epeMeHHbIX U 2 HOBOPOXAEHHBLIX OblN OGHAPYXEH MMNepBUPYNEHTHLIA CUKBEHC-TUM
ST-17. OgHako NpPU3HaKoB HeoHaTanbHOW MHAEKLMMN Yy 3TUX AeTeln He Obino. bonee NonoBMHbLI BCEX KMMHUYeE-
ckux usonartos S. agalactiae nmenn nunu reHotunos Pl-1 + PI-2a, PI-2a n PI-1 + PI-2b. PacnpegeneHve Tvnos
nunen He N3MEHWUNOCh 3a BECb Nepuog HabnoaeHus.

3akntoyeHne. MOHUTOPUHT reHOTMMNOB KancynbHbIX nonvcaxapuaos v nunen CIMB Heobxogum onsa pa3paboTku
3P eKTUBHBIX NPODUNAKTUHECKNX BAKLWIH.

KnroueBble cnoBa: cmpenmokokku epynbi B, Streptococcus agalactiae, kancynbHbIl nonucaxapud, CUKSEHC-
mun, nunau, eupyneHmHocms, 6epemMeHHbIe, HOBOPOXOEHHbIe

Amuyeckoe ymeepxdeHue. ViccrnienoBaHue NpoBoOAMIOCH Npu OGPOBOSIbHOM UHOPMUPOBAHHOM COrflacuy nawu-
E€HTOB U UX 3aKOHHbIX NpeacTaBuTenei. MNpoTtokon uccnenoBaHnsi ogobpeH 3tnyeckum kommtetom HAW AruP um. [1.0.
OtTa (npoTtokon Ne 114 ot 14.12.2021).

UcmoyHuk dpuHaHcuposaHusi. PaboTa BbiNonHeHa B pamMKkax (yHOAMEHTanbHOro Hay4YHOro WCCrefoBaHUst
FGWN-2022-0004 «OnTrMu3aumsi METOAO0B NpeauKumMu, NpodnnakTUkn U neYeHns «BonbLumx akyLepcKkux CUHAPO-
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Introduction

Group B streptococci (GBS), of which Strepto-
coccus agalactiae is the only representative, are short-
chain Gram-positive cocci, facultative anaerobes with
B-hemolytic activity. They are usually commensal or-
ganisms and colonize the gastrointestinal tract and low-
er reproductive tract in about 20-30% of women [1]. In
Russia, this figure reaches 16.3% [2].

When colonized with GBS, symptoms are usually
absent. However, GBS in adults can provoke pyelone-
phritis, arthritis, development of abscesses, mastitis,
endocarditis, septicemia, and others. S. agalactiae are
a common cause of inflammatory diseases of the uro-
genital tract of women and the main etiologic agent of
early neonatal period infections. They are most relevant
in the etiology of perinatal infections, as they can cause
genitourinary tract infections, preterm labor, stillbirth,
chorioamnionitis, postpartum sepsis and a number of
unfavorable outcomes for the mother and child, such as
neonatal sepsis, meningitis or pneumonia. Fetal infec-
tion most often occurs intrauterine, when GBS ascend
from the vagina into the amniotic fluid, but infection
may occur during the fetus' passage through the moth-
er's birth canal (intrapartum).

Neonatal infections caused by GBS are clinically
subdivided into early infections, which develop before
the 6th day of life, and late infections, which develop
7-89 days after birth [3].

The complex pathogenesis of the disease in the
mother and child associated with S. agalactiae is asso-
ciated with a large arsenal of virulence factors of this
microorganism, which can vary widely from an asymp-
tomatic carrier to the development of an invasive in-
fection.

More than 20 different virulence factors of the
microorganism contribute to the pathogenesis of GBS
infection. These include adhesins, enzymes, and other
proteins that can vary widely depending on the strain
of the microbe. Cell adhesion molecules play an im-
portant role in the attachment of the microorganism to
the host cell. Specific adhesins mediate colonization of
S. agalactiae to various receptors present on the surface
of the mucosal epithelium, ensuring its transmission to
newborns during their passage through the maternal
birth canal. These proteins are essential for the microor-
ganism at the initial stage of colonization and promote
invasion into the host epithelial and endothelial cells,
as well as participate in the formation of biofilms. Pili
are an important factor of virulence and pathogenicity
of GBS and are long filamentous protein structures con-
sisting of covalently bound protein subunits attached to
the cell wall, protruding beyond the capsule that covers
the bacterial surface [4].

Many GBS virulence factors influence the ability
of each strain to colonize a particular biotope or cause
severe disease. One of the key virulence factors is the
GBS capsular polysaccharide (CPS), first identified by

Dr. Rebecca Lunsfield in the 1930s. To date, 10 unique
CPS serotypes (Ia, Ib, II-IX) are known [1, 5], with 6 of
them (la, Ib, II-V) accounting for 98% worldwide [1].

There are several approaches to determine the
serotypes of S. agalactiae. The Lancefield precipita-
tion test (latex-agglutination method) is considered
the standard method for the determination of GBS se-
rotypes. Molecular biological methods based on DNA
analysis include real-time PCR-based GBS genotyping,
multiplex PCR analysis for direct identification of S.
agalactiae capsule type (Ia to 1X), and full-genome se-
quencing. Serotyping of GBS isolates is important for
understanding local epidemiology and monitoring CPS
genotype change.

In addition to serotype distinction, GBS can also
be clustered genetically by multi-locus sequence typ-
ing. This is accomplished by sequencing 7 housekeep-
ing genes for any strain of GBS, and the combination
of these 7 genomic loci creates a sequence type (ST)
[6]. Among a global and ecologically diverse sample
of strains, 4 major sequence types were found: ST-1,
ST-17, ST19, and ST23 [6]. Of these, ST-1 and ST-19
were mainly associated with asymptomatic carriers of
GBS, ST-23 was common among both asymptomatic
carriers and cases of invasive disease, and ST-17 sero-
type III strains were associated with neonatal invasive
infections [6].

There are several approaches to antenatal screen-
ing for GBS worldwide. First, it is universal screening
for S. agalactiae late in pregnancy (35-37 weeks) using
a culture-based diagnostic method. Another approach is
based on the presence of obstetric risk factors for infec-
tion (delivery at < 37 weeks' gestation, anhydrous inter-
val of more than 18 h, body temperature above 38°C).
Universal antenatal screening for GBS is used in the
United States and Canada [7]. Screening based on risk
factors used in Sweden and the UK is more cautious, as
women are tested only if they show symptoms of a dis-
ease associated with GBS, such as preterm labor, or if
they have a history of adverse pregnancy outcomes [8].

In Russia, since 2021, the Order of the Ministry
of Health No. 1130n of 20.10.2020 "On Approval of
the Procedure for the Provision of Medical Care in the
Profile "Obstetrics and Gynecology" has been in effect,
according to which screening of pregnant women for
GBS is required at 35-37 weeks of pregnancy. Accord-
ing to this order, exclusively vaginal or both vaginal
and rectal secretions are examined and bacteriologic
examination is performed to isolate S. agalactiae. 1f
GBS is isolated, antibacterial drugs are prescribed in
labor to prevent antibiotic prophylaxis of antenatal in-
fection of the fetus.

Currently, measures have been developed to pre-
vent early GBS infections based on parenteral adminis-
tration of antibiotics during labor to women with a high
risk of transmission of newborn microorganism. While
the efficacy of this method is not in doubt, the choice of
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women for whom antibiotic prophylaxis is indicated is
a matter of debate.

Although antibiotic prophylaxis is a good method
of preventing vertical transmission of infection caused
by S. agalactiae and reducing the incidence of infection
in newborns, there is a risk of S. agalactiae resistance
to antibiotics.

Vaccination of both pregnant women and women
planning pregnancy is currently considered as a pro-
phylaxis against the development of invasive forms
of GBS infection in newborns. This strategy is based
on the ability of maternal IgG to penetrate the placenta
and provide immune protection not only against ear-
ly-onset disease, but also against late-onset disease and
postpartum complications associated with GBS. GBS
occupies environmental niches (e.g., lower gastrointes-
tinal tract and vaginal mucosa) that are relatively im-
munologically inert. In fact, a significant proportion
of women colonized with GBS have low serum IgG
concentrations to CPS, and these women pose a high
risk of early infection with their newborns [9]. The
development of a safe and effective vaccine that can
be administered during or before pregnancy remains
a major goal, as current antibiotic-based therapeutic
prophylaxis strategies do not eliminate all cases of in-
vasive infections caused by GBS.

Vaccine development is aimed at determinants of
S. agalactiae that colonize the vaginal biotope and are
capable of invasion. CPS was recognized as the most
promising of them, on the basis of which scientists
from the USA and South Africa developed a trivalent
vaccine in 2013, which is successfully undergoing clin-
ical trials [10].

In 2017, clinical trials of a polyvalent vaccine tar-
geting serotypes la, Ib, II, I1I, and V of GBS were ini-
tiated. At the same time, an increase in the number of
infections caused by serotype IV of GBS was noted, so
this serotype was added to the hexavalent vaccine. This
vaccine achieved coverage of 98% of neonatal infec-
tions caused by GBS.

The new hexavalent conjugated GBS vaccine
(GBSO6) targets serotypes la, Ib, II, III, IV, and V of
GBS [11], which are prevalent worldwide. Monovalent,
bivalent, and trivalent vaccines against serotypes la, Ib,
I, I, and V of GBS have been previously studied in
non-pregnant and pregnant women. These vaccines
have been shown to be safe and to cause a post-vaccine
increase in antibodies to GBS in infants and vaccinat-
ed individuals. However, there are no licensed vaccines
against GBS infection yet [11]. The task is also com-
plicated by the proportion of capsule-free GBS strains,
which is as high as 10% in some populations.

Another promising target is the surface proteins
and pili proteins of GBS.

A large systematic review of all existing GBS vac-
cine candidates was conducted in 2024. All GBS vac-
cine candidates demonstrated good immunogenicity

ORIGINAL RESEARCHES

and safety data for non-pregnant and pregnant wom-
en. The most promising candidate vaccines are a CPS-
based polyvalent vaccine or a broad-spectrum surface
subunit protein vaccine. Overall, the discovery of these
molecular virulence factors of GBS identifies several
promising targets for prophylactic vaccine develop-
ment. This systematic review also emphasizes that there
are still significant uncertainties in the determinants of
antibody response, especially in individuals with low
baseline levels of antibodies to GBS [12].

To reduce perinatal morbidity and mortality, more
attention should be paid to clinical practice, screening,
widespread detection and treatment of possible mater-
nal and child infection with GBS, and prevention of
antenatal fetal and neonatal infection. Monitoring of
circulating strains of GBS in the region will allow to
evaluate the strategy of prevention of invasive neonatal
infections.

The aim of this study was to determine the molec-
ular genetic determinants of virulence of GBS isolated
from pregnant women and newborns, and to monitor
the distribution of CPS types and pili profiles of GBS
strains in St. Petersburg and the Leningrad region.

Materials and methods

Clinical isolates of GBS isolated from pregnant
women in the third trimester of gestation and neonatal
infections in 2010-2023 at the D.O. Ott Research In-
stitute of Gestational Diseases were used in the study.
Clinical materials in women included the middle por-
tion of freely released urine, vaginal and/or cervical
canal secretions and rectal mucosa; in newborns — se-
cretions of the posterior pharyngeal stalk, nasal cavity,
surface of the external auditory canal, axillary skin, and
meconium.

The study was conducted with the voluntary in-
formed consent of the patients and legal representatives
of newborns; the study protocol was approved by the
local ethical committee of the D.O. Ott Research Insti-
tute of AG&R (protocol No. 114 of 14.12.2021).

Clinical materials were examined by bacteriologi-
cal method using selective nutrient broth (Todd-Hewitt
broth) containing colistin sulfate, nalidixic acid and ox-
olinic acid, which inhibit associated microbiota, and on
Mueller-Hinton agar with addition of 5% defibrinated
blood. The isolated streptococci were identified using
the SAMR test and by MALDI-TOF protein profiling
(Bruker). For further studies, the strains were stored at
—70°C in trypticase-soy broth supplemented with 30%
glycerol.

Bacterial DNA extraction was performed using
AmpliPrime DNA-Sorb-AM DNA extraction reagent
kit (Central Research Institute of Epidemiology of
Rospotrebnadzor) according to the manufacturer's in-
structions.

Serotype and pili variant were determined by
polymerase chain reaction (PCR), for which Tersus plus
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PCR kit (Eurogen) was used. Thermocycling was per-
formed using the Terzik amplifier (DNA-Technology).
To determine the types of CPS, the method proposed by
K. Yao et al. [13].

The pili type was detected using the method de-
veloped by S. Teatero et al. [14]. The method includes
two PCR reactions. The first reaction is multiplex; it
contains a mixture of 4 primer pairs to the genes of PI
loci (Pilus islands) — PI-1, PI-1b, PI-2a, PI-2b, the
amplicons of which differ in size. The second reaction
contains a pair of primers corresponding to the start
and end of 2 genes flanking the PI-1 prophage locus.
If the prophage is absent, these primers amplify only
the genes flanking the prophage, corresponding to 648
nucleotide pairs. This reaction is used as a control for
PI-1-negative isolates.

PCR with primers to the ghs2018-ST-17 gene was
used to determine hypervirulent ST-17. If the GBS
strain was classified as hypervirulent ST-17, a 210 bp
amplicon was obtained.

DNA electrophoresis in 2% agarose gel was used
to separate the amplicons obtained. The DNA length
marker 100+ bp DNA Ladder (Eurogen) was used to
establish the molecular size of the amplicons. The re-
sults were visualized using the Infinity gel documenta-
tion system (VilberLourmat).

Statistical processing of data

For statistical processing of data, we used the
R v. 4.3.0 software. The study is observational, which
included 100% of available study cases for 2010-2011,
20162020 and 2021-2023, so power was not checked.
The proportions of patients with a given feature are pre-
sented both in absolute values (n/N, where #n is the num-
ber of patients with the feature, N is the group size) and
as relative units (%) with confidence interval (CI) calcu-
lated using the Klopper—Pearson method. The difference
between the fractions was evaluated using Fisher's exact
test. In the case of multiple comparisons, the Hill correc-
tion was applied. The critical level after which the null
hypothesis was rejected was accepted at p = 0.05.

Results

To monitor the distribution of CPS genotypes and
pili profiles in GBS isolated from pregnant women
and newborns in St. Petersburg and Leningrad region
in 2010-2023, we examined 420 clinical isolates of
GBS. We divided these clinical isolates into the periods
20102011, 2016-2020, and 2021-2023. The observa-
tion periods were chosen because a 10-year compar-
ative evaluation of GBS virulence factors and antibi-
otic resistance was performed in the above periods. In
2021-2023, new data began to accumulate as the moni-
toring of GBS continued, and this period was also taken
for analysis.

Table 1 presents data on the distribution of CPS in
clinical isolates of GBS isolated from pregnant women

and newborns in St. Petersburg and Leningrad Region
in different periods. In the region, genotypes Ia, 111, and
V CPS of GBS were dominant during all periods of ob-
servation, while genotypes VI, VII, and IX were rare.
Genotype VIII was absent throughout the entire obser-
vation period. During the 13 years of follow-up, the fre-
quency of detection of different GBS genotypes varies.
Thus, from 2010-2011 to 2021-2023, the frequency of
genotype Ib (from 0.7% to 6.7%; p = 0.015) and gen-
otype V (from 12.1% to 24.4%; p = 0.02) increased,
while the prevalence of genotype I1I decreased signifi-
cantly (from 41.1% to 21.1%; p = 0.003). It should be
noted a negative dynamic in the frequency of detection
of genotypes la, Ib, III, which are included in the triva-
lent vaccine, from 76.6% to 54.4% (Table 1). The de-
tection of 6 genotypes (Ia, Ib, 11, IL, II, IV, V) remained
above 95.0%. This distribution of genotypes indicates
that a hexavalent CPS-based vaccine would be effective
in our region. These changes require close attention and
continuous monitoring, especially with the prospect of
creating prophylactic vaccines.

These data are more clearly presented in the
Figure, which shows the dynamics of the increase in the
frequency of detection of genotypes Ib, V and a decrease
in the frequency of detection of genotype Il of GBS.

Detection of CPS in a pregnant woman before de-
livery is a prognostic factor for newborn colonization
by CPS (with vertical transmission of the pathogen). It
was important to evaluate the frequency of detection of
CPS genotypes in mothers and their newborns. In our
study, 199 mother-newborn pairs were identified. CPS
was detected in all mothers and neonatal infection col-
onization was 52.76% (45.84-59.58%).

Genotypes III (17.0%), [a (16.1%) and V (10.5%)
were most frequently identified in the mother-newborn
pair. Genotypes 1V, VII and IX were found in 0.5% of
cases. Genotypes VI and VII were rare in our popula-
tion and were not isolated in the mother-newborn pair.
All presented genotypes isolated in the mother matched
the genotypes isolated in newborns (Table 2).

GBS isolates isolated from 2021-2023 were ana-
lyzed for belonging to hypervirulent ST-17. Of the 90
GBS isolates isolated from pregnant women and new-
borns, hypervirulent ST-17 was detected in 6 (6.7%)
GBS isolates belonging to genotype III. 2 children born
to these 6 women also had GBS isolated with this se-
quencing type, but they did not show signs of GBS in-
fection.

Table 3 presents data on the distribution of pi-
li genotypes of S. agalactiae isolated from pregnant
women and newborns in St. Petersburg during different
periods of observation.

More than half of all S. agalactiae clinical isolates
distributed in our region had pili of genotype PI-1 +
PI-2a, which was 53.9% in 2010-2011, 58.2% in 2016—
2020, and 48.9% in 2021-2023, a difference statistical-
ly insignificant. PI-2a (30.5% in 2010-2011, 24.9% in
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Table 1. Distribution of capsular polysaccharides in clinical isolates of S. agalactiae isolated from pregnant women and
newborns together in St. Petersburg and the Leningrad region, n/N; % (95% CI)

Genotype 2010-2011 (N = 141) 2016-2020 (N = 189) 2021-2023 (N = 90) Total
la 49/141; 56/189; 24/90; 129/420;
34,8% (26,9-43,2%) 29,6% (23,2-36,7%) 26,7% (17,9-37%) 30,7% (26,3-35,4%)
Ib 1/141; 13/189*; 6/90*; 20/420;
0,7% (0-3,9%) 6,9% (3,7-11,5%) 6,7% (2,5-13,9%) 4,8% (2,9-7,3%)
I 12/141; 15/189; 13/90; 40/420;
8,5% (4,5-14,4%) 7,9% (4,5-12,8%) 14,4% (7,9-23,4%) 9,5% (6,9-12,7%)
Il 58/141; 45/189**; 19/90**; 122/420;
41,1% (32,9-49,7%) 23,8% (17,9-30,5%) 21,1% (13,2-31%) 29% (24,7-33,6%)
v 3/141; 8/189; 2/90; 13/420;
2,1% (0,4-6,1%) 4,2% (1,8-8,2%) 2,2% (0,3~7,8%) 3,1% (1,7-5,2%)
Vv 17/141; 46/189%; 22/90%; 85/420;
12,1% (7,2-18,6%) 24,3% (18,4-31,1%) 24,4% (16-34,6%) 20,2% (16,5—24,4%)
VI 0/141; 2/189; 2/90; 4/420;
0% (0-2,6%) 1,1% (0,1-3,8%) 2,2% (0,3-7,8%) 1% (0,3-2,4%)
VI 1/141; 2/189; 2/90; 5/420;
0,7% (0-3,9%) 1,1% (0,1-3,8%) 2,2% (0,3-7,8%) 1,2% (0,4-2,8%)
VIl 0/141; 0/189; 0/90; 0/420;
0% (0-2,6%) 0% (0—1,9%) 0% (0—4%) 0% (0-0,9%)
IX 0/141; 2/189; 0/90; 2/420;
0% (0-2,6%) 1,1% (0,1-3,8%) 0% (0-4%) 0,5% (0,1-1,7%)
la, Ib, Ill 108/141; 114/189**; 49/90*; 271/420;
76,6% (68,7-83,3%) 60,3% (53-67,3%) 54,4% (43,6-65%) 64,5% (59,7-69,1%)
la, Ib, 11, 111, IV, V 140/141; 183/189; 86/90; 409/420;

99,3% (96,1-100%)

96,8% (93,2-98,8%)

95,6% (89-98,8%)

97,4% (95,4-98,7%)

Note. Data for 2010-2020 were obtained and published by us earlier [14, 15]. *p < 0.05, **p < 0.05 compared to the data for 2010-2011.
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Dynamics of the frequency of detection of the main capsular polysaccharides in S. agalactiae isolated from pregnant women
and newborns in St. Petersburg and the Leningrad region during different periods.

2016-2020, and 21.4% in 2021-2023 (p > 0.05) and
PI-1 + PI-2b pili genotypes were the next most com-
mon (frequency of detection was 12.1% over the entire
follow-up period). The PI-2b GBS genotype was one of
the rarest, which is also consistent with studies conduct-
ed in Europe. The GBS genotype including the recently
described PI-1b locus was, as expected, extremely rare.

Discussion

In this study, we tracked the changes in CPS
S. agalactiae genotypes among pregnant women and
newborns in St. Petersburg and Leningrad region. In
our region, CPS genotype la was dominant in 2010—
2011 and was detected in 34.8% of cases, in 20162020

it was found in 29.6% and currently in 26.7%. During
the entire follow-up period, one third (30.7%) of all
clinical isolates of GBS belonged to genotype la. Geno-
type III was the second most common genotype. How-
ever, there was a change in the frequency of detection
of genotype III of GBS over the 13 years, namely a sig-
nificant decrease from 41.1% in 2010-2011 to 21.1% in
2021-2023 (p = 0.003). Thus, the dominant genotypes
over the entire surveillance period remain Ia, I1I and V.
These data are consistent with those obtained in other
countries. Genotypes III, Ia, and V were the most com-
mon genotypes of GBS in several regions (Europe and
North America, East Asia, South, East/Central Africa,
and Australia/New Zealand) [17]. The most common
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Table 2. Frequency of detection of genotypes
of capsular polysaccharides in the mother-newborn pairs
in St. Petersburg and the Leningrad region in 2010-2023

Mother neonate pairs, N = 105

Genotype
n % (95% ClI)

la 32 16,1 (11,27-21,94)
Ib 3 1,5 (0,31-4,54)

I 13 6,53 (3,76-10,95)
1] 34 17,0 (12,46-27,96)
\% 1 0,5 (0,01-3,08)
\Y 20 10,05 (6,53-15,08)
\ 0 0

VI 1 0,5 (0,01-3,08)
Vil 0 0

IX 1 0,5 (0,01-3,08)

GBS genotype colonizing pregnant women worldwide
was genotype III, occurring at an incidence of 25%
(95% CI 23-27%), and genotype Ia, detected in 19%
(95% CI 17-21%) of women [17].

Genotype IV was found in Europe and North
America at a frequency of 4%, and in South Africa at
3%. Genotypes VI-IX were rarely detected in Europe
(1%) [17]. In St. Petersburg and the Leningrad Region,
genotypes VI, VII, and IX were rare (1; 1.2; 0.5%, re-
spectively). Genotype VIII was never detected through-
out the entire observation period.

It should be noted that according to the results of
our study, the frequency of occurrence of genotype Ib,
which is one of the vaccine components, increased from
0.7% in 2010-2011 to 6.7% in 2021-2023 (p = 0.015).

Globally, Ia, Ib, II-V genotypes cover more than
99% of all cases of GBS infections, including early and
late neonatal infection [18]. In our region, the coverage
of these genotypes is (99% to 95.5% at different periods
of follow-up). These changes require close monitoring
of the represented genotypes for vaccine development.

The vertical transmission rate of GBS in mother-
newborn pair in our study was 52.76% and overlap of
molecular genetic characteristics among GBS-positive
mother-newborn pairs was shown. The same CPS gen-
otypes were dominant in the mother-newborn pair. Ac-
cording to different authors, the frequency of vertical
transmission from GBS colonized mothers ranges from
54.2% in Turkey to 14.1% in China [19].

According to the literature, hypervirulent ST-17
GBS strains are associated with the risk of neonatal in-
vasive infections. We detected this sequencing-type of
GBS in 6 women and 2 newborns. When hypervirulent
ST-17 strains of S. agalactiae in pregnant women, their
newborn children should be monitored, as they fall into
the risk group for early and late infection and have an
increased risk of meningitis [20].

The main limitation of CPS-based vaccines is the
need to provide protection against multiple serotypes,
so multivalent vaccine strategies are of great interest.
The Novartis/GSK trivalent vaccine (Novartis/GSK
GBS3) containing a CPS Ia/Ib/IIl conjugate is consid-
ered safe for pregnant women, induces the production
of high maternal antibody titers, and the antibodies are
transmitted transplacentally to the fetus [21]. Unfor-
tunately, the trivalent vaccine still does not include all
clinically relevant GBS genotypes and may lead to se-
lection of non-vaccine strains by capsule replacement, a
phenomenon that has been observed in many high-risk
populations and among ST-17 strains [20].

According to our data, the efficacy of the trivalent
vaccine in pregnant women in 2010-2011 would be
76.6%, in 20162020 — 60.3%; currently, its efficacy
is only 54.4%. The task is also complicated by the pro-
portion of capsule-free GBS strains, which is as high
as 10% in some populations. A new hexavalent (sero-
types la, Ib, II, III, IV, and V) conjugated GBS vaccine
(GBS6) [11], which accounts for approximately 98% of
the pathogenic GBS genotypes that are prevalent world-
wide, has been investigated. Monovalent, bivalent and
trivalent vaccines against genotypes la, Ib, I, Il and V

Table 3. Distribution of pili genotypes in S. agalactiae strains isolated from pregnant women and newborns in St. Petersburg

and the Leningrad region, n/N; % (95% CI)

Pilus 2010-2011 2016-2020 2021-2023 Total
PI-1 + Pl-2a 76/141; 110/189; 44/90; 230/420;
53,9% (45,7-61,9%) 58,2% (50,8-65,3%) 48,9% (38,2-59,7%) 54,8% (49,9-59,6%)
PI-1 + PI-2b 20/141; 19/189; 12/90; 51/420;
14,2% (8,9-21,1%) 10,1% (6,2-15,3%) 13,3% (7,1-22,1%) 12,1% (9,2-15,7%)
PI-1b + Pl-2a 11141; 4/189; 0/90; 5/420;
0,7% (0-3,9%) 2,1% (0,6-5,3%) 0% (0—4%) 1,2% (0,4-2,8%)
Pl-1b + PI-2b 0/141; 3/189; 0/90; 3/420;
0% (0-2,6%) 1,6% (0,3-4,6%) 0% (0—4%) 0,7% (0,1-2,1%)
Pl-2a 43/141; 47/189; 31/90; 90/420;
30,5% (23-38,8%) 24,9% (18,9-31,7%) 34,4% (24,7-45,2%) 21,4% (17,6-25,7%)
PI-2b 11141; 6/189; 3/90; 10/420;

0,7% (0-3,9%)

3,2% (1,2-6,8%)

3,3% (0,7-9,4%)

2,4% (1,1-4,3%)
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of GBS have been previously studied in non-pregnant
and pregnant women. These vaccines have been shown
to be safe and to cause a post-vaccine increase in an-
tibodies to GBS in newborns and vaccinated women.
There are no licensed vaccines against diseases caused
by GBS [11]. However, the presence of new genotypes
and atypical GBS isolates, as well as the possibility of
genotype switching, support the need for continuous
genotype surveillance to contribute to the development
of a universal vaccine [10, 12].

Not only the capsule but also the pili is an im-
portant factor in increasing the virulence of GBS. Most
GBS contain PI-1 + PI-2a, and the presence of these
pili stabilizes colonization [22]. The combination of
PI-1 and PI-2a was predominant among GBS isolates
colonizing 38% of pregnant women, PI-2a in 32%. The
largest proportion of genotypes with pili islet protein
genes was genotype la — 69% (PI-2a only) and geno-
type III — 85% of strains (PI-1 and PI-2b) [23].

1. Margarit et al. demonstrated in an extensive study
of GBS pili on a large collection of clinical isolates that

ORIGINAL RESEARCHES

all GBS isolates contain at least one or a combination of
two Pls, and a pili-based vaccine would provide suffi-
cient widespread protection [24]. More than half of all S.
agalactiae clinical isolates distributed in our region had
pili of genotype PI-1 + PI-2a. The next most common
genotypes were PI-2a (24.9 to 34.4%) and PI-1 + PI-2b
(12.1%) pili genotypes. As our studies show, the distri-
bution of pili genotypes did not change during the ob-
served period. The data we obtained coincide with those
obtained in the USA and European countries [7]. It is im-
portant to note that a vaccine based on pili components
would have been effective throughout the entire period.

Conclusion

Despite fruitful research in recent years, our un-
derstanding of the dual role of GBS as a commensal
and pathogen is still far from complete. More funda-
mental studies that unravel the molecular basis of viru-
lence factors and host response to GBS are necessary to
develop new prophylaxis methods that may be effective
in preventing GBS infections in newborns.
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Genotyping of Borrelia, Rickettsia and Anaplasma in Ixodes ricinus

and Dermacentor reticulatus ticks in the Kaliningrad region
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Abstract

Background. Tick-borne bacterial and protozoal pathogens pose a significant public health problem. The aim
of this study was to detect and genotype Borrelia, Rickettsia and Anaplasma in Ixodes ricinus and Dermacentor
reticulatus ticks collected in the Kaliningrad region in 2021-2022.

Materials and methods. The study included 862 /. ricinus and 803 D. reticulatus ticks (1665 in total) collected in
33 biotopes of the Kaliningrad region. Detection of the DNA of tick-borne pathogens was carried out in individual
ticks by PCR using a set of specific primers, followed by sequencing and phylogenetic analysis.

Results. The level of infection of I. ricinus ticks with Borrelia was 15.5%, and genotyping by the p66 gene
sequence showed the presence of genetic material from four species: B. afzelii, B. garinii, B. valaisiana, and
B. lusitaniae. In D. reticulatus ticks, no Borrelia genetic material was detected. The Rickettsia DNA has been
found in both tick species. Moreover, the infection rate of /. ricinus ticks was 2.6%, and D. reticulatus — 21.2%.
R. helvetica were found in I. ricinus ticks, and R. raoultii in meadow ticks when genotyping by gltA gene. Genetic
markers of Anaplasma phagocytophilum have been found in I. ricinus and D. reticulatus ticks. Cases of co-
infection of an individual tick have also been identified.

Conclusion. Six different species of tick-borne pathogens were found in the /. ricinus and D. reticulatus ticks
collected in the Kaliningrad region and R. helvetica, R. raoultii and A. phagocytophilum were identified for the
first time.

Keyworlds: ixodes ticks, tick-borne infections, Borrelia, Rickettsiae, Anaplasma, genotyping, phylogenetic
analysis, Kaliningrad region, Russia
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leHOTUNMpPOBaHMe 6o0ppenuni, pUKKeTCHIA 1 aHan1IasMm B Knewax
Ixodes ricinus n Dermacentor reticulatus B KanuHnHrpagckom obnactm

Kaprawos M.10."2, BonueBE.I.3, KpuBoweunHa E.1.", CBupuHn K.A.",

TepHoBom B.A.", JlokteB B.B."**™

'TocymapCTBEHHbIN HayuHbI LIEHTP BUPYCONOrMmM 1 6rotexHonorum «Bektop», Konbuoso, Poccus;
2HoBOCMOUPCKINI HALMOHaNbHBIW NCCEeA0BaTENbCKMI rOCYAapCTBEHHbIN YHUBepcuTeT, HoBocnbupck, Poccus;
3bantuiickuin epepanbHblil yHuBepcuteT um. W. KaHTa, KanvHuHrpag, Poccus;

“UHcTnTyT UnTonormum u reHetukn CO PAH, HoBocnbumpck, Poccua

AHHOMauyusi

AxTyanbHocTb. Bo3byanTtenu knewesbix nHdekumMn 6aktepmanbHOW U NPOTO30MHOW NPUPOAbLI NPEeACTaBNsIoT
CYyLLECTBEHHYI0 NpobnemMy Ansi obLeCcTBEHHOIO 30paBOOXPaHEHUS.

Llenb nccnegoBaHusa coctosina B OETEKUMW U FeHOTUNMPOBaHUM Goppenuii, pUKKETCUI 1 aHannasm B Knewiax
Ixodes ricinus v Dermacentor reticulatus, cobpaHHbIx Ha TeppuTopumn KannHuHrpagckon obnactu B 2021-2022 rr.
Martepuanbl n metoabl. B nccnepgosaHue 6binun BknoveHsl 1665 knewweit: 1. ricinus (n = 862) u D. reticulatus
(n = 803), cobpaHHbIx B 33 6uotonax KanvHuHrpagckon obnactu. [leTekumto reHeTM4eckoro matepmana knetye-
BbIX MATOreHOB MPOBOAMIM B MHAMBMAYyanbHbIX knewax metogom lMLP ¢ nocnegyowmnm cekBeHMpOBaHUEM U
dunoreHeTMHECKMM aHann3oM crneuyuduyeckmx nocrnegosatensHocten AHK.

Pe3synbraTbl. YpoBeHb MHMMLMPOBAHHOCTU Krewen I. ricinus 6oppenusamu coctasun 15,5%, npuyém reHo-
TUNUPOBaHKE NO NocnefoBaTenbLHOCTU reHa p66 nokasano Hanuuve OHK Goppenuii yeTbipex BuaoB: Borrelia
afzelii, B. garinii, B. valaisiana v B. lusitaniae. B knewax D. reticulatus JHK 6oppenuii He BbisiBneHo. eHeTu-
yYeckuin matepman Rickettsia spp. 6bin obHapyxeH B 0601x Buaax Knewien, npuyém ypoBeHb MHPULMPOBAHHO-
cTn knewen . ricinus coctasun 2,6%, a D. reticulatus — 21,2%. B knewax /. ricinus obHapyxeHbl pUkKeTcum
R. helvetica, a B nyroBbIx knewax — R. raoultii npy npoBegeHUM UX reHoTunupoBaHusa no reHy gltA. OHK
Anaplasma phagocytophilum 6binn oGHapy>xeHbl Kak B knewax [. ricinus, Tak u B knewax D. reticulatus. BbisiBne-
Hbl TAKXKE Cny4yan KOMHMPMLMPOBAHNSA MHOUBMAYANbHOIO Krnewa HECKONbKUMU KMNeLeBbIMU NaToreHamu.
3akntoueHue. B knewax I. ricinus v D. reticulatus, cobpaHHbIX Ha TeppuTopun KannHuHrpaackon obnacru, ob-
HapyXeHbl 6 BWMOOB BO3OyaAUTENEN KnelleBblX MHAEKUMI BakTepuanbHOM U MPOTO30MHON MPMpoabl, NPUYEM
R. helvetica, R. raoultiin A. phagocytophilum ©binv BbiABNEHbI BNEpBbIE.

KnroueBble cnoBa: ukcodosble Kieuju, Kreujeabie UHbekyuu, 60ppenuu, PUKKemcuu, aHarnna3mMmbl, ceHomurnu-
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Introduction

Ticks can be infected with pathogens of viral, bac-
terial and protozoan nature [1-3]. In addition to fairly
well-studied pathogens, which include tick-borne en-
cephalitis virus and ixoid borreliosis pathogens, oth-
er microorganisms that cause human diseases may be
present in ticks, including in European countries [2,
4-6]. Tick-borne infections are a common group of zoo-
anthroponotic diseases in Russia [7, 8]. The structure
and characterization of tick-borne infections, including
genotyping of their pathogens, in the European part of

Russia is not sufficiently studied [9]. In recent years,
cases of human tick-borne infections have been asso-
ciated with ticks Ixodes persulcatus (Schulze, 1930),
1L pavlovskyi (Pomerantzev, 1946), Dermacentor re-
ticulatus (Fabric, 1794), D. marginatus (Sulzer, 1776),
and D. nuttali (Olenev, 1928) in Siberian and Far East-
ern regions of Russia [8, 10]. In the European parts of
Russia, /. ricinus ticks are widely distributed (Linnaeus,
1758), which are prevalent in the western regions of the
country. Interestingly, the appearance of D. reticulatus
ticks is noted in urban and suburban biotopes [8, 11].

© Kaptawos M.1O., Bonues E.I", KpusowenHa E.W., CeupuH K.A., TepHosor B.A., Iloktes B.B., 2024
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Primers using for isolation gene fragments of Borrelia, Rickettsia and Anaplasma from ixodes ticks

Primer Primer sequence (5'—3') Temperature, °C Size, bp Reference
Borr2rF CGAATTAGGCAAAGACGATCC 56 548 [8]
Borr2rR TTTCCATAAGCTCCTGATAAGCCA
CS409d CCTATGGCTATTATGCTTGC 56 769 [16]
RP1258n ATTGCAAAAAGTACAGTGAACA
MSP2-3f CCAGCGTTTAGCAAGATAAGAG 55 334 [17]
MSP2-3r GCCCAGTAACAACATCATAAGC

For example, in Tomsk, their numbers increased more
than 200 times for urban biotopes, and the infection rate
of D. reticulatus ticks was approximately 44—48% for
Rickettsia spp., 0.7-0.9% for tick-borne encephalitis vi-
rus, and 0.6% for Anaplasma phagocytophilum.

Earlier in 1. ricinus ticks located in the Leningrad
and Kaliningrad regions, 4 species of Borrelia were
presumably detected by PCR at an infection rate of
11.5% [12]. Later, taiga ticks (/. persulcatus) were de-
tected in park areas of St. Petersburg on the Baltic Sea
coast with an infection rate of 9.3% with borreliae gen-
otyped as B. afzelii and B. garinii [13]. In Finland, the
infection rate of I. ricinus and I. persulcatus infected
with various tick-borne pathogens reached 30% with a
significant predominance of Borrelia burgdorferi sensu
lato [14]. At the same time, 1. ricinus ticks were signifi-
cantly more frequently infected and co-infected with
various bacterial and protozoan pathogens.

In the Kaliningrad region in 2022, 5379 people
sought medical help due to tick bites'. Only cases of
viral tick-borne encephalitis and ixoid tick-borreliosis
are diagnosed annually in patients who are tradition-
ally associated with I. ricinus ticks: 3 cases of tick-
borne encephalitis and 49 cases of tick-borreliosis
were reported in 2022, The circulation of other tick-
borne pathogens and their species affiliation have not
been described.

The aim of this study was to detect, study species
affiliation and genotyping of Borrelia, Rickettsia and
Anaplasma detected in ixodid ticks collected in differ-
ent biotopes of the Kaliningrad region.

Materials and methods

Mites were collected from vegetation using the
"per flag" method in different biotopes of the Kalinin-
grad region in 2021-2022. Geographical coordinates of
biotopes and the number of mites collected in biotopes
are presented in the Appendix on the journal's website.
Species identification of ticks was carried out by mor-
phological method [15].

! State report “On the state of sanitary and epidemiological changes
in the population in the Kaliningrad region in 2022.” Kaliningrad,
2023. 238 p. URL: https://39.rospotrebnadzor.ru/sites/default/
files/doklad o goskontrole za 2022 kaliningradskaya.pdf

Nucleic acid isolation

Ticks were treated twice with 70% ethanol to in-
activate infectious agents and washed with phosphate-
buffered saline. Homogenization of the obtained sam-
ples was performed using a laboratory homogenizer
TissueLyserLT (Qiagen) in 300 pl of sterile physiolog-
ical saline. The nucleic acid isolation was performed
from 100 pl of homogenate using the AmpliPrime
RIBO-prep reagent kit (NextBio) according to the man-
ufacturer's instructions.

PCR testing

Screening of the obtained samples for the pres-
ence of genetic markers of the studied pathogens was
carried out by PCR using specific primers (Table) on a
thermocycler T-1000 (Bio-Rad) in 25 pl of the reaction
mixture of the following composition: 10 mM Tris-HCl
(pH 9.0), 50 mM KClI, 0.1% Triton X-100, 2 mM MgCl,,
0.2 mM of each dNTP, 0.25 mM of each primer,
1.5 units of HS-Taq polymerase activity (Eurogen) and
1-100 ng of DNA matrix. The following temperature
regimes were used for PCR: preliminary activation
of polymerase — 95°C for 5 min; 38 cycles: 95°C —
208, T . — 20, 72°C — 1 min; final elongation
at 72°C — 4 min.

The amplicons were detected by gel electrophore-
sis in 2% agarose gel in Tris-acetate buffer containing
0.1% ethidium bromide. Amplification products were
purified from agarose gel using a microcolumn-based
kit (Biosilica).

Sequencing and nucleotide sequence analysis

Sanger sequencing was performed using the Big-
Dye Terminator v.3.1 Cycle Sequencing Kit (Applied
Biosystems). Nucleotide sequences were determined
by capillary electrophoresis using a 3130xl Genetic
Analyzer automatic sequencer (Applied Biosystems).
Analysis of the obtained nucleotide sequences was per-
formed using the UniproUGENE v. 1.46 program. The
obtained nucleotide sequences were compared with
previously published sequences in GenBank using the
BLAST search application. The nucleotide sequenc-
es were aligned using the MUSCLE algorithm in the
MEGA X software. Phylogenetic analysis of nucleotide
sequences was performed by the maximum likelihood
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method using the Tamura-Nei evolution model to ana-
lyze genetic relationships/clustering of nucleotide se-
quences. The statistical reliability indices of phyloge-
netic tree nodes were calculated by bootstrap analysis
using 1000 random replicates.

Deposit of nucleotide sequences

The following nucleotide sequences were depos-
ited in the GenBank database: fragments of the msp2
gene of A. phagocytophilum (OR488786-OR488799);
p06 gene fragments of Borrelia: B. afzelii (OR488840-
OR488890), B. garinii (OR488891-OR488929),
B. valaisiana (OR488930-OR488948), B. lusitani-
ae (OR48898949-OR488967); Rickettsiae glt4 gene
fragments: R. helvetica (OR496610-OR496611) and
R. conorii subsp. raoultii, hereafter as the basionym of
R. raoultii (OR496612-OR496613).

The studies were conducted in compliance with
the biosafety rules regulated in MU 1.3.2569-09, SP
1.3.3118-13, SP 3.1.3310-15.

Results

We collected and analyzed 1665 individual sam-
ples of nymphs and imago of I. ricinus (n = 862) and
D. reticulatus (n = 803) ticks from 33 urban, suburban
and characteristic natural biotopes of the Kaliningrad
region (Fig. 1). The biotopes studied were subdivided
according to the species of ticks collected in them as
follows: 11 biotopes in which only /. ricinus ticks, 9
biotopes with D. reticulatus ticks and 13 biotopes with
2 tick species. Quite unusually, in fact, half of all col-
lected mites were attributed to the meadow mite, which
was found in 2/3 of the biotopes studied and absolutely
prevailed in 9 of them.

The infection rate of 1. ricinus Borrelia infection
was 15.5% (128/862; 95% CI 13.2-18.1). Determina-
tion of the nucleotide sequence of a fragment of the p66
gene with a length of about 560 bp among 128 samples
revealed Borrelia of four species from the B. burgdor-
feri s.l. complex: in 51 ticks, DNA of B. afzelii (39.9%;
95% CI1 31.8-48.5), in 39 — B. garinii (30.5%; 95% CI
23.2-38.5), in 19 — B. valaisiana (14.8%; 95% C1 9.7—

Fig. 1. Locations of biotopes in the Kaliningrad region,
where ixodid ticks were collected in 2021-2022.

ORIGINAL RESEARCHES

22.0), in 19 — B. lusitaniae (14.8%; 95% C1 9.7-22.0)
were detected. No Borrelia genetic material was detect-
ed among the studied samples of ticks of D. reticulatus
species. Phylogenetic analysis showed that Borreliae
detected in /. ricinus ticks in the territory of the Kalin-
ingrad region cluster with prototypic sequences isolat-
ed primarily in European countries (Fig. 2). Sequence
analysis of the fragment of the p66 gene of B. afzelii
revealed 6 alleles of this gene, for B. garinii isolates 8
allelic variants differing from each other by 1-14 nucle-
otide substitutions were detected, and B. valaisiana and
B. lusitaniae isolates had 2 and 4 substitutions.

The rickettsial infection rate in ticks was 11.5%
(191/1665; 95% CI 10.2-13.1%). Among I. ricinus
ticks, Rickettsia DNA was detected in 22 samples
and the infection rate was 2.6% (22/862; 95% CI 1.7—
3.8%). All identified Rickettsia isolates from /. ricinus
ticks were attributed to R. helvetica by a fragment of
the citrate synthase gene (g/t4). When analyzing the
nucleotide sequences of the glt4 gene, two main ge-
netic variants of R. helvetica circulating in the Kalinin-
grad region were identified. They differ from each other
by 2 synonymous nucleotide substitutions (the level of
homology between the genetic variants is 99.8%). One
of the genetic variants corresponds to the previously
described variants of R. helvetica found in the Komi
Republic and Omsk region [9, 18], the other genetic
variant differs from the known sequences.

In 21.1% of D. reticulatus ticks, Rickettsia DNA
was detected (169/803; 95% CI 18.4-24.0%), which
was genotyped as R. raoultii. Phylogenetic analysis of
R. raoultii revealed the existence of two variants dif-
fering by a single synonymous substitution (Fig. 3).
In general, these genetic variants correspond to a wide
range of R. raoultii isolates circulating in Europe, Rus-
sia and China [19, 20].

A. phagocytophilum DNA was detected by PCR in
12 samples of ticks of the species I. ricinus (1.4%; 95%
CI 0.8-2.5%) and in 2 samples of D. reticulatus ticks
(0.2%; 95% CI 0.1-0.9%). The nucleotide sequences
of the msp2 gene fragment of approximately 340 bp
in length were determined in the detected A. phagocy-
tophilum isolates, followed by phylogenetic analysis
(Fig. 4). Three A. phagocytophilum genetic variants
with a homology level of 98.6%, identical or closest to
A. phagocytophilum isolates circulating in Norway and
Poland, were detected in the Kaliningrad region.

Two tick samples contained simultaneously ge-
netic material of B. afzelii and R. helvetica, one tick
sample contained DNA of B. valaisiana and A. phago-
cytophilum.

Discussion

The results of regular long-term field observations
show that the main recreational landscapes of the Ka-
liningrad region, including landscapes of the Baltic Sea
coast, have established populations of ixodid ticks. The
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Fig. 2. Dendrogram of nucleotide sequences of the p66 gene fragment for detected borrelia isolates.
Black squares — sequences derived from /. ricinus tick.

activity of ixodids in zones with pronounced anthropo-
genic load is significantly higher than in similar land-
scapes with insignificant anthropogenic load. Thus, in
recent years, 4194—7300 people seek medical help for
tick bites. Every year 2-16 cases of viral tick-borne en-
cephalitis and 35-132 cases of ixoid tick-borne borreli-
osis are diagnosed. This repeatedly increases the risks
of human contact with ixodid ticks, which can lead to
human infection with various tick-borne pathogens.
Tick-borne borrelioses occupy an important place
in the structure of infectious pathology in the Kalinin-
grad region. In ticks of the Kaliningrad region we de-
tected and genotyped B. afzelii, B. garinii and B. [lu-
sitaniae, which are considered pathogenic for humans,
and B. valaisiana, the pathogenicity of which is under
discussion [21]. The infection rate (15.5%) correlates
with earlier studies in the Leningrad and Kaliningrad
regions [12]. B. afzelii and B. garinii are the most com-
mon pathogens of tick-borne borreliosis in humans and

are most often found in /. ricinus ticks. Circulation of
B. lusitaniae was shown for the first time in the territo-
ry of the Kaliningrad region. It should be noted that B.
lusitaniae is mainly distributed in the countries of the
Mediterranean region, such as Portugal, Morocco and
Tunisia. In more northern latitudes, this pathogen was
detected in Austria, Slovakia, Ukraine and Latvia [22].
No genetic markers of borreliosis could be detect-
ed in D. reticulatus ticks, although a very representative
sample of ticks of this species was examined. Previ-
ously, a similar situation was recorded in Tomsk, where
315 ticks of this species collected in urban biotopes
were individually examined [11]. In Tomsk urban bio-
topes, a more than 200-fold increase in the number of
D. reticulatus ticks was actually detected during 2015.
It was the explosive increase in the abundance of D. re-
ticulatus which allowed to collect a significant number
of these ticks in 2016—2017 and assess their role in the
transmission of tick-borne infections in Tomsk.
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Fig. 3. Dendrogram of nucleotide sequences of the gltA gene fragment for identified Rickettsia isolates.
Black triangles — sequences derived from D. reticulatus tick; black squares — sequences derived from /. ricinus tick.

Rickettsiae carried by ixodid ticks are infectious
agents capable of causing human disease. In the Kalin-
ingrad region, we managed for the first time to estab-
lish the fact of circulation of two species of Rickettsia
from the tick-borne spotted fever group: R. helvetica
and R. raoultii. The registered level of infection of
I 7 raoultii ticks with R. helvetica in I. ricinus ticks
amounted to 2.6%. In other countries of the Baltic re-
gion it ranges from 5 to 10% [23]. However, ticks of
D. reticulatus species were infected with R. raoultii
in 21.2% of cases. At the same time, in Lithuania and
Latvia the similar indicator reaches 38%, in Germany
— 80% [24, 25]. In Russia, the level of infection of
D. reticulatus with this Rickettsia species can vary in
different regions from 21.9% to 45%. R. helvetica DNA
was found in /. persulcatus, I. ricinus, I. pavlovskyi and
L trianguliceps ticks in different regions of northern
Eurasia [10, 26, 27]. Human cases have been described,

with patients with rickettsiosis caused by R. helvetica
showing fever, rare rashes, and cases of perimyocarditis
and meningitis described.

R. conorii subsp. raoultii was described as a new
Rickettsia species in 2008 after the study of the proto-
type strain of R. raoultii isolated in 2005 in Kharbarovsk
from D. silvarum ticks in Khabarovsk Krai [28]. In sub-
sequent studies, R. raoultii was detected in D. reticula-
tus, D. marginatus and D. nuttalli ticks in a number of
regions of the Asian part of Russia (Omsk region, Re-
public of Buryatia), Kazakhstan, China, and Mongolia
[19, 20]. Rickettsiae genetically similar to R. raoultii
have been identified in Haemaphysalis hystricis ticks
in Japan and in H. ornithophila, H. shimoga, and H. la-
grangei ticks in Thailand, as well as in D. marginatus
ticks in Georgia, Turkey and European countries [29].

Serologic methods and DNA detection in the blood
of patients confirmed the role of R. raoultii along with
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Fig. 4. Dendrogram of nucleotide sequences of the msp2 gene fragment for identified A. phagocytophilum isolates.
Black triangles — sequences derived from D. reticulatus ticks; black squares — sequence derived from /. ricinus ticks

R. slovaca as etiologic agents of TIBOLA syndrome,
which is associated with Dermacentor spp. genus ticks
[30]. Patients develop an asthenic syndrome, and fever
(> 38°C) is observed in a quarter of cases. For most pa-
tients, erythema persists for up to 1-2 months. If the tick
bite is localized in the scalp, about one third of patients
develop persistent baldness at the site of bite healing.
At the same time, no cases of human rickettsioses in
Kaliningrad region have been described so far.

The presence of A. phagocytophilum genetic ma-
terial in /. ricinus and D. reticulatus ticks, revealed for
the first time in this work, shows the active circulation
of this pathogen in the Kaliningrad region. The level
of infection of D. reticulatus and I. ricinus ticks (0.2%
and 1.4%, respectively) corresponds to similar indica-
tors for such countries as Denmark, Sweden, Norway
and Germany, where the pathogen is found in 1-5%
of ixodid ticks [23]. Phylogenetic analysis shows si-
multaneous circulation of at least 3 genetic variants of
A. phagocytophilum. Human granulocytic anaplasmo-
sis (HGA) was first described in the Russian Far East
in 2000. Later confirmed cases of the disease were re-
ported in Perm and Novosibirsk regions and in Altai.

The clinical course of HGA is very polymorphic: from
mild, subclinical forms to extremely severe, fatal cases,
which account for 0.5-1.0% and are usually associated
with the development of secondary infections. The dis-
ease is characterized by the appearance of headaches
and muscle aches, the development of fever. Less than
half of patients may have nausea, vomiting, anorexia,
diarrhea, abdominal and joint pain, cough. In most cas-
es, leukopenia, thrombocytopenia, and elevated serum
levels of liver aminotransferases and C-reactive protein
are noted in HGA patients. HGA disease has not been
registered in the Kaliningrad region.

High level of infection of ixodal ticks with Rickett-
sia and Anaplasma in the Kaliningrad region, presence
of constant contacts of population with ticks allows to
expect occurrence of cases of infection of people with
Rickettsia spp. of tick-borne spotted fever group and
Anaplasma spp. Diagnosis of these diseases may be
difficult due to the imperfection of their laboratory di-
agnostics. These infectious agents are not cultured by
classical microbiological methods, and the genetic ma-
terial of the pathogens can be detected in clinical mate-
rial from patients over a very narrow time range. This
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actualizes studies on seroepidemiological monitoring
of these infections in the population living in the Kali-
ningrad region to clarify their current distribution.

Conclusion

In the collection of 1. ricinus and D. reticulatus
ticks, collected in 33 different biotopes in the Kalinin-
grad region in 2021-2022, DNA of 6 different species
of tick-borne pathogens of bacterial and protozoan na-
ture was detected. Sequencing of genome fragments of
these pathogens and their phylogenetic analysis allowed
to identify and genotype the following species of tick-
borne pathogens: B. afzelii, B. garinii, B. valaisiana,
B. lusitaniae, R. helvetica, R. raoultii and A. phagocy-
tophilum. R. helvetica, R. raoultii and A. phagocytophi-
lum were detected for the first time in this region in both
L ricinus and D. reticulatus ticks. The obtained data
confirm the necessity of continuous monitoring for cir-
culation of pathogens of borreliosis, rickettsioses and
anaplasmosis in natural foci of tick-borne infections in
Kaliningrad region, further improvement of methods of
diagnostics and prevention of these infections, includ-
ing detection of possible cases of human cases of rick-
ettsioses and HGA.
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Monumop¢$usm reHoOB peL,eNTOPOB repMuHaLM CNop
y wrammoB Bacillus anthracis 0CHOBHbIX reHeTU4eCKNX NNHNIA
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AkceHoBa J1.10., CemeHoBa O.B., KynnueHko A.H.

CTaBpONoONbCKNN NPOTMBOYYMHbIN MHCTUTYT, CTaBpononb, Poccunsa

AHHOMauus

BBeaeHue. eHeTnueckas cTpykTypa rmobansHon nonynauun Bacillus anthracis xapaktepusyetcs HepaBHOW
pacnpocTpaHEHHOCTbIO M30MNSITOB OCHOBHbIX reHeTu4eckmux NuHui A, B u C, npnyrHa KOTOpon He yCTaHoBMeHa.
AKTyanbHoO onpepeneHne ocobeHHOCTeN reHoB, KoAMPYLLMX GakTopbl, onpeaensioLme CyLecTBOBaHNE 3TOr0
naToreHa Ha BHYTPU- N BHEOPraHM3MEHHOW CTaAnSAX XXU3HEHHOIO LIMKNa, KOTOpble MOTyT BNUATL Ha pacnpocTpa-

HEHHOCTb LUTAaMMOB.

Llenb paGoTbl — xapaKTepucThKa reHoB U GerlkoB repMUHaLMKM Cnop y WTaMMoB B. anthracis pasHbix reHeTude-

CKUX NNHUIA.

MaTtepuanbl U MeTtoabl. /3yyeHbl NONHOreHOMHbIE nocrnegosaTensHocTn 46 wrammoB B. anthracis v wram-
ma Cl B. cereus biovar anthracis n3 6a3bl gaHHbix GenBank NCBI. AHanus in silico npoBogunu B nporpammax

«BLASTNn», «MEGA X», «Tandem Repeat Finder».

Pe3ynbraTtbl. KonvyecTBo ogHOHYKNeOoTMAHbIX nonmMopduamos (SNP), nHaoenos 1 nceBgoreHoB y LWTaMMOB
B. anthracis nvHun B 6bino 6onble B 2,7-25,6 pa3a, nuHnm C — B 2,0-3,5 pasa, a y wramma B. cereus biovar
anthracis — B 20-2841 pas, 4yem y WTamMoB NMHMM A. 3HauMMble 3aMeHbl B reHax, NpuBOAsLLME K U3MEHE-
HWUIO aMMHOKMCIOTHOro coctaBa 10 6enkoB peLenTopoB repMyHaLIMK, TakKe 3HAaYUTENbHO Yalle BCTpedarnucb y

wTammoB B. anthracis nuHuin B, C n witamma B. cereus biovar anthracis.

WpeHTndmumposaHel HeonucanHble VNTR B npegenax reHa gerHA ¢ eguHumuent nostopa 78 u 117 n.H. n SNP
B reHe gerM, BapbyupyloLLUMe MEXAY W BHYTPU M3ONSTOB PasHbIX reHeTUYeCcKMX NuHWNA. Mokas3aHo, 4To 6 reHos

peuenTopoB repMmHaunmn MMerT peakme CTapToBble KOAOHbI.

3aknrouyeHue. bonbliee KONMYECTBO HECMHOHMMUYHBIX SNP B reHax peuenTopoB repMmHaLMm cnop ¢ U3mMeHe-
HMEM aMMHOKUCIIOTHOIO COoCTaBa U, BEPOSTHO, OyHKUMM BenkoB y WwTammoB B. anthracis OCHOBHbIX reHeTuye-
cknx nuHun B, C u B. cereus biovar anthracis, 4eM y LUTaMMOB NUHUM A, MOXET ONpeaensaTb UX OrpaHUYeHHbIe
afanTaLMOHHbIE BO3MOXHOCTM M ObITb OOHUM U3 OObACHEHWIA MEHbLUEN PacnpOCTPAHEHHOCTM MO CPABHEHUIO C
nuHuen A. Pasnununs B reHax gerHA v gerM nossonsoT gudpdepeHumpoBaTe OCHOBHbIE reHeTu4eckne nnuHun B

nCoTA.

KnioueBble cnoBa: Bacillus anthracis, eeHemuy4eckue fuHuUU, 2eHbl U 6erku peuernmopos eepMuHayuu criop

HUcmoyHuk d)u;-lchupoeaHu;l. ABTOpr 3asBnsT 06 OTCYTCTBMU BHELLHEro CbMHaHCMpOBaHMSI npu nposegeHnn uc-

cnenoBaHus.

Kombnu:(m uHmepecos. ABTOpbI OEKNapupyoT OTCYTCTBME ABHbIX U NOTEHUMaNbHbIX KOHPIMKTOB MHTEPECOB, CBSA-

3aHHbIX C Nybnukauuern HacTosILLEen cTaTbu.

Ansi yumupoeaHusi: EpemeHko E.W., PasaHoBa A.l., MeukoBckuin IMA., MNucaperko C.B., Kosanes [O.A., AkceHo-
Ba J1.10., CemeHoBa O.B., KynuyeHko A.H. MNMonnumopcuram reHoB peLenTopoB repMuHaLIMm cnop y wrammoB Bacillus
anthracis OCHOBHbIX reHeTUYeCKUX NMUHWIA. XKypHan Mukpobuonoauu, anudemuonoauu u ummyHobuonoauu. 2024;101(2):

237-247.
DOI: https://doi.org/10.36233/0372-9311-483
EDN: https://www.elibrary.ru/Inznoj
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Abstract

Introduction. The genetic structure of the global population of Bacillus anthracis characterized by an unequal
distribution of isolates of the main genetic lineages A, B and C, the reason for which is unknown. Determining
the characteristics of genes encoding factors that determine the existence of this pathogen at the intra- and extra
organismal stages of the life cycle, which can influence the prevalence of strains, is relevant.

Aim — characterization of the genes and proteins of spore germination in strains of the anthrax pathogen of
different genetic lineages.

Materials and methods. Whole genome sequences of 46 B. anthracis strains and the CI strain of B. cereus
biovar anthracis from the NCBI GenBank database studied. In silico analysis carried out using the programs
“BLASTN”, “MEGA X", “Tandem Repeat Finder”.

Results. The number of SNPs, indels and pseudogenes in B. anthracis strains of line B was 2,7-25,6 times
higher, in line C 2-23,5 times, and in the B. cereus biovar anthracis strain was 20-2841 times higher than
in strains of line A. Significant substitutions in genes leading to changes in the amino acid composition of 10
germination receptor proteins were also significantly more common in B. anthracis strains of lines B, C and the
B. cereus biovar anthracis strain.

Undescribed VNTRs within the gerHA gene with repeat units of 78 and 117 bp identified, varying between and
within isolates of different genetic lineages. Six germination receptor genes have been shown to have rare starting
codons.

Conclusion. A larger number of non-synonymous SNPs in the genes of spore germination receptors with
changes in the amino acid composition of proteins in B. anthracis strains of the main genetic lines B, C and B.
cereus biovar anthracis than in strains of line A suggests their limited adaptive capabilities and may be one of
the explanations for the lower prevalence compared to line A. Differences in the gerHA and gerM genes make it
possible to differentiate the major B and C genetic lineages from A.

Keywords: Bacillus anthracis, genetic lineages, genes and proteins of spore germination receptors.
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BsepeHune

ImoGanbHast reHeTuueckas cTpykrypa Bacillus
anthracis npeacTaBieHa 3 OCHOBHBIMHA '€HETHUECKUMH
muausimu: A, B u C. JIunus A, npucyTcTByomas mo-
BCEMECTHO, OXBaThIiBaeT okoyio 90% Bcell momynsanuu;
nuHUs B, BeTpewaromascs nperMynieCTBEHHO B HEKO-
TOPBIX PETHOHAX, cocTaniseT npuMmepHo 10%. K nunuu
C otHocsres 3 wrtamma (< 1%), Beigenennsie B CLIA
[1-3]. Y3 363 reHOMOB IITAMMOB, JEMOHUPOBAHHBIX
B GenBank k nHactosimemy Bpemenu, 5 (2002013094,
2000031021, 2000031052, A1055, A3783) MOTYT OBITH
otHeceHbl K auHuu C. OTaenbHOH TeHETHIECKOH JIMHHU-
el ABIIAIOTCS INTaMMEI B. cereus biovar anthracis, cnio-
COOHBIE BBI3bIBATh CHOUPCKYIO SI3BY Y TUKUX KHBOTHBIX
B niecax 3ananHoil Agpuxu [4, 5]. [IpuuuHbI Takoro He-
PaBHOMEPHOTO KOJMYECTBEHHOTO, a TaKKe reorpadu-
YEeCKOTO pachpeielieHus Pa3HbIX TUHUU B. anthracis
Heu3BecTHBI. llpenmonaraercsi, 4yTo 3a 3TUM CTOUT
pa3Hasi ClIoCOOHOCTh K afanTaluy, onpeaeseMas Kak
CTETICHBIO TATOTEHHOCTH, TaK ¥ 3PPEKTUBHOCTHIO CIIO-
pyasuuu U npopacTtaHus cnop. B Hamel npensiaymen
pabote Mmoka3aHbl MHOTOKPAaTHOE MPEBBIILICHUE YHCIA
NOIUMOP(U3MOB B TEHOMAX, BKIIIOYasi TeHBI (JaKTOPOB
MaTOreHHOCTH, y mTammoB JuHuil B u C nmo cpaBHe-
HUIO C JIMHUEH A, oIlpeleNieHbl 3HaYUMbIE 3aMEHBI B

XPOMOCOMHBIX M IJIa3MHUIHBIX T'€HaX, MOTEHIHAJIbHO
BIIUSIOIINE Ha BUPYJIEHTHOCTS [6].

B. anthracis siBnsiercs Bo30ynuTeneM cuOupckon
SI3BBI — 0c000 OMacHOH 300HO3HOI MH(EKIHHU C TIIO-
0aNbHBIM PACIpPOCTPAHEHHEM, a TaKKe areHToM OHo-
JIOTMYECKOTO OpYXHs U OHOTeppopH3Ma B CUIIY BBI-
COKOW TaTOTeHHOCTH M CHOCOOHOCTH 0Opa3oBBHIBATH
B OKpY’XKarollled cpeze croiikue crnopsl. [{ukinyeckas
CMEHa CIOpOo0Opa30BaHUs, TPOPACTAHUS MOKOSIIUXCS
CIIOp, BEreTaTMBHOIO POCTa M HOBOTO CIOPOOOpPa30-
BaHUsI IPUCYIIA BCEM NpencTaBUTENsIM poaa Bacillus.
VY canpodUTHBIX MOYBEHHBIX OALIMILT BCE 3TH IpoLec-
CBI TIPOXOAAT B TIOYBE, HO MATOI€HHOMY CHOMpEs3BEH-
HOMY MHUKpPOOY AJisl MONAEpKaHHUs XKU3HEHHOTO LIUK-
Ja HeoOXOJMMO MPOpacTaHHe CIOp NpH MONaJaHuu B
OpPTaHM3M YYBCTBHUTEIFHOTO XO35SMHA, BETETaTHMBHOE
pa3sMHOXKEHUE B IIpOLiecce MaTOreHe3a C BbIICICHU-
€M BEreTaTMBHBIX OALMILT B OKPYXKAaIOLIYIO CpPEny, I/e
MPOUCXOIAT CHOPYJSIIMSA U COXPaHEHHE MOKOSIINXCS
CIIOp B [TOYBE HEOIPEAENEHHO JOIT0, BIUIOThH 10 HOBO-
ro MHQUIMPOBAHKS YYBCTBHTEIBHBIX XUBOTHBIX [3].
OueBUHO, YTO CHOPYJSLMS U MPOPACTaHHE CHOp —
(dyHAaMeHTaIbHbBIE TPOLECChl, HEOOXOIAUMBIE IS TTOJI-
Jep KaHusl CyIIecTBOBaHUs B. anthracis xaxk BuJa, Ha-
Py € ero maToreHHBIMH CBOWCTBAMHU.

© Eremenko E.I., Pechkovskii G.A., Ryazanova A.G., Pisarenko S.V., Kovalev D.A., Aksenova L.Yu., Semenova O.V., Kulichenko A.N., 2024



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIMNI. 2024; 101(2) 239

DOI: https://doi.org/10.36233/0372-9311-483

OPUTVHANbHbBIE NCCJTIEAOBAHNA

OO0paszoBaHue Crop [eJIaeT BO3MOXKHBIM BBIKH-
BaHUe B. anthracis B OKpyXaloliei cpeae rojaamu, J10
TOTO MOMEHTA, KOT/Ia OHH BCTYyHAalOT B KOHTAKT C IO-
XOJISIIIAM MJICKOMTUTAIONIUM XO3MHOM, IPOPACTAIOT U
BBI3BIBAIOT CHOUPES3BEHHYIO HHPEKIHI0. XOTS COCTO-
STHUE TIOKOSI MOXKET MPOJONIKATHCS B TEUCHUE JITUTEIIh-
HOTO MEpUoJa, MPOpacTaHUE CIIOp — OUEHb OBICTPBIT
MPOLIECC, MO3BONISIFOINUE B. anthracis OBICTPO Pa3MHO-
JKaThCsl M paclpocTpanatbes. Hagano mpopacranus,
WJIU TEPMUHALINS CIIOP, 3aBUCHUT OT COOTBETCTRYIOIIETO
B3aUMOJICHCTBUSA TEPMUHAHTA C TCPMUHAHTHBIM pEIeI-
Topom [7].

st B. anthracis nuTaTeIbHBIMH BEIICCTBAMU —
TepPMUHAHTAMHU SIBIISIIOTCS B MEPBYIO OYepeab aMUHO-
KHUCJIOTHI ¥ ITyPUHOBBIE HYKJICO3U/ b, KOTOPHIE B3aUMO-
JCHCTBYIOT C UX CrIeHU(UIHBIME PELECITOPAMH, PacIio-
JIOKEHHBIMH Ha BHYTpeHHel memOpane cmop [8—10].
ANaHMH WM WHO3UH OOBIYHO CIIyXKaT TCPBUYHbI-
MU T€pPMUHAHTAMHU C OTIEIbHBIMH aMUHOKHUCIOTAMHU
(L-ructugun, L-nponun, L-tpuntodan u L-tupo3un),
(DYHKIMOHUPYIOIIMMU KaK KOTCPMUHAHTHI. AJIaHUH
CHocOOCeH BBI3BIBATH MPOpPACTaHUE CIOP caM I0 ce-
0e, XOTS U B OYCHb BBICOKHMX KOHIeHTparusx [8, 11].
WHo3uH MOXeT coueTarbesi ¢ pasHooOpasuem L-amu-
HOKHUCJIOT, BKiItovyas L-ructuaun, L-miuctun, L-meTno-
HuH, L-penunananun, L-nponun, L-cepun, L-Banuw,
L-tpuntodan, L-Tupo3uH, Kak U C MEPBUYHBIM Trep-
MHHAHTOM alaHuHOM. MHO3MH, ogHAaKo, caMm 1o cebe
HEJ0CTaTOueH JUIs popacTanus cnop B. anthracis [9].

[Ipexxne ueM MOXKET HauaThCs MPOpPacTaHue, rep-
MUHAHTBI JOJDKHBI KaKMM-TO 00pa3oM MpOUTH uepe3
BHEIIHHUE CJIOW CIOPBI, YTOOBI JIOCTHYh CBOMX DPELCI-
TOPOB, PaCIIOIOKEHHBIX BO BHYTPEHHEH MeMOpaHe.

Ilocne pacno3HaBaHMs peLETITOPAMH HX CIIELU-
(PMYHBIX TEPMHUHAHTOB WHHIIMHUPYETCS Kackaj COOBI-
THii. 3anacel JUTUKOIMHONW KUCIOTH U ACCOIIMUPOBAH-
HOTO C HUMH MOHA KaJbLUsl OCBOOOXKIAIOTCS U3 spa
CIIOPHI, IIO3BOJISISL BOJIE MOCTYNATh B CIIOPY W HAYMHATH
perunpararuio [12]. AkTuBanus JUTHYECKUX (ep-
MEHTOB, TUJPOIU3YIOMINX MENTUAOITUKAH B KOPTEKCE
CIIOpBI, IIPUBOAUT K JaJbHEHMIIEH peruaparanuu CIo-
pet [13]. 3atem Bo3oOHOBIsieTcs cunTe3 PHK, Genka
u JIHK c npeBpailieHUeM B BEreTaTHBHYIO Oalluiuly.
B onTuManpHBIX YCIOBHUSIX BECh HPOIECC OYCHBH ObI-
CTpPBIi, NPOUCXOASAIIUN B TCUEHUE MUHYT.

[IaTh peuenTopoB repMUHAHTOB B. anthracis ¥o-
JTUPYIOTCSI TPULIMCTPOHHBIMU OmepoHamu, gerH, gerk,
gerL u gerS n0Kanu3yroTCsA Ha XpOMOCOME, a gerX — Ha
wasMuze BupyiaeHtHocty pXO1 [14, 15] CymectBytoT
JIBA JIOTIOJTHUTEIIBHBIX PELEITOPOIIOA0OHBIX OTIepOHa —
gerd u gerY, HO OHM COAEPIKAT MYTAIMH CO CABHIOM
paMK{ CUMTBIBAHUS U HE UTPAIOT POJIb B MPOPACTAHUHU
[10]. Onepon gerP, Bkitouaromuii 6 reHOB, MOXKET OBITh
BOBJICYEH B MPOIECC AOCTABKM T€PMUHAHTOB K UX pe-
LENTOpaM BO BHYTPEHHEH MeMOpaHe cropsl [16].

JlaHHBIX OTHOCHUTENBHO CYIICCTBOBaHHUS pas-
JMYUA B TE€HaX M (PepMEHTAX T'ePMHUHAIUU CIIOp Yy

HITAMMOB DPa3HBIX OCHOBHBIX T€HETHYECKHX JIMHUI
B. anthracis B nocTynHO#M nuTeparype Her.

AKTyaJIbHOCTh TPOBEAEHHON paboThI ompenens-
€TCsl OTCYTCTBUEM JAaHHBIX, KOTOPBIE 3HAYMMBI IS pa3-
BUTHS NPEACTABICHUNA O Pa3IMuUsAX B T'€HETUYECKOM
anmnapare repMUHaluyu CIOp y IUTaMMOB Pa3HbIX OC-
HOBHBIX M€HETUYECKUX JIMHUHN, CBSI3aHHBIX C UX ajal-
TALIMOHHBIMU BO3MOXKHOCTSIMH, IOTEHLUAIBHO OIIpe-
JIESAIOIUMU HEPABHOMEPHOCTD UX PACIIPEICIICHHUS.

Heuan nanHO# pabOTH — XapaKTEepUCTUKA [CHOB
1 OeNKOB TepMHHALIMU CIOpP Y IUTaMMOB B. anthracis
Pa3HbIX F€HETUYECKUX JINHUN.

MaTepman bl N MeTOobl

HccnenoBanu monHble reHOMBI 46 IITaAMMOB U3
6a3el ganubix GenBank NCBI, orHOCSIIMXCS K OCHOB-
HbIM reHernyeckum JuHuIM A (30 uzonsaros), B (11),
C (5), renom mrramma CI B. cereus biovar anthracis. Jlan-
Hasi BBIOOpKA perpe3eHTaTHBHA, B HEH MpelCTaBICHBI
Bce u3BecTHble 14 canSNP-rpymm, oTpakarommx rio-
0anpHYI0 QUIOTeHETHYECKYIO CTPYKTYpY B. anthracis.

Wnentuduxaropst NCBI RefSeq s renomoB':

GCF_000008445.1, GCF_009831565.1,

GCF_000167335.1, GCF_003063965.1,

GCF _003064045.1, GCF_003860145.1,

GCF_000793525.1, GCF_000832965.1,

GCF_000310045.1, GCF_000167235.1,

GCF_000534935.2, GCF_000258885.1,

GCF_000278385.1, GCF_000832465.1,

GCF_001273005.1, GCF_001273085.1,

GCF_000167295.1, GCF_002896575.1,

GCF_014249775.1, GCF_003227955.1,

GCF_000831505.1, GCF_000832745.1,

GCF_003064005.1, GCF_000008165.1,

GCF_000583105.1, GCF_000833275.1,

GCF_022221345.1, GCF_000743805.1,

GCF _900014355.1, GCF_002356575.1,

GCF_000143605.1, GCF_000181675.2,

GCF _001277955.1, GCF_000167315.1,

GCF_000832785.1, GCF_002980615.3,

GCF_000833125.1, GCF_022221285.1,

GCF_006088855.1, GCF_000725325.1,

GCF _001936375.1, GCF_022221085.1,

GCF _021390035.1, GCF_000742655.1

GCF_000782995.1, GCF_000167255.1,

GCF_022221185.1.

[NocnenoBaTeTbHOCTH F'€HOB M OEJIKOB BBIPABHU-
Banu B porpamme « MEGA X» ¢ pedepeHc-urammom
Ames Ancestor canSNP-rpynns! A.Br.Ames.

AHanu3 TeHOMOB IPOBOJWIIN in Silico, NCTIONB3Ys
reHoM 1ramMma B. anthracis Ames Ancestor (GenBank:
NC _007530.2; NC 007322.2; NC 007323.3; NCBI
RefSeq: GCF_000008445.1) B xauecTBe pedepeHc-
Horo. WneHtuduxanuo nonuMop(u3MoB OCyIIEeCT-

! NCBI. Genomes & Maps.
URL: https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/833/275



240

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(2)

DOI: https://doi.org/10.36233/0372-9311-483

Bisuin B nporpammax BLASTn, BLASTp, MEGA X,
MAUVE, Tandem Repeat Finder u na pecypce NCBI
Protein Database.

PesynbraTbl

BOonpIIMHCTBO TE€HOB pELENTOPOB TIE€PMHUHALMU
CIIOp OPraHU30BaHbI B IIOJIULUCTPOHHBIE OIIEPOHBI.

JanHple 0 moIMMOp(H3Max T€HOB PELENTOpPOB
repMUHAlMY IPUBEJICHBI B Ta0/IHIIe.

OcHoBHAA eeHemMu4ecKaa TUHUA A

MyTanuu B BUJE UHJEN BCTPEUATUCH Yallle ApY-
TUX TOJMMOP(HU3MOB, C MEHBLIEH YaCTOTON OTMEUEHBI
OTHOHYKJICOTHAHBIE 3aMeHbI (SNP), 4acTb U3 KOTOpPBIX
NPUBOAMIIA K 3aMEHE aMUHOKHUCIIOT (a.K.), PEKE BCEro
PEerucTpUPOBATIUCH IICEBOTEHBI.

Tpunmerponnslii onepon gerH. I'en gerHA —
3 BapuaHTa, 2 ¢ OTIMYAIOIIUMHUCS pazMepamu OT pe-
¢depencHoro BBHUAy neneuuid. Bapuant 1 — pede-
peHcHbIH, 2244 n.H., 747 a.x.; BapuanT 2 — 2166 1m.H.,
721 a.x.; Bapuant 3 — 2088 m.H., 695 a.x.

Tpunucrponnblii  omepon  gerK.  beinok
GerKA — 1 BapuanT. benox GerKB — 1 BapuanTt, kak
y pedepeHcHOro mTaMMma, y rena gerKB cTapToBBIi KO-
noH GTG. benok GerKC — 1 BapuaHT.

TpunmeTponnslii onepoH gerL. I'en gerlLA — 3
BapuaHTa, oTiauyaronuecs pasmepamu (1479, 1437 u
1470 m.H.). OquH U3 BApUAHTOB UMEET 2 CTAPTOBBIX KO-
noHa: GTG u ATG. /Ia apyrux resa onepona gerL —
gerLB u gerLC umerot o 1 Bapuanty, y gerLB crapTo-
BbIH KostoH TTG.

I'en gerM vmveer 1 BapuaHT.

Onepon gerP Bximouaer 6 reHoB: 4, B, C, D, E, F.
I'enn! gerPA, gerPB w gerPD TipecTaBlI€Hbl TOIBKO B
1 Bapuanre. ['en gerPB umeet ctapToBbIiil konoH TTG.
I'en gerPC — 2 BapuaHTa, OTJIMYAIOIIUECS OTHUM He-
cuHoHUMUYHBIM SNP. I'en gerPE — 2 BapuaHTa, Takxe
otnuyaromuecs 1 necunonnmuaHbiM SNP. Kpome rena
gerPF B oniepoHe gerP, €CTb OPTOJIOr BHE OIEPOHA.

TpunmcTpoHHbIil onepoH gerS — Bce 3 reHa
(gerSA, gerSB, gerSC) UMEIOT TOJILKO 1O 1 BapuaHTy,
UACHTHYHOMY pedepeHc-Tammy. Y reHa gerSB crap-
ToBEIN KOmoH GTG.

TpUIHMCTPOHHBIN OIEPOH gerX — 13 I'EHOB Olle-
pona 2 (gerXA u gerXB) umeror nio 1 BapuaHTy, UICH-
TUYHOMY pedepeHc-mTammy. I'en gerXC npeacraBieH
B 2 BapMaHTaX, Pa3iInyaomuxcs 1| HECHHOHUMHUYHBIM
SNP.

TpunmceTpoHHsbIil onepoH gerY — u3 3 reHoB
onepoHa | reH — gerY4 uMeeT Takoi ke BapuaHT, KaK
y pedepenc-mtamma. ['en gerYB umMeer myTanuu co
CABUIOM paMKHU CUWTBIBAaHUS, MPEBpAILAIOLINE €T0 B
ncepnored. ['en gerYC umeeT 2 BapuaHTa pa3HBIX pas-
MepoB. ['eHbl 000MX BapHaHTOB UMEIOT PEAKO BCTpeda-
fo1uecs crapToBbie KogoHbl ATT.

Yactota BcTpewaemoctu SNP cocrtaBuna 0,17,
g uaaenoB — 0,27, ns ncesporenos — 0,1 Ha 1 re-

ORIGINAL RESEARCHES

HOoM. Takum 00pa3oM, UHAECIBI BCTPEYATUCH Yallle, YeM
SNP.
B nenom aiist 25 reno Obuto 34 BapuaHTa OEIIKOB.

OcHosHasa eeHemuyeckas 1uHuUA B

N3 25 renos 12 npezncrasineHsl TOIbKO 1 BapuaH-
TOM, COOTBETCTBYIOILIUM PePEPEHCHOMY HITAMMY.

TpunucTponnblii onepon gerH. 113 3 reHos
(gerHA, gerHB, gerHC) tonbko gerHA Obul Bapwua-
OCJbHBIM M TMpeACTaBiIeH 4 BapHaHTaMH pPa3HBIX pas-
MepoB: BapuaHt 1 pasmepom 2385 m.H., BapuaHnt 2 —
2322 n.H., BapuanT 3 — 2190 n.H., BapuaHt 4 —
2166 n.H.

TpunucTpoHHbll onepoH gerK. I'ensl gerKB u
gerKC He BapuaOellbHBI, UJICHTUYHBI pedepeHCHOMY
mramMmy. Ten gerKB umeer craptoBblii kogoH GTG.
I'en gerKA — nBa BapumaHTa ofHOTO pasmepa. Bapu-
anT 2 conepxxut 1 HecuHOHMMHUYHBIN SNP.

TpunuCTPOHHBIA onepoH gerl — 2 renHa ore-
poHa, A 1 B He BapraOeIbHBI U COOTBETCTBYIOT pede-
peHcHoMy mTamMmy. ['en gerlA HaunHaeTCs ¢ TpUILIETa
GTG, ren gerLB — c tpumnera TTG. I'en gerLC —
2 BapuaHTa, BTOPOH BBIIVISINUT KaK IICEBIOTEH.

I'en gerM — onuH BapuaHT, OTIMYAIOIIMNICS OT
pedepencunoro 12 SNP, onvH M3 KOTOPBIX HECHHOHH-
MUYHBIN.

Omnepon gerP — u3 6 reHOB BapuaOClbHBI 2:
gerPE n gerPF. I'en gerPB nMeeTr CTapTOBBIA KOAOH
TTG. Btopoii Bapuant gerPE otiamuaercsi oT pede-
percHoro 1 HecunonuMuyHbIM SNP. I'en gerPF — kax
1 y IITaMMOB JMHHUU A, KpoMe TeHa omnepoHa gerP,
€CTb BTOPOH I'eH ¢ TakuM 0003HaYeHUEM BHE ONIEPOHA.
O06a He omM4aloTCs 0T peepeHCHOro mTaMma.

TpunucTpoHHbIA omepoH gerS. I'enbl gerSA
u gerSB — 1o 2 BapuaHTa OJHOTO pa3Mmepa, y gerSA
OIIMH OTIHYaeTcs OT pedepeHcHoro 1 HeCHHOHUMUY-
HbIM SNP, BTOpOit — 2 HecuHoHMMHUYHBIM SNP. ¥V rena
gerSB — OJIUH COOTBETCTBYET pedepeHCHOMY, BTOPOU
oTiIM4aeTcst HeCMHOHMMUYHBIM SNP, 002 nmeror crap-
ToBBIN KOOH GTG.

TpunucTpoHHbIi onepoH gerX. I'ensl gerXB u
gerXC umeror 1o 2 Bapuanta. Bapuanr 1 gerXB coot-
BETCTBYeT pedepeHcHoMy. BapuaHT 2 nmeet 1 HecuHoO-
HuMuuHbI SNP. gerXC umeer 2 Bapuanra. Bapuanr 1
nmeeT 1 HecuHoHMMuUuHBI SNP. Bapuant 2 umeer
2 HecuHoHUMHYHBIX SNP. gerXA4 umeer 1 Bapuanrt, co-
OTBETCTBYIOLIUI pehepCHCHOMY.

TpunucTpoHHblii onepon gerY. IT'en gerYA —
1 Bapuant ¢ 2 HecuHoHUMHYHBIMU SNP. I'en gerYB —
1 BapuaHT ¢ Aenenuei, NarIel CABUT PAMKU CUUTHI-
BaHUs B TeHe (mceBnoreH). [en ger YC — 1 Bapuanr,
COOTBETCTBYIOILIHI pedepeHCHOMY, CO CTapTOBBIM KO-
noHoMm ATT.

B nenom ans nuauu B upenTuduumuposans 35
BapuaHTOB 25 GenkoB. Yactora BcTpedaeMocTH Obliia
4,36 s SNP, 1 — ms unnenos, 0,27 — i1t iceBao-
reroB. Yamre Bcero Bcrpeuanuch SNP, gacToTsl Bcex
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NOTMMOP(HU3MOB OBLTH CYLICCTBEHHO BBILIE, YE€M Yy
nuHuA A.

OcHosHasa 2zeHemuyeckas 1uHus C

Tpunmerponnslii onepon gerH. I'en gerHA —
3 papuanra. Y mrammoB A1055 u A3783 ren umen
pasmep 2244 1.H., COOTBETCTBYIOIIMN PeepeHCHOMY,
y mramma 2002013094 — 2166 n.H., Kak y BapuaHta
4 quaun B, ¢ 1 gemernumeit 78 m.H., oTiIMyaromei ero
OT pedepeHCHOH MOCIEeNOBaTEeNbHOCTH. Y IITaMMOB
2000031021 1 2000031052 pa3zmep rena 611 2088 11.H,
¢ genenuei 156 nm.H. OcranbHble 2 reHa onepona gerH
He ObUTH BapuaOebHBIMHU.

Tpunmerponnslii onepon gerK. Bee 3 rena ome-
poHa gerK He OTIMYamUCh OT pedepeHcHOoro, y rexa
gerKB Obin craproBbiii komoH GTG. I'enbl omepona
gerL He BapualenbHBI, KaKk y IITaAMMOB JUHUH B, y
gerLB ctaprosslii konoH TTG.

I'en gerM — y enuHcTBEHHOTO BapraHTa Obu10 11
CUHOHUMUYHBIX U | HecuHOHMMUYHBIH SNP B cpaBHe-
HUH C peepeHCHBIM, KaK U y TeHa JUHUH B.

Omnepon gerP — u3 6 reHoB Bapuabeinbhbl 2. [eH
gerPE nmeet 1 BapuanT ¢ 1 HecuHoHUMHYHBIM SNP 110
CPaBHEHUIO ¢ peepeHCHBIM reHoM. [eH gerPF — kak
U y IITaMMOB JMHUU A 1 B, kpome reHa omnepona gerP,
€CTb BTOPOH I'eH ¢ TaKUM 0003HaYeHUEM BHE OTEPOHA.
O06a He oTnnuarotrcs OT pedepeHcHoro mramma. [en
gerPB nmeer ctaptoBblil kogoH TTG.

OnepoH gerS — u3 3 reHOB BapraOebHbI 2. gerSA
uMeeT 2 BapuaHTa, 1-ii COOTBETCTBYET pedepeHCcHOMY,
2-i1 oTnmuvaeTcst ofHUM HeCHHOHUMUYHBIM SNP. gerSC
B | BapuaHTe, OTJIMYAaETCH OAHUM CHHOHUMHYHBIM
SNP. V rena gerSB craprosblit konon GTG.

Omnepon gerX — u3 3 reHoB BapuadenbHbl 2. [eH
gerXB B OJJTHOM BapHaHTe ¢ 1| HECHHOHMMHUYHOMN HyKJIe-
otuaHoi 3ameHoi. ['en gerXC 1 BapuaHT, TeH OOIBIINX
pa3MepoB, ueM pedepeHCHBIH, ¢ 2 uHJeNaMu 1 1 HecH-
HOHUMUYHBIM SNP, co cIBUTOM paMKH CUHUTBIBAHUS U
0o0pa30BaHUEM TICEBIIOTCHA.

Onepon gerY — 3 rena. I'en gerY4 c 1 Bapuan-
TOM, OTJIMYArOIIUMCs 2 HecMHOHMMHUYHBIMA SNP. I'en
gerYB c 1 BapuaHTOM, UMEIOIUM | HECHHOHUMUYHBIN
SNP. I'en gerYC umeer 1 BapuaHT, Kak y pe()epeHCHOTO
mTamma, co CTapToBbiM KogoHoM ATT.

B nenom 25 6enkoB repmuHanuu crnop jauHun C
umenu 28 BapuanToB. Yactora BcTpeuaemoctd SNP
cocrabisuia 4,0, uagenos — 0,8, nceBgoreHoB — 0,2 u
TaKXke OblJIa 3HAYMTENBHO BBILIE, YEM Yy IITAMMOB JIH-
HUU A.

B. cereus biovar anthracis

U3 25 renoB 4 He oTiMYAIUCh OT peepEeHCHBIX.
3Ot0 66N Tenbl onepoHa gerP A, B, D u F. I'en gerPC
umen 1 cMHOHMMHMYHBIA U 1 HeCUMHOHUMHUYHBIA SNP.
I'en gerPE otnuuancst 7 SNP, 1 U3 KOTOpBIX HECHHO-
HUMHUYHBIA. I'eHpl gerKB u gerSB umenu cTapTOBBIM
xogoH GTG, gerLB u gerPB — TTG.

ORIGINAL RESEARCHES

Omnepon gerX ycTpOGH Tak ke, KaKk y IiTamma
2002013094 nunuu C. I'en gerXC npencrasieH B Ghop-
Me TiceBioreHa. MOXXHO OTMETHTh, 4TO gerXA UiCHTH-
4YeH y Bcex 3 nuHuid B. anthracis u B. cereus biovar
anthracis.

B onepone gerK ren gerKA sBnsercs ncespore-
HOM H3-3a TIPUCYTCTBUS B PaMKE CUMTBHIBAHUS CTOII-
KOJIOHA.

OcranbHble TeHbl TepMHUHALMU crop B. cereus
biovar anthracis ©Meu MHOXECTBO OTJIMYUN OT TaKO-
BBIX Y B. anthracis. bonbuie Bcero 610 SNP (483),
u3 Hux 113 mpuBOASIINX K aMUHOKUCIOTHBIM 3aMEHaM,
7 uupenoB u 2 ncepaoreHa. B 1ienom 25 OSJIKOB repMu-
HaI[UU UMEJIH 27 BapUAHTOB.

Takum oOpa3oM, aHajIW3 IMOKa3aj, 4TO KOJIHYC-
CTBO MOJUMOP(U3MOB B FeHaxX U OCJIKax repMUHAIH
CHOp y WTaMMOB B. anthracis nmuaun B 6buto B 2,7—
25,6 paza, niuauu C — B 2,0-23,5 pa3a, a y mramma
B. cereus biovar anthracis — B 20-2841 pa3 Oonbliie,
YeM y IITAMMOB JIMHUU A. 3HaUUMbIC 3aMCHBI B TCHAX,
MPUBOMASIIUE K U3MEHECHHIO aMHHOKHCIIOTHOTO COCTa-
Ba OCJKOB, TaKKe 3HAYMTEIBHO Yalle BCTPEYAIUCH
y mwrammoB junuit B, C u mramma B. cereus biovar
anthracis.

O6cyxpeHne

Ilo pesynbraram ananusza in silico B TeHOMax
mraMMoB B. anthracis m wmramma B. cereus biovar
anthracis str CI onpenensirorcss 7 TOJIUIIMCTPOHHBIX
OIIEPOHOB PELENTOPOB TI'€pMUHAHTOB: gerH, gerk,
gerL, gerP, gerS, ger X u gerY, a Takxke OTAEIbHBIC
reHbl npopactanusa cnop gerM u spoVAF. Ilocnen-
Huii onucan kak ren Oenka MULTISPECIES: spore
germination protein SpoVAF, HO OH BXOIUT B OAMH OTIe-
POH ¢ TeHaMu OeNKoB cTaauu V crnopyssiuuu spoVAE,
spoVAD, spoVAC, spoVAB wu spoVAA. [ucranbHas
yacth onepoHa spoVA Bacillus subtilis coneput ot-
KpBITYI0 PaMKy CUMTBHIBaHMS IeHa spoVAF, xonupyto-
uryto 6enok (SpoVAF), oueHb cxoxwii ¢ 6enkamu mpo-
pacTaHMs crop, KOAUpPYeMbIX reHamu gerdA u gerBA.
Pamka cunTbBaHMS (AKTUUYECKH IEPEKPBIBACT T€H
spoVAE npumepno Ha 30 0CTaTKOB, IO3TOMY HE SICHO,
SIBIIIETCS JIM 3TOT T'€H YacThIO ONepoHa spoVA unu pe-
TYIUpPYETCs OTACIBHO. Y ITaMMOB B. anthracis paMmka
CUMTHIBAHUS TeHa spoVAF nepekphiBacT IPUMEPHO Ha
13 ocrarkoB reH spoVAE. Otmetum, uto y B. anthracis
u B. cereus biovar anthracis B onepone spoVA nmeror-
cs1 2 reHa spoVAE, pacriolo)KeHHBIX OJIMH 3a APYTHM,
HE TIepeKphIBAsICh.

TpuuucTponHslii onepoH gerH y B. anthracis
BaXKEH JUIsSl MPOpACTaHUs SHAOCIIOpP, 3aIlyCKaeMoro 2
Pa3IMYHBIMU TMYTSIMHM pEaKkLUU MpOpacTaHus, Ha3bl-
Ba€MbIMH HWHO3MH-TUCTUAMHOBBIM U IIypHUH-aJIaHU-
HOBBIM. BMmecTe 3TH 2 myTH MO3BOJSAIOT 3HAOCIOpPaM
B. anthracis 6onee MMPOKO paclio3HaBaTh MyPUHBI U
AMHHOKHCIIOTBI, KOTOPBIE MOTYT OBITh CYIIECTBCHHBI
JUIsL OIOCPEIOBAaHHOTO CpEeAON MpopacTaHUs B Op-
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ranuzMe xossimHa [9]. TlodyuyeHsl naHHBIE, KOTOPBIC
MPEANoaraioT, 4to ger HeoOXOAMM HE TONBKO IS
WHO3MH3aBUCHMOW T'€pPMUHAIMU, HO OH TaKXe CIOCO-
OcH BBI3BATH MOJHYIO TEPMUHAIINIO B OTCYTCTBHE BCEX
JIPYTUX perenToposB [7].

O011ee KOMUYECTBO BCeX MOMUMOPPHU3MOB Y TeHa
gerHA Bcex 3 nuuuit B. anthracis ObUIO HAMBBICIIAM
(112) cpenu Bcex TeHOB perienTopoB repmuHaiuu. Ha-
MU TI0Ka3aHo, 4yTo gerHA MMeeT HEeCKOIBKO BapUaHTOB
pasmepa: 2088, 2166, 2190, 2244, 2322 u 2385 n.H., OT-
nuyarormxcs, kpome SNP, unaenamu, 4acTe U3 KOTO-
PBIX OIpeAessulach HATMUYMEM paHee He MISHTU(DUIH-
poBanHbix VNTR. Tpu Bapuanra gerH4 orminvanuch
pa3mepamu BBy Hannuuss VNTR ¢ equHuneit noBro-
pa pasmepom 78 m.H. B obnactu 392—703 1.H. ¢ Yuciom
MOBTOPOB 3 JuIst mTaMMoB JUHMM A Ames Ancestor
(canSNP rpynmna A.Br.Ames), Tsiankovskii-1 u Larissa
(canSNP rpynma A.Br.008/011), 1144 (canSNP rpyn-
na A.Br. 011/009), Australia 94 (canSNP rpynma A.Br.
Aust94), Western North America (canSNP rpynma A .Br.
WNA), H9401 (canSNP rpynma A.Br.005/007), A1055
nA3783 nuauu C.Br.A1055. 2 noBropa Obutn y mTaMMa
2002013094 canSNP rpynmst C.Br.A1055. Y mrammoB
Vollum (canSNP rpynma A.Br.Vollum), V770-NP-R
(canSNP rpynmna A.Br.003/004), CZC5(canSNP rpymnna
A.Br.005/006), 2000031021 u 2000031052 (uaus C)
uMmenach 1 emuHMIIA 3TOrO MOBTOpa. YeTbipe moBTOpa
obutn y mrammoB CNEVA-9066 (canSNP rpynna B.Br.
CNEVA) u HYUOI1(canSNP rpynma B.Br.001/002).
CoorsercTBytolye Oclku uMenu 2, 3 U 4 eIUHUIIBI
noeropa  DSDQGQQQHSKQDESSQEQQHSKQD
(pue. 1, a). Y mramma Kruger B, kpome 3 noBTopos,
ObLIH TarKke aejaenuu 719-764 u 768-775 m.H.

VNTR c enunuieit noropa pasmepom 117 m.H.
orMeueH y mramma HYUO1 (canSNP rpynna
B.Br.001/002) B obmactu 275-508 m.H. (2 moBTOpAa),
y wrtammoB Kruger B (canSNP rpynna B.Br.Kruger B)
1 Ames Ancestor — OHa €AMHHIIA TAKOTO pa3Mepa.
Coorserctrytomiue 6enku GerHA nmenu 2 moBropa u
1 equaniry nosropa DSDQGQQQHSKQGNSDQGQQ
QHSKQGDSQGQQNHSKOQN (puc. 1, 6).

Iltamm B. cereus biovar anthracis Cl umen pas-
mep gerHA 1917 n.H. 3a cu€T Aenenuu, BKIIOYAIOIICH
2 mosropa 117 m.H., a Takxe 2 geneuuu 246342 u
488—697, 47 SNP, u3 kotopbix 10 ObUTH HECHHOHUMUY-
HBIMH.

Takum 00pa3oM, 00JIaCTH TIOBTOPOB pPa3MepoOM
117 1 78 n.H. YaCTUYHO NEPEKPHIBATIUCEH HA MPOTSIAKE-
HuM 392-508 n.H. B nenom y mraMMoB JuHUA A ObI-
50 3 BapuanTta gerf{A, HO MUHMMaJIbHBII BapuaHT —
2088 m.H. — He oTMeueH y Hauboliee pacmpocrpa-
HéHHBIX canSNP rpynn A.Br.008/011, A.Br.011/009,
a TaK)ke y IITaMMOB JIUHUU B, cpean KoTopeIxX BeTpe-
yanuce 4 BapuaHTa reHoB M OenkoB. [[nst mramma
2002013094 nuuuu C xapakTepeH 1 BapuaHT pa3me-
poM 2166 1m.H., KOTOPBI OTMEUEH U y MITAMMOB JIH-
Huii A 1 B. Y 3Toro mramma nopsyiok CyObeauHUIL
B omepone gerH obparueiii — C-B-A, B oTianuue ot
HIITaMMOB JIpYTUX JIMHUH.

Panee Hamu ycTaHOBIIEHO, YTO Y IITAMMOB OCHOB-
HOU TeHeTHueckol JinHuKM B orcyTcTBHe amminduka-
uuu VNTR-nokyca Bams34 npu MLVA cBsi3aHo ¢ nie-
Jenyei WM 3aMeHaMu OCHOBaHHiA B 00JIaCTH OTXKUTa
oOpaTHOTO MpaliMepa U 4TO 3Ta 00JacTh HPUXOAUTCS
Ha I'eH npopactanus cnop gerHA mramma B. anthracis
Ames Ancestor. Kpome Toro, 4to qaHHass 0COOCHHOCTh
CITY’KMT HaJEKHBIM T€HETUYECKUM MAapKEPOM U MOXKET
WCIIOJIb30BATHCS ISl MOJICKYJISIPHOTO CyOTHITUPOBAHUS
u nudpdepenunanuu auanii A u C ot B, nzyuyenue pas-
JIMYUH TEHOB U BIMAHUE MX HA (QYHKIUIO OEIKOB IpO-
pacTaHus Crop BO30yAHMTENs] CHOUPCKOM SI3BBI BaXKHO,
MTOCKOJIBKY MPOLIECC IPOPACTAHUS CIIOp SIBIAETCSA KpH-
TUYECKUM B J)KM3HEHHOM IMKJIE 3TOTO MaTOreHa U cTa-
HoBIeHUH uHpeknuu [17].

Tpuuuctponuslii onepon gerS y B. anthracis
omnocpenyeT MpopacTaHUE SHAOCIOpP T'epMHHAHTaMH,
COJepXKAIMMU apOMaTUYECKHUE KOJIBLEBbIE CTpPYK-
Typsl [8]. Bece 3 rena gerS y mramMMoB JUHMU A He
BapuabenbHbl. [en gerSA nunuu B umeer 2 BapuaH-
ta: Bapuant 1 misg mrammoB HYUO1 (canSNP rpym-
na B.Br.001/002), Kruger B, Zimbabwe 89 u SVAll
(rpynna B.Br.Kruger B) umeer | HeCHHOHUMHUYHBIH
SNP. Bapuant 2 y mramma CNEVA-9066 (rpymmna
B.Br.CNEVA) umeet 2 HecuHOHUMHUYHBIX SNP.

I'en gerSB y mramMMoB nuHuM B mpencrasnen
JIByMsl BapHaHTaMu: BapuaHT 1 s mrammoB Kruger
B, SVA1l, Zimbabwe 89 (rpynmst B.Br.Kruger B), ¢ 1
SNP B rene nmeet 1 3aMeHy aMUHOKHCIIOT; BapHaHT 2
st mrammMoB CNEVA-9066 u HYUO1 cootBeTcTBYyeT
pedepercHomy. I'en gerSC umeet 2 BapuaHTa: BapUaHT
1 nyis mrammoB Kruger B, SVA11, Zimbabwe 89 (rpym-
nel B.Br.Kruger B) umeer 1 SNP B rene u 1 3ameny

. gerHA CNEVA-306€
. gerHA Bmes Ancestor |- -
. gerHA A3783
. gerHA R10SS

[a]

gerBA 2002013054
. gerHA Vollum

. gerHA 2000031052
. gerHA 2000031021

BEIRRERRE

1. gerHAR HYUOl_B.Br.dol-0o02
2. gerHR Ames Ancestor

,,,,,,,,,,, ) DSDQOCQQUHSKQGENSDOCQOQHSEQGDSNQEQQNHSEQN

3. gerHA Kruger B B.Br.Kruger B — - — - —— — — — — — —— — = — - —— - —— - ——— -

Puc. 1. O6bnactu rena gerHA ¢ BapnabenbHbIM YMCIIOM TaHAEMHbIX NOBTOPOB (TPAHCNMPOBAHHbLIE MOCNEA0BaTENIbHOCTW).
Fig. 1. Regions of the gerHA gene with a variable number of tandem repeats (translated sequences).



244

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(2)

DOI: https://doi.org/10.36233/0372-9311-483

aMUHOKHCIIOT; BapuaHT 2 11t utamMmmoB CNEVA-9066
u HYUOI cooTBeTCTBYeT pedhepeHCHOMY.

Y muaumu C 2 BapuaHTa — Ui IITaMMOB
2002013094, 2000031021, A1055 u A3783, kak y pe-
¢depencHoro mramma, u Uit mramma 2000031052 ¢
HecuHOHUMUYHBIM SNP 1442G— A(R488H).

OnepoH gerP, BKIIOYAIOUIMI 6 TEHOB, MOXET
OBITH BOBJICUEH B IPOLIECC TOCTABKH TEPMHUHAHTOB K HX
peuenTopaM Bo BHyTpeHHEH MeMOpaHe CIOphI U Urpa-
€T poJib B IPOHHUIIAEMOCTH CIIOPOBOH 000I0ukHu [16].
I'ens! gerPA, gerPB w gerPD TipeicTaBlIEHbl TOIBKO B
1 Bapuante. I'en gerPC umeer 2 BapuaHTa, OTINYAIO-
urecs 1 HecunonnmuaaeiM SNP B rene, ren gerPE —
2 BapMaHTa, TaKkKe OTIuyarouecs 1 HECUMHOHMMMY-
HeIM SNP. Bapuanr 1 BcTpedaercs TOJIBKO y IITAMMOB
rpynnsl A.Br.Ames, BapuaHT 2 — y Bcex I'pyII JIMHUH
A, B, C B. anthracis u B. cereus biovar anthracis CI.

Kpowme rena gerPF, B coctaBe onepoHa gerP ecthb
OPTOJIOT C TAKUM 0003HAYCHUEM U TAKOTO e pa3Mepa,
HO JIpyTroro HyKJICOTHIHOTO cocTaBa BHe ornepoHa. O6a
HE OTJIMYAIOTCSA OT PeepeHCHOro ITaMMa U UMEIOT-
csly WITaMMOB B. anthracis Bcex TUHUN Uy B. cereus
biovar anthracis CI.

B coBokynHOCTH poduiIN npopacTaHus OTAEIb-
HBIX MYTAaHTOB C JEJCTUPOBAHHBIM OJHHM W3 T'€HOB
onepona gerP (AgerP) u TpOHHOTO MyTaHTHOTO IITaM-
Ma C BBIKJIIIOUEHHBIMU TeHamu gerPFE, gerPF 2 n gerPF
3 onepona gerP (AgerPFnull) no3BossiioT npeanoso-
JKUTh, UTO Kaxabld Oenok GerP urpaer perarornyro
pOAb B COACHCTBHU NPaBHIBHOMY M OBICTPOMY MHpO-
pactanuro. OTa posib MOXKET BKJIFOYATh B ceOsl momnaaa-
HHUE MMUTATENIbHBIX BELIECTB B CHOPBI, BBIXOH AMIIUKO-
JIMHATA KaJNbIHs U3 CIOP WIH U TO, U aApyroe [16].

[lo namuMm nanHbIM, reH gerKA mramma STI1 nu-
Hun A (canSNP rpynma A.Br.008/011) conep>kut cuHo-
HuMu4HbIH SNP 1392A—G, mrammsbl muann B Tyrol
4675, BF1 u BF5 (rpynna B.Br.CNEVA) — HecuHoHHU-
muuHbld SNP 211T—G (L71V). YV mramMMoB nuanu B
CNEVA-9066 u RA3 (rpynma B.Br.CNEVA), rpynmnsr
B.Br.001/002 u mramma Zimbabwe 89 rpynmer B.Br.
Kruger B, a taxxe y mramma nuHuu C reH COOTBET-
ctyeT pehepercHomy. [lItamm Kruger B (rpynma B.Br.
Kruger B) umeet MmyTanuio co CABUTOM PaMKH CUUTHI-
BaHus, a B. cereus biovar anthracis Cl — cTON-KO#OH
u HedyHkuoHanbHbie Oceniku GerKA y oboux mram-
MOB. gerKB y mTaMMOB Bcex 3 nuHUHR B. anthracis He
BapuabeneH, a B. cereus biovar anthracis CI cogepxut
6 cuHoHuMHMYHBIX SNP, a Taxke 2 HECMHOHUMMYHBIX
SNP 181C—A(L61I) u 427G—T (V143L). gerKC
y mramMMoB JuHui B u C He BapuabeneH, y mTam-
MoB nuHAU A Vollum (canSNP rpynma A.Br.Vollum),

1. Ames_Ancestor_var1
2. Ames_Ancestor_var2
3.JB10

ORIGINAL RESEARCHES

H9401(canSNP rpynna A.Br.005/007) u K3 (canSNP
rpymmna A.Br.005/006) reH npencrasieH MCEBIOI€HOM
13-3a JAEJeH CO CABUIOM paMKHU CYUTHIBAHUS U Hapy-
menus ynkuuun oenka GerKC.

I'en gerLA y mrammoB nunuit B u C He Bapua-
OeJieH, y ITaMMOB JMHUU A OTMEYEHBI 3 BapuaHTa,
[IPU 3TOM 2 BapHaHTa ecTb y pedepeHc-mramma Ames
Ancestor, ornuuaromuecs BctaBkoit 1-42 GTGGGG
GATTTGTTAGAGCTAAAAGGTAACTTATTTGA
AGTT (VGDLLELKGNLFEV) y nautoinee pacrpo-
CTpaHEHHOIO BapuaHTa 2. Y BapuaHTa 2 CTAapTOBBIH
penkuii Tpuruier GTG. ¥V BapuanTta 1 oObIuHBINA cTap-
ToBBIN TpumieT ATG, KOoTopblil uMeeTcs U 'y BapuaHTa
2 B nonoxenuu 43—45). Tot ke BapuaHT, 4TO U Bapu-
anT 1 mramma Ames Ancestor, ects y mramma JB25
(canSNP rpynma A.Br.Aust94). Eme omuH BapuaHt
gerLA, nmerouuit geneuuo 1-9 M HECHHOHUMUYHBIN
SNP 79G—T (D27Y), npunamiexur mrammy JB10
(canSNP rpynmna A.Br.Aust94) ¢ "HUITUUPYIOIUM TPH-
mwieroM TTG, y kotoporo B nojoxenuu 43—45, xak u
y BapuaHTa 1 mramMmMa Ames Ancestor, ecTb OOBIYHBIN
konoH ATG (puc. 2). DTH pa3nuuusi MOTYT OBITh Clie/-
CTBHEM OCOOCHHOCTEH TpPaHCISIUH IOCIEA0BaTEb-
HOCTEl OeNKOB B Pa3HBIX COOpKaxX reHOMOB IITAMMOB,
KoTopele B Oa3e maHHbIX Protein database NCBI o6o-
3Ha4YeHbl Kak pasHble BapuaHTel GerLA. Henw3s uc-
KJIFOUHUTB TAK)KE, YTO B Pa3HBIX YCIOBUSAX TPAHCIISLMS C
pa3Ho 3 PEKTUBHOCTHIO MOXKET HAYMHATHCS C PA3HBIX
CTapTOBBIX KOJIOHOB.

Ilokazano, uro GerK u GerL nemoHCTpupyroT
YaCTHUYHO NEPEKPBIBAIOIIUECS T€PMUHAHTHBIE CIIELHU-
(bMYHOCTH, B TOM CMBICIIC, YTO OHM 00a Y4acTBYIOT B
AJIaHMHOBOM OTBETE, COXPAHsA IPU 3TOM YHHKAJIbHbIE
CHOCOOHOCTH K PAacro3HABaHUIO aMHHOKHUCIOT. AHa-
JIM3 in Vitro BBIABUI UHIUBUAYAIbHBIN BKJIa1 KaXKI0TO
peuenTopa repMHUHALMH B U3BECTHBIC (DEHOTHIIBI TIPO-
pactanus aHf0cnop B. anthracis. Kpome toro, penen-
TOPBI FePMUHAIIMN CIIOCOOHBI pacTiO3HABATh HECKOIBKO
COEIMHEHUH B OIPEJENEHHOM KJIACCE MUTATEIbHBIX Be-
LIECTB U, TAKUM 00pa3oM, MOTYT paccMaTpHUBaThbCsl Kak
peuentopsl MOJEKyIsipHOro martepHa. Kaxapii uz-
BECTHBII MyTh MpopacTaHusi TpeOyeT Mo KpaiitHed me-
pe 2 pa3auuHBIX peuenTopos. BrnomHe BeposTHO, YTO
B COBOKYITHOCTH 3TH TPEeOOBaHHUs K IPOPACTAHHIO CIO-
COOCTBYIOT BBICOKOH TOYHOCTH, C KOTOpO# B. anthracis
JIOJDKEH OTJINYaTh IOYBEHHYIO CpeAy OT >KMBOTHO-
ro-X035IMHAa B TEYEHHE CBOETO CIIOKHOTO KHU3HEHHOTO
nukia [10].

HecMmotps Ha 1O uyTO BeTBU A M B Xopomo us-
BECTHBI, BeCbMa HEOObIYHBIE U30JIATHl BeTBel C ObLTH
onucaHbl coBceM HenaBHO. OTKpbITHE BeTBH C 103BO-

Puc. 2. BapuaHTbl gerLA wrtammoB B. anthracis.
Fig. 2. gerL A variants of B. anthracis strains.
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JIeT TPEATONIOKUTh, YTO B IPUPOJIE MOTYT CYIIECTBO-
BaTh OoJiee pa3HOOOpa3HbIE TEHOTHUIIBI B. anthracis, HO
OHHU PEIKO BCTpPEYaloTCcs BO BpPEMs BCIBILIEK CHOUp-
CKOH s13BBl. B IpOTHBOIOJIOKHOCTE 3TOMY, Haubomee
YCIELIHOE PacHpOCTPaHEHUE U aJanTalusi K HOBBIM
YCIIOBHUSIM OKpY’Karolllel cpenbl BETBU A, BO3MOXHO,
MPOM30LLIN U3-3a CIIyYaiHOTO T00aTBHOTO paccenBa-
HUS WM HEU3BECTHOTO aJalTUBHOTO MPEHMYIIECTBA.
[NoaxonsAmuii TEHOTUI MOXET OBITh YCHELIHBIM JINOO
M3-32 CTOXaCTUYECKHX MpPOILecCoB, MO0 u3-3a (heHo-
TUMUYECKUX XapPaKTEPUCTHK, KOTOpPbIE CO3AaI0T pe-
MPOIYKTUBHOE MPEUMYIIECTBO. Takux OMOJIOTUIECKUX
pasIuYuil MEXIy 3TUMU TPyHIaMd HE YCTaHOBIICHO,
MOCKOJIbKY aJlaiTUBHBIE (PEHOTHUIBI TPYAHO Pa3iInyu-
MBI, HO IMEHHO [T03TOMY HUX HENb3$5 UCKIIIOYaTh B Kaue-
cTBe 00bsicHeHHs ycrexa rpynmbsl. C Apyroi CTOPOHHI,
CUHTAETCs], YTO TEMII SBOJIIOLIUU KaX10H BETBU MOXKET
OTpa)kaTh aJAlTUBHBIE Pa3INyus, TAKHE KaK CKOPOCTb
MPOpPACTaHUsl CHOpP, TAKUM OOpa3oM YpaBHOBEIIMBAs
0TOOP AJIs JOJATOCPOYHOTO BEDKUBAHUS U 3((DEKTUBHOE
pasmuoxxenue [18]. Jlunus C — camas IpeBHsA, ATU-
TENBHOCTh M CKOPOCTH €€ 3BONIOLUHU CIIOCOOCTBOBANN
HaKOIJICHUIO MYyTallMH, MOABEPKEHHBIX KOHTpPCEJEK-
nuu. OHa He oOHapyxeHa Hurze, kpome CIIA, mrtam-
MBI IaTUPYIOTCs 1956 I. ¥ ociie 3TOro He BBIACTSUINCE.
VYenoBuit ans nepenadu Bo3OyaUTENsl MEXKAY AUKUMHU
JKUBOTHBIMHU, KOTOpbIC ObLTU B HM300WIMU B JIPEBHO-
cTH, OBbLIO Topa3no OoJblle, YeM NpH Hepeaade B CIy-
Yyae CeJIbCKOX03HCTBEHHBIX AKHUBOTHBIX B COBPEMEHHBIX
YCIIOBUSIX U MEHbIIIEH BOCTIPUMMYHMBOCTH B pe3yibTare
BakiuHauuu. B Hacrosiee Bpems B GenBank MoxHO
HaiiTu 5 reHOMOB ITaMMOB JIWHUK C, U3 KOTOPBIX 3 Ju-
meHs! miazmMuapl pXO1, koaupyroied 0eJIKu OCHOBHBIX
(haKTOpPOB MaTOreHHOCTH — TOKCHHOB, YTO OIPaHUYHBA-
€T BO3MOXKHOCTH PACIPOCTPAHEHUs 3TOU JIUHUA. BeTBb
B1 pacnpocrpanena B IOxHoit Adpuke, rae u celiuac
eCTh OOJIBIIUE CTajJa BOCIPHUMMYHMBBIX JUKHX KOIIBIT-
HBIX x03s¢B. Hanpotus, BeTBb B2 BecTpeuaercs Ha rore
O®panuuy, Uranuu, IIseiinapun, I'epmanuu, B npene-
JlaX TpaHCAJBIIMHCKOTO Mosica, INE X039€BaMH MOTYT
OBbITh B OCHOBHOM OJJOMAIlIHCHHBIE KUBOTHbIE, HCTOPHU-
YecKH TPaJUIMOHHO pa3BoiuMas Mopoja KOpoB, C Io-
Pa3a0 MEHBLITUMH BO3MOKHOCTSIMU Ui 3apaxkerust [ 19].
JloCTYITHOCTh WM TJIOTHOCTH MOMYJISIIMK XO35SMHA MO-
T'yT OBITH IBIKYIICH 3KOIOTHYECKON CHIIOH, OTpeaes-
IOIIeH YacToTy mepefadu M, CIEJOBaTelbHO, CKOPOCTh
sBONIIOLMH, KoTopas 1us nuauii C u B mpexne Obuia
BBICOKOM, HO CeMYac 3aMeIIniIach. DBOJIIOLMS JIMHUHU A,
JIUIICHHOW MYyTAaIlUi, SIMMUHUPOBAHHBIX B XO/IE CEJICK-
TUBHOIO OTOOpa, KOTOpasi MIMPOKO paclpoCTpaHUIach
Onaroymapsi aKTUBHOCTH 4€JIOBEKA M BBITECHHJIA JINHUH
B u C, npogomxaercs, cocoOCTBYs yCHEIIHOH ajarl-
Tauuu. THTEpeCHO OTMETUTD, YTO LITAMMBI JIUHUU B,
npesxze BcTpedaBmuecs Ha KaBkase, mocie 1963 1. He
BBLICTISUIMCh, HO CEHYac BBI3BIBAIOT BCIIBIIIKUA CHOHP-
CKOM s13BbI B azuarckoi yactu Poccuu. B wactHOCTH,
n30i1Thl U3 Benblmku 2016 1. Ha SImane oTHOCHIHCH

K JJMHUY B 1, KaK cYMTaIOT, aKTHBU3UPOBAINCH U3 CTa-
PBIX MMOYBEHHBIX OYaroB B pe3yJbTaTe TasHHUS BEUHOU
MEP3IOTHI U SABJSIIOTCS ApeBHUME [20, 21]

[Nouck paznuuuii B reHax U Oelkax TrepMUHALUU
CIOp WITAMMOB B. anthracis OCHOBHBIX T€HETUYECKHX
JMHUAN HampaBlIeH Ha yCTAaHOBJICHHE aJalNTHBHBIX Qe-
HOTHUIIOB.

Takum oOpa3om, B pe3yabrare NpOBEAEHHBIX UC-
CJIeIOBaHUH MOJY4YEeHbl paHee He ONMCAaHHBIE B HAyy-
HBIX MyOJIMKalUUsaX HOBBIC JaHHbIC. VX aHanu3 moka-
3aJl, YTO KOJMYECTBO MOJMMOP(HU3MOB, B TOM YHCIE
HecMHOHUMUYHBIX SNP B reHax repMHHAIMH CIIOD,
MPUBOAAIIMX K HM3MEHEHHI0O aMHHOKHCIOTHOIO CO-
craBa OCJIKOB, y IITAaMMOB B. anthracis muuuii B, C u
mramma B. cereus biovar anthracis 0110 CyIIECTBEH-
HO Oosblle, 4YeM y mraMMoB JauHun A. [TomoOHas 3ako-
HOMEPHOCTh OTMEUEHA HaMH TaKKe IpH aHanuze Oel-
KOB ¥ T€HOB (JaKTOPOB MATOTCHHOCTH B. anthracis n B.
cereus biovar anthracis [6].

BnepBeie ycTaHOBNEHO, YTO B IpeAesax TIeHa
gerHA nmerores 2 obnactu ¢ BapuabeNnbHBIM YHCIOM
TaHJEMHBIX TOBTOPOB. B 3aBHcHMOCTH OT 4yncia mo-
BTOPOB BO3MOXHO A (depeHIMpoBaHHE Kak LITaM-
MOB OCHOBHBIX NuHUN A, B u C, Tak 1 BHYTpH JUHUH,
C TpuBsA3Koi K kaHoHmueckuM SNP-rpynmam u He-
KOTOpBIM KOHKpeTHbIM mTammaM. Hamuuume 12 SNP,
BKJIfouasi | HECHHOHUMHYHBIH, B TeHe gerM mTaMMOB
nuaui B u C no3BossieT oTiMyars uxX OT ITAMMOB JIH-
Huu A. BriepBble oka3zaHo, 4TO peIKHe CTapTOBBIE KO-
nousl TTG, GTG, TGT u ATT Bcrpeuatorcst y 6 TeHOB
mramMMoB 3 niunaui B. anthracis: gerKB, gerlA, gerLB,
gerPB, gerSBun gerYC. I'en gerLA y miTaMMOB TMHUU A
uMeeT 3 BapHaHTa, MPU 3TOM y 2 U3 HUX OIpeeseT-
cs 1O 2 CTapTOBBIX KOJIOHA, | U3 KOTOPBIX OTHOCHUTCS K
penkum TTG nmm GTG.

3aknioyeHue

AHanu3 reHOB U OEJKOB PEIENTOPOB TEPMUHALINN
cnop B. anthracis u B. cereus biovar anthracis noka-
3BIBAET, YTO CYIECTBYET UX 3HAYUTENIbHAs BapHadesb-
HOCTBD KaK B [TPe/IeJIaX OCHOBHBIX T€HETUYECKUX JINHUM,
TaK 4, 0COOCHHO, MEXIy JIMHUsAMU. BapuabenbHOCTh
BbIpakanack B Hamuunu SNP, WHIEI0B, TICEBIOICHOB
W ONpe/eIsieMbIX MU BapHaHTOB 25 T€HOB U OEIKOB.
MeHbliie Bcero noauMoppU3MOB y ITaMMOB Hanboee
pacnpoctpanénHoi suHuu A. [opa3mo Oombliie ux y
mramMMoB Jinauil B u C. MakcuMmym noaumMop¢hu3mMoB
oTMeueH Ui B. cereus biovar anthracis, 9To BIOIHE
O0OBSCHSIETCS €0 B ONPEICIEHHOM CMBICIIC IBOWCTBCH-
HOH IPUPOI0I — XPOMOCOMHBIMU I€HAMU, CBOICTBEH-
HBIMHU B. cereus, 1 IIa3MUAHBIMH, TOMOJIOTMYHBIMU B.
anthracis. YUuTbIBasg, 4TO TOJBKO OIWH OINEPOH pe-
LENTOPOB MpopacTaHus gerX JIOKAIM3YyeTCs Ha Ias-
muze pXO1 u e€ Bapuante pCI-XO1 B. cereus biovar
anthracis str CI, He ynuBuTenbHbI QyHIaMEHTaIbHbBIE
OTINYHMs OONBLUIMHCTBA TEHOB POPacTaHUs CIIOpP Y 3TO-
ro Bujia. Kpome toro, ren gerXC, cuntaronuiics Takxe
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TCHOM BHPYJCHTHOCTH, Y B. cereus biovar anthracis n
mTaMMoB B. anthracis nuanu C sBisieTcs TceBaore-
HOM, YTO MOXET BJIHSTh HA (PYHKIIMU KaK POPACTaAHHUSI
CIIOp, TaK U BUPYJIECHTHOCTH.

3HaYMMBIX 3aMEH B I'€Hax peLenTOpOB I'epMHHA-
AU CIIOp, MPUBOIAIINX K U3MEHEHUIO aMHUHOKHUCIIOT-
HOTO cocTaBa OEJKOB, TAKXKE 3HAYMTENBHO OOJbILE Y
ITaMMOB B. anthracis OCHOBHBIX T'€HETHYECKHX JIU-
uuit B, C u B. cereus biovar anthracis. IlogoOHas 3a-
KOHOMEpPHOCTb, OTMEUEHHAsl HAMU TaKXe MpPU aHaIN3e
0eJIKOB U TeHOB (PAKTOPOB MATOr€HHOCTH B. anthracis
U B. cereus biovar anthracis, MOXET IOIIOIHUTEIHHO
CBUJICTENILCTBOBATh 00 OTrpaHWYEHHBIX aJalTalUOH-
HBIX BO3MOXHOCTAX JUHUA B u C ¥ ObITH OJHUM U3
OOBSICHEHHH WX MEHBIICH paclpoCTpaHEHHOCTH IO
CpaBHEHHUIO C JIMHHUEH A.

Unentuduuuposanst Heonucanubie VNTR B nipe-
nenax rena gerHA c equnuieit nostopa 78 u 117 m.H.
u SNP B reHe gerM, BapbUpyIOLIHE MEXAY U BHYTPU
U30JISITOB PA3HBIX ITEHETUYECKUX TUHUI. HalineHsl pas-
mu4us B reHax gerHA u gerM, He omucaHHbIE paHee
B HAyYHBIX MYyOJIMKAIUSAX, MO3BOJISIONINE AU(QepeH-
LUpOBaTh OCHOBHBIE reHeTuueckue auHUA B u C or
nuuuu A. TlokazaHo, 4To 6 TEHOB PELENITOPOB TEPMHU-
HaIlUKd UMEIOT peaKue cTtapTroBbie konousl 171G, GTG,
TGTu ATT.

[ony4enusle B pe3yasrare padOTHI JaHHBIE AO-
MOJHSIOT CBEJEHMS O peanu3allMd MEepBOro JTama
JKU3HEHHOTO IIMKJIa — IMPOpacTaHus CHOp, pacIIupss
npeAcTaBleHre 00 HBONIOUMU 3TOro maroreHa. OHH
MOTYT OBITh HUCIIOJIB30BaHBI IJIsl ONpPEAETICHUSI TIPOUC-
XOXKJICHUSI IITAMMOB, BBI3BABIIMX BCIBIIIKA CUOUP-
CKOH $5I3BBI, B XOJI€ 3IMUAEMHOIIOTUYECKOTO paccieso-
BaHus. [IponomkeHneM NaHHBIX MCCIIEIOBAHUN MOXKET
OBITh M3y4YeHHE BapHaOCIBLHOCTH T'€HOB CHOPYJISLMY,
enié OHOW BaYKHOM CTaJIUM KU3HEHHOTO ITUKJIa BO30Y-
JIUTENSI CHOUPCKON SI3BBI.
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OueHKa BO3MOXXHOCTUN NPNMEeHEeHNA UMMYHOMOZAYNNPYIOLWNX
NeKapCTBEHHbIX NpenapaToB A1A SKCTPEeHHON NPoPUNaKTUKN
3KCNepUMEHTaJIbHON YYMbl, BbI3BaHHOWN BUPY/IEHTHbIM LUITAMMOM
OCHOBHoOro noasupa Yersinia pestis

loHuyapoBsa A.10.%, byropkoBa C.A., KucnuuyuHa E.B., lepmaHuyk B.T.

Poccniickni npoTmBoYyMHbIN MHCTUTYT «Murkpob», CapaTos, Poccua

AHHOMauus

BeepeHue. ViMmyHoMoaynmpytoLme nekapcTeeHHble npenapatsl (UI11M) obnagatot 6onbwyM noTeHumanom gns
NOBbILLIEHNS Hecneumgnu4Yeckor peakTMBHOCT OpraHM3ma B KOMMMeKce MeponpusaTuid No SKCTPEHHOW npodu-
naktuke (3lM) ocobo onacHbIx MHMEKUNA, B HACTHOCTM YyMbl. B kayecTBe nepcneKkTMBHbIX ANs UccrneaoBaHus
WM oToGpaHbl npenapaTbl NOCAE4HEro MOKOMEHWS M3 rPynn BbICOKO- U HU3KOMOMEKYNSAPHBLIX CUHTETUYECKNX
nenTuAoB, TMOMO3ITUHOBBLIX NPENapaToB U LIUTOKNHOB.

Llenb paboTbl — OLEHWUTb NPOTEKTUBHYIO 3PPEKTUBHOCTL NpumeHeHnsa UITT pasHeix rpynn B SKCnepumeHTax
Mo MOAENUPOBAHUIO 3aPaKEHNS BbICOKOBMPYNEHTHBIM LUTaMMOM YyMHOro Mykpoba Ha 2 Bugax buomogenen.
Martepuanbi u metopbl. NI (pekombuHaHTHBIN MHTepdepoH-y (pPUPH-y), asokcumepa 6pommg (MO), cuHTe-
Tuyeckne nmmyHomogynupytowme onuronentuabl O1, 02, O3) BBoaunu 6enbiM MbIlLaM U MOPCKUM CBUHKaM
NOAKOXHO Mo cxeme: 3a 3 AHA — 1 AeHb — 1 4 40 3apaXeHUs BUPYNEHTHbIM TeCT-LUTaMMOM YyMbl Yersinia pestis
231(708) B po3ax ot 1 go 625 KOE. [lononHUTENbLHO Nepea 3apaxXeHneM y 6enbix Mblllen nccnegoBany BAnsHmue
WIMM Ha npogykumio umMToknHoB PH-y n nitepnenkmHa-10.

PesynbraTthl u o6cyxaeHue. Vsyyenne BnuaHus UJTM Ha BbIXMBAEMOCTb HEBAKLMHMPOBAaHHbLIX Guomoaenei
No3BONWUMO YCTAHOBUTb, YTO Tonbko pUDH-y 1 MO ysenuuusatoT Ha 20-50% BbIXMBaAEMOCTb ABYX TWMOB Na-
GopaTopHbIX XUBOTHBLIX M 3HAYMMO noBbiwakoT 3HaveHue J1, . OgHako Bce TecTupyemblie UIT cnocobeTeytot
YBENUYEHWIO CpeaHen NPOAOIMKUTENBHOCTU XN3HWM BruomMogenen He MeHee Yem Ha 1 cyT. Nocne TpéxkpaTHoro
BBefeHus WM G6enbiM mbilwamM yCTaHOBMEHO yBENMYEHNE CMOHTAHHOW U MUTOTEHNHAYLMPOBAHHON NpoayKUmMu
LIMTOKMHOB TOMbLKO Y 6enbix meiwen, nonydmsunx pU®eH-y n MO, 4yto koppenupyeT ¢ nokasaTtensMu BbhkuBae-
MOCTU XNBOTHbIX.

3akntoyeHue. [lonyyeHHble AaHHble cBuAeTenbCcTBYT 00 addekTnBHOCTM npumMeHenuns WIM, ocobeHHo
pU®H-y 1 MO, npn 3awwmTe MmakpoopraHMama OT 3apaxeHus Y. pestis, 4To onpegensiet NepcnekTMBHOCTb 1ccre-
OOBaHUi No fanbHenlemMy coBepLueHCTBOBaHMI0 cxeM 3l yymbl. LInToknH MPH-y MOXET Cnyxutb Mapkepom
npotekTMBHon addekTnaHocTn UIM.

KnoueBble cnoBa: dyma, UMMyHOMOdyﬂFlmOpr, 8bIXKUBAEMOCMb, IKCMPEHHas npoguiakmuka

Amuyeckoe ymeepxdeHue. ABTOPbI NOATBEPXAAIOT COBMIOAEHNE UHCTUTYLIMOHANMBHBLIX U HAaLMOHAasbHBIX CTaHAap-
TOB MO MCMOMb30BaHNIO TabopaToOPHbLIX XMBOTHBLIX B cOOTBETCTBUM C «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). MNpoTtokon uccrnegoBaHns ofobpeH aTM4eckum KoMMTeToM Poccuiickoro mpoTUBOYYMHOTO MHCTU-
TyTa «Mukpob» (npotokonbl Ne 11 ot 16.10.2019; Ne 3 ot 05.03.2020; Ne 14 ot 19.09.2022).

UcmoyHuk ¢huHaHcupoeaHusi. ABTOpPbI 3asiBMNSAOT 06 OTCYTCTBUM BHELLHEro hMHaHCUpPOBaHWSA Npu NPOBeAEHNN 1C-
cnefoBaHus.

KoHgbriukm unmepecoe. ABTOPbI AEKNapUPYOT OTCYTCTBUE SIBHBLIX M MOTEHLIMATbHBIX KOHIIMKTOB MHTEPECOoB, CBSi-
3aHHbIX C NyGnyKaLmeit HacToALLe CTaTby.

Ana yumupoeaHus: Nonvaposa A.1O., Byropkosa C.A., Kucnmumna E.B., lepmanuyk B.I. OueHka BO3MOXHOCTU npu-
MEHEHNS UMMYHOMOZYNMPYIOLLMNX NEKapCTBEHHbIX NpenapaToB Ans 9KCTPEeHHOWM NpodunakTUKy aKCnepuMeHTanbHom
YyMbl, BbI3BAHHOW BUPYNEHTHbIM LUTAMMOM OCHOBHOrO noasuaa Yersinia pestis. XKypHan mukpobuonoauu, anudemuo-
noeuu u ummyHobuonoauu. 2024;101(2):248-258.
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Assessment of the effect of using immunomodulatory
drugs for emergency prevention of experimental
plague caused by a virulent strain of the main
subspecies Yersinia pestis

Anastasiya Yu. Goncharova®™, Svetlana A. Bugorkova, Ekaterina V. Kislitsina,
Valery G. Germanchuk

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

Abstract

Introduction. Immunomodulatory drugs (IMD) have great potential to increase the nonspecific reactivity of the
organism in a set of measures for emergency prevention of plague. The purpose of the work is to evaluate the
protective effectiveness of the use of IMD of different groups in experiments on modeling infection with a highly
virulent strain of the plague microbe.

Materials and methods. IMD (rlFN-y — recombinant interferon-gamma, PO — azoximer bromide, synthetic
immunomodulatory oligopeptides O1, 02, O3) was administered to white mice and guinea pigs subcutaneously
thrice by the schedule 3 days, 1 day, and 1 hour prior the infection with a virulent test strain of plague Yersinia
pestis 231 (708) at dose from 1 to 625 CFU. In addition, the effect of IMD on the production of IFN-y and interleu-
kin-10 was investigated in white mice before infection.

Results. The study of the effect of IMD on the survival of unvaccinated biomodels made it possible to establish
that only rIFN-y and PO increase the survival of two types of laboratory animals by 20-50% and significantly in-
crease the LD, . All tested IMD contribute to an increase in the average life expectancy of biomodels by at least
one day. An increase in spontaneous and mitogen-induced cytokine production was found only in white mice
receiving rIFN-y and PO, which correlates with animal survival rates.

Conclusion. The obtained data indicate the effectiveness of the use of IMD, especially rIFN-y and PO in protect-
ing the macroorganisms from infection with Y. pestis, which determines the prospects for research on the further
improvement of emergency prevention of plague.

Keywords: plague, inmunomodulators, survival, emergency prevention
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BBepeHne

Yyma — oCcTpoe MpUpOIHO-04aroBoe MH(PEKINOH-
Hoe 3a00JIeBaHNE U3 TPYIIIBI KAPAHTHHHBIX WHPEKINH,
MIPOTEKAIONIEe C HUCKIIYUTEIBHO TKEIBIM OOIUM
COCTOSTHHEM, YacTo C pa3BUTHEM cerncuca. Koapduuu-
SHT JeTalibHOCTH OyOOHHOH uyMbl nocturaet 30-60%,
a n€rouHas dyMa Ipu OTCYTCTBUU JICUCHUA MPaKTU4YC-
CKM BCErJa MPUBOAUT K JeTajabHOMY ucxony. lllupokoe
pacnpocTpaHEeHHE IPUPOIHBIX 04aroB YyMbI U COXpa-
HEHHME HaMpPSHKEHHOW 3MHU300TOJIOTHUECKOH 00CTaHOB-
KM Ha OTACNIBbHBIX Teppuropusix Poccuu, akryanbHas

© Goncharova A.Yu., Bugorkova S.A,, Kislitsina E.V., Germanchuk V.G., 2024

yrpo3a OMoTeppopHu3Ma, MpoaoKaroIIuecs pa3padoT-
KW OMOJIOTHYECKOTO OPYKHsI B Jpyrue GpakTopbl pucka
BO3HMKHOBEHHUS SMUACMUYECKUX MPOSBICHUN 3TOTO
0co0o omacHoro 3abojeBaHusi 00yCIOBIUBAIOT HEOO-
XOJMMOCTh COBEPLICHCTBOBAHHS CYIIECTBYIOIIUX U
pa3paboTKy HOBBIX CPEICTB M CXeM crenn(puieckon u
sKcTpenHoi npodunaktuku (I11) uymsl.

B komIuiekce Mep Kak OOIIeH, Tak ¥ CIeIHAlb-
HO#l DIl yyMbI MO pacnopsKEHUSAM HUCIOTHUTENBHBIX
opranoB Biactu Poccuu BceM nunam, HOABEPrILIUMCS
3apakeHUIO WIH YTpo3e HHPUIMPOBAHNUS, HA3HAYAIOT-
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Csl aHTUOMOTHKH U XUMHUOIIPENaparhl HIMPOKOTO CIEK-
Tpa AeicTBuA: pudaMIUIUH, JOKCUIUKIHH, O0(IOK-
canuH, neduIoKCalyH, UIPO¢IIOKCAIIMH, a TAKKE UX
COYETaHHUs, MO3BOJSAIONINE MOIYYUTh CHHEPTUIHBIH
3ddexT (aMUHOMIUKO3UABI C pUDAMIUIIMHOM WU
Oera-nmakramMaMu; pupaMIUIMH C OeTa-JlaKTaMaMuy;
(GTOPXWHOJOHKI ¢ OeTa-lTakTaMaMi U aMHUHOTJIMKO3H-
namu) [1, 2]. CoepuienctBoBanue D11 auyMbl Benércs
M0 HECKOJbKUM HAaIlpaBJICHUSIM: MIOUCK HOBBIX BBICO-
K03 (EKTUBHBIX JIEKAPCTBEHHBIX AHTUMUKPOOHBIX
CpencTB; pa3paboTKa CXeM COBMECTHOTO MpHMEHe-
HUS SKCTPEHHON aHTHOAaKTEpUAIBHON MPEBEHTUBHOM
Tepanuu U creuu(PuIecKoll BaKIMHOMPOPHUIAKTUKH,
4TO, 0 MHEHHIO MHOTHX HCCIIEIOBATEICH, SBISETCS
Haubonee NEHCTBEHHBIM MEPONPHUSITHEM NPU YIrpo3e
AHTPOIIOI€HHOI'0 paclpoCTpaHeHus YyMsl [3]; olieHKka
BO3MOXHOCTH IMPHUMEHEHUS COBPEMEHHBIX HMMYHO-
aJ’bIOBAaHTOB U HMMYHOMOAYIATOPOB [4]. Kaxablit u3
9TUX HOAXOAOB HE JHIUEH HEKOTOPBIX HEIOCTATKOB.
[Tpu pacmmpeHny nepevyHs AOCTYMHBIX aHTUOAKTEepH-
aJIbHBIX NpemnapatoB ais neneit D11 cymecTByet yrpo-
3a pUCKa MOSBICHHUS aHTHOMOTUKOYCTOMYMBBIX BUPY-
JICHTHBIX IITAMMOB, YTO SIBJISICTCS CEPhE3HON IpobIIe-
Mo 3apaBooxpaneHus [5]. [I[puMeneHne S3KCTpEHHOM
MMMYHHU3alUU KuBoi uymMHOH BakiuHod (BUXX) Ha
(hoHE MPOBEICHUS TOCTKOHTAKTHOW STUOTPOITHON XH-
MUONPO(UIAKTHKY MPUBOAUT K yTHETEHHIO IIpoliecca
(dhopMUpOBaHKs TOCTBAKIIMHAIBLHOTO U MOCTUH(EK-
UOHHOTO UMMYHHTeTA [6, 7]. [lonbITKH HCTONB30Ba-
Hus a5 DIl BakMHBI HA OCHOBE aHTHOMOTHUKOPE3U-
CTEHTHBIX MITAMMOB YyMHOTO MHKpPOOa CONPSKEHBEI
C BBICOKHMM PHCKOM Iepelaun MPU3HAKOB aHTHOMOTH-
KOPE3UCTEHTHOCTH B TpOllecce MEPCUCTEHIMU Bak-
OUHHOTO IITaMMa B OPTaHU3Me MPUBUTHIX JIOACH Kak
NaTOTeHHBIM, TaK U yCIOBHO-TIATOTEHHBIM MHKPOOP-
raausmam [8].

B 1011 cBs3M nccnenosanue 3 HEKTUBHOCTH PH-
MEHEHUS JICKApCTBEHHBIX MpenaparoB, 00JaJalonInx
JOKa3aHHBIM UMMYHOMOIYTHPYIOIIMM HOTSHLHAIIOM,
C LIEJIBIO TTOBBIIEHHSI HeCTIENU(PUYECKOH pe3UCTEHTHO-
CTH OpraHu3Ma ajisi TPO(UIAKTUKH U JIeueHUs UHEK-
UOHHBIX 3200JIEBaHU CTaJI0 aKTHBHO Pa3BHBAIOIINM-
cs B mocjeqHee BpeMs HampasieHueM. MmmyHoOMO-
OyJIUpyIoLas Teparusi, 10 MHEHHUI0 MHOTHX aBTOPOB,
o0nafaeT psAAOM MPEUMYIIECTB Mepe]] TPaAUuHOHHBIM
AHTUMHUKPOOHBIM JICYCHHEM: HE BBI3BIBACT DPA3BUTHS
MHOXXECTBEHHOM JIEKAPCTBEHHOM YCTOMYMBOCTU CPEAU
MHUKPOOPTaHU3MOB, TO3BOJISIET 3HAUYUTEIBHO pAaCIIH-
PUTH MOAXOABI K JICYCHHUIO MAHEHTOB ¢ UMMYHHBIMH
paccTpoiicTBaMH, MOXKET HCIOJIB30BAaThCSI B KAueCTBE
HecTenuprUECcKoil HEOTIMKHON Teparuu U mpoduiax-
TUKU B IKCTPEHHBIX cuTyauusx [9]. B coorBercTBUM C
OCHOBHBIMH TPEOOBAaHUSMH, NPEIBSIBISIEMBIMH K UM-
MYHOMOIYJIUPYIOIIMM JICKAPCTBEHHBIM IIperaparam
(WJIIT), ucnonbzyembiM anst D11 mapekunoHHbIX 00-
Jie3Hel, OHU JOJDKHBI 00NaaTh CIeAYIOMUMHU Xapak-
TEPUCTHKAMHU:

SCIENCE AND PRACTICE

1. O6nagare MWMPOKUM CHEKTPOM aKTHBHUPYIOILETO
BIMSIHUS Ha UMMYHUTET (kak T-, Tak u B-knerou-
HOE€ 3BEHO), UMETh KPUTEPUHU (MapKephl) OLEHKH
3¢ (EeKTUBHOCTHU JACHUCTBUS.

2. BeiTh Oe3omacHBIMH, HE HMMETh MPOTHUBOIOKA-
3aHUH, HE BBHI3BIBATH IPHUBBIKAHUS, MOOOYHBIX
peaxkuuii, alIeprudeckux U KaHIepOTreHHbIX d(¢-
(beKTOoB.

3. JoxHBI OBITH JOCTYITHBI AJIS MACCOBOTO MPHMeE-
HEHHUs1, OBITh 3apETUCTPHPOBAHBI KaK JICKAPCTBEH-
HO€ CpEeJICTBO U MpousBeneHsl B Poccuu.

4. O0nanare BHICOKOM COBMECTUMOCTBIO C BaKI[MH-
HBIMHU TpenapaTami, a TaKXke aHTHOMOTUKO- U XU-
MHUOIpenaparaMy, NoBbimas uxX 3(Q(HEeKTHBHOCTD
U CHIDKas TEpaleBTHUYECKYI0 J03y IPU COBMECT-
HOM BBEJICHUU.

B To#i nunu MHOM CTENEHU JaHHBIM KPUTEPHUSAM CO-
orBercTBYOT WJIII, ucnons3yemele B UCCIIELOBAHUAX
o coBepineHcTBOBaHUIO DI cHOUPCKOiA SI3BBI (JIMKO-
nua, O6aktucrtatuH) [7], Tyaspemun (mpemapar LHTO-
kuHa uHTepneiikuna (UJ1)-12, umynodan) [10], cana
u muenonnosa (uarepdepon ramma (MOH-y), mryTok-
cum, OectuM, umyHodan) [11, 12], xonepsl (Jiukonuz,
umyHodaH, nonuokcuaoHuit) [13], yymbl (MOMHOKCH-
JIOHUH, IUTO3UH-TYaHUH OJIMTO1€30KCUHYKJIEOTH bl —
CpG-OIH) [14, 15].

Cpenun Heckonbkux gecsatkoB WMJIII, paznuyaro-
LIUXCS KaK 110 XUMHUYECKOM CTPYKType, TaK U 10 MeXa-
HU3MY JEHCTBUS, HA OCHOBaHUH JAHHBIX JIUTEPATypPhl
U paHee MpoBeAECHHBIX HAMU HccienoBanuii [4, 16, 17]
B Ka4eCTBE MEPCIEKTUBHBIX AJI1 MPUMEHEHHUS B KOM-
mwiekce mepornpusituid mo D11 uymsl ObUIH O0TOOpaHBI
coBpeMeHHble komMmepueckue MJIIT u3 rpynn tuomnos-
TUHOBBIX MpenaparoB (IIyTaMUI-IUCTEHHII-TITULIUH
nuHaTpua—O1), CHHTETHYECKUX IENTHI0B (TPEOHUII-
NIy TaMUJ-JIU3UI-JIU3UII-apTUHUIT-apTUHUI -1y Ta-
MUJI-TPEOHWI-BATUI-TIy TaMUII-apTUHWII-TITY TAMUJI-
mm3ui-rnytamar — O2; apruHui-anbda-acnapTui-
JU3UI-BaIWI-TUPO3UI-apruHUH — O3), IUTOKHUHOB
(pexoMOuHaHTHBIA UHTEpPepoH-ramma — pUDH-y),
a TAKXKE CUHTETHYECKHUM BEICOKOMOJIEKYJISIPHBII [TOJIK-
anekTponut — azokcumepa Opomup (I10). Bee wuc-
noab3oBanHble WJIIT — poccuiickoro npous3BoOACTBa,
paspelieHsl K NPUMEHEHHIO Y B3pOCIHBbIX U JeTel ¢
2-3 net, 0071a1aF0T HAPSTY C UMMYHOMOIYTUPYIOLIUM,
netokcurupyrommm (I10, O3), renaronpoTeKTUBHBIM
(01, pU®H-y, O3), antrokcunantueiM (I10, O3), an-
tubnotukonoreHuupytomum (I10, O1) neiicTBueM.
Panee namu Obuta nokazaHa Oe3BPeIHOCTH BCEX HC-
neityemblx MJIII npu COBMECTHOM HCIOJIB30BAHUU
¢ BUX B rucro- m matoMop¢oJoruueckoM ucclie-
JOBaHWM HAa MOPCKUX CBUHKaX, a Takxke 3((eKTuB-
HO€ CHIXEHHE CpeJHEH HMMYHM3UPYIOUIEH H03BI
BAKUMHHOTO ImTamma Yersinia pestis EV HUUDT
(ImD, ) [4, 16, 17].

Hens nanHO# pabOTHl — OLIEHUTH POTEKTUBHYO
spdexruBHOCT, puMeneHust WJIIT pasHbIx rpynn B
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3KCHCpI/IMCHTaX 10 MOILGHI/IPOB&HI/I}O 3apa>1<eH1/m BBI-
COKOBHPYJCHTHBIM IITAMMOM YyMHOIO MHKpoOa Ha
2 BUaX OMOMOIEIIEN.

MaTepwuanbl n metoabl
UImammel

B pabote ncnonb3oBasu BUPYJICHTHBIA IITAMM
Y. pestis 231(708) oCHOBHOTO MOABH[IA, MOMYYCHHBIN
n3 TocynapcTBeHHOW KOJUIGKIIMM MATOTEHHBIX OakTe-
puii Poccuiickoro npoTuBO4yMHOro MHCTUTyTa «Mu-
kpo0» PocnorpebHaazopa.

WmmyHomoOynupytoujue npenapamei

Hozbl npenaparoB — O1 («Dapma Bamy»), 02
(«Mmmadapmar), O3 («buonoxc HIIII»), 1O («HITO
[etpoBakc @apm»), uenoBeueckuii pUDH-y («Dapma-
KIIOH») — JUIS BBEJICHUS OMOMOJICIISIM BBIOPAHBI, HC-
XOJSl U3 PEKOMEHIYEMOH MPOU3BOAUTENSIMH 03Bl AJIS
YeJioBeKa ¢ yuéToM nepepacyéra Ha Maccy TeJia )KUBOT-
Horo (Tadu. 1).

JlabopamopHvle xusomHeie

OKCHEepUMEHTHl NPOBOAWIM Ha OecHOpOIHBIX
OenpIx Mblmax maccoir 21,5 + 3,5 r U Ha MOpPCKHUX
CBUHKax maccoil 375 + 75 1, MOIy4YEHHBIX M3 IH-
TOMHUKa POCCHICKOTO IIPOTUBOYYMHOIO WHCTHUTYTa
«Mukpo6». DTH BUIBI Yallle BCETO HCIOJBb3YIOTCS B
HCCIIEOBAHUAX IO 3apKEHHIO BO3OYAHMTENEM YyMbI
U TPeayCMOTPEHbl HOPMAaTUBHBIMHU JIOKyMEHTaMH K
MIPUMEHEHUIO JJIS OLEHKU TPOTEKTUBHBIX CBOICTB
BaKIIMH M CXEM HUX BBEACHHUSA. MaHUMYISALUU C K-
BOTHBIMH, a TaK)X€ BBIBEJICHHE MX U3 JKCIEpUMEHTa
OCYILECTBIISIM B coorBeTcTBUM C IIpukazom Mun-
3apaBa Poccun ot 01.04.2016 Ne 199H «O6 yTBepxae-
nuu [IpaBun Hagexamei 1a00paTOPHO MPAKTHKI,
Hupexkrusoit Ne 2010/63/EC Emponeiickoro mapia-
meHTa U Cosera EBpomneiickoro corosa ot 22.09.2010
«O 3amuTe >KUBOTHBIX, HCHOJNB3YIOLUIUXCS A Ha-
yunblx nenei» n «Consensus Author Guidelines for
Animal Use» (IAVES, 23.07.2010). Ilporokosnsl uc-
cienoBanuii omoOpensl Komuccueil mo 6nostuke npu
PoccuiickoM NpOTHBOYYMHOM HHCTUTYTE «MHUKPOO»
Pocnorpebnanzopa (mpotokoist Ne 11 ot 16.10.2019;
Ne 3 o1 05.03.2020; Ne 14 ot 19.09.2022).

MumameneHole cpedel

KynbTypsl mTaMMOB BBIpalllMBaiIy Ha arape Xot-
tunrepa pH 7,2 + 0,1 (mpousBoactBo Poccuiickoro
MPOTUBOYYMHOTO HHCTUTYTa «MHUKPOO»).

OueHka npomekmueHocmu

JKuBoTHbIM (OecriopoHbie OeNble MBIIIH, MOP-
CKHE CBUHKH) OIBITHBIX TPy BBOAWIN UCCICAYEMbIC
WJITT noakokHO B J103aX, YKa3aHHBIX B Ta0J. 1, Tpex-
KpaTHO 1o cxeme: 3a 3 aus — 1 mewp — 1 9 g0 3a-
paXXeHHs BUPYJICHTHBIM TECT-IITAMMOM YyMBI Y. pestis
231(708). B KOHTpOJIBHYIO IPYIIy BXOAMIM WHTAKT-
HBIC JIAOOPATOPHBIC MBI U MOPCKHE CBHHKH, KOTO-
PBIM TOJKOKHO BBOIWIN (DU3HOJIOTUYCCKUIN PacTBOP
B 00béme 0,2 u 0,5 MJI COOTBETCTBEHHO. 3apakeHUE
JKUBOTHBIX OMBITHBIX U KOHTPOJBHOU TPYII OCYIIECT-
BIISUTH TecT-mtaMMoM Y. pestis 231(708) B msatukpar-
HO Bo3pacTaromei koHneHnTpauuu ot 1 no 625 KOE.
HaGmionenue 3a KUBOTHBIMU IMPOBOJAMIN B TCUCHHUE
15 nHei, B KOHIIE JKCIEPHMEHTa BCEX BBIKHUBIINX
JKMBOTHBIX YMEPIIBIISLIA C MOMOINBIO MapoB XJIOPO-
¢dopma. ['mbens OHMOMOAENH OT YyMbl TOATBEPKIATH
HAJIMYUEM XapaKTEePHBIX JUIsi YyMHOW MH(EKIHMU ma-
TOJIOTOAaHATOMUYECKHX U3MEHEHHI; YyMHOTO MUKPOOa
B Ma3Kax-0TIEYaTkax U3 OPraHOB MAaBIIUX XUBOTHBIX,
OKpallIeHHBIX N0 ['paMy; MOJOKUTEIBHOTO pe3yibTaTa
BBICEBOB M3 OPTraHOB U KPOBH Ha IJIACTUHKHU arapa XoT-
tunrepa pH (7,2 £ 0,1), conepxaiiyue CTUMYIATOP PoO-
cra cynbdur Harpus (0,024 £ 0,001%) u reHIIIaHBHO-
net (0,0045 + 0,0005%).

Y KUBOTHBIX ONPEICISUIA TOKA3aTEN BEIKIBAC-
MOCTH (IPOLIEHTHOE COOTHOLICHHE BBDKUBIINX Ha KO-
HeI[ 3KCIIEPUMEHTA KUBOTHBIX K OOIIEMY KOJIUYECTBY
B3STBIX B DKCICPUMEHT KUBOTHBIX JAHHOW TPYIIIbI),
CPEIHIOI0 MPOJOKUTENBHOCTh KU3HU MaBUIMX B JKC-
MEPUMEHTE KUBOTHBIX, [UIMTEIBHOCTh HHKYOAIIMOHHO-
ro mepuojia /10 Hadajga MaHudecTanuu 3a0oJieBaHUS,
CPEIHIOK CMEpPTENbHYIO/IeTanbiyto 103y (JI,, —
CTaTHCTUYECKH YCTAHOBJIEHHYIO /103y, KOTOpasi MpH OJ1-
HOKPAaTHOM BBEJICHHM BbI3bIBacT rudenb 50% B3sATHIX
B OKCIIEPUMEHT KUBOTHBIX ) 3apa)KaOIEro TeCT-IITaM-
Ma 9yMbl U uHAeKe nMMyHuTeta (M) — oTHOmeHue
Ben4auHbl JIJI, ) /Ut JKMBOTHBIX OIBITHOW TPYIIBI K
Besmaune JIJL, ) Uit )KUBOTHBIX KOHTPOJIBHOW TPYIIIBL.

Tabnuua 1. lNpenapartsbl, MICNONb30BaHHbIE ANS UMMYHU3aLMWM BMONPOGHBIX KMBOTHBLIX

Table 1. Preparations used for immunization of bioassay animals

[Mpenapart, ncnonb30BaHHbIM
ANs UMMYHW3aLmn

MmmyHm3aums 6ecnopogHbix 6enbix Mbien
Immunization of outbred white mice

MMMyHuM3aumsa 6ecnopogHbIX MOPCKUX CBUHOK
Immunization of outbred guinea pigs

The preparation used for immunization

nosa | dose n posa | dose n
O1, mkr | ug 40 64 400 24
02, mkr | ug 30 70 300 20
03, mkr | ug 1 72 10 20
MNo, mkr | PO, ug 4 64 50 32
pUPH-y, ME | rIFN-y, IU 150 64 2000 32
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Y4uuThIBaNM NPOLEHT 0OCEMEHEHUs] YyMHBIM MHKPO-
00M BHYTPEHHHX OpPraHOB MaBIIUX U BBDKUBIIUX OHO-
NPOOHBIX KUBOTHBIX.

LjumokuHo8bIl npogusie

[ponykuuto nutokunoB — UOH-y u NJI-10 —
B KJIETOYHBIX KYyJBTYpax KpPOBM MBIIIEH ompenens-
JU Tepe] 3apakeHueM Ha 3-M CyTKM Iocjie Hadaja
BeepeHuss WJIIT ¢ momouipio TBepAoGa3zHOro UMMY-
HO(EPMEHTHOTO aHalIH3a C NPUMEHEHHEM KOMMeEp-
yeckux TecT-cucteM («Abcamy, «BioScience») Ha
ABTOMaTHYECKOM HMMYHO()EPMEHTHOM aHaln3aTope
«Lazurit» («Dynex Technologies») npu anuHe BOJHEI
450 HM. /It 5TOro BEHO3HYIO KPOBb C aHTUKOATYJISH-
ToM (renaput, «CHHTE3») Pa3BOAWIN B COOTHOILICHUU
1 : 4 cpenoit RPMI-1640 («PanEco»), comepxarieit
100 Mkr/mn rearamununa («MocxumdapmnpenapaTst
uMm. H.A. Cemamiko»), 3aTeM JIEIWJIU Ha JIBE PaBHBIC
gactd. B ogHy 4acts BHOCHiHM 100 MKJI CTaHAApTHOTO

SCIENCE AND PRACTICE

T-kneToyHoro MUTOreHa KOHKaHaBajdnHa A («Sigmay)
B KOHCUHOUW KOHIIGHTpauu 15 MKr/Mi (MHIyIIUPOBaH-
Hasi TpoAyKuust), B Apyryto — 100 Mk ¢pusuonornye-
CKOT'0 pacTBopa (CrioHTaHHast MpoxyKius). ONbITHBIE U
KOHTPOJIbHBIE 00pa3bl HHKYOHpoBaliu B TeueHue 24 4
mpu 37°C. [ocne uHKyOaIu KJICTKA OCaXKIaIH ILICH-
Tpu(yrupoBaHNEM B CTaHAAPTHBIX YCIOBHSX U OTOU-
paJii CylepHaTaHTHI.

Cmamucmudyeckue memoobl

CrarucTudeckylo 00paboTKy SKCIEepHUMEHTalb-
HBIX JJAHHBIX IPOBOJAMIIN C UCTIONB30BaHUEM CTaHAAPT-
Horo naketa nporpamm «Microsoft Office Excel 2010»
n «Statistica 10.0» («StatSoft Inc.»). B3aumocss3b
MEXIy MEePEeMEHHBIMH OIPEACIsUIN C MOMOILIBIO KOp-
PENSIIIMOHHO-PETPECCUOHHOTO  aHaln3a (KO3 Quim-
eHT koppensuuu [Iupcona). JJocToBepHOCT pa3auymii
CPaBHMBAEMBIX BEJIMYMH OILICHUBAJIU C ITOMOIBIO Map-
Horo t-kputepus Ctprofenta u W-kpurepust Bunkok-

Ta6bnuua 2. BnuaHue WM Ha BbRkMBaeMOCTb 6MOI'Ip06HbIX XNBOTHbIX NPU NOAKOXXHOM 3apaXXeHUn BUPYIEeHTHbIM TeCT-LUTaM-

MoM Y. pestis 231

Table 2. The effect of immunomodulatory drugs on the survival of bioassay animals during subcutaneous infection with

a virulent test strain Y. pestis 231

VMMYHIUBMDYIOLLIA [osa Ymncno XnBOTHBIX CpepgHsisa
npenapar Buromoaens Y. pestis 231, LD (BbbKMBLUME/OOLLEE NPOJOMKNTENBHOCTb N, . KOE nn .
Immunizing Biomodel Dose of ° KOnM4eCTBO) HKUIHM, CYT LD50 CFU Immunity
dicati y is 231 LD Number of animals Mean time-to-death, days 50’ index
medication - pestis T80 (survived/inoculated) M+m
dusnonormyeckni Benas mbliwb 5 2/10 3,7+05 5 -
pacTtsop White mice 25 0/10 35+02
PBS ' '
Mopckasi cBuHKa 5 0/5 49+0,7 18 -
Guinea pigs 25 0/10 46+0,6
pADPH-y Benasi Mbllb 5 3/9 7,5+04* 12 2,4
rIFN-y White mice 25 1/8 6,2 +0,3*
Mopckasi cBuHKa 5 2/6 6,5+0,8" 38 21
Guinea pigs 25 1110 6,1+0,4
no Benasi MblLlb 5 5/8 7,3+04* 20 4
PO White mice 25 2/8 6,4 + 0,8
Mopckasi cBuHKa 5 3/6 7,5+0,3" 55 3
Guinea pigs 25 2/6 7,2+04*
o1 Benasi Mbllb 5 5/8 6,0+0,7* 16 3,2
White mice 25 2/8 54104
Mopckasi cBuHKa 5 2/6 6,9 +0,4* 30 1,6
Guinea pigs 25 0/6 7,5+0,8*
02 Benasi Mbllb 5 2/10 6,6 £2,2* 5 1
White mice 25 0/8 5,2 + 0,9*
Mopckasi cBuHKa 5 0/5 72+1,6 18 1
Guinea pigs 25 0/5 6,4 £ 0,4*
03 Benas Mbilb 5 3/9 7,5+0,3* 9 1,8
White mice 25 1/10 6,8 £ 0,6*
Mopckasi cBuHKa 5 1/5 6,6 +0,6* 18 1
Guinea pigs 25 0/5 6,3 £ 0,6*

Mpumeyanume. *p < 0,05 N0 cpaBHEHNIO C KOHTPONBLHOW rPYMNMOW.
Note. *p < 0.05 compared to the control group.
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coHa. CTaTUCTHYECKH 3HAUUMBIMH CUHATAIN PA3THUHS
ipu p < 0,05.

Pesynbratbl

Panee ObLIO YCTaHOBICHO, 4YTO OJHOKPATHOE
BBeneHue Beex uccneayembix MJIIT HenocpencTBeHHO
nepesa 3apakCHUEM BBICOKOBUPYJICHTHBIM IITAMMOM
Y. pestis 231 (708) He BIUsET Ha pPa3BUTHE MATOJO-
CUYECKOr0 IMpoIiecca, MOKa3aTelId BBIKUBAEMOCTH U
CPEIHIOK TPOAOKUTEIBHOCTh MHU3HU JlabopaTop-
HBIX KUBOTHBIX [4, 17, 18]. DkcnepuMeHTaIbHO MO-
TBEPKACHO, UTO ISl MOJIOKUTEIBHOTO () eKTa HeoO-
XOIMMO MUHUMYM TPEXKPAaTHOE BBEICHUE IIpenapara,
HampuMep, 1o cxeme: 3a 3 11 — 1 genbp — 1 4 mepen

100 ~

(o]
o
1

(o]
o
1

40 A

20

BbikmBaemocTb, % | Survival, %

0 T T T T T T T T

3apaxkeHMeM. B TaHHOM HCCIeZJOBAHMM B YCIOBHUAX
MoJenupoBaHusl OyOOHHOH (opMBI YyMHOH HH{]EK-
MU CTOsIIA 3aj1a4a OIICHUTh 3PPEKTUBHOCTh OTPado-
TaHHOHN paHee CXeMBbl HIKCTPEHHOIO MPUMEHEHHUS pa3-
nuuHbIx rpynn WIIL, paznuyaromuxcst 10 MEXaHU3MY
JEUCTBUS.

YcTaHOBIEHO, UYTO TPEXKPAaTHOE TPUMEHEHUE
WJIIT no 3apaxeHusi OesbIX MBIILIEH MPUBOAUT K yBe-
mmyennto JIJI,) u I BO BCeX OMBITHBIX TpymIax, Kpo-
Me JXKMBOTHBIX, UMMYHH3HpOBaHHBIX O2 (Tada. 2).
BbpKuBaeMOCTb OeNbIX MBIIIEH, IMMYHU3UPOBAHHBIX
pUDH-y, I10, O1 u O3, cocraBuna B cpenueM 36, 59,
50 u 26% cootBeTcTBeHHO. [Ipu 3apaxkaromel 03¢
25-30 JI,, Y. pestis 231 BbDKHBaEMOCTb CHHXKAIIACH

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16

Cpok HabntogeHnus, gHu | Observation time, days
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Puc. 1. Brinanue WUIM Ha NpogormkUTenbHOCTb XNU3HM GenbixX MbLLe B YCIOBUAX MOAKOXHOrO 3apaxerus 5 I (a)
n 25 N, (6) Y. pestis 231.

Fig. 1. The effect of immunomodulators on survival of white mice after subcutaneous challenge with 5 LD, (a) n 25 LD, (b)
Y. pestis strain 231.
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1o 0-5%, kpome rpyIn, UMMyHU3UpoBaHHBIX pUDH-y
(15%), O1 u 11O (mo 25%) (puc. 1).

Bo Bcex ombITHBIX Ipymniax OTMEUEHO yBeIude-
HUE CpeqHed NpPOJODKUTENBHOCTH >KM3HHM MaBIIHX
JKUBOTHBIX, B OOJBILICH CTENCHU y MBbIIICH, UMMYHH-
supoBaHHbIX pUDH-y, [1O u O3, Ha 24-96 4 B 3aBu-
CHUMOCTH OT THIIa OMOMOJETN U UHPHLIUPYIOWIEH O35l
BUpPYJIEHTHOTO mTamMMa (Tabmn. 2). Ilpu nmpumeneHun
pUDH-y, I1O n O1 3apeructpupoBaHo MPOIOHTUPOBA-
HHE HHKYOaIllMOHHOTO MIEpUoa 10 Hauaa 3a001eBaHusI
y MaBIIUX UBOTHBIX B cpeiHEM Ha 24—48 u.

HoctoBepHoe yBenuuenue (p < 0,05) mokazareneit
BbDKMBacMOCTH U I B onbITax ¢ MOPCKMMU CBUHKAMH
3apEruCTPUPOBAHO TOJBKO Npu npuMmeHenun plADOH-y
u [10 (puc. 2). BepkuBaeMoCTh MOPCKHX CBHHOK B
3TUX IpyNIax cocTaBuia B cpeaHeM 22 u 36% coot-
BeTcTBeHHO. Biussaue WJIIT Ha cpenHIO0 NMpoaoKu-
TEJILHOCTh HU3HU U UHKYOAlMOHHBIN MEPUOJ OTMEUe-

SCIENCE AND PRACTICE

HO BO BCEX OMBITHBIX IPyMIax, HO B OoMblleil cTeneHn
npu npumenenuu 110, O1 u O2.

BbpKuBIINE )KUBOTHBIE ObLTH 3a0UTHI Ha 15-€ CyT-
KM TIOCIIE 3apa)KeHUs, U3 CeNe3€HKH M TEYeHH BCeX
naBIIuX, a Takke 5 (8,6%) u3 58 BbDKMBIIMX OenbIX
mbieid ¥ 1 (3,8%) u3 26 BEDKUBIIMX MOPCKUX CBHHOK
BBbIJIEJIEHA KyJbTYpa 3apaXkarollero Iuramma Y. pestis
231. OGceMeHeHre BHYTPEHHUX OPraHOB 3aperuCTpu-
POBaHO Y >KMBOTHBIX, HOJYYUBIIMX MaKCHMAaJbHYIO
3apaxarwoinyro 103y Y. pestis 231: 125 KOE — 6enbie
Mbimu U 625 KOE — mopckue cBUHKH. Y OCTaBUIMX-
Csl B JKUBBIX XKMBOTHBIX TPYIIIbl, UMMYHH3HPOBAaHHOM
IO, kynsTypa Y. pestis 231 BoieneHa He ObLa.

VY 0enbIX MBIIIEH KaKk KOHTPOJIbHOM, TaK U OIBIT-
HBIX TPYIN IMepeA 3apaKeHHeM NpoBonwiIn 3abop
KPOBU U oOmpeaelieHHe OMOMapKEepHBIX Ui XapakTe-
PUCTUKH MPOTHBOYYMHOTO MMMYHHOTO OTBETa I[UTO-
kuHoB — M®H-y u WJI-10 [19]. [Io naHHBIM UMMY-
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Puc. 2. Brinaxue UM Ha NpoforKuTenbHOCTL XKMU3HWM MOPCKUX CBUHOK B YCNOBUSIX MOAKOXHOTO 3apaxeHus 25 J1
Y. pestis 231.

Fig. 2. The effect of immunomodulators on survival of guinea pigs after subcutaneous challenge with 25 LD,
Y. pestis strain 231.

Tabnuua 3. BrinaHue tpéxkpatHoro BeeaeHnst UIM Ha ypoBeHb LIMTOKMHOB Y MMMYHM3MPOBaHHbIX Genbix Mbier Me (Q,—Q,)
Table 3. The effect of three-time administration of immunomodulatory drugs on the level of cytokines in immunized white mice

Me (Q,-Q,)

VMMyHM3MpytoLwmi

N®H-y, nr/mn | IFN-y, pg/ml

Mn-10, nr/mn | IL-10, pg/ml

npenapar
Immunizing medication

CMOHTaHHas NpoayKuusi
spontaneous production

MUTOrEH-NHAYLMPO-
BaHHas NpoayKums
induced production

CMOHTaHHasi NPoAyKLMS
spontaneous production

MWUTOreH-NHAYLMPO-
BaHHas NpoayKuus
induced production

dusmnonornueckuii pactesop | PBS
pUPH-y | rIFN-y

Mno | PO

o1

02

03

20,2 (14,0-26,2)
60,2* (42,2-68,7)
52,1* (32,4-64,5)
25,2 (12,2-38,7)
26,0 (18,0-34,2)
27,1 (20,2-34,1)

32,6 (23,5-41,7)
96,7* (70,5-107,0)
60,3* (56,4-71,0)
56,7* (44,5-77,0)
39,6 (29,4-47,6)
54,5* (49,5-71,0)

9,8 (7,6-12,2)
51,1* (44,4-63 1)
17,7 (13,8-19,3)

11,1 (4,4-23,1)

14,5 (8,6-23,3)
17,7* (14,0-19,8)

11,6 (10,8-12,5)
55,6* (48,9-74,0)
22,3% (18,5-24,2)
25,6* (18,9-44,0)

19,4 (8,6-36,8)
22,9% (19,6-24,7)

Mpumeyanume. *p < 0,05 N0 cpaBHEHNIO C KOHTPOMLHOW rPYMNMOW.
Note. *p < 0.05 compared to the control group.
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HO(EpMEHTHOro aHaiu3a YCTAHOBICHO YBEIMYCHHE
CIIOHTAHHOW M MHUTOTEH-UHIyLIUPOBAHHONW MPOTYKIINH
HCCIENYEMBIX IMTOKUHOB Ipy npuMeHeHnu pY®H-y u
1O (ta6a. 3). [Ipumenenne O1 u O3 BAUANO TOJNBKO
Ha MUTOTCH-MHAYLHPOBAHHYIO MPOAYKLHUIO YKa3aH-
HBIX [IUTOKUHOB. Y MBIIIEH, UMMYHHU3UPOBaHHBIX O2,
3HaueHnss UOH-y u NJI-10 B kxpoBU peructpupoBaiu
Ha YpOBHE KOHTPOJIbHBIX MOKa3arenel. BrisiBneHa BbI-
COKasl KOppesIMOHHAsl 3aBUCHMOCTbh MEX]Jy MOoKa3a-
TeJeM BBDKMBAEMOCTU KUBOTHBIX M YPOBHEM MUTO-
reH-uHAynupoBanHoil nponykuuun UOH-y (r = 0,94;
p=0,038). YcTaHOBIIEHA KOPPETALMOHHAS CBSI3b MEKIY
MOKAa3aTeNsIMA BBDKUBAEMOCTH OCIIBIX MBIIIEH U YPOB-
HEM MHTOTEH-UHAyIHpoBaHHOW mpoxaykuuu MJI-10
(r=10,8; p=0,078), omHako cBsI3b 3Ta HE ObLIA TOCTO-
BEPHOM.

O6cyxpeHune

ITpumenenue MJIII xak BaxkHast COCTaBIAIOLIALA
OIl undexuuii moMoraet pemuTh psA 3aaq: Mpeoo-
JieHHe pa3zHoOOpa3HBIX MOOOYHBIX 3((EKTOB OT Mac-
CHUPOBaHHOH aHTUOMOTUKOTEPANIUN M CHUKCHHE J03bI
Ha3Ha4YaeMBbIX XMMUOIIPENapaToB; KOPPEeKLUs MepBUY-
HBIX M BTOPHYHBIX WUMMYHOAC(UIHUTHBIX COCTOSHHUH;
yCWJeHMe MMMYHHOTO OTB€Ta NpU IOMOIIY HHIYK-
UM HecneuupUUecKuX M crenupuueckux (akTopos
WMMYHHUTETA; TOTCHIUPOBAaHUE EHCTBUS BaKIMHHBIX
npenaparoB; YJIMHEHUE HHKYOAIIMOHHOTO TIEPHO/a /10
pa3Butus Mmanudecranuu 3adoneBanus [7, 9]. [locnen-
Hee OOCTOSITENLCTBO OCOOCHHO BaKHO TMPH YYMHOH
WHQEKIHH, T.K. BOKHEHIITNMHU YCIOBUSIMHU BbDKHUBAHUS
MAlMEeHTOB U NPO(UIAKTUKU OCIIOXKHEHUI mocie 3a-
paKEHHS SIBIAIOTCSl ObICTpas JMArHOCTHKA W paHHeEe
HayaJo JEYEeHHUs 0 Pa3BUTHUS TeHepaau3anuu HHeK-
LMOHHOTO Mporecca. HecBoeBpeMeHHOE HazHaueHue
AHTUOAKTEPUANBHBIX MPENapaToB, ¢ OJHON CTOPOHHI,
pPEe3KO TOBBIMAET PUCK Pa3BUTUS JETAIBHOIO HCXO-
na [20], a ¢ gpyroit — MOXET MPUBECTH K MOSBICHUIO
AQHTUOMOTUKOPE3UCTEHTHBIX ILITAaMMOB BO30YyIUTENS
yyMsl [5]. Brirouenue B cxemsl U MeToAsl D11 uymbl
npenaparos, 00JIaAalOMIMX MMMYHOTPOIHBIMH CBOW-
CTBaMH, TMO3BOJISIET, BO-NIEPBBIX, KOPPEKTHPOBATh (o-
HOBOE COCTOSIHUE HecTequ(pUIecKoi pe3uCTEHTHOCTH,
YTO BO MHOTOM OIpEAEISIET Pa3BUTHE U UCXOI JIFOOOTO
WHQEKIMOHHOTO Mpornecca [7], a BO-BTOPBIX, aKTHU-
BHPOBaTh KaKk T'yMOpPaJlbHOE, TaK U KJIETOYHOE 3BEHO
WMMYHHOH CHCTEMBI, YTO CHOCOOCTBYET MpeaoTBpa-
LICHUI0 MH()EKIUHN W/WIM CHUKEHUIO PUCKA Pa3BUTHUS
TSOKEIOTO TeueHUsT OONIE3HU.

IIpu MoOnmenMpOBaHUU SKCIEPUMEHTAIBHOU 4Yy-
MBI YCTaHOBJICHO, 4TO Bce Tectupyembie WJIII obe-
CIIEUMBAIOT YBEIWYEHHE CpEAHEN MpPONOIIKUTENb-
HOCTH KU3HM OMOMoOJienell He MeHee YeM Ha CYTKH.
Hannbiii 3pdext oueHs BakeH B JieueOHON NpaKTUKE,
T.K. JIONIOJIHUTEIbHBIE 24 U Ha NMPUHATUE PEIICHUS O
Ha3HaYeHUU STHOTPONMHON Tepamuu MO3BOJIIOT MU-
HUMYM Ha 50% MOBBICUTH LIAHCHI HAa BBI3IOPOBICHUE

nanuenTa [21, 22]. Kpome Toro, npumenenne WJIIT
co31a€T pe3epB BPEMEHHU JUisi 3aMeHbl Hed(()EeKTHUB-
HOTO Wi Mano3()(HEKTUBHOrO aHTHOAKTEPUATLHOTO
npenapara, Ha3Ha4eHHOro B pamkax oOmieit DI, Ha
BBICOKOO()(DEKTUBHBIN XMMHUONpEnapaT Mo pe3yibTa-
TaM OIpeAeNieHUs] aHTUOMOTHKOYYBCTBUTEIBLHOCTU
BBIJICJIICHHOMN KYJBTYpHl Y. pestis.

Hamu ycranosneHo, uto npumenenne pyI®H-y u
I1O noBeimaet Ha 20-50% BeDKUBAEMOCTS Jiaboparop-
HBIX HBOTHBIX — KaK MBbIIIEH, TaK U MOPCKHUX CBU-
HOK — ¥ BiIHAseT Ha yBennueHue M He MeHee ueM B
2 pa3a, 4To SABIACTCS OYeHb OOHAEKUBAIOIIIM PE3YIIb-
taroM mias OI1 ocobo omacHoro 3aboneBanus. Tak, B
cxemax Ol mennon03a UCIIONB30BaHUE OJIUTONENTHI-
HOro MMyHoMoaymsitopa O3 takke npuBoauio k 20%
MOBBIIIEHUIO BBDKMBAEMOCTH  3KCIIEPUMEHTAIIBHBIX
skuBOTHBIX [11], a mpumenenue T.A. BongapeBoil u
coaBT. uMMyHoMoayJsitopa [10 coBMecTHO ¢ aHTHOHO-
TuKaMu Tpu OI1 4yMbl MOBBIIIANO BBIKMBAEMOCTh Ha
26—60%, yBenuuuBas CPEIHION MPOJOIKUTEIBHOCTD
Ku3HU Oenbix Mblnei [14]. HemanoBakHbIM (GakToM
OBUTO TO, YTO MpHMEHEeHHe MMMyHomoaysstopa 10
MPEI0TBPAILAI0 HE TOJIBKO THOCIb 3apaKEHHBIX OCITBIX
MBILIEH 1 MOPCKUX CBUHOK, HO U 00CEMEHEHHE UX BHY-
TPEHHUX OpPraHoB Y. pestis, 4TO coIvacyercs C paHee
nonyuyeHHsIMU b.B. KapanbHuk u coaBT. gJaHHBIMH O
BiustHUM [1O Ha UMMYHOTEHHYIO U IPOTEKTUBHYIO aK-
tuBHOCTH BUX [23].

UccnenoBanne OMOMapKepHBIX ISl YyMHOH WH-
¢exuuu uuroknnoB — WUDH-y u NJI-10 — mo3Bo-
JI€T OMNpENENUTh PEaKTHUBHOCTh KJIETOK MMMYHHOM
CHUCTEMBl U UX TOTOBHOCTh K pearupoBaHHIO Ha Ma-
toreH [24]. [Tocne TpéxkparHoro BBeaenus: NJIII Ge-
JIBIM MBIIIaM YCTAHOBJIEHO YBEJIUMYEHHE CIIOHTAHHOM
Y MUTOTEH-UHIYLIUPOBAHHOMN NPOTYyKLIHUH HUTOKHUHOB,
0COOCHHO Y KHUBOTHBIX, nonydaBunx pU®H-y u I10.
Hamy nanHble 1O OLICHKE KOPPEJSIMUOHHON CBSI3H
Mexy yposHeM MUDH-y u nosiel BBKUBIIUX KUBOT-
HbIX, 3HaYeHusamu JII, 1 UM cooTHOCATCS ¢ paHee
nony4yeHHbIMH [19] WH(pOpMATUBHBIMH KOppeIsTa-
MH 3aLIUThl KaK MBIIIEH, TAK U NPUBUTHIX JIOACH OT
gyyMmbl. [loBblIEeHWE WMHIYIUPOBAHHON MNPOAYKIUHU
NDH-y M0XHO MCHOJIB30BATh B KAUECTBE aJI€KBaTHO-
ro Mapkepa NpOTEKTUBHOH 3PPEKTUBHOCTH UMMYHHU-
3amuu WIII, xak u BUXK.

B Bri6ope WJIIT s neveHust ¥ npopUIaKTHKA
WHQEKIMOHHBIX 3200JIeBaHUH Ba)XHO YYHUTHIBATH Me-
XaHM3M U HalpaBIE€HHOCTb JAEHCTBUS UMMYHOMOYJIS-
TOpa Ha CTPYKTYpbl UMMYHHOI cucteMsl [25]. Hecmo-
TP Ha TO YTO UMMYHO(ApMaKOJIOTHs Pa3BHBAETCS B
HanpaBJIeHUH pa3pabOTKU MpenapaToB, H30UPaTENbHO
JIEVCTBYIOILIUX HAa Pa3jMYHbIE 3BEHbS UMMYHHOM CH-
CTEMBI, IpY YyMHOH HH(peKIun 00mbmyio 3¢ deKTus-
HOCTb IIPOIEMOHCTPUPOBAIIM IIPENaparbl, CTUMYIUPY-
IOIME KaK KJIETOYHBIM M T'yMOPAJIbHBI MMMYHHTET,
TaK ¥ Hecneuu()UIecKylo pe3UCTEHTHOCTb OPraHU3Ma.
[Ipenapar O1, oTHOCSIMMIICS K KJIacCy THOMOITHHOB,
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u npenapat O3, ABIAIOMIUIACS CHHTETUUECKUM aHaJIo-
rom (parmeHTa ropMoHa THMyca — THMOIOSTHHA, B
Oonpliel CTENEeHH OTBETCTBEHHBI 32 KIETOYHBIA HUM-
MYHHTET, YTO BBIpa)XXaeTCid B CTUMYIALHMU TNPOIYK-
uu accoruupoBaHHoro ¢ Thl-kieTkaMu UMMYHHOM
cucrembl nurtoknHa M®H-y. B naHHOM wuccnenosa-
Hun 3t WJIIT cnocobcTBOBanyM yBETMUEHUIO BBIKH-
BAEMOCTH M CPEAHEH IPONOJLDKUTEIBHOCTH KU3HU
OenbIX MbIlIeH, 3apak€HHBIX BBICOKOBHPYJICHTHBIM
mramMMmoM uyMmbl. Ognako npuMmenenue O1, O2 u O3
Y MOPCKHMX CBHMHOK, XOTSI M IO3BOJWJIO YBEIHYUTH
CPEIHIOI TPOJOKUTENFHOCTh JKU3HU OHOMOJENeH,
HE CMOCOOCTBOBAJIO MOBHIIIEHUIO BEDKUBAEMOCTH JKC-
MIEPUMEHTAIBHBIX KUBOTHbIX. lIpumenenue WJIII c
Oonee IMUPOKUM CIIEKTPOM BO3ICHCTBUS HA WUMMYH-
HYI0O CHUCTEMY MaKpOoOpraHu3Ma IoKa3allo Hauboib-
myto 3¢ddexkruBHocTh Mg DIl AKCIEpUMEHTAIBHOM
yymMmbl. Tak, npenapar pU®H-y Ha OcHOBE KIItOYEBO-
ro HMMMYHOMOZIYJIATOpPAa BOCHAJIEHHUd, 3allyCKaroule-
ro Kackaj 3allUTHBIX MMMYHOJIOTHYECKHUX peakLui,
BBI3BIBAIOMIMX AKTHUBAaUXIO0 3(Q(eKTopHBIX (QYHKIUHI
Makpo¢aroB, HEMTPO(DUIOB, €CTECTBEHHBIX KHILJIEpP-
HBIX KJIETOK, IUTOTOKCHUYeCKuX T-numdonutos [26],
U cuHTeTnueckuil nommanekTponut [1O, oxa3zpiBaro-
MUK CTUMYIUpYIOIlee ACWCTBHE Ha Hecrneuuduye-
CKYI0O PE3HCTEHTHOCTb OPraHHU3Ma, aKTUBUPYIOILMH
BCE 3BEHBs (DarolMTapHOTO MpoLEecca, TyMOpPaIbHbIH
Y KJICTOUYHBIH UIMMYHHBIA OTBET, KpOME TOT0, 00Jana-
IO MOUIHBIM AETOKCULMPYIOIIUM AEHCTBUEM, YTO
UCIOJIB3YETCS IPU JICUEHUH PA3IUYHBIX CENTUYECKUX
CcOCTOSIHH# [27], HE TOJIBKO CIIOCOOCTBOBAIIM MOBHIIIIC-
HUIO BBIKUBAEMOCTH U CPEJHEN IIPOAOIKUTEIBHOCTH
JKU3HU OMOMPOOHBIX KUBOTHBIX MPH MX MPUMEHEHHUH,
HO W TMOBBILIATU MPOAYKLUUIO COOCTBEHHBIX HUTOKH-
HOB (MDH-y, NJI-10), uTo MO3BOIAET PEKOMEHIOBATh
BKItoYeHue B cxemsl D11 uymbr umenno MJIIIT mupoxo-
ro CIEKTpa ACHUCTBUS.

3aKniouyeHue

[MonmyueHHble OOHANEKUBAIOIINE IKCIICPUMECH-
TaJbHBIE PE3YJBTAaThl MO3BOJIAIOT CYAMTH O IEpCIeK-
tuBHOCTH TpuMeHenust MJIIT B cxemax DIl uymnoi
uHpeknuu. Cpeau OONBIIOTO KOJUYECTBA pPa3HOHA-
npasneHHsix WJIIT npu OI1 yymsl npeanoyTurensHee
UCIIONIb30BaTh Mpenaparbl, 00Jajarole IHPOKUM
CHEKTPOM aKTUBUPYIOIIETO BIMAHUSA HAa UMMYHUTET,
a/IeKBaTHBIM MapkepoM 3((EKTUBHOCTU UX JCHCTBUS
MOYKHO CUMTaTh MOBBIIIEHWE WHIYLHPOBAHHOW Mpo-
nykuuu uurokuHa MUOH-y. Bo3aMoxHbIMU cpeacTBaMu
UMMYHOMOAYAuY npu D11 uyMbl MOTYT cTaTh Ipena-
patsl pU®H-y u 110, ogHako 1715 mocnenyomeil pexo-
Menganuu BkimodeHus 3tux UIII B cxembr D11 aymbr
y Jofe HeoOXOAMMO MPOBEIEHHE AOTIOIHUTEIbHBIX
UCCIIEZIOBAaHUH KakK in vivo (C NCIOJIb30BAHUEM JPYTUX
BUJIOB OMOMOJIENE: KPOJIUKOB, MPUMATOB), TaK U in
vitro (U1 OLEHKU JUHAMUKH ITOKa3aTesleil UMMYHHTeE-
Ta, Y IMMYHU3UPOBAHHBIX JOOPOBOJIBLIEB).
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Abstract

Parvovirus B19 infection (PVI) is one of the relatively new problems in infectology, data on the study of its
prevalence in our country began to appear only at the beginning of the twenty-first century. The article presents the
results of an analysis of studies from available literature sources highlighting the prevalence of PVI markers at the
population level among different social groups of the population at the present stage. The clinical manifestations
of PVI are diverse, which requires differential diagnosis, both with exanthemic infectious diseases and with non-
infectious pathology. Due to the peculiarity of PVI pathogenesis, it is relevant for various socially significant
populations, primarily patients with exanthemic manifestations of various diseases, persons from among blood
donors, pregnant women and women planning pregnancy. Furthermore, unlike most countries, our country does
not have a system for PVI detecting and reporting in the system of state sanitary and epidemiological supervision,
which makes it difficult to conduct research on this topic.

Keywords: review, parvovirus B19, imnmunoglobulins G and M, donors, pregnant women, exanthemic infections

Funding source. This study was not supported by any external sources of funding.

Conflict of interest. The authors declare no apparent or potential conflicts of interest related to the publication of this
article.

For citation: Nikishov O.N., Kuzin A.A., Lavrentieva |.N., Antipova A.Yu., Nikishov S.N. Parvovirus B19 infection:
characteristics of population immunity in the world. Journal of microbiology, epidemiology and immunobiology.
2024;101(2):259-269.

DOI: https://doi.org/10.36233/0372-9311-492

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

0630p
https://doi.org/10.36233/0372-9311-492
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AHHOMayus

MapeoBupycHas B19 nHdekuus (MBW) npeactaBnseT cobot ogHy U3 OTHOCMTENBHO HOBLIX NPOGNEM B MHMEK-
TOMNorun, AaHHble Mo €€ pacnpocTpaHEHHOCTN B Poccum ctanu nosBnATbcs Tonbko B Hadane XX| ctonetus.
B cTtatbe npvBeaeHbl pesynsTatbl aHanusa UCCnegoBaHUM N3 OOCTYMHBIX MCTOYHWKOB NUTEPATYpPbl, OCBELLA0-
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LUMX pacnpocTpaHEHHOCTb MapkepoB NBW Ha nonynsuMoHHOM ypoBHe cpean pasHbiX COLManbHbIX FPynn Ha-
ceneHus. KnuHuyeckme nposiernenus NBU pazHoobpasHbl, 4To TpebyeT auddepeHLmansHON AMarHOCTUKU Kak
C 9K3aHTEMHBIMWN MHEKUMOHHBIMY 3aboneBaHnaMN, Tak U C HEMHEKLMOHHON natonormei. B cBs3u ¢ ocobex-
HOCTbIO NaToreHesa guarHocTuka NBW akTyanbHa 4N pasHbiX coumanbHO 3HaYMMbIX KOHTUHIEHTOB HaceneHus,
npexae BCEero NauMeHToB C 3K3aHTEMHbLIMU NPOSIBMEHUSIMI pasnUyHbIX 3aboneBaHuii, UL, M3 Yncna OHOPOB
KPOBMW, BEPEMEHHbIX XEHLUMH W XKEHLUMH, NNaHupyoLwmx 6epemMmeHHocTb. B otnvume ot GonbluvHCTBa CTpaH, B
Poccumn oTcyTcTBYET cuctema BbisBneHus u yyéta NBU B cucteme rocyaapCTBEHHOIO CaHUTaApHO-3NMAEMUOIIO-
rMYeckoro Haz3opa, YTo 3aTpyAHSET NPOBEAEHME UCCMeO0BaHUI Ha 3Ty TEMY.

KnroueBble cnoBa: 0630p, napsosupyc B19, ummyHoanobynuH G, ummyHoanobynuH M, doHopbl, bepemeHHbIe,

9K3aHMeMHbIe UHbeKyuu

UcTouHuk dpuHaHcupoBaHUA. ABTOpbI 3asBMSIOT 06 OTCYTCTBUU BHELUHEro dUHaHCHPOBaHWA NPY NPOBEAEHUUN UC-

crnegoBaHus.

KoHdnuKkT nHtepecoB. ABTOpbI AEKNapupyrT OTCYTCTBUE ABHbIX 1 NOTEHUUAlbHbIX KOHMMKTOB UHTEPECOB, CBA3AH-

HbIX C NybnvKaumen HacTosLWEN CTaTby.

Ans yumupoeaHus: Hukmwos O.H., KysuH A.A., llaBpeHTbeBa W.H., AHTnosa A.1O., Hukuwos C.H. MapBoBupycHas
B19 nHdekuma: xapaktepuctuka nonynsumoHHOro MMMyHuTeTa B Mupe. JKypHan Mukpobuonoauu, anudemuonoauu u

ummyHobuomnoeauu. 2024(2);101(2):259-269.
DOI: https://doi.org/10.36233/0372-9311-492
EDN: https://www.elibrary.ru/pgivuc

Introduction

Parvovirus (B19) infection (PVI) is an obligate
anthroponosis of viral etiology mainly with an aero-
sol transmission mechanism, as well as transplacental
and hemotransfusion routes of transmission, the main
clinical symptom of which is infectious erythema, char-
acterized by the appearance of a non-vesicular macu-
lo-papular rash, clinically characterized by mild symp-
toms of general infectious intoxication, arthralgia, joint
involvement, inflammatory changes in fetal tissues and
the development of aplastic crisis in patients with he-
molytic anemia [1-4]. The PVI pathogen is human
parvovirus B19 (B19V) (Latin parvo — small), which
was first discovered by British virologists Y. Cossart
et al. in 1974—-1975 during laboratory examination of
a blood plasma sample from a healthy donor for the
presence of HBsAg [5]. The researchers associated the
name of the pathogen (B19V) with the well number of
the plate containing the serum sample from which it
was isolated.

The pathognomonic clinical manifestation of PVI
is infectious erythema, described in the XVIII century
by the English physician R. Willian long before its eti-
ology was established [6]. However, only in 1899 Ger-
man physician Sticker singled it out as an independent
nosologic form, and in 1905 L. Cheinisse introduced
infectious erythema into the classification and defined it
as the fifth disease among the 6 classical exanthema [7,
8]. The pathogenic effect of the virus was established
only in 1981, when researchers found a correlation be-
tween infection of children with squamous cell anemia
and the development of aplastic crisis in a number of
cases [9]. In 1983, the etiologic role of B19V in the
occurrence of infectious erythema was confirmed [10].
In 1984, there were already reports about the devel-
opment of fetal hydrocele on the background of intra-

uterine infection with B19V, which ended in premature
termination of pregnancy and its death [4, 12]. These
scientific facts indicate the expansion of PVI epidemi-
ologic significance and allow us to identify risk groups
among people most susceptible to the development of
complications of B19V infection. Due to the emergence
of specific laboratory diagnostics in modern conditions,
the geography of PVI case registration has also expand-
ed. More specifically, it is etiologically confirmed in the
territories of South-East Asia, the USA, Europe, and
Russia [13]. The epidemic process of PVI is characte-
rized by cyclicity: there are large (10-year) and small
(every 3—4 years) cycles.

It should be noted that the taxonomic position of
B19V has been revised several times, and the chronolo-
gy of these changes from 1991 to the present is present-
ed in Table 1. B19V was officially classified into the
parvovirus family in 1985 [14]. In 2013, it was named
Primate Erythroparvovirus 1 and assigned to the Par-
voviridae family, Parvovirinae subfamily and Eryth-
roparvovirus genus at the congress of virologists in
Edinburgh (Scotland). At the 2022 regular convention,
its name was not changed [15].

Until 2005, only one species of the Parvoviridae
family, Parvovirinae subfamily, Erythroparvovirus ge-
nus, Primate erythroparvovirus 1, was thought to be
pathogenic to humans. However, in 2005 in Sweden,
T. Allander described a new respiratory virus from the
Parvovirus family, Bocaparvovirus genus, called hu-
man bocavirus (species HBoV1). It was isolated from
infants and children suffering from acute respiratory
diseases of the upper and lower respiratory tract by
molecular viral screening based on cloning and bioin-
formatics analysis [16, 17]. This pathogen is the fourth
most common virus detected in respiratory samples af-
ter adenoviruses, rhinoviruses, and respiratory syncytial

© Hukmwos O.H., KysuH A.A., NaBpeHTbeBa W.H., AHtunosa A.10., Huknwos C.H., 2024
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Table 1. The taxonomic position of human B19 parvovirus

Year Source Family — subfamily — genus — species
1991 ICTV 5" Report Parvoviridae — ... — Parvovirus — B19 virus
1993 Plenary session vote 10 August 1993 in Glasgow Parvoviridae — Parvovirinae — Erythrovirus — B19 virus
2005 ICTV 8" Report Parvoviridae — Parvovirinae — Erythrovirus — Human parvovirus B19
2013 EC 45, Edinburgh, July 2013; Email ratification 2014 Parvoviridae — Parvovirinae — Erythroparvovirus —
2022 EC 54, July 2022; Email ratification 2023 Primate erythroparvovirus 1

virus (it is the cause of acute respiratory viral diseases
in children and adolescents in 9—20% of cases) [18-20].

State of the level of population immunity
in conditionally healthy individuals

PVI is quite widespread worldwide and causes a
wide range of clinical manifestations. A meta-analysis
of plasma from 93,636 healthy donor individuals from
17 countries between 1993 and 2019 showed a preva-
lence of IgG markers at 50.1% (95% CI 43.1-57.1%)
and IgM markers at 2.2% (95% CI 1.3-3.7%) [21].

The serologic marker of past infection is the pres-
ence of B19V-specific IgG antibodies (previous infec-
tion), while IgM antibodies to B19V are the marker of
acute PVI infection. There is lifelong immunity after
a previous PVI infection. Infection with B19V usually
occurs during childhood and adolescence (5-15 years
of age). However, adults who are not immune to PVI
are also involved in the epidemic process. The preva-
lence of B19V-specific IgG antibodies in the population
depends on age: 2-20% in children under 5 years of
age, 15-40% in children aged 5—18 years, and 40-80%
in adults [22-24].

However, the seroprevalence of PVI markers dif-
fers in different regions of the CIS countries. Thus,
when assessing the state of specific immunity in dif-
ferent age groups of the Moscow population in 2015,
it was shown that the proportion of seropositive re-
sults increased from 25% in children 1-2 years of age

to 56.3% in the age group of 30 years and older [22].
At the same time, residents of the Republic of Belar-
us showed low seroprevalence in pediatric age groups
(02 years — 8.8%; 3—4 years — 11.8%) and a high-
er level of seropositive individuals in the age group of
4044 years (85.4%) [25].

Assessment of the prevalence of population im-
munity against PVI among conditionally healthy in-
dividuals in Russia and abroad (Table 2) confirms the
ubiquitous nature of the infection. The obtained data
testify to active circulation of B19V, rather wide prev-
alence of PVI (the frequency of occurrence of the PVI
marker amounted to 47.4-66.0%) among conditionally
healthy individuals. At the same time, the presence of
B19V seronegative individuals in all age groups creates
conditions for the spread of infection, including in risk
groups (blood donors, hematological patients, pregnant
women, individuals from organized groups).

B19V seroprevalence and viral load
in blood donors

Viral safety in transfusion of blood and its com-
ponents is one of the most important problems of trans-
fusiology [31-33]. Modern achievements and scientific
discoveries in the field of medicine, development of
transplantology, improvement of medical care for the
population and increase in invasive interventions — all
this has significantly increased the need of therapeutic
and preventive medical organizations in blood pro-

Table 2. The frequency of anti-B19V IgG antibodies detection among conditionally healthy of individuals in different countries

Countr Number of persons Of these, having IgG-antibodies Year of Source
y surveyed publication
abs. %
Russia (St. Peterburg) 317 197 62,1 2020 [24]
Russia 200 123 66,0 2019 [25]
Belarus 942 482 51,2 2014 [23]
Uzbekistan 650 402 61,9 2019 [26]
Tadjikistan 114 54 47,4 2020 [24]
Kazakhstan 480 313 65,2 2020 [24]
Serbia 552 339 59,6 2020 [24]
Guinea 321 173 53,9 2020 [24]
Croatia 1538 986 64,1 2021 [25]
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ducts. According to the requirements of domestic reg-
ulatory documents, their production is supposed to use
raw materials free of viruses or with minimal viral load
[34]. Meanwhile, according to domestic and foreign
sources, this infection is relevant for such an important
contingent of people as blood donors and blood com-
ponents, since PVI, being a blood borne transmissible
agent, is transmitted to recipients — hematological pa-
tients and immunocompromised persons [35]. Despite
ongoing discussions on the feasibility of donor screen-
ing, the European Pharmacopoeia and the US Food and
Drug Administration recommend testing donor blood
for B19V along with blood borne infections (HIV, hep-
atitis B, C, D, etc.) [32].

When studying the pathogenesis of PVI, it was
found that B19V has tropism to red blood cell precursor
cells [36], which often leads to a life-threatening com-
plication, aplastic crisis, in patients with various forms
of hemolytic anemia. It has been established that the
overwhelming majority of cases of this pathology are
caused by B19V [9, 37].

To determine the frequency of occurrence of PVI
markers among donors in a number of regions of our
country in recent years, screening of varying degrees
of scale has been carried out. Thus, during the study
of blood serum from 1000 donors in Nizhny Novgorod
region, the authors identified 10 (1%) samples that con-
tained B19V DNA with a viral load of 10°~10° copies/
mL. I[gM was detected in 1 sample. All DNA-positive
samples contained IgG antibodies (DNA-negative sam-
ples contained IgG antibodies in 29.7%), representing
30.7% of the total number of donors [38].

In a study to determine the occurrence of B19V
in donor populations, 510 people (Grozny) and 1011
people (Moscow) were examined [32]. Donors from
the Chechen Republic had 7 samples positive for B19V
DNA with a viral load of 103 copies/mL or less (1.3%).
The second group had 20 (1.9%) positive samples for
B19V DNA, of which 8 (0.8%) had a viral load of 104
copies/mL or higher.

A large-scale study of donor plasma used in the in-
dustrial production of blood products was conducted in
the Kirov region. As a result of the study of several tens
of thousands of samples, it was found that 0.003% of
donors had a B19V DNA concentration of 106 copies/
mL or higher [33], which, can lead to contamination of
the entire volume of plasma when pooled.

To evaluate specific humoral immunity, we stu-
died 500 donor plasma samples. It was found that 426
(85.2%) had IgG. Of these samples, PCR detected vi-
ral load in 74 (17.4%), and in 12 (2.4%) it exceeded
104 copies/mL.

Thus, even the few studies of donor blood con-
ducted in our country correlate with the data of studies
conducted in other countries and show the presence of
viral DNA in blood plasma, which indicates the acute-
ness of the latent epidemic process, and a significant vi-

REVIEWS

ral load determines the epidemiologic danger of blood
products.

A survey of 93,636 blood donors was conducted
in 17 countries from 1993 to 2019.According to a ran-
dom effects model, the pool of B19V DNA prevalence
was 0.4% (95% CI 0.3-0.6%; [ = 89.7%) [21]. Table 3
shows the countries with a higher frequency of B19V
DNA detection of 104 copies/mL or higher among
blood donors.

The prevalence of BI9V DNA among blood do-
nors varies from country to country, which can be part-
ly explained by the geographical location of the regions
studied, seasonal variations, demographic characteris-
tics, the purpose and sensitivity of the assay used, and
the year in which the blood samples were collected (due
to the cyclical nature of the epidemic).

Sufficient prevalence of B19V DNA in donor
blood samples suggests the need to test donor blood for
the amount of DNA of this pathogen in order to im-
prove the epidemiologic safety of blood products and
avoid samples with a virus concentration of 104 copies/
mL or higher.

Frequency of detection of PVI markers
in pregnant women and its impact on the fetus

Another socially significant group that is sub-
ject to epidemiologic monitoring for PVI are pregnant
women or those who are planning pregnancy. This is
due to the increased risk of endogenous fetal damage
and subsequent adverse events that may occur during
pregnancy against the background of intrauterine infec-
tion with this pathogen. Workers of kindergartens and
schools are most often exposed to infection. Kinder-
garten teachers have a 3-fold higher risk of develop-
ing acute PVI compared to other pregnant women, and
school teachers have a 1.6-fold higher risk [44]. When a
pregnant woman is infected with PVI, the risk of trans-
mitting the virus to the fetus averages 17-33% [11, 45].
At the same time, the risk of transplacental infection of
the fetus is 35-51% of cases [43, 46], the frequency of
unfavorable pregnancy outcomes is 20-30%, and fetal
death is 10-15% [47]; therefore, PVI is considered as a
component of the TORCH complex [48]. According to
WHO experts, the risk of fetal death when a woman is
infected with B19V in the first 12 weeks of pregnancy,
at 13-20 weeks and after 20 weeks is 19, 15 and 6%,
respectively [49]. It should be noted that PVI is rarely
recognized during pregnancy, as in most cases it is as-
ymptomatic or occurs as a respiratory infection.

The mechanism of the pathogen’s negative effect
is related to the tissue tropism of the virus, which is
capable of affecting placental cells, since the P-antigen
(globoside), which is the main receptor for B19V, is lo-
cated on the surfaces of trophoblast and chorionic villus
cells [11]. Furthermore, specific inflammatory changes
can lead to placental dysfunction and unfavorable preg-
nancy outcome even in the absence of fetal infection.
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Table 3. The frequency of B19V DNA detection in blood donors in different countries

Number of donors

Of these having DNA B19V 104
copies/ml and above

Country surveyed Year of publication Source
abs. %
Great Britain 1000 9 0,9 2004 [34]
Ghana 1000 13 1,3 2004 [34]
South Africa 360 2 0,6 2004 [34]
USA 5020 44 0,9 2007 [35]
China 3957 23 0,6 2011 [36]
Russia 1521 27 1,9 2012 [29]
Russia 500 12 2,4 2019 [29]
Iran 500 1,2 2018 [37]
Brazil 480 1,9 2019 [38]

In this case, the cause of intrauterine fetal death is pla-
cental insufficiency [50]. Against the background of
erythropoiesis suppression, anemia is observed in the
fetus and aplastic crisis may occur with subsequent hy-
poxia causing dysfunction of its various organs [51].
When viral myocarditis develops, cardiac rhythm dis-
turbances occur, which may lead to fetal cardiac arrest
and death [52]. The main clinical manifestation of con-
genital PVI is thought to be nonimmune fetal hydro-
cele, which develops in 80% of cases in the second tri-
mester of pregnancy [53, 54]. Congenital PVI may also
manifest with hepatosplenomegaly, sickle cell anemia,
developmental delay and other pathological conditions
[50].

Given the negative impact of B19V on the fetus,
the screening of pregnant women in the I and II tri-
mesters of pregnancy for markers of specific humor-
al immunity in is reasonable. In a number of foreign
countries, this infection is referred to infections of the
TORCH group, and therefore women planning preg-
nancy and pregnant women are examined for PVI. In
our country, publications on this topic are rare and con-
tradictory. To determine the risk of possible infection of
women during pregnancy, the presence of markers of
specific antiviral immunity, indicating acute (IgM anti-
bodies) and past (IgG antibodies) PVI, is determined in
blood plasma samples. The results of serologic exam-
ination of women and prediction of possible fetal com-
plications are shown in Table 4.

Screening and monitoring of the serologic status
of pregnant women can determine the course of action,
the need for additional testing and preventive measures.

The prevalence of PVI markers among pregnant
women in different regions of the world varies widely,
which can be partly explained by the geographical loca-
tion of the regions, natural factors, demographic char-
acteristics and national traditions, the sensitivity of the
assay used, and different manifestations of the cyclical
nature of the epidemic process.

Determination of the prevalence of markers of
specific antiviral immunity in the group of pregnant
women in different countries shows that up to half of
pregnant women (25-46%) are at risk of infection and
transplacental transmission of this disease to the fetus
(Table 5). The active spread of PVI among women of
childbearing age indicates the risk of infection of wom-
en during pregnancy with the possibility of unfavorable
outcomes and can lead to various complications, espe-
cially in the first trimester of pregnancy.

In order to prevent acute fetal PVI, the monitor-
ing of the pregnant woman depends on the gestational
age at which the infection occurred. In the first trimes-
ter, ultrasound (collar space screening, Doppler venous
hemodynamics) is used to detect anemia. At up to 20
weeks of gestation, fetal screening should be started
no later than 4 weeks after maternal illness or serocon-
version. If the ultrasound shows fetal hydrocele, the
woman should be warned of the possible consequences

Table 4. Results of serological examination of women and prediction of possible fetal complications

Result Interpretation of the obtained data
1gG+, IgM— A past infection (there is no risk to the fetus)
IgG+, IgM+ Infection during the last 7-120 days (possible risk to the fetus)
1gG-, IgM+ Acute infection (maximum risk to the fetus)
The mother does not have a specific immunity — there is a risk of infection. There are no signs of acute
1gG—, IgM— infection. If the woman contacted with infected patient, then it is necessary to repeat the serological examination

after three weeks. In this case, the appearance of IgM antibodies indicates an acute infection
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Table 5. IgG seroprevalence in pregnant women in different countries
Country The number of women surveyed Of them having IgG antibodies, % Year of publication Source

Tunisia 404 76,2 2011 [50]
Finland 558 58,6 2005 [51]
Jordan 439 51,3 2006 [52]
Netherlands 2567 70 2005 [53]
Italy 1893 69,5 2022 [54]
Russia 233 56,2 2019 [55]
Iran 1954 54 2016 [56]
Kuwait 1047 53,3 1999 [57]

of the disease. If no fetal abnormalities are detected,
ultrasound examinations are continued at 1-2 week
intervals. In the high-risk group, weekly Doppler ex-
amination of the middle cerebral artery, peak systolic
blood flow velocity and venous duct blood flow is rec-
ommended [11].

It should be emphasized that due to the lack of
available means of specific prophylaxis, the main at-
tention should be focused on measures aimed at iden-
tifying non-immune pregnant women, preventing their
infection and careful clinical and serological monitor-
ing during pregnancy. All of this points to the necessity
of introducing mandatory screening of pregnant women
for the presence of PVI markers.

Frequency of detection of PVI markers
in patients with exanthemic manifestations
of the infectious process

Since 2002, a strategic plan for the elimination of
endemic measles and rubella infection and prevention
of congenital rubella infection has been implemented
in Russia in accordance with the recommendations
of the WHO Regional Office for Europe. The success
achieved in reducing the incidence of these infections

has led to greater attention being paid to other diseases
with exanthemic manifestations of the infectious pro-
cess. The onset of exanthema usually occurs early in the
disease and is the leading clinical symptom for differ-
ential diagnosis. One of these most common infections
includes PVI. The main form of the disease is infectious
erythema (fifth disease), which is registered in the In-
ternational Classification of Diseases (ICD-10) under
the code B08.3 [62].

Since the discovery of the virus, a large number
of scientific studies have been conducted abroad to
investigate the epidemiology, diagnosis, and clinical
manifestations of PVI. In our country, studies have
been conducted only since the beginning of the current
century, and their number is clearly insufficient to de-
termine the prevalence of PVI markers, especially in
socially important groups.

However, some data on the prevalence of PVI
among examined persons with exanthemic manifesta-
tions of the infectious process in some regions of our
country and other countries have been obtained from
available sources (Table 6).

The largest number of examined patients was in
the Republic of Belarus, where the highest proportion

Table 6. The frequency of detection of anti-B19V IgM antibodies in patients with exanthemic manifestations of the infectious

process
Countr The number of examined | Of those with anti-B19V Year of publication | Source
y persons with exanthema IgM antibodies, % p
Russia, Southern Federal District 184 8,2 2008 [58]
Russia, Northwestern Federal District 465 20,4 2012 [59]
Russia, Northwestern Federal District 336 14,9 2015 [59]
Belarus 4919 27,8 2021 [60, 61]
Argentina 141 14,9 2012 [62]
Russia 69 20,1 2019 [55]
Italy 390 5,1 2015 [63]
Iran 583 19,2 2016 [64]
Cuba 298 10,7 2019 [65]
Bulgaria 1266 22 2016 [66]
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of acute PVI among all acute exanthemic diseases was
detected. If we consider the age structure, it is dominat-
ed by children. IgM antibodies to B19V was detected
in the age groups 4-6 years (22,5%) and 7-10 years
(22,6%), which indicates that the main form of PVI dis-
ease in childhood is infectious erythema, and the least
amount of acute PVI marker was determined in older
age groups — 40-49 years (3,05%) and 50-64 years
(1,6%).

To assess the frequency of IgM antibodies to
B19V in the Northwestern Federal District before
and after the adoption of restrictive measures due to
the COVID-19 pandemic, the St. Petersburg Regional
Center for Measles and Rubella Surveillance examined
blood sera from its collection. IgM antibodies to B19V
(a laboratory marker of acute PVI) were tested in 1695
samples from 11 territories of the district.

PVI was laboratory confirmed in 198 (11.7%)
samples. For comparison: in 2012, the proportion of
positive samples out of the number of samples tested
was 20.4%, and in 2015, 14.9% (Table 6). On the terri-
tory of Russia, restrictive measures in connection with
COVID-19 were introduced from 30.03.2020. In 2020,
the proportion of positive samples with confirmed PVI
was 8.9%; in 2021, it was 10.2%. In 2022, the social re-
strictions were completely removed. When serum sam-
ples from patients with fever and rash were examined,
IgM antibodies to B19V were detected in 14.8% of
cases. These studies show that the restrictive measures
introduced in connection with the COVID-19 pandem-
ic played a role, especially in reducing the incidence

of acute PVI, as well as other infections with aerosol
transmission.

In conducting our own studies of patients with ex-
anthemic manifestations of various diseases, 69 patients
admitted to an infectious disease hospital in St. Peters-
burg were examined. The distribution of samples with
detected IgM antibodies to B19V in the serum of pa-
tients with various exanthemic diseases is presented in
Table 7.

According to the results of the study, it should be
noted that in none of the cases were patients diagnosed
with PVI. Thus, the problem of early diagnosis of PVI
in patients admitted to an infectious disease hospital
with exanthema syndrome is caused by objective diffi-
culties associated with the diversity of manifestations in
the clinical picture. In addition, insufficient knowledge
of physicians of the main clinical syndromes character-
istic of PVI, in the form of a relatively small proportion
of this infection among other infectious diseases, plays
an important role.

Conclusion

The results of the literature review showed the
presence of latent PVI epidemic process among differ-
ent social groups in the population of many countries.
The results suggest that in order to prevent blood borne
infection with B19V, it is important to include B19V
DNA testing and quantitation in the list of mandatory
testing of donor blood in order to improve the epide-
miologic safety of blood products and to reject samples
with a virus concentration of 104 or more copies/mL.

Table 7. The proportion of laboratory-confirmed B19 PVI in different preliminary diagnoses

Preliminary clinical diagnosis

The number of serums, abs.

The number of anti-B19V IgM
positive samples, abs.

The proportion of laboratory-
confirmed PVI, %

| class
Exanthema of unclear etiology 32 7 21.9
Infectious mononucleosis 6 2 33,3
HIV infection 1 0 0
Herpesvirus infection 1 1 100
Thrombocytopenia 2 0 0
Toxicoderma 4 0 0
Fever of unknown origin 2 0 0
Pseudotuberculosis 1 0
Total 49 10 20,4

X class
Acute respiratory_viral infections 14 1 71
of the upper respiratory tract
Tonsillitis 1 50,0
Bronchitis 1 50,
Pneumonia 1 50,0
Total 20 4 20,0
In total 69 14 20,3
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B19V poses a potential risk to pregnant women. The
risk of infection of pregnant women, the possibility
of transplacental transmission with the possibility of
severe congenital disease is quite high. In our coun-
try there are no accurate data on the frequency of PVI
among women of childbearing age, the frequency of
congenital infection. Therefore, all pregnant women
and women planning pregnancy should be screened for
PVI markers regardless of age and number of pregnan-
cies. Immunologic screening of pregnant women at risk
will not only allow timely detection of PVI, but will al-
so help to reduce the development of pregnancy pathol-
ogy and fetal deaths. The acute form of PVI is common
among infectious diseases with exanthemic manifesta-
tions and in respiratory diseases with atypical course.
However, the final diagnosis of PVI can be made only
on the basis of the results of laboratory tests. In this
regard, patients with exanthema need to conduct labo-
ratory tests to detect specific [gM-antibodies not only
to measles and rubella viruses, but also to B19V for the
differential diagnosis of exanthemic diseases.

CIIUCOK UCTOUYHHUKOB | REFERENCES

1. Anumbaposa JL.M. [IlapBoBupycer (Parvoviridae). B kn.:
JIsBoB K. Meouyunckaa eupyconoeus. M.;2008:276-84.
Alimbarova L.M. Parvoviruses (Parvoviridae). In: Lvov D.K.
Medical Virology. Moscow;2008:276—84.

2. Huxnmos O.H., Kyzun A.A., AnrtunoBa A.lO., JlaBpeHTbe-
Ba M.H. [1apBoBupycHas nadekius — coBpeMeHHas mpodnema B
SMUAEMHOIOTHH ¥ KIMHIUYECKOH MEeUIUHE. DnudemMuonio2us u
npogunaxmuxa.2015;14(4):29-36. Nikishov O.N., KuzinA.A.,
Antipova A.Yu., Lavrentieva .N. Parvovirus infection — con-
temporary issues in epidemiology and clinical medicine.
Epidemiology and Vaccinal Prevention. 2015;14(4):29-36.
EDN: https://elibrary.ru/uhyrpl

3. Anrunosa A.1O. 3HaueHne 1abopaToOpHOI TUATHOCTHUKHU Kpac-
HYIIHON M MapBOBUPYCHOH MHQEKINHA B HEpUOJ HIMMHUHALINK
KpacHyxu: ABroped. mucc. ... kaua. 6uon. Hayk. CI16.;2013.
Antipova A.Yu. The importance of laboratory diagnostics of
rubella and parvovirus infections during the elimination of
rubella: Diss. St. Petersburg;2013.

EDN: https://elibrary.ru/zowdlt

4. Kupnenxo B.T., 3aiines U.A., [Totuii B.B., Hectepyk E.C. Ilap-
BoBUpycHas uHpexuust B19V: 0630p nureparypsl. Yacts 1. Ak-
myanvhas ungexkmonoeus. 2019;7(5):243-51. Kirienko V.T.,
Zaitsev LA, Potiy V.V., Nesteruk Ye.S. Parvovirus infection BI9V:
review of literature. Part 1. Actual Infectology. 2019;7(5):243-51.
DOI: https://doi.org/10.22141/2312-413x.7.5.2019.183703
EDN: https://elibrary.ru/rgjpzo

5. Cossart Y., Field A., Cant B., Widdows D. Parvovirus-like
particles in human sera. Lancet. 1975;1(7898):72-3.

DOTI: https://doi.org/10.1016/s0140-6736(75)91074-0

6. Baylis S.A. Standardization of nucleic acid amplification
technique (NAT)-based assays for different genotypes of
parvovirus B19: a meeting summary. Vox Sang. 2008;94(1):74—
80. DOLI: https://doi.org/10.1111/j.1423-0410.2007.00992.x

7. Lou S., Xu B., Huang Q., et al. Molecular characterization of the
newly identified human parvovirus 4 in the family Parvoviridae.
Virology. 2012;422(1): 59-69.

DOI: https://doi.org/10.1016/j.virol.2011.09.033

8. borkuna A.C. BupycHbIe 9K3aHTEMBI B IIPAKTHKE MEIHATpa.

Ipaxmuxa neouampa. 2016;(2):54-9. Botkina A.S. Viral

10.

11.

14.

16.

17.

18.

19.

20.

21.

22.

23.

REVIEWS

exanthemums in pediatrician's practice. Paediatrician practice.
2016;(2):54-9. EDN: https://elibrary.ru/vsdump

. Serjeant G.R., Topley J.M., Mason K. Outbreak of aplastic

crises in sickle cell anaemia associated with parvovirus-like
agent. Lancet. 1981;2(8247):595-7.

DOI: https://doi.org/10.1016/s0140-6736(81)92739-2
Anderson M.J., Jones S.E., Fisher-Hoch S.P., et al. Human
parvo virus, the cause of erythema infectiosum (fifth disease)?
Lancet. 1983;1(8338):1378.

DOI: https://doi.org/10.1016/s0140-6736(83)92152-9
JlaBpentseBa M.H., Anrumosa A.1O. ITapsoBupyc B19 uwenose-
Ka: XapaKTepHCTUKa BO30YIHUTENsl, PaCIPOCTPAaHEHHE U AWarHO-
CTHKa 00yCIIOBICHHON UM MH(eKuuH. Mughexyus u ummyHnumen.
2013;3(4):311-22. Lavrent'eva LN., Antipova A.Yu. Human
Parvovirus B19: characteristics of the pathogen, spread and diag-
nosis of the infection caused by it. Russian Journal of Infection
and Immunity. 2013;3(4):311-22. EDN: https://elibrary.ru/rstjpl

. Hlunymuu T.A., Benxosckas M.D., Mamsmbepr O.JI. u ap.

HeumMmyHHasi BOASHKA IUIOJA: JAMATHOCTHUKA W TaKTHKA. AKy-
wepcmeo u eunexonocus. 2009;(2):37-40. Shipulin G.A.,
Belkovskaya M.E., Malmberg O.L. and others. Nonimmune
fetal hydrops: diagnosis and tactics. Obstetrics and Gynecology.
2009;(2):37-40. EDN: https://elibrary.ru/kgwksn

. Honrux T.M. Cospemennvie 6o3moarcrocmu 1abopamopHoil ouae-

HOCMUKU UHDEKYUOHHBIX 3a001e6aHUll (Memoobl, Aleo0pUummbl,
unmepnpemayus pesyrvmamos). Omck;2005. Dolgikh T.I. Mo-
dern Possibilities of Laboratory Diagnostics of Infectious Diseases
(Methods, Algorithms, Interpretation of Results). Omsk;2005.
Allander T., Tammi M.T., Eriksson M., et al. Cloning of human
parvovirus by molecular screening of respiratory tract samples.
Proc. Natl Acad. Sci. USA. 2005;102(36):12891-6.

DOI: https://doi.org/10.1073/pnas.0504666102

. Mohammadi M. HBoV-1: virus structure, genomic features,

life cycle, pathogenesis, epidemiology, diagnosis and clinical
manifestations. Front. Cell. Infect. Microbiol. 2023;13:1198—
221. DOI: https://doi.org/10.3389/fcimb.2023.1198127
Allander T., Jartti T., Gupta S., et al. Human bocavirus and acute
wheezing in children. Clin. Infect. Dis. 2007;44(7):904-10.
DOI: https://doi.org/10.1086/512196

Arden K.E., McErlean P., Nissen M.D., et al. Frequent detection
of human rhinoviruses, paramyxoviruses, coronaviruses, and
bocavirus during acute respiratory tract infections. J. Med. Virol.
2006;78(9):1232-40. DOI: https://doi.org/10.1002/jmv.20689
AmoldJ., SinghK., Spector S., Sawyer M.H. Human bocavirus: pre-
valence and clinical spectrum at a children's hospital. Clin. Infect.
Dis. 2006;43(3):283-8. DOI: https://doi.org/10.1086/505399
Farahmand M., Tavakoli A., Ghorbani S., et al. Molecular
and serological markers of human parvovirus B19 infection in
blood donors: A systematic review and meta-analysis. Asian J.
Transfus. Sci. 2021;15(2):212-22.

DOI: https://doi.org/10.4103/ajts.ajts_185 20

Pennenko AWM., CeménoB B.M., Imurpayenxo T.M. u np.
KJIMHUKO-3IHMAEMHOIOTHYECKHE OCOOCHHOCTH IapBOBUPYC-
HO#t wuHbexunu. Becmuux Cmonenckoil 20cy0apcmeeHHol
meoduyunckou axademuu. 2019;18(3):234-40. Rednenko A.L,
Semenov V.M., Dmitrachenko T.I., et al. Clinical and epide-
miological features of parvovirus infection. Vestnik of the
Smolensk State Medical Academy. 2019;18(3):234-240.

DOI: https://elibrary.ru/dbjsxm

Mor O., Ofir 1., Pavel R., et al. Parvovirus B19V infection in
Israel: prevalence and occurrence of acute infection between
2008 and 2013. Epidemiol. Infect. 2016;144(1):207-14.

DOI: https://doi.org/10.1017/s0950268815000230

Qiu J., Soderlund-Venermo M., Young N.S. Human Parvo-
viruses. Clin. Microbiol. Rev. 2017;30(1):43—-113.

DOI: https://doi.org/10.1128/cmr.00040-16

Epmonosuu M.A., JIponuna A.M., Camoitnouu E.O. Pacmpo-
crpaneHHOCTh IgG-anTrTen K mapBoBupycy B19 cpemu sxute-



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIMNI. 2024; 101(2)
DOI: https://doi.org/10.36233/0372-9311-492

267

OB30PbI

24.

25.

26.

27.

28.

29.

30.

3

—_—

32.

33.

34.

35.

neit Pecrrybmuku benapyce. Onudemuonoeus u saxyunonpopu-
aaxkmuka. 2014;(2):27-32. Ermolovich M.A., Dronina A.M.,
Samoilovich E.O. Prevalence of IgG antibodies to parvovirus B19
in population of Belarus. Epidemiology and Vaccinal Prevention.
2014;(2):27-32. EDN: https://elibrary.ru/sbeukl

XamuroBa W.B. Jlabopamopmnvie mapkepbvt napgogupycHotl
UHGeryuu U MONeKYIAPHO-2eHeMUUecKas, XapaKmepucmurd
uzonamos napeosupyca B19 6 omoenvuvix zeocpagpuueckux
peeuonax.: Aproped. mucc. ... kaHm. ouon. Hayk. CII6.;2020.
Khamitova 1.V. Laboratory markers of parvovirus infection and
molecular genetic characteristics of isolates of parvovirus B19
in selected geographical regions: Diss. St. Petersburg;2020.
EDN: https://elibrary.ru/quknku

Vilibic-Cavlek T., TabainI., Kolaric B., et al. Parvovirus B19 in
Croatia: a large-scale seroprevalence study. Medicina (Kaunas).
2021;57(11):1279.

DOT: https://doi.org/10.3390/medicina57111279

PuzaeBa @.A., Kapumon X.5. CpaBHUTENBHBIN aHAIN3 YacTo-
ThI BBISIBJICHHSI CEPOJIOTHYECKOr0 Mapkepa napBoBupyca B19
CpelM YCIOBHO 3[0POBBIX JIMI M IAIIMEHTOB I'€MaToJIOrHye-
CKOTO CTanuoHapa. Becmuuk cemamonocuu. 2019;15(3):57-8.
Rizaeva F.A., Karimov Kh.Ya. Comparative analysis of the
frequency of detection of the serological marker of parvovirus
B19 among conditionally healthy individuals and patients
of a hematology hospital. The Bulletin of Hematology.
2019;15(3):57-8. EDN: https://elibrary.ru/rzrcgv

Huxwumos O.H. [Ipo6nema BupycHO# 0€30MacHOCTH NPH Tepe-
JIMBaHUU KPOBH M €€ KOMIIOHEHTOB. MHpopmayuoHHblil apxus.
2016;9(3-4):111-2. Nikishov O.N. The problem of viral safety
in blood transfusion and its components. Information Archive.
2016;9(3-4):111-2.

OmmxbaeBa M.A. [lapsosupyc B19 y 0onopoé Kposu u 601b-
HBIX 2emamonozuyeckozo cmayuonapa: Asroped. auce. ...
kaHxa. Ouon. Hayk. M.;2011. Elizhbaeva M.A. Parvovirus B19
in blood donors and patients of the hematology hospital: Diss.
Moscow;2011. EDN: https://elibrary.ru/qfkfqr

Monmos A.JL. 3nauenue unouxayuu JHK napeosupyca B19
6 obecneyenuu UHGEKYUOHHOU 6e30nacHoCmu niazmol Os
¢parxyuonuposanus: Asroped. aucc. ... KaHa. Mea. Hayk. Ku-
poB;2015. Poptsov A.L. The significance of DNA indication of
parvovirus B19 in ensuring the infectious safety of plasma for
fractionation: Diss. Kirov;2015. EDN: https://elibrary.ru/djfujy
Florea A.V., Ionescu D.N., Melhem M.F. Parvovirus B19
infection in the immunocompromised host. Arch. Pathol. Lab.
Med. 2007;131(5):799-804.

DOI: https://doi.org/10.5858/2007-131-799-pbiiti

. Zakrzewska K., Corvito R., Tonello C., et al. Human parvovirus

B19 experimental infection in human fibroblasts and endothelial
cells cultures. Virus Res. 2005;114(1-2):1-5.

DOI: https://doi.org/10.1016/j.virusres.2005.05.003

Burrell C.J., Howard C.R., Murphy F.A. Chapter 21: Parvo-
viruses. In: White D.O., Fenner F.J. Medical Virology (Fifth
Edition). Elsevier;2017:289-96.

dunarosa E.B., 3yokosa H.B., HoBukoBa H.A. u nap. Ompe-
JielleHHe MapKepoB mapBoBupyca B19 B o0pasiuax KpoBHu j0-
HOPOB. JKypHan muxpobuonozuu, 3nuU0emMuoniocuy U UMMyHO-
buonoeuu. 2010;87(5):67-70. Filatova E.V., Zubkova N.V.,
Novikova N.A., et al. Identification of markers of parvovirus
B19 in blood samples from donors. Journal of Microbiology,
Epidemiology and Immunobiology. 2010;87(5):67-70.

EDN: https://elibrary.ru/vyzoaf

Candotti D., Etiz N., Parsyan A., Allain J.P. Identification and
characterization of persistent human erythrovirus infection
in blood donor samples. J. Virol. 2004:78(22):12169-78.
DOI: https://doi.org/10.1128/jvi.78.22.12169-12178.2004
Kleinman S., Glynn S., Lee T., et al. Prevalence and quantitation
of parvovirus B19 DNA levels in blood donors with a sensitive
polymerase chain reaction screening assay. Transfusion.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

2007;47(10):1756—64.

DOI: https://doi.org/10.1111/j.1537-2995.2007.01341.x

Ke L., He M., Li C,, et al. The prevalence of human parvovirus
B19 DNA and antibodies in blood donors from four Chinese
blood centers. Transfusion. 2011;51(9):1909-18.

DOI: https://doi.org/10.1111/j.1537-2995.2011.03067.x

Zadsar M., Aghakhani A., Banifazl M., et al. Seroprevalence,
molecular epidemiology and quantitation of parvovirus
B19 DNA levels in Iranian blood donors. J. Med. Virol.
2018;90(8):1318-22. EDN: https://doi.org/10.1002/jmv.25195
Slavov S., Rodrigues E.S., Sauvage V., et al. Parvovirus B19
seroprevalence, viral load, and genotype characterization in
volunteer blood donors from southern Brazil. J. Med. Virol.
2019;91(7):1224-31. DOI: https://doi.org/10.1002/jmv.25453
Kupuenxo B.T., 3aitues U.A., [Toruit B.B., Hectepyk E.C. ITap-
BoBHpycHast nHpeknus B19V y GepemeHHBIX (0030p TuTepa-
Typhl). Hacts 2. Akmyanvras ungexmonoeus. 2020;8(1):8-16.
Kirienko V.T., Zaitsev I.A., Potiy V.V., Nesteruk Ye.S. Parvo-
virus infection B19V in pregnant women (literature review).
Part 2. Actual Infectology. 2020;8(1):8-16.

DOI: https://doi.org/10.22141/2312-413x.8.1.2020.196166
EDN: https://elibrary.ru/rrvvxo

Wong A., Tan K.H., Tee C.S., Yeo G.S. Seroprevalence of
cytomegalovirus, toxoplasma and parvovirus in pregnancy.
Signapore Med. J. 2000;41(4):151-5.

Chen A.Y., Zhang E.Y., Guan W., et al. The small 11 kDa non-
structural protein of human parvovirus B19 plays a key role
in inducing apoptosis during B19 virus infection of primary
erythroid progenitor cells. Blood. 2010;115(5):1070-80.

DOI: https://doi.org/10.1182/blood-2009-04-215756

Oroy A., Ergaz Z. Parvovirus. B 19 infection during pregnancy
and risks to the fetus. Birth Defects Res. 2017;109(5):311-23.
DOI: https://doi.org/10.1002/bdra.23588

Schneider B., Hone A., Tolba R.H., et al. Simultaneous
persistence of multiple genome variants of human parvovirus
B19. J. Gen. Virol. 2008;89(Pt. 1):164-176.

DOI: https://doi.org/10.1099/vir.0.83053-0

Centres for Disease Control. Current trends risks associated
with human Parvovirus B19 infection. MMWR Morb. Mortal.
Wkly Rep. 1989;38(6):81-88,93-97.

Young N.S., Brown K.E. Parvovirus B19. Engl. J. Med. 2004;
350(6):586-97. DOL: https://doi.org/10.1056/nejmra030840
Riipinen A., Viisdnen E., Nuutila M., et al. Parvovirus B19
infection in fetal deaths. Clin. Infect. Dis. 2008;47(12):
1519-25. DOI: https://doi.org/10.1086/593190

De Jong E.P.,, de Haan T.R., Kroes A.S., et al. Parvovirus B19
infection in pregnancy. J. Clin. Virol. 2006;36(1):1-7.

DOIL: https://doi.org/10.1016/j.jcv.2006.01.004

O’Malley A., Barry-Kinsella C., Hughes C., et al. Parvovirus
infects cardiac myocytes in hydrops fetalis. Pediatr. Dev.
Pathol. 2003;6(5):414-20.

DOI: https://doi.org/10.1007/s10024-001-0269-x

Yepuosa T.M., Tumuenko B.H., [laBnosa E.b. u ap. [lapBoBu-
pycHas B19 undekuus: nekuus. [Jemckue ungexyuu. 2022;
21(3):39—46. Chernova T.M., Timchenko V.N., Pavlova E.B.,
et al. Parvovirus B19 infection: lecture. Children Infections.
2022;21(3):39-46.

DOI: https://doi.org/10.22627/2072-8107-2022

EDN: https://elibrary.ru/satsdn

Hannachi N., Marzouk M., Harrabi 1., et al. Seroprevalence
of rubella virus, varicella zoster virus, cytomegalovirus
and parvovirus B19 among pregnant women in the Sousse
region, Tunisia. Bull. Soc. Pathol. Exot. 2011;104(1):62-7.
DOI: https://doi.org/10.1007/s13149-010-0119-z (in French)
Alanen A., Kahala K., Vahlberg T., et al. Seroprevalence,
incidence of prenatal infections and reliability of maternal
history of varicella zoster virus, cytomegalovirus, herpes
simplex virus and parvovirus B19 infection in South-Western



268

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(2)

DOI: https://doi.org/10.36233/0372-9311-492

52.

53.

54.

55.

56.

57.

58.

59.

Finland. BJOG. 2005;112(1):50-6.

DOI: https://doi.org/10.1111/j.1471-0528.2004.00320.x

Bdour S. Risk of perinatal transmission of rubella and parvovirus
B19 in Jordanian pregnant women. Vaccine. 2006;24(16):
3309-12. DOI: https://doi.org/10.1016/j.vaccine.2006.01.025
Van Gessel P.H., Gaytant M.A., Vossen A.C., et al. Incidence
of parvovirus B19 infection among an unselected population of
pregnant women in the Netherlands: A prospective study. Eur: J.
Obstet. Gynecol. Reprod. Biol. 2006;128(1-2):46-9.

DOI: https://doi.org/10.1016/j.ejogrb.2005.11.042

De Paschale M., Pavia C., Cerulli T., et al. Prevalence of anti-
parvovirus B19 IgG and IgM and parvovirus B19 viremia in
pregnant women in an urban area of Northern Italy. J. Med.
Virol. 2022;94(11):5409-14.

DOIL: https://doi.org/10.1002/jmv.27963

Huxmmos O.H. Kaunuxo-snudemuonocuueckue nposenenus
nApeosUPYCHOU UHGEKYUIl U COCMOAHUE 2YMOPATbHO2O0 UM-
MyHumema cpedu pasnuyHbiX 2epynn Hacenewus: Astoped.
muce. ... kaaa. men. Hayk. CI16.;2019. Nikishov O.N. Clinical
and epidemiological manifestations of parvovirus infections
and the state of humoral immunity among various population
groups: Diss. St. Petersburg;2019.

EDN: https://elibrary.ru/wtwfyk

Moosazadeh M., Alimohammadi M., Mousavi T. Seroprevalence
and geographical distribution of parvovirus B19 antibodies
in pregnant women: A-meta-analysis. J. Immunoassay
Immunochem. 2023;44(2):103-16.

DOT: https://doi.org/10.1080/15321819.2023.2167520
Maksheed M., Pacsa A.S., Essa S.S., et al. The prevalence
of antibody to human parvovirus B19 in pregnant women in
Kuwait. Acta Trop. 1999 ;73(3) :225-9.

DOI: https://doi.org/10.1016/s0001-706x(99)00033-9
lToBopyxuna M.B. Ceponocuueckas snumunayus xopu 6 ne-
puod snumunayuu: ABroped. aucc. ... KaHI. Mel. HayK. Po-
ctoB-Ha-/{ony;2008. Govorukhina M.\V. Serological elimination
of measles during the elimination period: Diss. Rostov-na-
Donu;2008. EDN: https://elibrary.ru/wzkkft

JlaBpenteeBa W.H., Antumosa A.IO., buuypmna M.A. u
np. BrisBnenue ciyyaeB nmapBOBHPYCHOH HH(MEKIUH B CH-
CTeMe OSMHUJEMHOJOTMYECKOTO0 HAA30pa 3a OIK3aHTEMHBIMHU

60.

61.

62.

63.

64.

65.

66.

REVIEWS

3aboneBanusaMu. UHexyus u ummynumem. 2016;6(3):219-24.
Lavrentieva LN., Antipova A.Yu., Bichurina M.A., et al.
Detection of cases of parvovirus infection in the system for
epidemiological surveillance of exanthematic diseases. Russian
Journal of Infection and Immunity. 2016;6(3):219-24.

EDN: https://elibrary.ru/wwyllj

Epmonosma M.A., Jlpornna A.M., Camoitnosuu E.O. Dnuze-
MHUYECKHI MPOoIecC OCTPOil mapBoBUpYCHOW nHpekimu B Pe-
cnyonuke benapyce. Dnudemuonozus u ungexyuonnvie bones-
Hu. Axmyanvusie sonpocsl. 2016;(5):13-20. Ermolovich MLA.,
Dronina A.M., Samoilovich E.O. The epidemic process of acute
parvovirus infection in the Republic of Belarus. Epidemiology
and Infectious Diseases. Current Items. 2016;(5):13-20.

EDN: https://elibrary.ru/xemfdr

Yermalovich M.A., Dronina A.M., Semeiko G.V., et al. Com-
prehensive surveillance data suggest a prominent role of par-
vovirus B19 infection in Belarus and the presence of a third
subtype within subgenotype la. Sci. Rep. 2021; 11(1): 1225.
DOI: https://doi.org/10.1038/s41598-020-79587-2

Pedranti M.S., Barbero P., Wolff C., et al. Infection and immuni-
ty for human parvovirus B19 in patients with febrile exanthema.
Epidemiol. Infect. 2012;140(3):454-61.

DOI: https://doi.org/10.1017/S0950268811000823

Drago F., Ciccarese G., Broccolo F., et al. Atypical exanthems
associated with Parvovirus B19 (B19V) infection in children
and adults. J. Med. Virol. 2015;87(11):1981-4.

DOIL: https://doi.org/10.1002/jmv.24246

Rezaei F., Sarshari B., Ghavami N., et al. Prevalence and ge-
notypic characterization of Human Parvovirus B19 in children
with measles- and rubella-like illness in Iran. J. Med. Virol.
2016;88(6):947-53. DOL: https://doi.org/10.1002/jmv.24425
de Los Angeles Ribas M., Tejero Y., Cordero Y., et al. Identi-
fication of human parvovirus B19 among measles and rubella
suspected patients from Cuba. J Med Virol. 2019;91(7):1351-4.
DOI: https://doi.org/10.1002/jmv.25444

Ivanova S.K., Mihneva Z.G., Toshev A.K., et al. Insights into
epidemiology of human parvovirus B19 and detection of an un-
usual genotype 2 variant, Bulgaria, 2004 to 2013. Euro Surveill.
2016;21(4).

DOI: https://doi.org/10.2807/1560-7917.ES.2016.21.4.30116



KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOIMNI. 2024; 101(2) 269

DOI: https://doi.org/10.36233/0372-9311-492

OB30PbI

Information about the authors

Oleg N. Nikisho® — Cand. Sci. (Med), Associate Professor,
Department of general and military epidemiology, S.M. Kirov Military
Medical Academy, St. Petersburg, Russia,
nikishov.oleg2015@yandex.ru,
https://orcid.org/0000-0002-3677-1734

Alexander A. Kuzin — D. Sci. (Med.), Professor, Chief, Department
of general and military epidemiology, S.M. Kirov Military Medical
Academy, St. Petersburg, Russia,
https://orcid.org/0000-0001-9154-7017

Irina N. Lavrentieva — D. Sci. (Med.), leading researcher, Laboratory
of experimental virology, Saint-Petersburg Pasteur Institute, St. Pe-
tersburg, Russia, https://orcid.org/0000-0002-2188-6547

Anastasia Yu. Antipova — Cand. Sci. (Biol.), senior researcher,
Laboratory of experimental virology, St. Petersburg, Russia,
https://orcid.org/0000-0002-7763-535X

Sergey N. Nikishov — Cand. Sci. (Psych.), Head, Department of
Psychology, National Research Ogarev Mordovia State University,
Saransk, Russia, https://orcid.org/0000-0002-1573-6825

Author contribution. Nikishov O.N., Kuzin A.A., Lavrentieva I.N.,
Antipova A.Yu. — collection and processing of material, statistical
processing, writing the text, concept and design of the study;
Nikishov S.N. — concept and design of the study, editing. All authors
confirm that they meet the International Committee of Medical Journal
Editors criteria for authorship, made a substantial contribution to the
conception of the work, acquisition, analysis, interpretation of data for
the work, drafting and revising the work, final approval of the version
to be published.
The article was submitted 26.01.2024;
accepted for publication 14.03.2024;
published 29.04.2024

HHpopmayusi 06 asmopax

Hukuwos Onez Hukonaesuy™ — K.M.H., JOLEHT kadeapb! obLiei 1
BOeHHoM anuaemuonorun BMA um. C.M. Kuposa, CaHkT-leTepbypr,
Poccus, nikishov.oleg2015@yandex.ru,
https://orcid.org/0000-0002-3677-1734

Kysun AnekcaHdp AnekcaHOposuY — [.M.H., Npogheccop, Ha4anbHUK
kadenpbl obLen n BoeHHon anuaemuonorum BMA nm. C.M. Kupoea,
CankT-lMetepbypr, Poccus, https:/lorcid.org/0000-0001-9154-7017

JlaspeHmbesa VipuHa HukonaeeHa — p[.M.H., B.H.Cc. nab. akcnepu-
MeHTanbHou Bupyconorun HAW anngemuonorum n mukpobuonorum
um. Mactepa, CaHkT-lNeTepbypr, Poccus,
https://orcid.org/0000-0002-2188-6547

AHmunoea AHacmacusi FOpbesHa — K.6.H., C.H.C. nab. aKcnepumeH-
TansHow Bupyconoruv HAW annaemmonorum n myukpobuonorum ume-
Hu MNactepa, CaHkT-MNeTepbypr, Poccus,
https://orcid.org/0000-0002-7763-535X

Hukuwoe Cepeeli Hukonaesu4y — K.NMCUXOMN.H. AOLEHT, 3aB. kad.
ncuxonorun HaumoHansHoro uccrnegosatenckoro MopaoBckoro ro-
cyaapcTBeHHoro yHusepcuteta um. H.I. Orapésa, CapaHck, Poccus,
https://orcid.org/0000-0002-1573-6825

YyacTtue aBTOopoB. Hukuwos O.H., Ky3uH A.A., JlaspeHmbesa U.H.,
AHmunosea A.FO. — cbop n obpaboTka maTepuana, ctaTucTuyeckas
06paboTka, HanMcaHWe TeKCTa, KOHLENUUS 1 AM3aiH UCCrneaoBaHus;
Hukuwoe C.H. — KoHuenuusi n au3anH uccrnenoBaHusi, peaakTnpo-
BaHue. Bce aBTOpbI NOATBEPXKAAKT COOTBETCTBUE CBOErO aBTOPCTBA
kputepusm ICMJE, BHecnu cyllecTBeHHbI BKNag B MNpoBeAeHue
NOMCKOBO-aHanUTUYeCcKon paboTbl M MOArOTOBKY CTaTbW, MPOYNN 1
ofo06punu crHanbHy Bepcuio Ao nybnvkaumm.
Cratbsi noctynuna B pegakumio 26.01.2024;
npuHsiTa k ny6nukauum 14.03.2024;
ony6nukosaHa 29.04.2024



270 JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(2)
DOI: https://doi.org/10.36233/0372-9311-470

REVIEWS

0630pHan cTaTba
https://doi.org/10.36233/0372-9311-470

Pekom6uHa3Hana nonmmepasHasa amnanukayma: xapakrepmcrmka
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AHHOMauus

B nocnegHue roabl TEXHONOMMM HA OCHOBE M30TEPMUYECKON amnnndukaLmm akTMBHO pa3BUMBalOTCS U NOCTENEH-
HO BHEOPAITCS B apceHan MeTodoB AMAarHOCTMKN MHAEKLUMOHHBIX 3aboneBaHuin. OgHMM 13 Hambornee ObICTPbIX
M30TEPMUYECKNX METOOOB SABMNSETCA pekoMOUuHa3Has nonumepasHas amnnudukaums (PMA). JaHHbin 0630p co-
OepXUT MHpopmauuio o npuHumne PIA, 3Ha4yeHUN oTAeNbHbIX KOMMOHEHTOB peakuun 1 xapakTepucTuKe npamn-
MepoB. BknoyeHbl cBegeHns 06 0COBEHHOCTAX pasnMyHbIX cnocoboB aeTekumn pesynsratoB PIA, BnnsHUK
MHIMOUTOPOB, TemMnepaTypbl 1 NepeMeLIMBaH1sa Ha 3pPEKTMBHOCTb peakLmn. OnucaHbl Noaxoabl K NpOBEAEHUIO
KONM4ecTBEHHOW U MynsTunnekcHon PIA, a Takke HEKOTOpbIE BapuaHTbl NOPTATUMBHbIX YCTPOWCTB A5 BbisiBNe-
HUs BO30yauTenen MHpeKUMOHHbIX 3aboneBaHnii. B 3aknioueHnn 0606LeHbl npemmyLectsa n Hegoctatkm PTA
Mo CPaBHEHMIO C APYrMMU MeToAaMu aMnnmdukaLmn.

KnroueBble cnoBa: pekoMbuHasHasi nonumepasHasi amnnugukayusi, o063op
UcmoyHuk ¢puHaHcupoeaHusi. ABTOPbI 3asBNSIOT 06 OTCYTCTBUM BHELLHEro (oMHaHCMPOBaHWUS Npu NpoBeaeHUN Uc-
crefoBaHus.

KoHebriukm uHmepecoe. ABTOPbI [AEKNapUPYOT OTCYTCTBUE SIBHLIX U NMOTEHLMANBHBLIX KOH(ITUKTOB MHTEPECOB, CBS-
3aHHbIX C NyGnyKaLmeit HacTosALLei CTaTbu.
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Recombinase polymerase amplification: method’s characteristics
and applications in diagnostics of infectious diseases

Olga S. Bondareva™, Artem A. Baturin, Anna V. Mironova

Volgograd Plague Control Research Institute, Volgograd, Russia

Abstract

Isothermal amplification techniques have been actively developed in recent years and are gradually introduced
into the range of methods for infectious disease diagnostics. One of the fastest isothermal methods is recombinase
polymerase amplification (RPA). This review contains information about the principle of RPA, the role of individual
reaction components and primer design considerations. It provides information on characteristics of various
methods of RPA results detection, effects of inhibitors, temperature and agitation on the efficiency of reaction.
Approaches to quantitative and multiplex RPA are described, as well as some variants of portable devices
designed to identify infectious agents. The conclusion summarizes advantages and disadvantages of RPA in
comparison with other amplification methods.

Keywords: recombinase polymerase amplification, RPA, review
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BeBepeHune

Mertoapl amMmIuQUKaIUK HYKICHHOBBIX KHUCIOT
(HK) mupoxo ncnonb3yrores B 1abopaTropHON JuarHo-
CTHKE JUIsl BBISIBICHHS BO30yauTeneil MH(EKINOHHBIX
3a00JeBaHMi, OTIpeiesieHHs BUPYCHOM Harpy3Ku, TeHO-
TUMIMPOBAHUS MAaTOreHoB. B mocnegHue roasl MHTEH-
CHUBHO Pa3BUBAIOTCSI METO/bI, OCHOBAaHHBIE HA U30TEp-
Muueckor amruin¢ukanuu. [Iporekanue peakuuu npu
OJTHON TemIeparype MO3BOJSET MPOBOIUTH aHAIU3 B
YCIIOBUSIX OIpaHUYEHHBIX PECYPCOB, a TAK)KE COKpalla-
€T BpeMs UCCIIeI0OBaHMUs.

AHanu3 yucia nyOnukaiuii B 0a3e JaHHBIX
PubMed, mnoCBAIIEHHBIX METOJAM H30TESPMUYECCKON
aMITMQUKAUK, 3a MOCIeAHUEe 3 roja MOoKasal, YTo
HanOoJee MOMYJISPHBIM METOAOM SIBISIETCS IIeTe-
Basi nzorepmuueckas ammmgukanus (Loop-mediated
isothermal amplification; LAMP), nucnons3oBanuio ko-
TOPOH MOCBSIILIEHO OKOJIO IIOJIOBUHBI CTATEM, HA BTOPOM
MecTe — peKoMOWHa3Hasl ToIMMepasHas aMIuIQuKa-
uus (PITIA; 27% crareit), 3arem aMmruindukanys mno Tu-
My Karsmerocs: koibia — 16% mybnukanuii, octais-
HbIE U30T€PMHUUYECKHUE METO/IbI B COBOKYTTHOCTH 3aHSIU
MeHee 7% ot obuiero uncna myonukanui (puc. 1, a).

Meton PITA ObLn HpeAsioKEeH OTHOCUTEIILHO HE-
naBHO, B 2006 1., rpynmoil y4€HbIX MO PyKOBOJCTBOM
N.A. Armes [1]. B nocneanue rogsl oTMe4aeTcs exe-
TOJIHBIM POCT YMCIIA IMyOnuKanuid, nocBsiménHbIX PITA
(puc. 1, 6), 9TO CBUIETEILCTBYET 00 AKTUBHOM HHTEPE-
C€ K JJaHHOU TEXHOJIOTUHU.

Ipuanun merona PIIA 3akirouaercss B Moje-
JUPOBAaHUM [N VitF0 €CTECTBEHHOTO OWOJOTMYECKOTO
npolecca — roMOJIOTHYHON PEKOMOMHAIINM;, IPU 3TOM
neHarypanus asovHor nemu JIHK ocymectsisercs
Onaronapsi ISHCTBUIO HECKOJBKUX (DEPMEHTOB U pea-
TeHTOB (pHC. 2).

OcnoBHo#t ¢pepment PIIA — pekomOuHaza —
sBisieTcss ToMoniorom Oenka RecA Escherichia coli.
B nporecce romonoruunoit pekomOuHammu RecA cas-
3pBaeTcst ¢ onHouenodeynor JIHK, ocymectsiser
MMOMCK KOMIUIEMEHTapHO! MOCIIe0BaTeIbHOCTH Ha ro-
MOJIOTHYHOH XpoMocoMme, BHeApsieTcss B He€, o0pa3ys
reTepOAYIUIEKC U BBITECHSS BTOPYIO LIETIb.

Peakuus PIIA HaumHaercs c NPUCOEAMHEHUS
pexoMOMHAa3bl K TpaiiMepaMm mocpenctBom Oenka T4
UvsY. CdopMHUpOBaBIIUACS  HYKIICOMPOTEUHOBBIN
KOMIUIEKC TIPU COMMKEHUH ¢ TOMOJIOTMYHOM MOCie0-
BaTenbHOCTHIO JByX1enodeuHoi JJHK pacmneraer eé,
CHOCOOCTBYsl OTKUTY Tpaiimepa. [Ipu 3Tom 00Opasyer-
¢ D-mernsa. PackpydeHHbIE OAHOLEIIOUEUHBIE HHUTH

© Bondareva O.S., Baturin A.A., Mironova A.V., 2024

crabmmmzupyrotr SSB 6enkxu T4 gp32. Ilocne orcoenu-
HEHHsI PEeKOMOMHA3bl MPOUCXOAT Mocaaka Bsu-nomu-
Mepasbl (WK Sau-nonuMepasbl) U JIOHTALUS 1eTIeBOM
MUILIEHH C BBITECHCHHEM KOMIUIEMEHTapHOW IeMu.
B pesynbrare o0pasyrorcs 1Ba IymieKca, KOTOpbIE BbI-
CTYHAaOT B KAUECTBE MaTPULBI IPH SKCIIOHEHNATILHOM
amrmudukanun. GaxkTop KpayguHra (BBICOKOMOJIEKY-
nspHBIA nonuaTHiieHruKonb, PEG 35K) cmocoGcTBy-
eT UMHUTALIMU YCIIOBHUH in Vivo U KaTalIu3UpyeT padoTy
¢depmentoB. Jutnorpenton crabuimsupyer paboty
¢depmenToB; GpochoxpeaTUHUH, KpeaTHHKMUHA3a U ajie-
HO3UHTpU(pOChaT 00eCreurnBalOT CUCTEMY HEPTHEH.
Je3okcupubonykineo3uaTpudocdarbl  UCHONB3YIOTCS
JUTSL CHHTE3a aMIUIMKOHOB. JIJist moaaepkanusi Heo0xo-
mumoro pH npumenstor Oydep, conepkammid Tpuc u
JIpyTHe coyv. AlleTaT MarHusi BBICTYNAeT B POJIM KO-
¢axropa GepmenToB 1 nHUIUUpyeT PITA [2].

al a

OLoop-mediated isothermal amplification

BPlA | Recombinase polymerase
amplification

B AMNnndrkaumsa no Tuny KaTawerocs
konbua | Rolling circle amplification

O[pyrve n3otepmMmnyeckne Metoabl
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Puc. 1. AHanus nyGnvkaumMoHHOW akTUBHOCTM NO MeToAam
M3oTepMmUYECcKon amnnmdukaLmm cornacHo 6ase gaHHbIX
PubMed NCBI (a) 3a nocnegHue 3 roga; 6 — no Pl1A.

Fig. 1. Analysis of publication activity on isothermal
amplification methods according to the PubMed NCBI
database (a) over the past 3 years; b — on RPA.
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Fig. 2. Schematic representation of recombinase polymerase amplification.

[Ipu noGaBneHuM B pEeakIMOHHYIO CMECh 00par-
HOM TpaHCKpHUIITa3bl B KauecTBe MaTpuilsl B PITA mo-
et BeicTynarh PHK, uTo ucnonb3yercs mpu BhIsSBIIC-
Huu BupycoB ¢ PHK-renomom [3-5].

Amnanorom PITA sBnsercs meron Recombinase
Aided Amplification (RAA), oTnuuaromuiics ucTod-
HUKOM IMPOHCXOXAeHUsI PpepMeHTOB [6, 7]. YuuTbIBas
OOIIMIA IPUHIIKIT ACHCTBYUSA, B AalibHEHIIIEM OyayT pac-
cMmotrpenbl ocobeHHocTu PITA Ha ocHOBe myOnmuKaIuii
o metogam PITA u RAA.

TpeOoBanmus, npeAbsABJIsieMble K BbIOOPY nmpaii-
MepoB 1 Mumenu i PITA, cymecTBeHHO OTIIM4aroT-
Csl OT aHAJIOTMYHBIX B IIOJIMMEPA3HOHN LIETHOW PEAKLMU
(ITLIP). Tak, pasmep MHILIEHU HE JODKEH MPEBBINIATH
500 m.1. [IpumenstroTcst amruikoHs! kak meree 100 m.H.,
TaK W 3HAYUTENILHO Ooublueil AnmuHbl. ONTUMAaIbHBINA
pasMep MHIIEHH, IPH KOTOPOM obectieunBaeTcs P Qek-
TuBHas amrundukarms, cocrapiser 100250 m.h. [8, 9].

B pyxoBoznctse no PITA [8] onucansl crienyromue
XapaKTEepUCTUKU TpaiiMepoB: peKOMeHIyeMas AJIuHa
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30-35 HyKJICOTHUIOB, OTCYTCTBUE OJHOHYKIICOTHIHBIX
u SSR-noBropoB, namuHapomoB, GC-cocTtaB B aua-
nazoHe 40-60%, OTCyTCTBHE BTOPHYHBIX CTPYKTYP,
TakdX Kak MpaiMep-IUMephl, IMHIbKH, KOTOPbIE MO-
TYT mpHuBecTH K apredakram amrumpuxanuu. Hamu-
yre Ha 3'-KOHIIE TyaHO3WHA WM LUTHIUHA TIOBBILIAET
MPOM3BOAUTENBHOCTh TpaiiMepa. ONHMIOHYKICOTHUABI
MEHBIIEH AJIMHBI TaKKe€ MOTYT HCIOJIB30BATHCS IS
ammndukanun. CymecTByeT psa MyOauKaluuil o npu-
MeHeHuu mnpaiimMepoB ans IILP B PIIA, onHako cum-
TaeTCsl, YTO CBSA3bIBAHUE PEKOMOMHA3bI C KOPOTKHUMHU
npaiiMmepamu MeHee 3()(EKTHBHO, YTO CKa3bIBAaeTCs Ha
yyBcTBUTENbHOCTH peakuuu [10, 11]. bompmmit pas-
Mep MpaliMepOB MOBBIIAET BEPOSATHOCTh 00Pa30BaHUS
BTOPUYHBIX CTPYKTYp W AMMEPOB, YTO TaKXKe HEexKe-
narenbHO. B padore N. Sharma u coasrt. [12] npoxe-
MOHCTPUPOBAHO HCIONb30BaHNE MOIUPHUINPOBAHHBIX
HYKJICOTHJIOB, KOTOpBIE HE CBS3BIBAIOTCA MEXIY CO-
0o, HO 00pa3ylT BOIOPOJHBIE CBS3U C HYKJICOTH/A-
MU MaTpHIBbl, YTO MO3BOJAECT M30€XaTh 00pa3oBaHUs
apTeaKTHBIX MPOAYKTOB aMIuipukanuu. B oTnmuune
ot [TILP, mpu BeiOOpe npaiimepoB amnst PIIA He BakHa
pacyéTHas TeMIlepaTypa HUX OTXKUTa, B TpeOOBaHUIX
ykazaH nuana3on 50-100°C. Bexyrcs pabothl 1o co3-
JaHUIo Nmpuwiokenuit st nogdbopa PIIA-npaiimMepoB c
yu€ToMm cymecTByomux kpurepues [13]. Ho maxe B
pyxoBoactie 1o PITA yka3aHo, 4TO Ha JaHHBI MOMEHT
HEBO3MOXHO MpeAcKazaTh 3Q(eKTHBHOCTh amIuindu-
Kalli¥ C KOHKPETHBIMU MTpaiiMepamMH, IIO3TOMY LIeJIeCO-
00pa3HbI BEIOOP HECKOJIBKHUX BAPHAHTOB M X IIPOBEPKA
SMIUPUYECKUM ITyTEM [8].

quCTBI/ITeH bHOCTb CI'IGLI,I/I(I)I/I‘-I HOCTb

AHanuTHYeCKasi YYBCTBUTEIBHOCTh U CIELU-
(PUYHOCTH — 3TO KIIOUEBBIE XaPAKTEPUCTHKH JIIOOOTO
MeTo/1a, MPUMEHSIEMOTO [Tl OOHapyXeHUs! BO30yauTe-
neit nHPEKIUOHHBIX 3a0osieBaHui. UyBCTBUTENBHOCTD
PITA 3aBucHT OT KOHKPETHBIX ITpaiiMepoB. Kak nmoka3a-
HO B psizie padort [14, 15], B 3aBUCUMOCTH OT pacrosio-
xeHus npaiimepa Ha nenesoit JIHK mensiercs addex-
TUBHOCTh aMiun(ukanuu. [|yivHa mnpaiiMepa Takke
umeet Oonbloe 3HadeHue. Tak, mpu mpoBepKe pa3and-
HBIX KOMOMHAIMK TpaiiMepoB, HE3HAYUTEIBHO Bapbu-
PYEMBIX IO JUIMHE, MECTY OTXHra U He 00pa3yromux
BTOPUYHBIX CTPYKTYD in silico, B psjie Clly4aeB aMILIU-
KOHBI HEe 00pa30BBIBANIMCH BOBCE, JIMOO YYBCTBHTEIIb-
HOCTh PEaKUUM OTIMYaiach HA HECKOJBbKO TMOPSAKOB
[16]. B nmuteparype ecTh JaHHBIC O YYBCTBUTEIBLHOCTH
PIIA, conocraBumoii u gaxe Boime, uem B [TLP [17].
OnHako CTOUT yYUTBIBaTh, 4TO 1is1 PITA wyBcTBHTEINB-
HOCTh 4acTo cuuTaroT B uucie konuii HK, momanaro-
LIMX B peakIuio. ITO CBA3aHO C TEM, YTO B CTaHJApT-
HoM nipotokoiie PITA noGasnsiercst Bcero 1 MKII aHAIHU-
3upyemoii mpoOkI [8], Toraa kak B [11[P 00bI14HO BHOCST
5-10 MK

Oco0eHHOCTBIO ACUCTBHS PEKOMOUHA3HI SIBISCT-
csl e€ CroCOOHOCTh paclo3HaBaTh KOMILIEMEHTAPHBIH

Yy4YacTOK, JaXke €CiIu B HEM €CThb OJHOHYKJICOTHIHbIE
3aMeHbl. bUOJIOrMYECKUI CMBICI JaHHOTO SIBJICHUS —
ocyuiecTBieHue penapauuu nospexaéunoi JIHK. Pe-
KOMOWHAa3a pacrmo3HaéT y4yacTKH LIEJIEBOW MOCIe0Ba-
TEJBHOCTH MIPH HAJTMYMH B HUX OOJIBIIOTO YHCIIA 3aMEH
(10 9) [2]. Kak u B I1LIP, Haubosblee 3HaYCHUE UMEET
KOMILIEMEHTAapHOCTh HYKJICOTHAOB Ha 3'-KOHIE Mpai-
MEpOB, MOCKOJbKY MMEHHO 3TOT YYacTOK Ba)K€H IS
Hayana paboTel monuMepasbl. C OAHOM CTOPOHBI, 3TO
MOXET OBITh NMPEUMYLICCTBOM IIpH BHIOOpE IIETEBOI
MUILEHH JIs1 BUPYCHBIX BBICOKOBAPHAOEIbHBIX T€HO-
MOB, C JIpYIOil CTOPOHBI, 3TO MOBBILIAET PUCK HECIIe-
nuuuecKoil aMIM@uKanuyd U nepeKpécTHOro ooHa-
pY>keHHsI OTM3KOPOJICTBEHHBIX BUAOB [18].

MeTopgb! aetekunn

JeTexknusi ¢ MOMOIIbIO J1eKTpodope3a Mo3Bo-
JSIET OLCHUTH Pe3ybTaT aMIUIM(UKAIMU 110 HATUYUIO
aMIUTMKOHOB crenu(uyeckor JUIMHBL. B peakiuoH-
Hoit cmecu PITA conmepxkurcst MHOTO O6€TKOB, OObIIAs
4acTh aMIUIMKOHOB IIOCIIE PEaKIMU CBsI3aHa ¢ OenKaMu
W areHTaMu KpayJWHTra, 4To BIIMSAET Ha MOABM)KHOCTD
AMIUTUKOHOB B Telie MPU AJIEKTPOoope3e u MPUBOAUT
K TOSIBJICHUIO apTe(akToB Ha 3iieKTpodoperpamme.
Cy1iecTByeT HECKOJIBKO CIIOCOO0B 00pabOTKH peakiu-
OHHOM CMecCH AJIsl JICHATypalliy OelTKOB U YCTPaHEHUs
WUCKKEHUH. YIOOHBIM, JOCTaro4Ho 3(PQeKTUBHBIM
U TO03TOMY YacTO HCIIOJIb3YEMBIM METOJIOM SIBISETCS
nporpeB npu 65°C B Teuenue 10 mun [19]. Unorna ans
STOM LW cMecCh IporpeBaroT npu 95°C, BO3MOXKHBI
obpabotka gereprentoM (SDS), pepmentaruBHoe pac-
mieruienne (mporennaszoit K), BBICOKOCKOPOCTHOE IICH-
Tpudyruposanue [2, 19, 20].

[Ipumenenue snekrpodopesa B KauecTBE CIIOCO-
0a nerekuuu pesynasratoB PITA HepaloHanbHO, IO-
CKOJIBKY 3aHHMaeT OoJbllie BPEMEHH, YeM caMa peak-
us, U TpedyeT crenuagbHoro 000pyIoBaHusl, MO3TO-
My OOBIYHO HCIIOJIB3YETCS TOJIBKO Ha 3Tare nogoopa u
[IPOBEPKU NIPAaMEPOB.

JeTexknusi ¢ TOMOIbIO 30HA0B. DITyopeclieHTHO
MEUYEHHbIE 30Hbl, NpuMeHsiemble B IILIP, He nogxonsT
st PITA: nist MonexkynspHBIX MaskoB TemIleparypa
peakuuu SBISETCS CIUIIKOM HM3KOH, a OTCYTCTBHE
3K30HYKJIEa3HOW aKTUBHOCTU Bsu-nonumepasbl HE 1O-
3BOJISIET UCIIOJIB30BaTh 30HAbI TUNIA TagMan. [Toatomy
Ut (ITyOpECICHTHOM eTeKIUN pa3padOTaHbl CIIEIH-
aNbHBIC 30H/IBI U HYKJICA3Hl (pHUC. 3).

[pu ncnons3oBanum sx30HykKIeass [11 BEIOUpaioT
30H1 JUIMHOM 45—50 HYyKJI€OTHIOB, B KOTOPOM (NIyOpO-
¢dop U racuTenb NOKHBI OBITH CBSI3aHBI C THAMMHOM Ha
paccrosiuuu pumepHo 30—40 HyKJI€OTHAOB OT Haya-
Jla U Ha PacCTOSIHUM 2—5 HYKJIEOTHIOB APYT OT JApyra.
Mexay ¢ayopodopoM U racuTeseM BMECTO OIHOTO H3
HYKJICOTHJIOB IIOMELIAIOT OCTATOK TeTparuapodypana,
KOTOPBIA B ciiydae rHOpuAM3aliy 30HIa pa3pe3aeTcs
9K30HYKJICA30i, U TPU STOM TeHepupyeTcs dyopec-
LEHTHBIN CUTHAIIL.
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Fig. 3. Structure of probes and detection principles with different types of nucleases.
a — exonuclease lll; b — exonuclease Fpg; ¢ — endonuclease V).

MumeHnsro 1S DK30HYyKJI€a3bl Fpg clly>KUT JuH-
kep C-O-C (tak naspiBaemas dR-rpynma, Hampumep,
KapOOKCU(ITyOpeCLEnH), C MMOMOIIBIO KOTOPOTO (Iyo-
podop kpenutcs k 30uay. [locne rubpuanzanuu 30042
¢ mumeHbto Fpg pacmeruiser dR-ocrarok, dayopodop
0CBOOOXKAAETCS OT JCHCTBHSI TaCUTENS M MCITyCKaeT
turyopecueHnTHbli curnai [2, 8].

[MpeumymectBamu  (prryopecleHTHOW JEeTEKLIUH
SBJIIIOTCSL BBICOKask CKOPOCThb MOJY4YEeHHs pe3yibrara
aMIUTU(UKALIUK, TOYHOCTh aHaNIW3a, OTCYTCTBUE He-
00XOIMMOCTH JOMOJHUTENBHBIX MaHumyisiuuid. On-
HaKO HCIIOJIb30BAHUE MEUEHBIX OJUTOHYKJIEOTH]IOB,
(epMEHTOB M CHENHATBHOTO 000PYIOBAaHHS MMOBHIIIA-
€T CTOMMOCTh aHanu3a. TeM He MeHee JaHHbBIM MOAX0/]
MOKET MPUMEHSTHCS IS OAHOBPEMEHHOW aMIuinu-
Kalluy pa3iIuyHbIX MUIIEHel mpu npoBeaeHuu PIIA B
MyJbTHILIEKCHOM (opmare [4, 21-23].

Ouponykieasy 1V 0OBIYHO MCHONB3YIOT MPH Jie-
TEKUUH C TOMOILIBI0 HMMYHOXPOMAaTOTrpapHuYecKuX
TECT-TIOJIOCOK. 30H]] ¥ 0OpaTHBI paiMep Ha S5'-KoHIIe
cojJiepXkar pa3lnyaroluecs aHTUreHHble MeTkH. Jlo-
MOJTHUTENBHO B 30H7 Ha pacctostHuu 30-35 HykIeoTu-
JIOB OT Havaja BCTPaMBAIOT OCTATOK TeTparuapodypa-
Ha, KOTOPBIN pa3pe3aeTcs SHIOHYKIICa30i NpH THOpH-
IU3aIliKA 30HJa C MUIIEHEIO, a Ha 3'-KoHIle — OJIOK,
NPENSATCTBYIOUMN HecienupruecKoil aMrunpuKanmm.
Ilocne peWcTBUS Hykiea3bl 30HJ BBIIOIHIET POJIb

mpsaMoro npaiimepa. B pesynbrare ammindukanum 00-
pa3yercs (parMeHT, MEUEHHbIH C 2 CTOPOH Pa3HbIMU
AHTUTCHAMH, KOTOPBIH MOXET OBbITh OOHApYKEH II0-
CPEACTBOM HWMMYHOXPOMATOrpaQuuecKux TeCT-I10JI0-
COK. JIONONHUTENBHO AJIS1 MHULUALNN aMILTH(QHUKALTUHI
pEaKMOHHAsT CMECh MOXET COIepXaTh HEMEUYCHBIN
psAAMoi npaiiMep. B ommnuue ot sk30nykieass! 111, ko-
TOpas pacuerisier OOJbIIYI0 JOJI0 ABYXUEMOUYeUHHON
JHK, sanonyxkneasa [V nelicTByeT ToUHEE U HE paclie-
IUIET AMIUTUKOHBI, IIO3TOMY TOCHE €€ MCIIOIb30BaHUS
pesyasrar PITA MOXHO ImpOBEPSTH METOAOM JIEKTPO-
(ope3a.

Jerekuusi Ha OCHOBE MMMYHOXpomarorpaduye-
CKUX TECT-TIOJIOCOK OTINYAeTCsl OBICTPOTOH MOIy4e-
HUS pe3yJibTaTa, IPOCTOTON MPOBEACHUSI, OTCYTCTBHEM
HEOOXOIMMOCTH CIIEHUATEHOTO 000PYI0BAaHHSI, OTHAKO
OTKpPBITHE MPOOUPOK C aMIIMKOHAMH TOBBIIIAET PHCK
koHTamuHaIMK. CyIIecTBYIOT yCTpOicTBa Uil IpOBe-
JEHUS UMMYHOXPOMAaTOrpaUuecKoro aHainsa, Ipen-
CTaBJIsIOIIME COOOW TePMETHYHBIA KapTPUIK, B KOTO-
POM HM30JIMPOBAHHO PACIIOJIOKEHBI TECT-MOJIOCKHU, YTO
MO3BOJISICT MPEAOTBPATUTh PUCK KOHTaMUHAIMU TIPO-
OYKTaMH PeakLrH, HO UX UCTIOJIb30BAHUE 3HAYUTEIHLHO
MOBBIILIAET CEOECTOMMOCTD Ka)I0TO TECTa.

SHERLOCK. OauuM u3 Haubosiee axkTHUBHO
pa3BuBaOIMXCs MeTofoB amruudukannu HK sBis-
erca «Specifc High-Sensitivity Enzymatic Reporter
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Unlocking» (SHERLOCK), ocHoBaHHBIN Ha coyeTa-
aun PITA u nerekumu ¢ moMmomisio cucteMbl CRISPR—
Cas13 [24]. B metoquke SHERLOCK mnocine Boiaene-
Hus HK mpoBoaaT M30TepMUYECKyr0 aMILTH(UKALUIO
muiieHu metonoM PITA wnu LAMP. [lanee T7-tpanc-
KpHUINTa3y NPUMEHSIOT AJIsl CHHTE3a Ha OCHOBE aMILIU-
koHOB KommiemeHnTapHbix PHK. CriocobHocTh pacmos-
HaBaTh IIEJIEBYI0 IIOCIENOBATEIbHOCTh U IPOSABIATH
noOouHy0 (Hecnennu(uuecKkyro) HyKJIea3HYI0 aKTHB-
HocTh Casl3 ucnonbsytor st nerekiun PHK-mure-
Heil. CrnenuduyHocTs obecriednBaeTCs MPOSIBICHUEM
Hykinea3Hoi akTuBHOCcTH Casl3 Tonbko mocie CBSI3U
crPHK u Mumenu, xotopas 3amycKaeT pacUICIUICHHE
¢yopeciieHTHO MedyeHHBIX penopTépHbix PHK (ko-
potkue PHK, meuennsie 6uornHomMm, ¢myopodopom u
racurenem). PHK-penopreps! cinyxar nns ycuneHus
curHaia. [lociae ux pacuieruieHus B pesyibTare Io-
OouHO# HykJieaszHoU aktuBHOCTH Casl3 oOpasyrorcs
(¢parMeHTbl, MEUCHHbIE OMOTMHOM U (uyopodopom,
KOTOpblE MOKHO OOHAapyHTh HOCPEICTBOM HMMY-
HOXpoMmarorpapuueckux TecT-monocok. CoueTaHue
Cas13 ¢ Cas12 B onHOM TeCTE MO3BOJISAET OJHOBPEMEH-
HO 0OHapyXHMBaTh HECKOJIKO MHIIECHEH B paMKax OJi-
HOH peaxuuu.

Ha ocnoBe cucremsr CRISPR—Cas pa3zpaboTansr
pa3NuvHble TUArHOCTUYECKUE IUIAaT(GOpMBl Ui MHO-
X WHQEKIHOHHBIX MaTOTCHOB, MPEAJIOKEHBI pa3Ho-
o0Opa3Hble CUCTEMBI MPOOOTOATOTOBKH: OT HMpUMEHE-
HUS TEPMUYECKOTO JIU3UCa B KauecTBe dKcTpakimu HK
10 00pabOTKH MarHWTHBIMU YaCTUIIAMH C LIEJIbIO HAKO-
IUIEHHUSI UCKOMOTO MaTepHana W MOBBILICHHUS YyBCTBU-
TenpHOCTH Tecta [25-27]. [lo naHHBIM MyONUKAIMIA,
meton SHERLOCK obGnanaer 6osee BHICOKOW 4yBCTBU-
TEJILHOCTBIO 10 CPaBHEHMIO C aHAJOTMYHBIMH ITOIXO-
JaMu, mpenes OOHapy>KeHHsI COUYETaHHOTO HCIOJb30-
BaHus texHonorui PITA u CRISPR—Cas cocrasnser
HECKOJIbKO KOTIU MUIIECHU B peakiuu [24, 28].

AJIbTepHATHUBHBIE METOABI JAETEKUUH Pe3yJib-
tatoB PIIA. OOHapyxkeHHe MeTOAOM (IOKYJISLUU
OCHOBAHO Ha MCIOJB30BaHUU OCOOBIX MOJMMEPOB, KO-
TOpBIE CIIOCOOCTBYIOT CBSI3BIBAHHIO AMILTUKOHOB, IO-
JMy4eHHBIX B pe3yabrare PIIA, 1 MarHUTHBIX YacTHL C
00pa30BaHMEM arperaroB, BHINAAAIONINX B BHIE XJIO-
MBEB, JIETKO PAa3IUYUMBIX HEBOOPY)KEHHBIM IJIA30M.
Hnst 00pa3oBaHus XJIONMbEB BaKHBIMH YCJIIOBHSAMH SIB-
nsitorest JyinHa HK Gonee 100 HykI€OTHIOB U ompeie-
néunslii pH Oydepa. PITA B codeTanuu ¢ nonumepHon
(OIIOKYISIIMOHHON CeUMEHTaNuel Oblia MpeioKeHa
J. Hu u coaBrt. ans BeisiBinenus Staphylococcus aureus,
4yBCTBUTENBHOCTH coctaBwia 38 KOE/mn [29]. Jlan-
HBI cIOCO0 OTHOCUTCA K JAETEKIUUA 110 KOHEYHOU
TOYKe, He TpeOyeT CHenHanbHOro 00OpyAOBaHUs, 3a-
mumaetr 10 muH. OHAKO HEOOXOIUMOCTH BBIOUPATH
AMIUTMKOHBI JJIMHHEE, YeM OOBIYHO, MOXKET HEraTHBHO
OTpa3uThCs Ha 3()(PEKTUBHOCTH aMILTH(PUKALIH.

B kauectBe MeTOZIOB JeTeKMK pe3ynsTaroB PITA
TaKke MPUMEHSAIOT XEMUIIOMHHECLEHIHUIO, H3Mepe-

HUE CHJIbI TOKa B pacTBOpe, (POTOHHYIO JCTCKIIMIO Ha
OCHOBE KPEMHHEBOI'O MHUKPOKOJIBIIEBOTO PE30HATOPA
[30, 31]. Ha ocHOBe 3JEKTPOXMMHYECKON HETEKIIMH
s ooHapyxenus JJHK HPV16 paspaboran 6uocen-
COp C BBICOKOH CIEIU(GUYHOCTHIO U YYBCTBHUTEIBHO-
ctbio 0,23 xonuu/Mka [30]. [loBepXHOCTHO-yCHIICHHAS
PaMaHOBCKasi CIICKTPOCKOIUS MTO3BOJISICT IPU HCIIOJb-
30BaHUM HECKOJIBKMX PENOPTEPHBIX MOJEKYN MPOBO-
JIUTHh OTHOMOMEHTHBIN aHanu3 10 5 mumienei [32]. ITo-
CKOJIbKY JIaHHBIE METOJIbl JETEKIIUU TPEOYIOT CIIeIu-
aJbHOTO OOOPYIOBAaHHWS, OHU HE HAXOASAT UIHMPOKOTO
MPUMEHEHUS B MPAKTHKE.

BnnAaHwue TemMnepartypbl N nepeMmelinBaHNA

B pyxoBonctee mo PIIA pexomenayercs Temre-
parypa peakuuu 37-42°C [8]. Y. Yang u coaBT. mpo-
TECTUPOBAIM IIUPOKHUI NHana3oH Temneparyp — 15—
50°C [33]. YcraHOBIEHO, YTO 151 YCIEITHOM aMIuindu-
Kallii MUHMMaJbHas TeMIlepaTypa peakLUuH IOJDKHA
obITh BhiIe 30°C. B HEKOTOPBIX UCTOYHHMKAX COOOIIA-
eTcs 0 oNnokuTeNbHOM pesyiasrare PITA mpu 25°C [34,
35]. Takast OTHOCUTEIBHO HU3Kasl TEMIIEpaTypa Mo3BO-
JIIeT OTKa3aThCs JIaXke OT TEPMOCTaTa M UCIOIb30BATh
JUT TIOAJICpKAaHUSL TeMIeparypsl APYrue UCTOYHHKH,
HampuMep Tpenky ajist pyk. Z.A. Crannell u coasr. npo-
BEPsUIM BO3MOXXHOCTD MOJEPKAHNUS MTOCTOSHHON TeM-
neparypsl PIIA nyTtém mHKyOUpoBaHUs MPOOUPOK Ha
pa3IMuYHBIX yyacTKax Tesa denoBeka [36]. OTMeueHbl
BBICOKAsl YyBCTBUTEIBHOCTh U CTA0OMIBHOCTh PEaKLUU
NpY 32)KUMaHUU POOHPOK B KyJIaKe.

Pa3zBuTHe AMArHOCTHKM «y MOCTENH OOJIBHOTO»
WM BO3MOXHOCTh npuMeHeHus PIIA g camore-
CTHPOBaHMs MOJpa3yMeBaeT pa3paboTKy yCTpPOMHCTBa,
yA0OHOTO ISl MPUMEHEHUS], C MUHUMAaJIbHBIM KOJIn4e-
CTBOM KOMIIOHEHTOB U ITPOCTOM TEXHUKON IPOBEACHHUS.
B pamkax JaHHOTO HampaBiI€HUS HECKOJIbKUMH TpyI-
namu yu€Hsix [37, 38] Obutn pa3paboTaHbl OpacieThl Ha
MpeaIuieybe, B KOTOpbE BCTABISAETCSA YWI WM KOJOH-
KM, TJI€ IPOXOUT peakuus. i IeTeKIUH [peiaraoT
yCTPOKCTBO, MoAKII0YaeMoe K cMapThony. Mcnomnb3o-
BaHME TAKUX OPACIIETOB MMO3BOJISIET TAKKE C JIETKOCTHIO
MepeMEeLINBaTh PEAKIIUOHHYIO CMECH, YTO 3HAUUTENIBHO
BJIMsET HA 3)(HEKTUBHOCTD aMILTU(PHUKALIUH.

Bydep, B kotopom nporekaer PITA, otnnuaercs
MOBBIIIEHHO! BA3KOCTBIO 110 cpaBHeHUo ¢ IIIIP. MHo-
MMM HCCJIE0OBATENIAIMU TOKa3aHO, 4YTO IpU IepeMe-
muBanun B xone PITA moBeimaercst 3h(HeKTUBHOCTD
aMITUHUKALUK, TPUYEM HAWIy4Ilde pe3ylbTaThl Mo-
JIy4eHBbI TIPU OCTOSIHHOM aBTOMAaTHU3UPOBAaHHOM Iepe-
MEIIMBaHWH, & HEOOXOIUMBIM MUHHUMYMOM CUUTAETCS
JIOTIOJIHUTENIBHOE BCTPAXUBaHUE yepe3 4—5 MUH mocie
Hayana peakuuu. B pabore L. Wambua u coaBt. 6e3
MEepEeMEIINBAHUS TIOJIOKHUTENbHBINA  (IIyOpeCeHTHBIN
cUrHai ObuI Mojy4eH yepe3 8—14 MuH, a Ipu yCcIOBUU
NepeMelIBaHnsg — B cpefiHeM uepe3 5—8 MuH [39].

L. Lillis u coaBT. NmpoOAEMOHCTPUPOBAIU, YTO
yMEHbILICHHE PEaKIMOHHOTo 00BbEMa ¢ 50 10 5 MK MO-
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KET KOMIEeHCUpoBaTh 3ddekt nmepememuBanus [40],
MOCKOJIbKY MEHbIIMH 00BbEM yBEIMYMBAET B3aUMO-
JIeficTBHE MEXly peareHTaMHu U OJIMTOHYKJIEOTHIaMH,
HEOOXOAMMBIMU /7Sl aMIUTM(pHUKALWU. YMEHBIICHUE
00béMa peaKkIIMOHHOI CMeCH TaKkKe CHUXKAeT cebecTo-
UMOCTb PEaKLUU.

BnusHue NHrM6mMTOpPOB

B psae uccienoBanuii Oblia MOKa3aHa BBICOKAs
ycroiunBocTh PIIA K NpHCYTCTBUIO HMHTHOHTOPOB.
[Ipu mpoBeneHMH TEPMUUECKOIO JIM3KHCA PEaKIHUIO
MOXXHO MpPOBOAWTH 0O€3 TOJHOIICHHOTO BBIJCICHUS
HK wu3 Takux o0pa3sioB, Kak ChIBOPOTKA, Kaj, MOua,
IJIeBpaJIbHAs KUAKOCTh, MOJIOKO, mmouBa [17, 27, 41—
44]. IlponeMOHCTpUPOBaHA YCTOMUHMBOCTh K HAIMUHUIO
reMoroOunHa, 3TaHosa u remapuna [45]. Tem He MeHee
PITA MoxeT moaaBasaTbCA BHICOKUMHU KOHIICHTPALUSAMHU
reromHori IHK B oOpasuax nensHoi kpoBu (20—-100
Hr/Mkn). [Ipu aHanu3e HaTHUBHBIX 00pa3LlOB MOYM 3a-
MEUEHO TaKXke CHIKeHHe 4yBCcTBUTeNbHOCTH PITA mpu
HU3KUX KoHleHTparusax ueneBoit JIHK u BHecenun
MouH B 00BEMe Oonee 5% oT obmero oobEMa peakiu-
OHHOI cMecH [46].

Hanéxnocts PITA B mpucyTCTBUM TpaJIUIIHOHHBIX
WHTUOUTOPOB IO3BOJISIET UCKIIIOYUTH IPEIABAPUTEIIb-
HYI0 00paboTKy 00pasia, ynpomaeT aHalInu3 U CHUKAET
3arpatsl [19]. CTOUT OTMETHUTH, YTO B HEKOTOPKIX pabo-
Tax HaOIIONANIOCh CHIKCHHE YyBCTBUTEIbHOCTH PITA
NIpY IPSIMOM HCCIIeIoBaHUM oOpasua [2, 44].

KonuuectBeHHasa PIMA

[IpoBeneHne KOIMYECTBEHHOTO aHajIM3a HEO0OXO-
JUMO JJIsL OLUEHKH YPOBHSI 3KCIPECCHHM I'€HOB, OIpe-
nenenus konudectBa BupycHoid PHK/JITHK B kpoBu ¢
LENBI0 MPOTHO3a TeYCHUs 3a00neBaHust U 3PQeKTUB-
HocTH JiedyeHus. Croco0 kxonmuuectBenHoi PITA Obin
MIPEUIOKEH ISl BBISBICHUS Vibrio mimicus, BUPYCOB
uMMyHone(uIuTa YesoBeka u nenre [21, 47, 48]. Kon-
uentpamnus JJHK skcroHeHIIManbHO KOppeInpoBaia ¢
noabEMoM KpuBBIX (ayopecueHuuu B PIIA, B skcme-
PHMEHTax ynanoch ONPEAEIUTh KOHLIEHTPALMIO OIIbIT-
HBIX 00pa3LOB ¢ HE3HAYUTEILHON MOTPELIHOCTBIO.

B omnmnuue or knaccuueckon IILIP B peanpHOM
BpemeHH, B PIIA Cl0XXHO TOYHO KOHTPOJIUPOBATh Ha-
YaJbHYI0 TOUKY peakuuu, nockonasky PITA naunuupy-
eTcs myTéM 100aBlIeHH aljeTaTa MarHusi, a He MOBbIILIe-
HUeM TeMmneparypsl peakuuu. Kpome toro, TP cun-
XPOHU3UPYETCSI B TEUEHUE KAXKIOr0 LUKIIA, TOIJA KaK
B PITA oTxur u snoHramnusi NpoUCXOAsAT MapaieIbHO
IIpY ONTHMAJILHON Temueparype. I1o stum npudnHam
PITA B peasbHOM BpeMEHH HE CUUTAeTCAd HaJlEXHBIM
CpeacTBOM onpeneneHus konientpauu HK.

KonmmuectBennnit ananuz HK Bozmoxen c¢ mo-
Mmoteto 1udposoit PITA [49]. JlaHHBI MeTOR Tpen-
nosnaraet GpakiMOHUPOBaHKUE 0Opa3la u pacrperesie-
HHE €r0 B Pa3HBIX pa3BeleHUAX Ha OTCEKH 00bEMOM OT
MHUKpO- [0 NHUKOJUTPOB, B KaXJOM M3 KOTOPBIX BIIO-

REVIEWS

CIICICTBUH OTAEIHHO MpoucxoauT amruingukanus HK.
B kauecTBe MeTonma NETEKIMH OOBIYHO HCIOIB3YIOT
¢uryopeciieHTHBIE 30HABL. B KoHIE ammunQuKamun
MOJCUET MOJOKUTEIBHBIX M OTPULATENBHBIX PE3yJib-
TaTOB Pa3HbIX Pa3BEJCHMI NaET TOYHYIO, AOCOIIOTHYIO
KOJTMYECTBEHHYIO OLIEHKY HMCXOJHOTO KOJMYECTBa Ma-
TPHILBI HYKJIEMHOBOM KHUCJIOTHI HA OCHOBE CTaTUCTHKHU
ITyaccona.

Yacto uudposyro PITA peamusyror B dopmare
mukpounnoB [50-52]. [dyist oJHOMOMEHTHOIO 3amycKa
peakuuu BO BceX KaMmepax (JIyHKax) HpUMEHSIOTCS
pasnuunbie noaxoasl. Tak, B padore F. Shen u coabr.
MIPUMEHWIN YMII, COCTOSAIIMN U3 2 MJIaHIIETOB, CKOJIb-
3SIIMX OTHOCUTEIBHO APYT JpyTa, COIEpKaIlUX pas-
nu4uHble peareHTsl Uit PITA, peakuus 3amyckanach npu
COTIOCTABJIEHUH IUIAHIIETOB B ONPENEIEHHOM IOJIOKE-
Huu [50]. B npyrom Mukpoumrne, COCTOSIIEM U3 Mac-
cuBa 27 000 muxonuTpoBbiX JyHOK (PWA), 3arpyska
oOpasiia OCyIeCTRISsIIaCh CKPeOKOBBIM Jie3BreM [S51].
J.Q. Cui u coasrt. pazpadoranu TexHonoruro PADLOCK
(Picoinjection Aided Digital reaction unLOCKing),
B KOTOpPOW MHMKOMHBEKTOPOM B OT/ENbHbIE KaIUld pe-
aKIIMOHHOM CMecH BHOCHJIMW anerar marHus [52]. B
coueranuu c aerekuued Ha ocHoBe CRISPR/Casl3a
MeTonoM HudppoBoi kanensHo# PITA aBTopam ynanocs
oOHapyxuBarb otaenbHbie Ko HK 3a 30 muH.

MynbTunnekcHaa PMNA

Bo3MOXXHOCTh  MapayensHOro  T€CTUPOBAHUS
HECKOJIbKUX T'€HETHUECKHX MapKepOB OJHOBPEMEHHO
MIPEINOYTUTENBHEE C TOUKH 3pEHUs ce0ECTOMMOCTH U
BpeMeHH aHasu3a. MylbTUIUIEKCUPOBaHKE YI0OHO IpU
npoBeneHnd auddepeHnansHoi AMarHOCTUKU 3200-
JIEBaHUH CO CXOAHBIMM KJIMHUYECKUMH CUMIITOMaMH U
3MUIEMUOIOTHYECKUM aHAMHE30M.

J. Zhai u coaBr. onucanu cnocod oOHApYKEHUS
Chlamydia trachomatis u Neisseria gonorrhoeae me-
togom PIIA ¢ mMMmyHOXpoMarorpaduieckon IeTek-
nue Ha TecT-monockax [53]. AHamuTHYeCKas 4yB-
CTBUTEIBHOCTH cocTaBmia 200 KOmuil Ha pEaxiuio.
MynerumiekcHyto PITA B onHO# npoOupKe ¢ 3IIeKTpo-
(dopeTnyeckoll JETEKLUUEH pe3ylbTaToB MPUMEHHIIH
JUISL BBISIBJIEHHS Pa3HBIX MITaMMOB BUpPYycCa MaluIOMbI
yenoseka. [1o cpaBHenuto c I1LP meton nmokazan 100%
cneruduuHocTh, 78% JIMArHOCTHUYECKYIO TOYHOCTD,
75% 4YyBCTBUTEIBHOCTH, HO ObLT HAMHOTO OBICTpEe U
JIeIlIeBJIe, I03TOMY aBTOPHI MTPEIOKUIN UCTIONb30BaTh
€ro B dKCIIpecc-TuarHocTuke [54].

B Tecre misd BBIABIEHUS HOBOM KOPOHABUPYCHOU
nHEKIUH Ha OcHOBe MynbruiLiekcHoi PITA mpoBo-
IUTCS OJHOBPEMEHHOE OOHapy»XEHUE NIBYX KOHCEpBa-
TuBHEIX MuineHeii SARS-CoV-2 — renos E u RdRP,
YTO TO3BOJISIET MOJy4yaTh Oojiee TOYHBIC PE3YNBTaThI
aHayu3za. [Ipu diyopeciieHTHOM EeTeKIUY aHaTUTHYC-
CKasl YyBCTBUTEJIBHOCTH TecTa cocTaBuiua 9,5 u 17 xo-
nuii PHK Ha peaknuro myist reHoB £ u RdRP cootBer-
cTBeHHO. [Ipu Hcnonb30BaHUM TECT-MOJIOCOK AHAJH-
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OB30PbI

TUYECKasi 4YyBCTBUTEIBHOCTh METO/]a COOTBETCTBOBAJIA
130 xonusam PHK na peakiuto [4].

Mynbrumnekcuas PITA taxxe Obuia mpeiokeHa
Uil oOHapykeHus1 Oakrepuit [55, 22], Bupycos [56],
npoctedimmx [57]. HaumGonpmuii ypoBeHb MYINBTHU-
IUIEKCHOCTH TIpeNCcTaBlieH B pabore J. Song u coasr.,
KOTOpBIC MPEIOKIIN 00benUHUTh peakiuu PIIA u
LAMP na mukpouune. Brauane Ha stane PITA npoxo-
Iuiia OJHOBpEeMeHHas aMmIUHukanus 16 pasindHbIX
JHK-Muieneit, 3ateM peakiMOHHAsl CMECh pacipe-
nenanach Mexxay 16 kaMmepamu, B KOTOPBIX TPOXOAMIIU
LAMP u ¢nyopecuenTHast ACTEKIHUS PE3yNbTaTOB IO
OT/ENBHOCTHU AJsl KaXJ0ro Bo3OyauTesns. Takast AByX-
sTanHas u3orepmuueckas ammuduxanus PITA-LAMP
B l6-miekcHOM QopMmare mo3Bojuia OOHAPYXKHUThH /10
1 BOE mrramma Bupyca 3uka [58].

JpyruM noaxonoM K MyJIBTHILIEKCHPOBAHUIO SB-
JIeTCsl MPOBEICHUE NapajuleabHoro aHanusa. Hampu-
Mep, pa3paboTaH TOAXOJ Ha OCHOBE MHKpPOYHMIIA,
B KOTOpoM cHavana mpoBonutcs PITA B oTAenbHBIX
npoOupKax, a 3aTeM HPOAYKThl aMILTM(QHUKALUK Mepe-
HOCSIT B MHUKPOYHII, TYHKH KOTOPOTO MOKPBITHl YacTH-
HaMH C UMMOOMJIM30BaHHBIMUA KBaHTOBBIMU TOUYKAMH.
VYnanock 100MTHCS OAHOBpeMeHHOM Aerekimu BUY u
Bupyca renaruta B ¢ npenenom obnapysxkenus 1000 ko-
nuit Bupyca Ha 1 mi [59].

Jns nuarHoctuky nuxopaaku D0ora paspabora-
HO OyMa)kHOE€ MHUKPOQIIOUAHOE YCTPOWCTBO (micro-
Paper Analytical Devices — pPADs), Ha koTopom B
KaIuIsiX BOCKa ObUTH JTHOQUIU3UPOBAHBI KOMIIOHEHTHI,
HeoOxoaumeble st poBenenus PITA [5]. Jlns anpo0a-
LIMU «B MOJIEBBIX YCIOBHUAX» BCE PEAKTHUBbI IIOMEIIATN
B HEOOJBIION YeMoaH, Ui ACTEKIHH HCIONb30BaIN
MOPTaTHBHYIO oTOKamepy u 2 ceeroguona. Jlanee as-
Topbl MomudupoBasin LWPADs, 100aB1B HOBBIC TOY-
KH ¢ THOQUIM3UPOBAaHHBIMH HA HUX TpaiiMepaMu eme
K 2 mumensaM. Ilpu conocrasnenun c¢ I[P gyBcTBU-
TenbHOCTh TexHooruu LPADs coctaBuna 90%.

B uenom nposenenune mynsrumiekcHoil PITA B
napajiensHoM ¢GopMare uMeeT 0ojiee BBICOKYIO Mpo-
W3BOJUTENBHOCTh aHalln3a, MO3BOJISIET M30eXarh Au-
MEpOB MEXIY OJIMTOHYKJIEOTHIaMH M aHaJIM3UpOBaTh
OoJiblIee YMCIIO MHULICHEH 10 CPaBHEHHUIO C IOCTAHOB-
koii PITA B ognoit mpobupke. CTeneHb MyIbTHILICKCH-
pOBaHUS OTpaHMYEHa KOJIWYECTBOM JOCTYIHBIX YHH-
KaJIbHBIX METOK, UCIIOIB3YEMBIX JUJIS IETEKIUH Pa3HbIX
MHUILEHEN, U PasMEpPaMH PEaKLUOHHOW IIOBEPXHOCTH.
OnHako B JaHHOM CIIy4yae 3KOHOMHTCS TOJNBKO BpeMs
peaxknuy Npu TOU ke ce0ECTOMMOCTH, a B HEKOTOPBIX
ClIy4asX BO3HMKAET PUCK KOHTAMUHAIMH.

ABTOHOMHbIE nopTaTuBHbIE yCTPOﬁCTBa

B mnocaennue roapl 3HAUMTEIIPHOE BHHMAaHHC
yaensercss pa3pabOoTKe aBTOHOMHBIX MHHUATIOPHBIX
yCTPOMCTB (MUKPOUMIIOB) AJIsl IPOBEACHUS MOJIEKYIISIp-
HO-TeHeTHYeCKHUX ucciienoBanuii. PITA — HaubOonee
YAOOHBIN JUIsl STOW LEIH METOJ, TOCKOJBKY PEaKIus

NPOTEKAET OBICTPO W MPU OTHOCUTEIHHO HEBBICOKOH
temneparype. Llens pazpaboTku MUKpoUMIIa — HHTE-
TPUPOBATH MPOLIECCHI MOArOTOBKU MPOOHI, aMIIIuduKa-
UM U ICTCKIIHU B OTHOM YCTPOHCTBE, OOBIYHO 3a CUET
MUKPOQIIONIUKH.

D. Liu u coaBt. yIs1 AMarHOCTUKY HOBOW KOPOHA-
BUPYCHOM HH(DEKINH pa3padoTali MUKPOUYHII Ha OCHO-
Be MUKPOMIIOUIHBIX TexHonoru [60], KoTopbiii 00b-
enunui PITA c ooparnoii Tpanckpunuueii (OT-PITA) u
CHUCTEMY JETEeKLUH Ha OCHOBE MIMMYHOXpOMaTorpadu-
YEeCKHX TECT-M0J0coK. PaspaboraHHas cucrema moka-
3aja mpenes oOHapyKEeHUs!, paBHBIA | KOMHMK/MKI WU
30 xomusiM Ha oOpasel, MpH HPOBEPKE KIMHUYECKUX
00pa3LoB TUarHoCTUYECKasi YyBCTBUTEIBHOCTh COCTa-
Buna 97%, a cnenuduanocts — 100%, uro comocra-
BuMo ¢ xapakrepuctukamu OT-IILP. IIpu pemenun
aHAJIOTMYHOH 3a7jaui JPYTUMHU aBTOpaMu ObLIO co3xa-
HO YCTPOHCTBO B (hopMe pYUKH, COBMEIIAIOLIEE MOIY-
T aMIIUKanuu, UIMMYHOXpoMaTorpadrueckoi ae-
TEKIUHU U repmeTu3anuu [61].

Hns oonapyxenuss SARS-CoV-2 npeanoxkeH unun
Ha OCHOBE LEHTPOOCKHOW MHUKPOQIIIOMIUKH, COue-
tatomuii OT-PIIA u ¢nyopecueHTHYIO AETEKIHIO TI0
KOHEYHOM Touke [62]. MukpodutonHbii yum B hopme
MPEAMETHOTO CTEKJIa JJIi MUKPOCKOIIA ITO3BOJIST OTHO-
BPEMEHHO 0OHApYKMBATh HAJIMYKE 3 BUPYCHBIX MUIIIE-
et u 1 mumens JIHK uvenoseka 3a 30 mun. UyBcTBU-
TensHOCTH cocTaBuia 40 konuit PHK nHa peakmuto mist
rena F, 20 xonuii — s reda N, 10 xomuii — 118 TeHa
ORFlab. AnsrepHaTUBHBIN BapHAHT MUKPOYHIIA, O0b-
SIUHSIOIUI BCe 3Tanbl aHAJIN3a, OCHOBAH HA OYHCT-
Ke 00pasia ¢ MoMOIIbI0 MarHUTHBIX yacTull u PITA c
¢myopecuenTHol aerekuueil. Ero mpumenenue obe-
cneunBano BeigiaeHrne PHK SARS-CoV-2 3a 37 muH ¢
YyBCTBUTEILHOCTHIO 10 kommii/mn [63].

B nenom pa3paboTka MHTETPUPOBAHHBIX CHCTEM
anann3a Ha ocHoBe PITA, MO3BOJSIONINX HCCIIEI0BATh
oOpazery 0e3 JOMOJHUTEIBHBIX 3TArloB MPOOOIMOATO-
TOBKH /IO dTarla MOJXy4eHUs pe3ysbTara, HapasieHa Ha
obecrieueHre TOPTATUBHOCTH AaHHOTO METOJa, IMpo-
BE/ICHUSI IUATHOCTUKU «y TOCTEIH OOJBLHOTO» U JaKe
Ut camoTecTrpoBaHust. OJHAKO YCKOPEHHBIE METObI
skctpakiuu HK He moaxomsT s HEKOTOPBIX BHUIIOB
OMOJIOTMYECKOTO MaTepHuasa, HalpuMep IeIbHOH Kpo-
BU WJIM CEKIMOHHOTO Marepuaia.

3aknioyeHue

WneanbHblil MeTO] BHISIBJICHHS BO30YIUTEIICH HH-
(heKIMOHHBIX 3a00JIeBaHUN JIOJDKEH OBITH crienupuy-
HBbIM, YYBCTBHUTCIBHBIM, OBICTPHIM M 3KOHOMHUYECKH
BBITOAHBIM. OILIEHUBATh YYBCTBUTEIBLHOCTH U CICIH-
¢uunocts PITA B 1e710M JOBOJIBHO TPYIHO, MOCKOJb-
Ky JaHHBbIC TapaMeTpbl CUJIBHO 3aBUCAT OT BBIOOpA
KOHKPETHBIX NIPaiMEPOB U CIoco0a JETSKIMH Pe3yJib-
TaroB. He cymiecTByeT HaJeKHBIX KPUTEPUEB U TIPO-
IrPaMMHOTO OOECICUCHHS, TAPAHTUPYIOLINX BBICOKYIO
s dexruBHOCTE PITA, uTO 3aTpyansier pa3paboTKy HO-
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BbIX TecT-cucteM. Crnenuduunocts PIIA Teoperuue-
CKU MOXeT ObITh Hike, ueM y IILP, 3a cuér ycroiiuu-
BOCTH PEKOMOMHA3bl K OJHOHYKJICOTHIHBIM 3aMEHaM,
HO Oosblras anuHa npaiimepoB B PITA wactuuno Hu-
BEIUPYET 3TOT HEeAOCTaToK. YyBcTBUTENHHOCTH PITA
conoctaBuMa ¢ I[P u nocTuraer HECKOIbKUX KOIHI
JIHK/PHK Ha peakiuio, OIHAKO MOXET IPEBBIIIATh
100 xomuii Ha PEeaKIuio.

PITA otnuuaercst caMoOi BRICOKOH CKOPOCTHIO TIO-
JMyueHus pesyaprara. [Ipu ycnoBuu nepemerivBaHus
PEaKLMOHHON cMecH M (DIyOpPEeCUCHTHOW ACTeKIHH
MOJIOKUTEIbHBIE PE3YJIbTaThl PErHCTPUPYIOT Uepes
5-10 muH. M30T€pMUUYHOCTh peaKkIi B COYETAaHUH C
TeMIieparypHbiM onTuMymoM B 37—40°C mo3BOISIIOT
HE TOJIBKO OTKa3aThbCsl OT TEPMOLIMKIIEPOB, HO U HC-
MOJIb30BAaTh AJIs1 HHKYOAlluH TEIJI0 4eJI0BEYEeCKOTO Te-
Ja, YTO MOXKET OBITh aKTYyalbHBIM JUIsl TUATHOCTHKH B
«TI0JIEBBIX» yCIOBUAX. HECOMHEHHBIM JOCTOMHCTBOM
MeToAa sBisgercs ycronunBocth PIIA k psay nuHrubu-
TOPOB, KOTOpasi NaeT BO3MOXHOCTb MCKJIIOYUTh 3Tall
Boiienennss HK mpu wccnemoBanuu OONBIIMHCTBA
TUIIOB 00pa3LOB, YTO CHIKAET BpPeMs MPOBEACHUS U
o0uryto ctoumocth ananuza. C 1pyroit cTopoHsl, ce-
OecTouMocTh peakiuonHoi cmecu PITA Beie, yem
LAMP u I[P, 3a cuért GomnpIiero uncia GepMEeHTOB U
KOMITOHEHTOB PEaKI1H.

Ha ceronnsiiiauii nens Texnonorus PITA, B oTiu-
e oT LAMP, 3amuiena nareHTom, 4To NpensTCTBY-
eT ee MIMPOKOMY BHEAPEHHIO B 1a00OpaTOPHYIO JUarHo-
cTuky. Hambonee mnepcreKTHBHBIMU HarpaBiICHUSMH
pa3BUTHS JAaHHOTO METO/A, Ha Hall B3MVISAA, SBISETCS
couetaune PITA ¢ nmereximer Ha ocHoBe CRISPR-
Cas, obecrieunBarolee BEICOKYIO UyBCTBUTEIILHOCTD, @
TaKXke pa3padoTKa MOPTATUBHBIX YCTPOHCTB, 00beAH-
HSIOUIMX BCE 3Tallbl aHAINM3a U MOAXOASIIMX Ul JKC-
IIPECC-AUATHOCTUKU.
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Subgingival microbiome in periodontal disease and comorbid
pathology (meta-analysis)
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Abstract

The problem of chronic periodontitis (CP) is actively discussed due to the recognition of the fact that periodontal
microbial damage is closely related to a number of systemic diseases and probably plays an important role in the
occurrence of comorbid pathology.

The aim of the meta-analysis was to characterize the composition of the subgingival microbiome and to determine
the peculiarities of the formation of associations of the new periodontal pathogen Filifactor alocis with other | and
Il order periodontal pathogenic bacteria, as well as with the commensal bacteria colonizing this biotope.

The study presents data of patient examination with obligatory use of polymerase chain reaction methods and
sequencing of 16S rRNA genes in 1529 healthy individuals and 2394 patients with CP, 136 patients with CP and
concomitant atherosclerosis, 258 patients with CP and concomitant type 2 diabetes mellitus. It was confirmed that
the basis of the oral microbiome under normal circumstances is composed of representatives of microaerophilic
streptococci, corynebacteria, lactobacilli, as well as representatives of the Veillonella and Sphingobacterium
genera. 16S sequencing and bioinformatic analysis allowed us to specify the taxonomic place of the new pathogen
F. alocis, as well as representatives of normal microbiota in CP and comorbid somatic pathology.

Keywords: Periodontitis, type 2 diabetes mellitus, atherosclerosis, subgingival microbiome, Filifactor alocis,
PCR, 16S sequencing
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NoppecHeBO MMKPOOGMOM Npy 3a60neBaHNAX MapOAOHTa
N KOMOpO6uaHo natonoruv (metaaHanuns)

LlapeBa T.B., banmacosa W.MM., lapes B.H.”

Poccnincknin ynmeepcutet megmumHbl, Mocksa, Poccua

AHHOMauus

Mpobnema xpoHudeckoro napogoHTuTa (XI) akTMBHO 0B6CYOaeTCa B CBA3M C NPU3HaHUEM TOro hakTa, YTo Mu-
KpobHOE nopaxeHue NapofoHTa TECHO CBA3aHO C PSAOM CUCTEMHbIX 3a60neBaHnii U, BEPOATHO, UTPAET BaXHYHO
porib B BO3HWKHOBEHUW KOMOPOWUAHOW NaTonoruu.

Llenb MeTaaHannsa — xapaKTepucTuka cocTaBa NoaaecHeBOro MMkpobroma v onpegeneHne ocobeHHoCcTewn
dhopMUpoBaHNsi accoumaLmini HoBOro napogoHTonatoreHa Filifactor alocis ¢ gpyrMMu napogoHTONaToreHHbIMM
bakTepusamu | n Il nopsigka, a Takke KOMMEHCanbHbIMWM BaKTEPUSIMU, KONTOHU3VPYOLWNMK AaHHbIA GruoTon.

B nccnenoBaHuu npeactaBneHsbl AaHHble 06cneaoBaHvs nauMeHToB ¢ 06a3aTenbHbIM NCMONb30BaHMEM METOAO0B
nonumepasHow LEenHon peakunm n cekBeHnposaHneM reHoB 16S pPHK y 1529 3nopoBbix nuy 1 2394 nauneHToB
¢ XIM, 136 yenosek ¢ accounaumen XI n atepockneposa, 258 yenosek ¢ accoumaumnen Xl n caxapHoro gnabeta
2-ro Tnna. MNMogTBEpXKOEHO, YTO OCHOBY OparnbHOr0 MUKPOOMOMAa B HOPME COCTaBNAT NpeacTaBUTENM MUKPO-
aspodunbHbIX CTPENTOKOKKOB, KOpMHEDBaKkTepui, naktobauunn, a Takke npeacrasutenen ponos Veillonella n
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ORIGINAL RESEARCHES

Sphingobacterium. NpoBenéHHoe 16S-cekBeHpoBaHUe N GUOMHAOPMALIMOHHBIN aHanM3 NO3BONUIM KOHKPETU-
3MpoBaTh TAaKCOHOMMYECKOe MecTo HoBoro Bo3byautens F. alocis, a Takke npegcraBuTenein HOpMoGUOTbI NpK
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Introduction

Chronic generalized periodontitis (CP) is a severe
lesion of the gums and underlying periodontal tissues
with a recurrent course, which is the main cause of tooth
loss in middle and old aged people. In terms of preva-
lence, this pathology is the leading dental problem in the
world among able-bodied adults, although significant
variations in frequency have been found depending on
age, region, climatic and social conditions (frequency
varies from 60 to 90%) [1-3]. The socio-medical sig-
nificance of the problem of CP is constantly increasing,
especially in connection with the growth of the disease
of aggressive periodontitis developing at a young age
[4, 5]. The problem of CP is actively discussed at vari-
ous congresses held under the auspices of WHO due to
the recognition of the fact that microbial damage of the
periodontium is closely related to a number of systemic
diseases and likely plays an important role in the occur-
rence of comorbid pathology [5-7].

The ability of microorganisms to colonize the oral
mucosa, periodontal tissues and tooth surfaces with the
formation of a multicomponent structured microbial
biofilm is extremely important from a biological point
of view. Bacteria perform numerous metabolic, barrier
and protective functions, contribute to the integrity of
periodontal tissues, increase the proliferation of epithe-
lial cells, prepare the mucosal barrier to potential patho-
gen infiltration through the production of antimicrobial
peptides and cytokines [6].

The key moment in the development of infec-
tious-inflammatory lesions of periodontal tissues is the
colonization of microbial biofilm by priority pathogens
capable of intracellular parasitism and called periodon-
tal pathogenic. The localization of this biofilm is in the
area of the dento-gingival sulcus, and as the destructive
process progresses, it is localized in the forming peri-
odontal pocket [8, 9].

Thus, the topic at hand is the subgingival microbi-
ome formed when the biofilm is colonized by both nor-
mal biotic and periodontal pathogenic bacterial species.

© Lapesa T.B., banmacosa W.I1., Uapes B.H., 2024

In 1998, S.S. Socransky et al. proposed a classi-
fication based on the study of the degree of frequency
of identification of microflora representatives in the fo-
cus of inflammation: red, orange and other complexes,
as well as to a greater extent representing normal and
transient microflora — yellow, green and violet were
identified. Porphyromonas gingivalis, Tannerlla for-
sythia (according to the old nomenclature — Bacteroi-
des forsytus), Treponema denticola [10], in particular,
are referred to the red complex. However, at present,
this classification has more historical significance,
since some pathogens of aggressive periodontitis, for
example, toxigenic serotype b actinobacillus Aggregat-
ibacter actinomycetemcomitans, were described some-
what later [11].

After the I Congress of Periodontologists of Rus-
sia in 2005, the concept of periodontal pathogenic bac-
teria of the first order was first introduced in the Rus-
sian literature, which possess a combination of three
leading features: vertical and horizontal transmission of
the infectious agent from person to person, the ability
to intracellular parasitism, and toxicogenicity (primari-
ly the production of exotoxins), in contrast to periodon-
tal pathogens of the second order, which do not have a
full set of these features. Three pathogens, P. gingivalis,
T. forsythia, and A. actinomycetemcomitans, toxigenic
serotype b, were classified as periodontal pathogenic
species of the I order [8, 9, 12]. In further studies, di-
agnostically significant microbial number indices for
different species of periodontal pathogenic bacteria of
I and II orders were established, which with certain ad-
justments are presented in Table 1.

In the development of periodontal diseases, syn-
ergistic and/or mutualistic interactions between oral
pathogens (periodontal pathogens) are formed quite of-
ten, which are believed to contribute to the onset and
progression of the disease. However, it should not be
forgotten that such relationships are based on the poten-
tiation of the action of their virulence factors as agents
of the infectious process [6, 13]. While the etiologic role
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Table 1. Quantitative parameters of the content of periodontal pathogenic bacteria of | and Il orders in the gingival biofilm

under normal circumstances [6, 13]

Periodontal pathogen group Group traits

Periodontal pathogen type Quantity, CFU/ml

Periodontal pathogenic
species of the | order

Representatives of these species on the gums are
normally absent or determined in small numbers.
Exceeding the specified number is a sign
of periodontitis development

Periodontal pathogenic
species of the Il order

Representatives of these species are pathogens
of periodontitis; normally absent in a healthy person
(except for healthy carriage in 6—12% of cases)

A. actinomycetemcomitans > 10?2
B. (Tannerella) forsythia > 10?2
P. gingivalis > 10?2
Prevotella intermedia >10?
Treponema denticola > 108
Fusobacterium nucleatum > 103
Filifactor alocis > 103
Actinomyces israelii >10*
Parvimonas micros > 104
Streptococcus intermedius > 104
Eykenella corrodens > 103
Selenomonas spp. > 108
Wolinella recta > 103
Candida albicans, C. krusei, > 102

C. glabrata

of P. gingivalis as a key periodontal pathogen is beyond
doubt [14], the significance of some other hard-to-culti-
vate bacteria, which have begun to be studied according
to modern molecular research methods, remains up to
debate [15-17].

One of these microbes appears to be F. alocis,
which has been relatively recently excluded from the
Fusobacteria class, type Firmicutes, into a separate ge-
nus represented by a single species. As emphasized by
E. Ajaetal., F alocis is a new member of the periodon-
tal microbiome, and it is currently proposed to be used
as a diagnostic indicator of periodontal diseases [18].
However, due to the lack of genetic tools to study this
microorganism, until recently little is known about its
characteristics and virulence, and its importance in co-
morbid pathology has been described in very few pub-
lications [19]. This circumstance prompted us, in recent
studies, to create a diagnostic set of primers and probes
for multiplex polymerase chain reaction (PCR) for the
detection of this species of periodontal pathogenic bacte-
ria [20, 21]. On the other hand, there is a clear need to an-
alyze the available data on the composition and relation-
ships of the components of the subgingival microbiome.

The aim of the meta-analysis was to characterize
the composition of the subgingival microbiome and to
determine the features of the formation of associations
of the new periodontal pathogen F. alocis with other I
and II order periodontal pathogenic bacteria, as well as
with the commensal bacteria colonizing this biotope.

Materials and methods
Searches were conducted in MEDLINE (via

PubMed), EMBASE, and Cochrane Library databases
from 2005 to October 2023 using keywords identified

in the study objectives using a search strategy that met
the developed inclusion and exclusion criteria.

Inclusion criteria:

1) microbiome studies using bacterial 16S rR-
NA gene sequencing, including meta-analyses and
systematic reviews that compared results obtained by
microbiologic and molecular biologic methods (per-
centages of occurrence of bacterial types, genera, spe-
cies) in subgingival plaque samples obtained:

* from systemically healthy patients without peri-

odontal disease;

* from patients with CP without systemic pathol-
ogy;

* from patients with CP with concomitant verified
atherosclerosis (AT);

* from patients with CP with concomitant verified
type 2 diabetes mellitus (T2D);

2) only studies indicating the detection of a rela-
tively new difficult-to-cultivate periodontal pathogenic
species, F. alocis, in the microbiome were taken into
account.

Exclusion criteria:

* studies published in languages other than Rus-

sian or English;

* absence of primary data;

* absence of data on samples from the gingival
sulcus of systemically healthy people in the
groups of healthy people and/or from periodon-
tal pockets with a depth of 5 mm or more in the
groups of CP patients, including those with con-
comitant pathology;

» studies that evaluated only patients with gingi-
vitis without signs of periodontitis, with aggres-
sive or refractory periodontitis.
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The search found a total of 1437 studies. After ti-
tle screening, 1211 papers were excluded and 126 were
screened. After reading the abstracts, 12 studies were
excluded and 114 full-text publications were compre-
hensively evaluated. After reading these studies, 92
were excluded for not meeting the inclusion criteria.
Thus, results from 22 literature sources were included
in this study.

Results

Once the appropriate array was obtained, data ex-
traction was performed with the following additional
information labeled:

* study location;

* characteristics of the participants (in terms of
clinical periodontal condition and presence of
comorbid pathology);

* type of microbiologic evaluation (study method);

* microbiologic results (in percentages) for indi-
vidual bacterial taxa in different study groups.

Bacterial types, genera, species were subsequently
indexed according to the taxonomic index of the US
National Center for Biotechnology Information'.

The methodological features, year and place of re-
search in the literature sources used for the meta-analy-
sis are summarized and presented in Table 2.

Among the literature sources included in the study,
there were 2 systematic reviews showing numerical
data pooled from several sources, and the remaining
sources contained the results of original studies. Quan-
titative data used in the meta-analysis were contained
either as part of the graphical material or as supplemen-
tary information to the publication.

The generalized characteristics of the contin-
gents of individuals analyzed from the original stud-
ies are presented in Table 3. The number of examined
healthy individuals and patients suffering from CP was
contained in 16 and 12 sources, respectively, and was
quite significant (1529 and 2394 individuals). As for
the groups of patients with CP associated with systemic
pathological processes, only 6 sources containing data
on the composition of the subgingival microbiome in
136 people with the association of CP and AT, and 6
sources based on the results of similar studies analyzing
the data of 258 people with the association of CP and
T2D met the search conditions.

The peculiarity of the comparative data contained
in all 6 sources on the association of CP and AT is the
study of not only the subgingival microbiome, but al-
so the taxonomic composition of bacteria found in AT
plaques of the vessel walls surgically removed in the
process of providing both emergency and routine care
to patients.

! National Center for Biotechnology Information. Taxonomy
Browser. URL: https://www.ncbi.nlm.nih.gov/Taxonomy/
Browser/wwwtax.cgi
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Thus, not only by metagenomic methods but also
by PCR, it was found that first-order periodontal patho-
genic bacteria belonging to the P. gingivalis, A. actino-
mycetemcomitans, and T. forsythia species were detect-
ed in more than 60% of samples obtained after end-
arterioectomy in Spanish patients [43]. However, PCR
data of blood clots from Japanese patients with acute
myocardial infarction showed that among periodontal
pathogens, 4. actinomycetemcomitans was the most
common organism, detected in approximately 20% of
samples [44].

Furthermore, AT plaques contained Acinetobacter
(39%), Chryseobacterium (9%), Rhizobium (5%) and
Staphylococcus (4%). Comparison of this microbiome
with the subgingival microbiota showed that 22 bacte-
rial genera were common to the two different loci, with
Acinetobacter appearing to be the most prevalent [40].

In another study, bacterial DNA was detected in 12
endarteriectomy specimens (34.3%). Twenty-three bac-
terial species/phylotypes were identified. Proteobacte-
ria and Firmicutes accounted for 78.3% and 21.7% of
the identified taxa, respectively. However, 15 (60.9%)
taxa belonged to bacteria not cultured on nutrient me-
dia. The periodontal pathogen A. actinomycetemcom-
itans was detected in 7 (20%) samples, followed by
species from the Pseudomonas genus. Thus, the results
suggest a role for the oral microbiota, particularly A.
actinomycetemcomitans, in the development of inflam-
mation during atherogenesis [45].

It is important to note that in no case the presence
of representatives of F. alocis species in AT plaques
was indicated; therefore, these data on the microbiome
of AT plaques were not included in the ongoing me-
ta-analysis.

Compatrative analysis of the taxonomic composition
of the subgingival microbiome in the study groups

First of all, the ratio of the following bacteria be-
longing to different types was determined for compa-
rative assessment of general trends of changes in the
microbiome in groups of people with healthy periodon-
tium, CP without systemic pathology, CP in association
with AT or with T2D: Firmicutes, Proteobacteria, Bac-
teroidetes, Actinobacteria, Fusobacteria, Synergistes,
Spirochaetes.

Comparative statistical analysis of the results was
carried out by one-factor analysis of variance (One-way
ANOVA) and was aimed at investigating the signifi-
cance of the difference between the mean values taking
into account the scatter (variance) of the data for each
indicator. The Fisher's criterion (F) was used as a quan-
titative expression of such variance, and the probability
(p) of its statistical significance was indicated.

As follows from the presented data, statistically
significant differences in the percentage of individual
types of bacteria in the microbiome, except for the tax-
onomic group TM7, were not found (Table 4) due to
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Table 2. Information about the characteristics of the studies included in the meta-analysis
Study type Country Study group n Source
Healthy patients 15
Original USA [22]
Patients with CP 15
Healthy patients 29
Original USA [23]
Patients with CP 29
Healthy patients 5
Original USA [24]
Patients with CP 2
Healthy patients 10
Original USA, Chile [2]
Patients with CP 22
Healthy patients 98
Systemic review USA [25]
Patients with CP 24
Original Brazil, Canada Patients with CP and AT 18 [26]
Healthy patients 27
Original Brazil [27]
Patients with CP 59
Healthy patients 912
Original Brazil [28]
Patients with CP 1918
Healthy patients 12
Original Korea [29]
Patients with CP 10
Original Russia Patients with CP and AT 28 [30]
Healthy patients 76
Original USA [31]
Patients with CP 76
Healthy patients 75
Original USA, India Patients with CP 50 [32]
Patients with CP and T2D 50
Healthy patients 97
Original USA [33]
Patients with CP and T2D 98
Original Brazil, USA Healthy patients 98 [34]
Healthy patients 59
Original Mexico Patients with CP 67 [35]
Patients with CP and T2D 38
Healthy patients 19
Original Saudi Arabia [36]
Patients with CP and T2D 15
Healthy patients 32
Original South Africa Patients with CP 32 [37]
Patients with CP and T2D 32
Healthy patients 16
Original Russia Patients with CP 15 [21]
Patients with CP and T2D 15
Healthy patients 10
Original Tunisia [38]
Patients with CP and AT 20
Healthy patients 15
Original Italy [39]
Patients with CP and AT 15
Original India Patients with CP and AT 12 [40]
Original Japan Patients with CP and AT 43 [41]

Note. 16S rRNA genes were sequenced in all studies.
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Table 3. Cumulative characteristics of the study population included in the meta-analysis

Study groups

Analyzed attributes
healthy patients

patients with CP

patients with CP and AT | patients with CP and T2D

n 1529
Age, years 18-70
Sex, % male 20-80
female 20-80
Smokers, % 0-50
Depth of periodontal pockets, mm <3
Bleeding index, % <10
Glycosylated hemoglobin level, % <6%

2394 136 258
18-64 40-79 26-62
19-73 5-80 19-51
27-81 20-95 49-81
17-21 24-56 17-52
25 25 25
=30 =30 =30
<6 <7% >6,5

the high heterogeneity of the data. This conclusion also
applies to the Firmicutes type, to which the main object
of our attention belongs — the F. alocis species.

The results obtained in a comparative aspect con-
cerned the percentage of individual bacteria of different
genera in different study groups (Fig. 1).

Analysis of the obtained data shows that in all
samples of the subgingival microbiome containing
representatives of the Filifactor genus and included in
this study, this genus was accompanied by another 70
genera of bacteria. In those cases, where the literature
source had data on the species composition of the mi-
crobiome, the Filifactor genus included only one spe-
cies — F. alocis, and the content of Filifactor genus bac-
teria was different in different study groups. Thus, in
the group of healthy people the share of these bacteria
(in %) among representatives of other species with the
designation of median (minimum; maximum) was on-
ly 0.66 (0.1; 5.8); in the group of CP without systemic
pathology — 3 (0.1; 13.0); in the association of CP +
AT the index was also low — 0.12 (0.05; 0.27); and in
the association of CP + T2D — significantly higher: 1.6
(1.0; 2.3).

Thus, Filifactor genus bacteria showed a relative-
ly low content in the composition of the subgingival

microbiome in healthy subjects and in the association
of CP + AT. In the association of CP + T2D, the median
proportion of these bacteria in the periodontal microbi-
ome was 2.4 times higher than in healthy subjects, and
in patients with CP without systemic pathology — 4.5
times higher. Nevertheless, the scatter of data for each
sample did not allow to establish statistically significant
differences when comparing by One-way ANOVA: in
the groups "healthy individuals - CP", F=1.910 atp =
0.192; in the groups "healthy individuals — CP + AT",
F =0.427 at p = 0.527; in the groups "healthy indivi-
duals — CP + T2D", F = 0.002 at p = 0.963.

Representatives of the following genera predom-
inated in the subgingival microbiome of healthy peo-
ple: Haemophilus, Streptococcus, Abiotrophia, Gran-
ulicatella, Moraxella, Veillonella; in patients with CP
without systemic pathology — Fusobacterium, Freti-
bacterium, Lachnoaerobaculum, Prevotella, Strepto-
coccus; in CP + AT — Streptococcus, Veillonella, Pro-
pionibacterium; in CP + T2D — Prevotella, Strepto-
coccus, Leptotrix, Veillonella, Actinomyces.

All these data served as a basis for correlation
analysis, which allowed us to determine possible rela-
tionships of bacteria of the genus Filifactor with other
bacteria of the same localization.

Table 4. Representation of bacteria of each type in the subgingival microbiome by study group

Bacterial representation in the microbiome, % (median (minimum; maximum))

One-way ANOVA

Bacteria type
healthy patients patients with CP | patients with CP and AT | patients with CP and T2D F p
Firmicutes 29,0 (0,6; 43,3) 30,2 (1,1;41,0) 45,6 (38,3; 52,8) 31,4 (24,5; 68,8) 2,162 0,126
Proteobacteria 30,2 (15,4; 57,9) 27,9 (15,5; 29,2) 18,6 (15,1; 22,2) 17,2 (6,5; 26,6) 0,958 0,438
Bacteroides 10,4 (0; 31,0) 11,7 (0,1; 35,0) 17,5 (5,7; 11,0) 18,8 (11,8; 28,5) 0,964 0,426
Actinobacteria 15,6 (3,6; 16,2) 7,3 (5,7; 11,0) 2,7 (1,5; 3,9) 15,4 (7,2; 16,9) 1,211 0,340
Fusobacteria 12,6 (2,0; 15,6) 16,4 (8,0; 18,7) 7,4 (5,1;9,7) 9,8 (3,1; 17,0) 0,936 0,448
T™M7 1,3 (0; 1,8) 4,2 (2,5;6,5) 1(0;2,1) 7,879 0,013
Spirochaetes 0,9 (0; 2,7) 2,3 (0,1; 20,0) 6,1 (5,3; 7,0) 0,4 (0; 1,1) 0,799 0,522
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Kontpors | Control
Xn|CcpP

XN +AT|CP +AT
XA+C[I2|CP+T2D

Fig. 1. Representation of the most frequent bacterial genera in the subgingival microbiome by study group.
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Meta-analysis of correlations of bacteria of the genus
Filifactor with other bacterial genera in the subgingival
microbiome in the study groups

Correlation analysis of the data in the form of pair-
wise correlations was performed by determining the
Spearman correlation coefficient () and its statistical
significance (p) between bacteria of the genus Filifac-
tor (species F. alocis) and other bacteria in the subgin-
gival microbiome separately for each study group.

The content of bacteria of the genus Filifactor,
represented by only one species of F. alocis, in the com-
position of the gingival sulcus microbiome of people
with healthy periodontium was relatively small and was
correlated at a statistically significant level with bacteria
of 8 genera (Fig. 2, a). The correlations were positive
with bacteria of the genera Actinomyces, Brachybac-
terium, and Mogibacterium, which, like Filifactor, are
Gram-positive microorganisms, while the correlations
were negative with the other 5 genera (Acinetobacter,

Alloprevotella, Campylobacter, Misrobacterium, and
Moraxella).

ORIGINAL RESEARCHES

The content of bacteria of Filifactor genus in com-
plication of CP with such systemic disease as AT was
minimal (Fig. 2, c¢). Nevertheless, the abundance of
correlation pairs, the growth of the spectrum of micro-
organisms involved in them with a clear predominance
of positive correlations draws attention. Such bacterial
genera as Aggregatibacter, Atopobium, Cardiobacteri-
um, Fretibacterium, Haemophylus, Halomonas, Kin-
gella, Megasphera, Peptostreptococcus, Streptococcus,
Treponema, Veillonella appear in the composition of
correlation pairs, among which only 3 genera (4topo-
bium, Peptostreptococcus, Streptococcus) belong to
Gram-positive microorganisms.

Fig. 2, d shows the range of correlations of F.
alocis, whose abundance was about 10 times higher
than in concomitant AT, with the bacterial genera in-
cluded in the subgingival microbiome in CP associated
with T2D. In the correlation analysis in this aspect, the
number of pairwise correlations fell compared to the
other pathological conditions analyzed to 11, with ap-
proximately the same ratio of positive to negative cor-

a b
Acinetobacter Bergeyella
Q o Pseudoramibacter ° ? OCa:mpylobacter
Moraxella A ctinomyces ! >
Qk | O Propionibacterium o Ly /,O Capnocytophaga
| Oribacterium o ¢ | / © Desulfobulbus
‘A v Tt v’
; ; < > @ - T~ Filifactor .
Mogibacterium © 1: < Filifactor > Alloprevotelia . 4/7' W O Eubacterium
S0 alocis Odoribacter © X
K// E \‘\ \\\\ \\\A
i ium ! Neisseria Q) [N w
Microbacterium "’ (€] Brachybacterium \‘\ ‘o rium
C (l) bach MycoplasmaO ° g Gemella
ampriobacier Lachnospira Granulicatella
c d
Veilonella Actinomyces Aggregatibactter
s oAggregatibacter Sohi o
Treponema phingomonas Alloprevotella
P ° ° Atopobium O} O
Streptococcus O o Campilobacter \ .
Rothia () . \ © Atopobium
Peptostreptococcus Q'~ - o Capnocytophaga NN
_ c N f. < Filifactor
j I jifactor » oCardiobacterium . = = | 4 ----="" Sioets -
Neisseria © //ifcfor ° Ko pionibacterium®4" ) alotis -» © Bergeyella
Microbacterium o » Fretibacterium
Megasphera ° / © Fusobacterium Megasphera ° © Dialister
Leptotrichia © ¥ Y ° Haemophillus o © Eubacterium
Kingella  Halomonas Lachnoaerobaculum

Fig. 2. Correlations of F. alocis with other bacteria of the subgingival microbiome in healthy subjects (a), in CP (b), CP + AT

(c), CP + T2D (d). DOI: https://doi.org/10.36233/0372-9311-500-2

The diameter of the circle denoting the genus of the bacterium roughly reflects the quantitative representation of this genus of bacteria among
the other detected genera. Solid arrows indicate positive correlation, dashed arrows indicate negative correlation. The presented figures show
only statistically significant correlations at p < 0.05.
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relations. Among positive correlations we can note the
participation of Gram-negative bacteria of the genera
Aggregatibacter, Alloprevotella, Dialister, and among

Gram-positive bacteria — Atopobium, Eubacterium,
Lachnoanaerobaculum.
Discussion

Evaluating the results of correlation analysis,
several features should be emphasized. In all groups,
the content of F. alocis bacteria was different — from
minimal in the association of CP and AT to maximum
in CP without systemic effects. In the composition of
correlation pairs there was not a single genus of bac-
teria that occurred in all 4 groups. The diagrams pre-
sented in our work indicate the existence of numerous
correlations between F. alocis and other components of
the microbiome, which, in combination with the data
on the presence of its exotoxin, as well as A. actinomy-
cetemcomitans [12], allows us to raise the question of
its classification as a periodontal pathogenic species of
the first order.

One of the foreign meta-analyses conducted with-
in the framework of the international Human Microbi-
ome Project showed that supra- and sub-gingival dental
deposits (biofilm) are represented by 14 taxa of micro-
organisms, which are the most numerous both in terms
of frequency of detection and quantitative expression
in the composition of gingival biofilm: Actinomyces,
Aggregatibacter, Capnocytophaga, Corynebacterium,
Haemophilus, Fusobacterium, Neisseria, Prevotella,
Porphyromonas, Rothia, Selenomonas, Streptococcus,
Veillonella, Wolinella [6].

Based on the purpose of the meta-analysis pre-
sented in our article, special attention should be paid
to those bacteria that appeared in the correlation pairs:
either only in CP without systemic effects, only in the
association of CP with both AT and T2D, only in AT
or only in T2D. The species affiliation of the bacteria
associated correlatively with £ alocis could not be de-
termined because only a few of the selected literature
sources contained this information, which was insuf-
ficient to identify statistically significant correlations.
Only the first category of correlations (CP without sys-
temic effects) with Filifactor genus bacteria included
representatives of 8 genera: Desulfobulbus, Gemella,
Granulicatella, Lachnospira, Mycoplasma, Odori-
bacter, Oribacterium, Pseudoramibacter. Among the
genera mentioned, there were no bacterial genera con-
taining generally recognized periodontal pathogens.
The second category associated with the manifestation
of systemic effects of periodontal diseases included on-
ly 3 genera: Aggregatibacter, Atopobium, Megasphera.
Representatives of the Aggregatibacter genus, which
was included in the composition of statistically signif-
icant correlation pairs, were registered in 58% of sam-
ples, and the other 2 genera — in 42%. In those sources
that contained information on the species composition

of bacteria in the subgingival microbiome, bacteria
of the genus Aggregatibacter included only one spe-
cies — A. actinomycetemcommitans, which is classified
as periodontal pathogen of the first order.

Only at AT correlation significant genera were
registered: Cardiobacterium, Fretibacterium, Haemo-
phylus, Halomonas, Kingella, Leptotrichia, Peptost-
reptococcus, Streptococcus, Treponema, Veillonella.
Only at T2D, 4 genera were noted in the composition of
correlative pairs: Dialister, Lachnoanaerobaculum, Ro-
thia, Sphingomonas. In terms of species composition,
where indicated, affiliation with periodontal pathogens
was not noted in any case.

Conclusion

1. A comparative meta-analysis of the subgingi-
val microbiome under normal circumstances, in regular
CP and CP associated with comorbid pathology, cover-
ing 1529 healthy and 2394 patients with CP was carried
out, which allowed to obtain fundamentally new data
confirming the differences of comparison groups in the
composition of the microbiome. According to taxonomic
characterization, representatives of the following genera
prevailed in the composition of the subgingival micro-
biome of healthy people: Haemophilus, Streptococcus,
Abiotrophia, Granulicatella, Moraxella, Veillonella; in
patients with CP without systemic pathology — Fu-
sobacterium, Fretibacterium, Lachnoaerobaculum,
Prevotella, Streptococcus; in CP in association with
AT — Streptococcus, Veillonella, Propionibacterium;
in CP in association with T2D — Prevotella, Strepto-
coccus, Leptotrichia, Veillonella, Actinomyces.

2. As a result of the meta-analysis of the data on
the genus of bacteria that are correlated with Filifactor
genus bacteria, which in those cases when the sources
contained information on the species composition of
bacteria, belonged to the F. alocis genus, it was found
that the development of CP, conditionally not associat-
ed with systemic pathology, did not allow to determine
significant correlations of these bacteria with other
periodontal pathogens. At the same time, the place of
F alocis as a periodontal pathogenic species (probably
of the first order) was clarified, since it is practically not
found in the normal microbiota, indicating its relatively
high virulence.

3. In groups of patients in whom CP was accom-
panied by the presence of systemic pathology — AT or
T2D, in addition to associates-commensals, the pres-
ence of statistically significant correlations with the ge-
nus of Aggregatibacter bacteria containing periodontal
pathogenic species of the first order — A. actinomy-
cetemcomitans was confirmed. Representatives of the
Porphyromonas (P. gingivalis) and Tannerella (T. for-
sythia) genera seem to be of independent importance as
periodontal pathogenic species of the first order, due to
their high virulence properties, regardless of symbionts
from other taxa of the subgingival microbiome.
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HEKPOJIOTA

HEKPOJIOTU

MamaTu Anekcea Kumosunya HockoBa

(14.04.1971-31.03.2024)

31 mapra 2024 r. Ha 53-M rogy KU3HU CKOPOIO-
CTHXKHO YIIEN U3 )KU3HU 1upekTop Poctosckoro-na-/lo-
HY NPOTHBOYYMHOTro HMHCTHTYyTa PocmorpeOHan3opa,
KaHIUJaT MeTUIMHCKUX HayK Anekceit Kumosuu Ho-
CKOB.

Anexce! KumoBHY NMpOAOIKMII TUHACTHIO Bpa-
yeil. CBOIO KM3Hb OH TMOCBSITUJI O0ECIICUECHHUIO CaHU-
TapHO-3MHIEMHOJIOTHYECKOTO ONaromnonyyusi Hacese-
HUs Hallle¥ CTpaHbl B MUPHOE BPEMs U B BOOPY>KEHHBIX
KOH(UIMKTaX; y4acTBOBaJ B OpPTraHU3allU CIIAcaTellb-
HBIX MEpOIPHUATUHA NpU JUKBUIALMH TOCIEICTBUI
3eMJIETPACEHUs, aBOJKOB, OMACHBIX METEOpOJIOrHye-
CKUX sBJIeHUH; B nepuon nanaemuu COVID-19.

B nocnyxnom cniucke Anekcest Kumosnua — Bo-
WHCKasg clyx0a B JOMHKHOCTU HayalbHUKA MEIUIMH-
CKOH cityObl BOMHCKOW yacTu; pabota Ha YMTHHCKOM
MIPOTUBOYYMHON CTaHLUMHU B JOJDKHOCTSAX Bpada-HH-
(deKnroHncTa, 3aBEAYIOIIEro OaKTEPHOJOTHYECKOM
naboparopueid, 3aMecTUTENs] HaualbHUKa CTAHIIMU TI0
SMHUIEMHOJIOTHYECKOH pabote; B Ympasienun Pocno-
TpeOHan3opa no 3abaikaabCKOMY Kparo B JOKHOCTU
HauaJbHMKA OTZAENa HaJ30pa Ha TPAaHCIOPTE U CaHU-
TApHOM OXpaHbl Teppuropuu; B HMpKyTCKOM OpacHa
TpynoBoro KpacHoro 3HameHM Hay4yHO-HCCIIEI0OBa-
TEJNBCKOM IPOTUBOYYMHOM HHCTUTYTe CrbOupu u Jlannb-
Hero Bocroka PocrorpebHanzopa B JOKHOCTH 3aBe-
JYIOIEro OTJEJIOM CAHUTAPHOM OXpaHbl TEPPUTOPUU U
MOHMTOPUHTIA Ype3BbIlUaiiHbIX cutyaruil. B 2010 . on
3alUTHI KaHAWJATCKYIO AUCCEPTALUIO Ha TeMY «Iu-

JIEMHUOJIOTMYECKHE 3aKOHOMEPHOCTH JIENITOCTIHPO30B B
3abalikanbCKOM Kpae» 1o crenuanbHocT 14.02.02 —
SMHUIEMHUOIIOTHSL.

C oxts10ps 2019 . A.K. HockoB 3aHuMaI J0JK-
HOCTb jupekropa Pocrosckoro-Ha-J[oHy mIpOTHUBO-
yyMHOT0 MHCTUTYTa Pocmorpebnanzopa. Ilox ero py-
KOBOJICTBOM B WHCTHUTYTE MPOBOJWINCH aKTyalbHbIE
WCCJIEZIOBAaHUS T10 COBEPLIEHCTBOBAHHUIO 3IHIEMHO-
JIOTHYECKOTO HaJ30pa 3a XOJIEpOH M IPYyruMH 0C000
OMAacHBIMHU U MPUPOAHO-0YArOBEIMU MH(PEKIIMOHHBIMHU
OonesHsMH, X JaboparopHas AUATHOCTUKA U MPodu-
nakThka. Anexceil KumoBHuY sBISCS pyKOBOJUTENIEM
Pedepenc-nienTpa Mo MOHUTOPUHTY 3a XOJIEpOi, Ipe-
cexaresieM POCTOBCKOro pervoHanbHOTO OTACICHHS
Bcepoccuiickoro Hay4yHO-IIPaKTUYECKOTO  0OIIecTBa
SMHUIEMUOJIOTOB, MUKPOOHOJIOTOB M Mapa3uTOJIOTOB.
Bbonsmoe Buumanue A.K. HockoB ynemnsin B3aumoseii-
CTBUIO C JpyrUMH yupexJeHussmu PocnorpebHanzopa
1 MUHHCTEPCTBA 3APaBOOXPAHEHHUS.

Anexceit Kumouu — aBTop 60nee 240 HaydHBIX
pabor, 10 HOpPMAaTHMBHO-METOIUYECKHX JOKYMEHTOB
(enepanbHOTO YPOBHS, 8§ CBUIETEIBCTB O PETHCTPALIH
0asbl JaHHBIX.

3aciyru Anekces KumoBuua otmeuensl B 2006 T.
[ToueTHoil TpamoToil MuHHCTEpCTBA 3APaBOOXpAHE-
HUSA U couuanbHoro pazsutus PO, B 2013 . — mamsr-
Hoit Menanbio «90 ser [occansnuucnyxbe Poccuny
u OnaromapHOCThIO TyOepHaTopa Xa0apoBCKOro Kpas,
B 2021 . — HarpynHbeiM 3HaKoM «ITouéTHbIil paboTHHK
PocnorpebHanzopa», B 2022 . — opaeHom [Tuporosa
u menaneio @énopa [aaza. A.K. HockoB — naypear
npemuu ayqmuM BpadaM Poceun «IlpuzBanue» (2014,
2022 rr.) u nobenutens Bcepoccuiickoro KOHKypca
Bpaueil B HOMHHALIUU «3a CO3jaH1e HOBOTO METO/1a JTU-
arHoctukm» (2022 ).

Mer nomHuM Anekces KumoBnua kak 1eine-
YCTPEMIIEHHOTO, BBICOKOKBaNH()ULIUPOBAHHOTO
crenuanucTa B 00J1acTH 3MUAEMHONOTHU, KOTOPBIH
MTOCTOSSHHO COBEPIICHCTBOBAJl CBOM 3HAHUS M HaBHI-
ku. Ero omimyanu nmognmuHHBIA npodeccroHanusM,
CaMOOTBEPXEHHOCTh M IPEJAHHOCTh CBOEMY JEly.
I'myOoxue 3HaHMA, OONBIIOW MPAKTUYECKUH OMBIT U
BECOMBIH BKJIaJ B 00eCieYeHHE CAHUTapHO-3IUIEMH-
OJIOTUYECKOTO OJ1aronoyyusi HaceJIeHUs CTPaHbI IpH-
Hec/IH MTy0oKoe YBaXCHHE U MpHU3HaHue KoJuler. bes-
BpemeHHas cMepTh A.K. HockoBa BbI3Bana MCKpeH-
HIOIO CKOpOBb y cOTpyaHHKOB PoctoBckoro-Ha-/lony
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MPOTUBOYYMHOTO HHCTUTYyTa. Ausekceir KumoBuu KomnextuB PocroBckoro-nHa-J[oHy mpOTHBOUYM-
HAaBCErJa OCTAaHETCS B HAIIUX CEPAIaX TAJIAHTAMBBIM  HOTO HMHCTUTYTAa M pPEJAKIMs KypHajda BbIpaka-
Y4E€HBIM, MYIPBIM DPYKOBOAMTEIEM, OT3BIBUMBBIM M  IOT DIIyOOKHME COOOJIC3HOBAHMSI POIHBIM M OIM3KUM
JKU3HETIOOUBEIM YETOBEKOM. Anexkcest KumoBnua.
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Boipaownnca geartenb 0Te4YeCTBEHHOro
3ApaBoOXpaHeHNA N MeanLHCKON HayKn XX BeKa
Bukrop Muxannosuy XXgaHoB (K 110-neTuio co AHA poXKaeHNA)

13 ¢eBpans Mbl oTHAaEM IaHb
namsITd M TIIyOOYalIIero yBa)KeHUs
BEJIMKOMY IpaxkJaHuHy XX Beka aka-
nemuky AMH CCCP Bukropy Muxaii-
noBuuy JKnaHOBy — BbLAAIOIEMYCS
JESITENI0 OTEYECTBEHHOIO 3]PaBOOX-
paHeHMsl, U3BECTHOMY BO BCEM MHpE
y4EHOMY, BUPYCOJIOTY, SIUAEMHOIIOTY,
TaJaHTIMBOMY OpraHU3aTopy CaHu-
TapHO-3MHIEMHOJIOTHYECKON CITYKOBI
CCCP, MeaMUIMHCKOW W BUPYCOJOIH-
YEeCKO Hayku, aupekropy MHcruryTa
Bupyconorud um. JI.1. MBaHOBCKOTO
AMH CCCP nHa npoTsixkeHuu 26 Jer.

37 net mbl )xuBéM 0e3 B.M. XKna-
HoBa. Bpemsi mo3Bomser miyOxke oc-
MBICJIUTh TIPOLICIIINE COOBITHS, OIle-
HUTh 1O JOCTOMHCTBY 3aCIYyrH M IIO-
CTYIIKU JIIOZIEH, OCTaBisfeT B MaMATH
HauOoJee spKHe BIICUATIICHUs] U BOC-
nomMuHaHus. Yem spue, TaJaHTIUBEMH,
JEMOKpaTHYHEN JINYHOCTh, TEM IOJHEE YAaeTcs oLe-
HUTHh MaciuTalObl e€ BKJaJa B MUPOBYIO HayKy. Bcmo-
MUHasi, Mbl MOJIO/IEEM BMECTE C HUM, IIbITAEMCS IIOHATh
«penomen B.M. Knanosa»

C 1950 o 1960 . B.M. XKnanos (emy 3646 ner)
BO3IVIABIISAT CAHUTAPHO-3IUIEMHUOIOTUYECKYIO CITyK-
0y CCCP cnavana kak HauaJbHUK [TTaBHOTO IPOTHBO-
snuaemudeckoro Ynpasnenus CCCP, a 3arem (1955—
1960 rr.) Kak 3amecTUTENb MHUHUCTpA 3paBOOXpaHe-
Hus CCCP u [maBHBIN rocynapcTBEHHbIN CaHUTApHBIN
uHcrekrop crpanbl. B.M. JKnanoB BHEC cyIiecTBeH-
HBIM BKJIaJ B OPTaHU3aLMIO CAaHUTAPHO-3IHIEMHONIO-
THYECKOH CITy>KObI B Hallei ctpane. B aTu rogpl mo ero
MHUIMATUBE B CTPYKTYpE CaHUTAPHO-IPOTHBOAIIHIE-
MHUYECKUX CTAHIMH CTpaHbl ObUIN CO3JaHbI BUPYCOJIO-
THYECKHE MOPA3ENEHNUs, YTO 3HAYUTEIHHO TOBIHIIO
Ha OTEpaTHBHOE OCYILECTBICHHE MEP CHeHU(PUUECKON
1 HecnenuPpHUYeCcKo MpoPUIaKTHKH WHPEKIMOHHBIX
3a00JIeBaHMIi YeIOBeKa B MaclITadax BCel CTpaHBbI.

Buktop Muxannosny XKgaHos,
13.02.1914-14.07.1987

«Kto HEe moMHUT ncTopuH,
TOT HE UMEET OyAyIIEro»
Bonvmep

B.M. JXnaHoB BHEC BeCOMBIH
BKJIaJ, B COBEpILIEHCTBOBAHUE U pa3-
BUTHE CTPYKTYphl CaHUTapHO-Npodu-
JAKTUYECKOW M KapaHTUHHOHW CITY>KObI
B morpanBoiickax Cubupu (HoBokys-
Helk, Yura), a 3areM B TypkecTaHCKOM
okpyre (Amxaban, 1936-1945 rr.). Ce-
TO/IHA €ro MO MpaBy CUYUTAIOT OJHUM
U3 OCHOBOIIOJIO)KHUKOB T'OCY/IapCTBEH-
HOM CaHUTapHO-3IUAECMUOIOTNYECKOU
CIIy>)kObl B MOTPaHBOMCKAax. 3aciyrd
B.M. JKnaHnoBa ObUIH OTMEYEHKI OpJIc-
Hom Kpacuo#t 3se3gst (1945) u 3Ha-
koM «Ilouernpiit morpannyauk CCCP»
(1984).

B.M. XKnanoB HayuHO 000CHOBANI
BO3MOXHOCTh JIMKBHJALUU HATypallb-
HOM ocnbl Bo BcéM mupe. [lo mopyue-
Huto [Ipasurenscrsa CCCP nporpamma
9pagKaluK OCIbI ObLIa MpecTaBiIeHa
PYKOBOAMTEIEM COBETCKOM Jieneranuu
B.M. XKnanoeim Ha XI Becemuphoii Accambiee 3apa-
BooxpaHeHust (1958 r.). Tlocne clnokHO#M AUCKyCCUH
[IporpamMma Obuta mpuHsTa Kak npeanoxenue CCCP.
Hama ctpana 06e3B03Me37HO BbIAeIWIA 25 MIH J03
MIPOTUBOOCHEHHON BakUUHBL. OCYIIECTBIEHUE IJO-
0aJbHOM MPOrpaMMBbl ITO3BOJIMIIO CIIACTH OT OCIIBI OKO-
110 200 MJTH YeTIOBEK BO BCEM MUDE.

B 1958 1. X)Knanos Obu1 n30pan uienom Mcmon-
koMa BO3 u HeogHOKpaTHO BbI€3Kal B MHCIEKIHMOH-
HBIE TOE3/IKHU B CTpaHbl A3 U AQPUKHU C BHICOKUMHU
MOKa3aTeJsIMA SHAEMHUUYECKON 3a00JeBaeMOCTH HaTy-
panbHOM ocnoil. JIMKBUIanus HaTypaJbHOM OCIBI BO
BCEM MHPE CETOJHs paclieHMBAETCS KaK BbIJAIOLIEECs
JIOCTUXKEHHE YyestoBeuecTBa XX BeKa, CPABHUMOE C BbI-
XOJIOM 4YeJIOBEeKa B KOCMOC W UCCIIEJOBaHUSIMHU B 00a-
CTH JIEPHOI 3HEPreTUKU. 3a BBIJAIOLINECS 3aCIyTH B
Jielie TUKBUIAIMN OCTIBI BO BCEM MHUPE OH OBLT Harpax-
nén opaeHoM budypkanmonHoit Urier u [louérHoi
rpaMoToi BeceMupHO# opranusanuu 31paBOOXpaHEHUs



296

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(2)

(1987), a B 2020 r. ynocroeHn umennoi [Ipemun «Life
for Future Awardy» («>XKu3ub ms Oymyiero»).

B.M. Knanoe Obul U30paH wWiEHOM-KOPPECIIOH-
nearoM AMH CCCP B 19501 (emy 36 net),aB 1961 . —
neicreurensapiM  wieHoM AMH CCCP (47 xer).
OH 0511 caMbIM MooasM wienom AMH CCCP.

B 1956 . B.M. XXnanoB coznan xypHan «Bo-
NPOCHl BUPYCOJIOTUW» M OBUI €r0 IIaBHBIM Hay4YHBIM
penaxkropoM Ha npoTsxkeHuu 31 rona. XXypnan Bckope
CTaJl pylnopoM Hay4yHBIX JOCTHKCHUH M AaKe MepeBo-
JUJICS HA QHTTIMMCKHH SI3BIK.

B 1956-1987 rr. B.M. XXnanoB siBnsijics: mpezce-
nareneM Beecoro3Horo o61ecTBa SNMAEMUOIOTOB, MU-
KpOOHOJIOrOB, TApa3UTOIOrOB U MH(DEKIIMOHUCTOB.

B 1960-1963 rr. B.M. JXXnmanos Obu1 IaB-
HeIM yu€HbIM cekpetapeM AMH CCCP; ¢ 1961 no
1987 r. — nupextopoM MHCTUTYTa BUPYCOJIOTUH M.
JA.N. BaHOBCKOTO.

«3Be3mHbIMU yacamu» HazBan Credan LBeiir
NepeIOMHBIE MOMEHTBI B UCTOPHH TOCYIApCTB M Be-
JMKUX JTUYHOCTeH. Onpenensionyo poib aKaJeMuKa
B.M. XnaHoBa B pa3BUTHM OTEYECTBEHHOH MOJIEKY-
JIIPHOW BUPYCOJIOTMHU U CO3[aHUU COBpeMEHHOro M-
CTHTYTa BUPYCOJIOTUH MOYKHO CPaBHUTH CO 3BE3THBIMH
gacamu. OJTUH MHOCTPaHHBIN YUEHBIN TaKk OXapaKTepu-
30BaJ Hal MHCTHUTYT: «31ech O4eHb BHICOKAS KOHIICH-
TpaLus HHTEJUICKTA Ha €IUHHILY TUTOILAAN.

«OKnanos 0bu1 cunbHO# urypoii. Bynyun aupek-
TopoM MHcTuTyTa BUpycosoruu uM. MBaHOBCKOTrO ¢
1961 ., OH OOTHUM M3 HEPBBIX COBETCKUX YUEHBIX 3a-
HSUICSl TPOOJIeMaMy MOJIEKYJISIPHOM OMOJIOTHH BUPYCOB
Y OJHHUM W3 IEPBBIX 00paTHi BHUMaHUE OOILIECTBEH-
Hoctu Ha npoosiemy CITU/I. XKnaHoB yimién u3 xu3Hu,
TIOJIHBIA HAaYYHBIX IJIAHOB», — TaK OLIEHWJIA MUPOBas
Hay4yHas 00IIeCTBEHHOCTD BKJa]l JKJaHOBa B pa3BUTHE
UCCIIeIOBaHUI B 00J1aCTH BUPYCOJIOTHH.

[Mpobnema knaccupuKaMd W DBONIOLUU BU-
pycoB, k kotopoii B.M. XnaHoB HeomHOKpaTHO 00-
pamaics B TeUeHHE >KU3HH, MIPU3HAETCS KaK OAHA U3
ero BaxHeWmmx 3aciayr. C 1956 r. Buktop Muxaii-
noBuY (TIociie myOnukanuu ero MoHorpaduu «3apas-
Hble Ooie3HH uenoBeka. CHCTEMaTHKa W 3BOJIIOLU,
1953 1.) — NOXXU3HEHHBIN YIeH MeXTyHapoaHOIO KO-
MUTETA MO0 KJacCU(UKAIMU 1 TAKCOHOMHH BUPYCOB.

Tamant B.M. J)KnaHnoBa — KpymHOTo TEOpETHKa
OMONIOTHHM W MEAWUMHBI — MPEKPACHO MPOSBUICA B

ANNIVERSARIES

ero 32 Hay4HBIX KHHT'aX U MOHOTpaQusx, B TOM YHCIIE
7 u3aHHBIX 3a pyOexkoM. Becero mm HammcaHbl Oonee
1500 nayunsix pador. B.M. XKnanos cosznan B MHcTH-
TyTe BUpycosioruu um. .M. BaHOBCKOrO IKOJy T'eH-
HO-VH)KEHEPHBIX UCCIIEJ0BAHUI U BHEC 3HAYUTEIIbHBIN
BKJIAJ] B U3yUEHHE MOJIEKYJIAPHBIX OCHOB PENPONYKIIUU
BHPYCOB, B HCCJIEJIOBAaHUS HOBBIX U BO3BPAILAIOLINXCS
WHOEKIUHA, MEXaHU3MOB OCTPBIX H XPOHHYECKHX BU-
PYCHBIX UH(EKINH, BUPYCHBIX TE€MaTUTOB, TPHIIIA, OH-
KOpHABUPYCOB, repreruueckux uHpeknuid, BUY-un-
(bek1uu U IPYyTrUX COLUAIBHO 3HAYUMBIX 3a00JICBaHUIA
yenoBeka. oz ero pykoBoACTBOM MOATOTOBIEHBI 0O-
nee 78 JOKTOPCKUX U KaHAMJIATCKUX AUCCEPTALUM.

Xopomio moHuMasi pojib (QyHIAMEHTAIBHBIX HC-
CIIEIOBAaHUH B pa3pabOTKe palMOHAJIBHBIX IOIXO-
JIOoB K mnpodwiaktuke u sedeHnto BUU-undexnumy,
B.M. XnaHoB BceMEpHO pa3BUBAl U MOJAEPKUBAI
TEOPETUYECKUE HampasieHus B uzyuenun BHY, co-
3nan B Uucturyre Bupyconorun Llentp BO3 no us-
yuennto BUY/CIIMJ u 3HAYUTENBHO pacIIUpui U
YKpENui MeXyHapOJHbIE HAyYHbIE CBA3U C YUEHBIMU
Opannun, I'epmannu, HIsenuu n CIIA.

B.M. Xnanos — Jlaypear npemun Cosera Mu-
nuctpoB CCCP, mpemuu IIpesunnyma AMH CCCP
nM. JI.H. BanoBckoro u npemuu uM. B.J[. Tumakosa.
B.M. XnanoB — aBrop TpEX HAy4YHBIX OTKPBITUH,
YTBEPKIEHHBIX [0CYNapCTBEHHBIM KOMUTETOM IO Jie-
nam oTkpbeITuii 1 n3o6pereraniit CCCP.

[IpaBurensctBo CCCP BBICOKO OLIEHWIJIO 3aciy-
ru B.M. XnanoBa B oOnactu QyHIaMEHTAIBHBIX U
MIPUKJIAIHBIX HCCIIEOBAaHUM, HArpaguB €ro OpJeHOM
B.W. Jlenuna (1984), neymsa opaenamu OKTAOPbCKOR
PeBomtoninu (1971, 1976), nByms opaenamu Tpynosoro
Kpacnoro 3namenu (1961, 1966), opnenom Kpachoit
3Be3ast (1945) u MHOTUMU MEAANISIMH.

B.M. XnaHoB ObUT JTHUYHOCTBHIO 4YpPE3BBIYAIHO
SIPKOH, MHOTOTPaHHOM, O0oraTo ofap&HHON MPUPOIOH,
00J1a1a1 BBLAAIOMIMMCS 1apOM HayYHOTO MpeIBUACHHS
U OTPOMHOI pabOTOCIIOCOOHOCTHIO, SICHBIM U YETKUM
yMOM ¥ (PEHOMEHAIILHON MaMSTHIO, ONECTALIMMHU Op-
TaHU3aTOPCKUMH CHOCOOHOCTSIMH, HEYKPOTUMOH BO-
Jel 1 HeoOBbIYaiHOM Ka)XIOW KU3HH, OCTaBasCh MPHU
3TOM CKPOMHBIM uenoBekoM. [Ipu aHanuse HaydHOTO
Haciaegus B.M. JXXnmaHoBa HauuHaellb NOHUMATh, YTO
CAENaHHOTO MM XBaTWio OBl Ha HECKOJBKO KHU3HEH
OOBIYHOTO YEJIOBEKA.

JIL.B. Ypuvisaes,
0.M.H., npo@., uren-koppecnonoenm PAH
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